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We have identified a second Xenopus cyclin A, called cyclin A2. Cyclin A2 is a 46.6-kD protein that shows a 

greater homology to human cyclin A than to the previously identified Xenopus cyclin A1. It is present 

throughout embryonic development (up to stage 46 at least) and is found in adult tissues as well as in 

Xenopus tissue culture cell lines. In contrast, cyclin A1 is present in eggs and early embryos but cannot be 

detected in late embryos or in tissue culture cells. We have found that the maternally stored pools of mRNAs 

encoding both of these cyclin A proteins are stable until the onset of gastrulation and then are degraded 

abruptly. At this time, new transcription replaces cyclin A2 mRNA. Interestingly, we have also observed a 

dramatic change in the stability of the cyclin A proteins at this time. Prior to the onset of gastrulation, cyclin 

A1 protein is stable during interphase of the cell cycle. At gastrulation, however, both A1 and A2 proteins 

turn over rapidly during interphase of the cell cycle. Together, these results indicate that developmental 

programs controlling cyclin A protein and mRNA stability are activated at gastrulation. We have shown that 

this program is independent of new transcription beginning at the mid-blastula transition. Furthermore, 

treatment of early stage embryos with cycloheximide demonstrates that activation of this degradative program 

is independent of cell division and translation. Collectively, our observations suggest that a previously 

uncharacterized timing mechanism activates new degradative pathways at the onset of gastrulation, which 

could play an essential role in releasing cells from maternal programming. 
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Cyclins are essential components of a number of cell 
cycle-controlling kinases. It is believed that the com- 
plexes formed between cyclins and cyclin-dependent ki- 
nase (cdk) subunits are required for a number of impor- 
tant transition events in the somatic cell cycle. The 
archetypal members of the cdk family of kinases, 
Schizosaccharomyes pombe Cdc2 + and Saccharomyces 
cerevisiae Cdc28, have been demonstrated to be essen- 
tial genes whose products are required both during 
S-phase and at the Gz-M transition (Nurse et al. 1976; 
Nurse and Bissett 1981; Reed and Wittenberg 1990). In 
higher eukaryotes, these transitions seem to be accom- 
plished by a number of distinct cdk subunits (Blow and 
Nurse 1990; Fang and Newport 1991). For example, the 
Xenopus cdc2 kinase complexed with cyclin B has been 
identified as maturation promoting factor (MPF) and is 
required for the Gz/M transition, whereas cdk2 has been 
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implicated in the initiation of S phase (Gautier et al. 
1990; Fang and Newport 1991; Dulic et al. 1992). Al- 
though the precise function of the cyclin subunit within 
the cyclin-cdk complex has not been fully elucidated, it 
is probable that it contributes to the recognition of the 
complex by regulatory kinases and phosphatases (R. 
Pooh, M. Howell, K. Yamashita, and T. Hunt, in prep.) 
and to the substrate recognition of the complex either by 
providing additional binding sites and/or by directing 
the complex to a particular subcellular location (Pines 
and Hunter 1991). 

Although cyclins were first identified in the early em- 
bryos of sea urchins and clams, they have since been 
identified in a wide range of organisms (for review, see 
Hunt 1991). The first cyclins identified were considered 
initially to be mitotic cyclins based on their ability to 
drive cell extracts into M phase (Minshull et al. 1989; 
Murray and Kirschner 1989), their specific proteolysis at 
the metaphase-anaphase transition (Murray et al. 1989; 
Glotzer et al. 1991) and, for the B-type cyclins, by their 
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presence in purified preparations of MPF (Gautier et al. 
1990). It has subsequently been demonstrated that at 
least one of these mitotic cyclins, cyclin A, plays some 
role during S phase (Girard et al. 1991; Pagano et al. 
1992). The family of cyclins has now broadened, along 

with the possible phases of the cell cycle in which they 
act (Koff et al. 1991; Lew et al. 1991; Matshushime et al. 
1991; Xiong et al. 1991; Ohtsubo and Roberts 1993; 
Sherr 1993). For example, the pattern of expression of 

D-type cyclins has suggested a G1 role (Baldin et al. 
1993), whereas cyclin E has been proposed to operate at 
the G1/S transition (Dulic et al. 1992). 

There have been numerous studies on the functions 
and activities of cyclins and cdks during Xenopus oocyte 
maturation and in in vitro extracts of either activated or 
cytostatic factor (CSF)-arrested egg extracts. However, 
little is known about the roles of these important cell 
cycle regulators at later points of Xenopus embryogene- 
sis. The first 12 cell cycles of Xenopus embryogenesis are 
rapid synchronous cleavage events ( -25 rain per cell cy- 
cle), with each cell cycle consisting of a complete round 
of DNA synthesis followed immediately by mitosis 
(Newport and Kirschner 1984). After the twelfth cell cy- 
cle, division becomes asynchronous and the length of the 
cell cycle increases gradually. At this time also, the rate 
of zygotic transcription increases -200-fold, cell motil- 
ity is initiated, and the synthesis of new proteins and 
activities not present in the unfertilized egg begins 
(Bachvarova and Davidson 1966; Newport and Kirschner 
1982a, b). The timing of this developmental switch, 
termed the mid-blastula transition (MBT), is apparently 
independent of new transcription, elapsed time since fer- 
tilization, or "counting" of the number of cell divisions. 
Instead, onset of the MBT seems to be determined by the 
ratio of some cytoplasmic activity to the DNA content 
of the embryo (Newport and Kirschner 1982b; Kimelman 
et al. 1987). It has been suggested recently that the in- 
crease in transcription at the MBT might be attributable 
to the titration of inhibitory chromatin-associated pro- 
teins (Prioleau et al. 1994). 

Although zygotic transcription begins at the MBT, it is 
not until the beginning of gastrulation that new mRNAs 
become limiting for cell cycle progression (Newport and 
Dasso 1989; S. Nichols and J. Newport, in prep.). This 
observation suggests that the maternal programs that 
regulate the cell cycle before gastrulation are replaced by 
zygotic programs at the onset of gastrulation. To study 
the transition between the embryonic and somatic cell 
cycles we undertook a systematic study of cyclin mR- 
NAs and proteins during early Xenopus development. As 

a result of this analysis we have identified a second cy- 
clin A, cyclin A2, which is expressed throughout devel- 
opment up to stage 46 and is found in Xenopus tissues 
and cultured Xenopus cell lines. In contrast, cyclin A1 
protein and mRNA disappear during gastrulation and are 
not found in tissue culture cells. A rigorous analysis of 
factors affecting the developmentally programmed turn- 
over of cyclin A mRNA and protein has revealed a novel 
timing mechanism that activates degradation pathways 
at the onset of gastrulation. 

R e s u l t s  

Cloning of a second Xenopus cyclin A 

We considered it likely that there was a second Xenopus 
A-type cyclin for two reasons. First, we could not detect 
either RNA or protein corresponding to the previously 
identified cyclin A1 in Xenopus tissue culture cell lines. 
Second, alignment of all cyclin A protein sequences 
available suggested that the Xenopus cyclin A1 showed 
less homology to the cyclin A sequences from human 
and cow than might be expected given their relatively 
recent evolutionary divergence (Fig. 1A). In particular, 
the human, hamster, and cow cyclin A protein se- 
quences shared a number of common sequence motifs 
not found in the Xenopus cyclin A1 protein. Addition- 
ally, a partial cyclin A eDNA obtained from a porcine 
testis library showed greater similarity to Xenopus A1 
than to cow cyclin A (C.F. Hawkins, pers. comm.). These 
observations suggested to us that there might be a sec- 
ond "somatic" cyclin A in Xenopus, distinct from the 
identified Xenopus cyclin A1. To pursue this possibility 
we used the human cyclin A eDNA to probe a Xenopus 
oocyte cDNA library at relatively low stringency and 
purified a number of positive clones (see Materials and 
methods). The longest clone containing both an initia- 
tion and termination codon is shown in full in Figure 1B 
and was used for all subsequent work. A second, incom- 
plete clone showed a number of minor sequence differ- 
ences (6.5% difference over its length; amino acid differ- 
ences indicated above the sequence) probably reflecting 
the tetraploid origins of Xenopus, as has been observed 
for a number of other cDNAs (Jeffreys et al. 1980; West- 
Icy et al. 1981). 

The predicted cyclin A2 protein is 416 amino acids 
long with a calculated molecular mass of 46.6 kD. The 
predicted amino acid sequence shows a number of char- 
acteristic cyclin motifs, namely the cyclin box (amino 
acid residues 162-336), thought to be required for cdk 
binding and/or substrate recognition and containing the 
most highly conserved residues between different cy- 
clins. Cyclin A2 also contains a destruction box (se- 
quence underlined in Fig. 1B) that has been shown to be 
necessary for the specific proteolysis of cyclin A1 protein 
(Stewart et al. 1994). Overall, cyclin A2 shows greater 
similarity and homology to human cyclin A than to Xe- 
nopus cyclin A1 (43.9% similarity to Xenopus cyclin A1 
and 59.3% similarity to human cyclin A). Within the 
cyclin box, Xenopus cyclin A2 shares 70% identity with 
Xenopus cyclin A1 and 84.6% identity with human cy- 
olin A. As with other mitotic cyclins, the amino acid 
sequences upstream of the cyclin box are the least well 
conserved and show the greatest variability between cy o 
clins. 

Cyclm A2 is expressed in both eggs and tissue culture 
ceils 

On Northern blots cyclin A2 mRNA was detected in 
testis, XTC and WAK cells, eggs, and intestinal tissue 
cells (Fig. 2A; data not shown). Cyclin A1 mRNA was 
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Figure 1. (A) Cyclin A protein sequences from the con- 
served MRAIL sequence of the cyclin box to the carboxyl 
terminus (available in the GenBank data base) were aligned 
with the Intelligenetics Geneworks (Mountain View, CA) 
protein alignment module. Evolutionary relationships be- 
tween sequences are displayed as a tree plot using the UP- 
GMA method. (B) The complete nucleic acid sequence and 
conceptual translation of the cyclin A2 mRNA. Features of 
interest noted in the text are highlighted: the destruction 
box (underlined), the cyclin box (bold face), the 5' UTR 
(nucleotides 1-257), the 3' UTR (nucleotides 1502-1688). 
Another cyclin A2 clone displaying minor amino acid dif- 
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ferences is also shown; only amino acids differing from the sequence of the full-length clone are indicated (above the predicted amino 
acid sequence of the full-length sequence). The nucleic acid sequence used to isolate the full length 5' UTR is indicated (nucleic acid 
sequence underlined with arrow). 

identified in oocytes and eggs, and interestingly it also 

appears to be present in testis [a very s imilar  si tuation 

pertains in mice (see Discussion)]. To characterize the 

cyclin A2 protein, both mono- and polyspecific antisera 

were prepared against bacterially expressed A2 protein. 

Consistent  wi th  our expectation that cyclin A2 repre- 

sented a somatic form of cyclin A, we found that both 

antisera detected cyclin A2 in WAK and XTC Xenopus 
cell lines by Western blotting (Fig. 4B, below; data not 

shown). In contrast to tissue culture cells, both cyclin A1 

and A2 are present in eggs. Specifically, when cell-free 

extracts made from unfert i l ized eggs arrested in mitosis  

(CSF) were labeled wi th  [3SS]methionine, small  amounts  

of labeled cyclin A1 and A2 could be detected following 

immunoprec ip i ta t ion  (Fig. 213). However, following acti- 

vation of these extracts by addition of Ca 2 + both cyclins 

were rapidly synthesized and accumulated.  In such 

Ca2+-treated extracts and in early stages of embryonic  

development (although not in tissue culture cells), cyclin 

A2 protein appeared as a doublet. This  is probably the 

result of a phosphorylat ion event as the doublet was re- 

duced to one band when  anti-cyclin A2 immunoprecip-  

itates were incubated wi th  acid phosphatases (data not 

shown). 

CDK binding to cyclin A1 and A2 during development 

Cyclin A is unique among the cyclin family  because in 

somatic cells it complexes wi th  both cdk2 and cdc2 (Tsai 

et al. 1991; Desai et al. 1992). This  dual association is 

consistent with experimental  evidence suggesting that 

cyclin A is essential for both DNA replication and the 

onset of mitosis. In contrast, it has been shown that cy- 

clin A1 associates exclusively wi th  cdc2 in eggs, al- 

though it can bind both cdc2 and cdk2 in vitro (Minshull  

et al. 1990; Paris et al. 1991; Kobayashi et al. 1992; Ga- 

brielli  et al. 1992; Kobayashi et al. 1992). As such, it was 

of interest to determine how cyclin A2 distributed itself 

between these two kinases in eggs. To do this we used 

cyclin A2 antibodies to immunoprec ip i ta te  complexes 

from eggs at different embryonic  stages. The amount  of 

cdc2 and cdk2 kinase associated wi th  these cyclin A2 

complexes was then determined by Western blotting us- 

ing anti-cdc2 and anti-cdk2 antibodies. The results from 

these experiments (Fig. 3) demonstrated clearly that cy- 

clin A2, unl ike  cyclin A1, is associated wi th  both cdc2 

and cdk2 unti l  at least stage 17. 

It is interesting to note that after the MBT (Fig. 3, 

stages 9 and 10), the cdc2 associated wi th  cyclin A2 mi- 
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back controls that negatively regulate cdc2 by phospho- 

rylation during D N A  replication are first activated after 

the MBT (Dasso and Newport  1990). 

Figure 2. (A) A Northern blot of cyclin A1 and A2 mRNA 
present in total RNA from a number of Xenopus tissues. Total 
RNA (25 ~g) was probed with a random-primed probe corre- 
sponding to either full-length cyclin A1 (top) or A2 (bottom). A 
positive control mRNA (5 pg) of in vitro-transcribed full-length 
cyclin A was used in each blot (IVT). Tissues are indicated at the 
top: (XTC) Xenopus tissue culture cell line; (GI) gastrointestinal 
tract. Markers are 3SS-labeled hBstEII DNA. (B) Cyclin A2 is 
present in Ca 2 +-treated CSF extracts. CSF extracts were incu- 
bated with either [3SS]methionine only (CSF}, or ['~SS]methio- 
nine and 0.4 mM {final concentration) of Ca 2 + (CSF + Ca 2+) at 
23~ After 2 hr of incubation, extracts were immunoprecipi- 
tated with the specific rabbit antisera indicated at the top. Mo- 
lecular mass markers are indicated at the right (in kD). 

grated as three separated bands, and at stage 17, as only 

the top two bands of this triplet. Previous studies have 

shown that cdc2 migrates differentially on SDS-poly- 

acrylamide gels as a result of the state of phosphoryla- 

tion of two negative regulatory sites at Thr-14 and Tyr- 

15 (Solomon et al. 1992). The slowest migrating band of 

the cdc2 triplet is known to be phosphorylated at both 

residues, Thr-14 and Tyr-15; the middle  band of the trip- 

let results from phosphorylat ion at either one of these 

residues; and the fastest migrat ing band of the triplet is 

not phosphorylated at either site. Our results suggest 

that the first detectable negative regulation (by phospho- 

rylation of Thr-14 and Tyr-15) of cdc2 associated wi th  

cyclin A2 occurs after the MBT. This  is in agreement 

wi th  previous publ ished results, showing that the feed- 

Developmental expression of cyclin A1 and A2 protein 

Because both cyclins A1 and A2 were present in eggs and 

only cyclin A2 was present in tissue culture cells, we 

examined the fates of these proteins during embryogen- 

esis. To do this we collected eggs at different develop- 

menta l  stages and then used Western blots to determine  

the concentration of both cyclins A1 and A2 present at 

these times. Following fertilization, cyclin A accumu- 

lated rapidly and was abundant  during the rapid cell di- 

visions that precede the MBT (Fig. 4A). The apparent 

stabili ty of cyclin A1 during this period should not be 

interpreted as indicat ing that cyclin A1 is stable at mi-  

tosis during this t ime of development.  Rather, it occurs 

because the cell cycles of different eggs wi th in  our sam- 

ple are not t ightly synchronized. As such, some eggs are 

in interphase and accumula t ing  cyclin A whi le  others 

are in mitosis  and degrading cyclin A1 (Minshull  et al. 

1990). The steady-state amount  of cyclin A1 shown in 

Figure 4A represents an average of these synthet ic  and 

degradative states. Following the MBT, cyclin A1 levels 

remained high during the next two to three elongated 

cell divisions. However, once these division cycles are 

completed cyclin A1 protein levels declined rapidly dur- 

ing a 3-hr period between stages 10 and 11. 

Cyclin A2 protein was detected throughout embryo- 

genesis, although during the early cleavage cycles it was 

present in very low amounts  (Fig. 4B,C). At, or soon after, 

the MBT (stage 8'/2), the levels of cyclin A2 increased 

unti l  the beginning of gastrulation (stages 10-101/4) after 

which a relatively constant  level was detected. This  in- 

crease in cyclin A2 protein levels may  represent some 

form of translational control, as it does not correspond 

with an increase in the level of m R N A  (Fig. 5B). How- 

ever, it does coincide wi th  the start of zygotic transcrip- 

tion (see below), and al though we have not observed any 

changes in the size of the m R N A  or length of the 5'- 

untranslated region (UTR) at different stages of develop- 

ment,  the formal possibil i ty remains  that zygotic cycl in 

A2 m R N A  differs from maternal  cyclin A2 m R N A  in 

some subtle way so as to allow for an increased rate of 

Figure 3. Association of cyclin A2 with cdc2 and cdk2 during 
early development. Cyclin A2 protein complexes were immu- 
noprecipitated from extracts of staged embryos (stage indicated 
at top) using anti-peptide cyclin A2 antibody. After separation 
by SDS-PAGE the precipitates were immunoblotted with anti- 
peptide cdc2 or anti-peptide cdk2 antibodies. 
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Figure  4. (A) Cyclin A1 and cdk2 protein levels 
during embryonic development. Cytosolic ex- 
tracts of eggs or embryos (stages indicated above 
each lane) were subjected to SDS-PAGE and im- 
munoblotted with antibodies that recognized cy- 
clin A1 (sheep anti-A1) or a carboxy-terminal pep- 
tide of cdk2. (B) Developmental expression of cy- 
olin A2 and cdc2 protein. Total extracts were 
made from embryos (stages indicated) and from 
stage VI oocytes, eggs and WAK cells (a Xenopus 
kidney cell line). Blots were probed with either 
rabbit anti-A2 antiserum or anti-cdc2 monoclonal 
3El. (C) Detection of cyclins A1 and A2 during 
early development, p13 suc~ affinity beads were 
used to isolate cyclin-cdk complexes from cyto- 
solic extracts of embryos collected at the indi- 
cated stages. The proteins precipitated on the 
p13 sucl beads were separated by SDS-PAGE and 
immunoblotted with anti-peptide cyclin A2 and 
sheep anti-Al antibodies. Overexposure of this 
blot revealed cyclin A2 bands at stages 6 and 8. 

translation. The changes in the level of both A1 and A2 

protein at different developmental  periods appear in 

sharp contrast to the pattern of expression of cdc2 and 

cdk2 over the same t ime course (Fig. 4A, B}. The levels of 

these proteins changed little, if any, during the develop- 

menta l  periods examined.  

Cyclin A1 and A2 m R N A  levels are developmentally 

regulated 

The pattern of expression of the A-type cyclins described 

above suggested that they were developmental ly  regu- 

lated. To explore the possible mechan i sms  of this con- 

trol, we used Northern  analysis of total RNA isolated 

from staged embryos to determine the fate of the cyclin 

messages during embryogenesis.  These studies showed 

that cyclin A1 and A2 messages were present in nearly 

equivalent  quanti t ies  in stage 6 oocytes (data not 

shown). Following fertilization, cyclin A1 m R N A  levels 

remained constant  during the rapid cleavage stages (Fig. 

5A, C) and the two or three slower divisions following 

the MBT. However, following these ini t ial  divisions, cy- 

olin A1 m R N A  began to decline after stage 91A and was 

undetectable by stage 11. Cycl in  A2 m R N A  was also 

stable during the early cleavage stages (Fig. 5B, C) but 

could be detected, at a lower steady-state concentration, 

at t ime points after stage 11 when  cyclin A1 m R N A  was 
not observed. 

These results show that cyclin A1 m R N A  becomes 

unstable between stages 9'/2 and 10. As such, these ob- 

servations indicate that during this t ime a degradative 

pathway is activated that results in the turnover of cy- 

clin A1 maternal  mRNA. We also observed a reduction 

in the levels of cyclin A2 m R N A  by stage 11 and sus- 

pected that the same degradative pathway responsible 

for turnover of cyclin A1 m R N A  might  also degrade the 

maternal  pool of cyclin A2 message at this t ime. The 

observed persistence of A2 m R N A  beyond stage 10 

would be attr ibutable to new zygotic transcription of cy- 

clin A2 mRNA. To determine whether  this is the case, 

we have examined the regulation of cyclin A1 and A2 

m R N A  levels during development  under condit ions in 

which zygotic transcription is reduced. Specifically, 

when fertilized eggs are incubated wi th  the ribonucle- 

otide reductase inhibi tor  hydroxyurea (HU), they divide 

normal ly  up unt i l  the MBT (Newport and Dasso 1989). 

However, because of depletion of substrates for D N A  

synthesis at this point, the cells arrest in S phase of the 

twelfth cell cycle and further cell division does not oc- 

cur. Therefore, embryos grown in the presence of HU do 

not undergo the two or three additional cell divisions 

that normal ly  occur between the MBT and stage 10. 
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Figure 5. Northern analysis of cyclin AI and A2 RNAs during 
early development. (A-C) Fifteen micrograms of total RNA, iso- 
lated from staged embryos {stages indicated above panels), were 
separated by agarose gel electrophoresis and Northern blotted 
with random-primed a2P-labeled cyclin A1 or cyclin A2 DNA 
fragments. Positions of 28S and 18S rRNAs are indicated at 
right. (A} Cyclin A1 RNA at various developmental stages. (B) 
Cyclin A2 RNAs in control and HU-treated embryos. HU was 
added at stage 3. {C) Cyclin A1 and A2 RNAs from control and 
CHX-treated embryos. CHX was added at stage 4. 

These arrested embryos contain about six-fold fewer 

cells and nuclei than untreated embryos at stage 10 and 
synthesize six-fold less mRNA (Landstrom et al. 1975~ I. 

Newport, unpubl.}. 
By using HU limit embryonic transcription, we have 

investigated whether the reduced level of cyclin A2 

mRNA after stage 10 is independent of zygotic transcrip- 

tion. As shown in Figure 5B, in embryos arrested at the 
MBT with HU, matemal cyclin A2 mRNA remained sta- 

ble until a time equivalent to stage 91/2. However, cyclin 

A2 mRNA rapidly became unstable beyond this time 

period and was almost completely degraded by stage 11. 

The kinetics of degradation of A2 mRNA under these 

conditions were nearly identical to the degradative pat- 

tems observed for cyclin A1 mRNA in control embryos 

[Fig. 5A). These experiments suggest several conclu- 

sions. First, the complete degradation of cyclin A2 

mRNA in these transcriptionally limited embryos sup- 

ports the conclusion that the A2 mRNA levels after 

stage 10 are the result of new zygotic A2 mRNA tran- 

scription. Second, the temporal correlation of A1 and A2 

degradation at stage 10 suggests that destabilization of 
these two maternal mRNAs is regulated by a common 

degradative pathway that is activated at, or just before, 

stage 10. Third, the observation that this degradative 

pathway is activated at the correct time in embryos that 

have stopped dividing suggests that cell division beyond 

the MBT is not an essential element in regulating the 
activation of this mRNA degradative pathway. 

To pursue further the relationship between cell divi- 

sion and activation of cyclin A mRNA degradation we 
have arrested cell division prior to the MBT and then 

examined how this affects the timing of cyclin A mRNA 

degradation. When fertilized eggs are treated with the 

protein synthesis inhibitor cycloheximide (CHX), accu- 

mulation of the mitotic cyclins A, B1, and B2 is blocked 

and cells arrest in S phase of the embryonic cell cycle. 

Using CHX, we have blocked cell division prior to the 

MBT and asked how this affects the time at which cyclin 

A1 and A2 mRNAs are degraded. To do this, eggs were 

fertilized and allowed to divide until the 8- to 16-cell 

stage, and CHX was added. Following addition of CHX, 

the eggs divided once or twice more and then arrested 

[32- to 64-cell stagel. Following arrest, the cyclin A1 and 

A2 mRNA levels present in these embryos were deter- 

mined at different times by Northern blotting {Fig. 5C). 

The results from these experiments showed clearly that 

cyclin A1 and A2 mRNAs were stable during the time 

period up to stage 10. However, after this period, degra- 

dation of both mRNAs occurred very rapidly such that 

both mRNAs were completely degraded by a time period 

equivalent to stage 101/2. The kinetics of degradation of 

these two messages were nearly identical to the rate of 

cyclin A1 mRNA degradation in control dividing eggs. 

These results strongly suggest that activation of the ma- 

ternal cyclin A mRNA degradation pathway is indepen- 

dent of cell division. Moreover, because CHX-arrested 

embryos contain very few nuclei relative to stage 10 em- 

bryos (64 vs. 16,000-32,000) this result provides further 

evidence that activation of the matemal cyclin A mRNA 

degradation pathway is independent of new transcrip- 

tion. These results also strongly suggest that activation 
of this degradative pathway is independent of continued 

protein synthesis. Taken together, our results indicate 

that degradation of both maternal cyclin A1 and A2 mR- 

NAs is regulated by a pathway that becomes active for 

the first time in development at stage 10. Because this 
degradative pathway is activated at a time when the em- 

bryo is showing the first visible signs of gastrulation, we 

have termed this period the early gastrulation transition 

(EGT}. Together, the results presented above strongly 

suggest that the developmental timer that controls when 
cyclin A1 and A2 maternal mRNA is degraded is inde- 

pendent itself of the cell cycle, new transcription, ongo- 

ing protein synthesis, DNA replication, and the nuclear 

to cytoplasmic ratio present in an embryo. We have 

noted and characterized a number of other changes in 
embryonic programming which also appear to be con- 
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trolled by this EGT timer, and these will  be described 

elsewhere (S. Nichols  and J. Newport, in prep.). 

The stability of cyclin A1 and A2 proteins 
is dependent on the stage of development 

The activation of a cyclin A m R N A  degradative pathway 

at the EGT suggested that other important  regulatory 

systems might  be activated at this t ime as part of a larger 

developmental  program designed to allow a highly regu- 

lated somatic  cell cycle to emerge from the s imple bi- 

phasic, materna l ly  programmed, embryonic  cell cycle. In 

particular, we were interested in determining whether  

cyclin A proteins, l ike cyclin A mRNAs,  were degraded 

at the EGT by a mechan i sm that was independent  of cell 

division, translation, and new m R N A  synthesis.  To ad- 

dress this question we treated embryos wi th  CHX 

shortly after fertilization. Under these conditions, eggs 

arrest in S phase of the cell cycle because they do not 

accumulate  sufficient quanti t ies  of cyclins A and B to 

enter mitosis.  Although the cyclin levels in these eggs 

are lower than required to enter mitosis, they are ade- 

quate for measur ing  changes in the dynamic  stabil i ty of 

these proteins at different t imes in development.  

To determine the rate of cyclin A1 protein turnover 

before the EGT, embryos were treated with CHX at stage 

3--4 (2 hr after fertilization) and cyclin A1 protein levels 

were monitored by p13 suc~ depletion and Wes tem anal- 

ysis {Fig. 6). Cycl in  A1 was readily detected in CHX- 

treated embryos and was stable in lysates of embryos 

collected at the equivalent  of stages 8, 9, and 9'/2. How- 

ever, by the t ime control embryos had reached stage 

101/4, the level of cyclin A1 protein in CHX-treated em- 

bryos was just above the detectable level, and at stage 11 

cyclin A1 could not be detected (Fig. 6). The t ime course 

of destruction of cyclin A I coincided almost  exactly 

with the onset of the EGT. In contrast, cyclin B2 and 

cdk2 levels did not vary significantly during the t ime 

course of the experiment,  and these proteins were readily 

Figure 6. Cyclin turnover in control and CHX-treated em- 
bryos, p13 sue1 affinity bead precipitates, prepared from control 
or CHX-treated embryos (stages indicated at top) were immu- 
noblotted with antibodies against cyclin A1 (sheep anti-A1), 
cyclin B2 (rabbit anti-B2), and cdk2 (anti-peptide). CHX- was 
added at stage 3. 

Figure 7. {A) Cyclin A2 protein stability at the EGT. Embryos 
were treated with HU or with and then CHX (HU/CHX) as 
described in the text. Embryos were collected at the time that 
untreated embryos reached the stage indicated above each lane. 
p13 suc' precipitates, from extracts of the treated embryos, were 
separated by SDS-PAGE and immunoblotted with anti-peptide 
cyclin A2 antibody. {B) Measurement of the stability of cyclin 
A2 and B2 proteins after the EGT. Embryos were either not 
treated {controlJ, treated with HU, or treated with HU, and then 
CHX (HU/CHX) as detailed in the text. Embryos were collected 
at the indicated times after fertilization. For analysis of cyclin 
A2 and cyclin B2 proteins, cyclin-cdk complexes were concen- 
trated on p13 suc' affinity beads, separated by SDS-PAGE, and 
immunoblotted with anti-peptide cyclin A2 or cyclin B2 (rabbit 
anti-B2) antibodies. 

detected unti l  at least stage 23. These results suggest 

that cyclin A1 protein is intr insical ly  stable, except at 

mitosis, during early development unt i l  the EGT when  it 

becomes dynamic and turns over rapidly. 

Because our antibodies could not reproducibly detect 

the low levels of cyclin A2 present when eggs were 

treated with CHX, we could not use this drug alone to 

determine whether  A2 protein, like A1 protein, became 

dynamic at the EGT. Instead, to analyze the turnover of 

cyclin A2 protein during the EGT, we arrested eggs at the 

MBT with HU to allow detectable quanti t ies  of cyclin 

A2 to accumulate.  The turnover rate of this accumulated 

pool of cyclin A2 protein was then analyzed by incubat- 

ing arrested embryos wi th  CHX just before the onset of 

gastrulation. Specifically, embryos that had been ar- 

rested at the MBT wi th  HU were incubated an additional 

2.5 hr longer to allow cyclin A2 to accumulate.  At this 

t ime point, which  was equivalent  to late stage 9 in un- 

treated embryos, CHX was added to prevent additional 

cyclin A2 protein synthesis.  At the t ime of cyclohexim- 

ide addition (stage 9), significant amounts  of cyclin A2 

protein were detected in HU-treated embryos (Fig. 7A). 

However, this pool of cyclin A2 protein was degraded 

almost  completely after CHX t rea tment  for 2.5 hr (equiv- 

alent to stage 101/2) and cyclin A2 could not be detected 

at later t ime points. In contrast, significant quanti t ies  of 

cyclin A2 were detected in eggs treated wi th  HU alone at 
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time points equivalent to stages 10V~ and 12. This exper- 
iment demonstrates clearly that cyclin A2 turns over 
rapidly at the EGT with a half-life that is significantly 

<2.5 hr. 
To measure cyclin A2 protein dynamics after the EGT, 

stage 9 embryos (8 hr after fertilization) were transferred 

to buffer containing 30 mM HU and then incubated an 
additional 6 hr (14 hr after fertilization). Under these 
conditions, DNA replication is blocked and embryos re- 
main arrested in S phase of the cell cycle. At 14 hr fol- 
lowing fertilization, new protein synthesis was blocked 
in half of these interphase-arrested embryos by addition 
of CHX. After a further incubation both CHX-treated 
and untreated embryos were collected and analyzed for 
cyclin A2 and cyclin B2 proteins. The results from these 
experiments (Fig. 7B) showed that existing cyclin A2 pro- 
tein was degraded almost completely within 3 hr after 
addition of CHX to interphase-arrested eggs. As a control 
to demonstrate that this rapid turnover rate was specific 
to cyclin A, we determined that cyclin B2 levels in the 
same eggs did not decline over a much longer period of 
time, 10-12 hr (Fig. 7B). These results indicate that fol- 
lowing the EGT cyclin A2, like cyclin A1, becomes dy- 
namic in interphase of the cell cycle and has a half-life of 

between 1 and 1.5 hr. As such, the steady-state level of 
cyclin A2 protein in an interphase cell following the 
EGT will be determined both by its rate of synthesis and 
its rate of degradation. Importantly, the developmental 
timer that activates degradation of cyclin A proteins at 
the EGT, like the timer regulating activation of cyclin 
mRNA degradation, appears to be independent of cell 

division, new transcription, ongoing protein synthesis, 
and the nuclear to cytoplasmic ratio in embryos. 

Expansion of the cell cycle after the MBT 

In eggs, the early cleavage cell cycles following fertiliza- 

tion are equally divided between S and M phases and 
lack measurable G~ and G~ phases. Following the MBT, 

the length of the cell cycle increases progressively as 
development continues and eventually expands into a 
typical somatic cell cycle in which all four phases of the 

cell cycle are represented. The precise manner in which 
new regulation is sequentially added to the embryonic 

cell cycle to generate a somatic cell cycle as develop- 
ment progresses is not well understood. The abrupt ac- 
tivation of changes in both cyclin A mRNA and protein 
stability that we have observed at the EGT suggest that 
equally important changes in cell cycle regulation might 
be occurring at this time. To address this possibility, we 
have used time lapse recording to carefully examine and 
analyze changes in cell division rates in developing em- 

bryos (Fig. 8}. 
During the cleavage stages (divisions 2-12), embryonic 

cells divided synchronously about every 22 min. After 
the twelfth division, the embryo went through the MBT 

and blastomeres divided asynchronously with an ex- 
panded cell cycle. It is clear that there is a relatively 

modest increase in the length of the cell cycle immedi- 
ately after the MBT. The duration of the thirteenth and 
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Figure 8. Expansion of the embryonic cell cycle after the 
twelfth cell division. A time lapse video recording of the animal 
cap of a single embryo was used. The average length of succes- 
sive cell cycles for 7-well separated cells is plotted. Error bars 
indicate the range of cell cycle lengths measured at cleavage 
numbers 13, 14, and 15 (divisions 10, 11, and 12 occurred syn- 
chronously). Arrows indicate when the embryo went through 
the MBT and the approximate time of the EGT. 

fourteenth cycles averaged 50 and 99 min, respectively. 
However, after the EGT (cycle 15) the length of the cell 
cycle increased abruptly to 253 min (4.2 hrl. This is on 
average 11 times longer than the cell cycles prior to the 
MBT. Therefore, the degradation of cyclin A mRNA and 

activation of systems that cause cyclin A protein to turn 
over at the EGT correlate precisely with an abrupt and 
marked lengthening of the cell cycle. Although this cor- 
relation does not establish a causal relationship between 
these events, it is certainly consistent with such a pos- 

sibility. 

D i s c u s s i o n  

Prior to the identification of cyclin A2, it was assumed 
that Xenopus cyclin A1 was responsible for all of the 
cyclin A activity required during embryonic develop- 
ment and throughout the life of the organism. Our data 
suggest that cyclin A2 is a better candidate to fulfill the 
cyclin A requirement later in development. We find that 
cyclin A2 protein is present at very low levels in unfer- 
tilized eggs and during the cleavage stages. Following the 
MBT, the level of cyclin A2 protein increases rapidly 

until it reaches a constant level throughout the neurula 
and later stages of development. In contrast, we observed 
that cyclin A1 mRNA and protein are present in em- 
bryos until  the beginning of gastrulation at which time 
they turn over rapidly. Both cyclin A1 and A2 mRNAs 

can be detected in testis, but we do not yet know 
whether they are expressed in the same or different cell 

types in this tissue. In mouse, a similar situation per- 
tains, that is, two distinct cyclin A mRNAs have been 
identified. However, in this case, mouse cyclin A1 (the 
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somatic cyclin A) is found to be expressed in most adult 
tissues, whereas cyclin A2 is found primarily in the tes- 
tis (M. Carrington, pets. comm.}. As yet, we do not know 
whether we have accounted for all of the A-type cyclins 
in Xenopus; we have data to suggest that there may be a 

distinct A-type cyclin in skin (M. Howell, unpubl.). 

Regulation and possible functions of the A-type cyclins 

The prevailing dogma would suggest two possible func- 

tions for cyclin A throughout development: namely, a 
role in S phase or a role in the S--M transition. Evidence 
has accumulated to suggest that both cdk2 and cyclin A 
play some role in DNA replication. The requirement for 
cdk2 has been demonstrated in Xenopus cell-free sys- 
tems where removal of cdk2 inhibits the replication of 
DNA (Blow and Nurse 1990; Fang and Newport 1991). 
Antibody ablation and antisense RNA experiments in 
tissue culture cells have provided evidence that cyclin A 

is also required for S phase (Girard et al. 1991) and during 
G 2 phase (Pagano et al. 1992). Moreover, cyclin A has 

been shown to colocalize with the sites of DNA replica- 
tion in mouse cell lines, suggesting a direct role in the 
replication process (Cardosa et al. 1993}. Although not 
formally demonstrated, it is presumed that the activity 

of cyclin A during S phase requires association with 
cdk2. There is some evidence to suggest that human cy- 
clin A is predominantly complexed with cdk2 in S phase, 
but complexed with cdc2 in M phase (J. Pines, pers. 
comm.). It is unlikely that cyclin A1, or A2, is required 

during S phase of the cleavage cycles, as fertilized eggs, 
or egg extracts, that are treated with protein synthesis 
inhibitors efficiently replicate sperm DNA in the ab- 
sence of cyclins A1, A2, B1, and B2 (Fang and Newport 
1991). Moreover, we have found that only a fraction (if 
any} of cyclin A1 protein complexes with cdk2 during 

cleavage (J. Howe and J. Newport, unpubl.), and while 
cyclin A2 does complex with cdk2 in later stage embryos 
(Fig. 3), the level of this complex in cleavage-stage em- 
bryos is very low. A better candidate for the cyclin part- 

ner of cdk2 that might fulfill the cdk2 requirement of 
replication in the earliest cleavage stages would be cy- 
clin El, which is relatively abundant in eggs and early 
embryos (as compared with cyclin A2) and binds exclu- 

sively to cdk2 (M. Howell and J. Howe, unpubl.}. During 
the cleavage cycles, cyclin E1 is abundant and its levels 
do not oscillate significantly until immediately after the 
MBT when it becomes unstable and turns over rapidly {J. 
Howe and J. Newport, in prep.). After the MBT there is 
an increase in both the abundance of cyclin A2 and in the 

level of cyclin A2-cdk2 complex (Figs. 4 and 5). Both 
observations might reflect an increasing role for cyclin 
A2-cdk2 complexes in replication during these later 
stages of development. 

Developmental regulation of cyclin A1 and A2 
mRNA and protein 

Following fertilization, the egg divides rapidly 12 times 
in 6 hr to generate an embryo consisting of -4000  cells 

at the MBT. Following the MBT, embryonic cells divide 
two to three more times during the 3 hr preceding the 
onset of gastrulation. During these post-MBT cell divi- 
sions, the cell cycle lengthens progressively from 25 min 
at the MBT to 100 min at the beginning of gastrulation. 

Following the onset of gastrulation the cell cycle length- 
ens abruptly with a range of 3-6 hr. Although zygotic 
transcription in Xenopus is activated at the MBT, exper- 
imental evidence demonstrates that all 14-15 of the cell 
divisions preceding the onset of gastrulation occur nor- 

mally in the absence of new zygotic transcription {New- 
port and Dasso 1989}. This observation demonstrates 
that preceding the EGT, cell division is dependent only 
on matemal stores of mRNA and proteins. In this report 
we have shown that the maternal store of mRNAs en- 
coding both cyclin A1 and A2 is stable prior to the EGT 
and then degraded rapidly. Thus, we have shown that 
cyclin A mRNA degradation occurs precisely at the t ime 
in development when further cell division becomes de- 

pendent on new zygotic transcription. The temporal co- 
incidence between these two events suggests that cyclin 
A mRNA is one of the mRNAs that becomes limiting for 
cell division after the EGT, resulting in elongation of the 
cell cycle at this time in development. 

With respect to the developmental regulation of cyclin 
proteins, we have shown that like cyclin A mRNAs, 

both cyclin A1 and A2 proteins appear to become very 
unstable in interphase of the cell cycle at the EGT. Our 
results also show that sudden tumover of cyclin A pro- 
tein at the EGT is independent of the degradation of 

cyclin A proteins that normally occurs at each mitosis. 
Specifically, in S-phase-arrested embryos, cyclin A de- 
grades at the equivalent of the EGT while cyclin B re- 
mains stable. This result, in combination with visual 

observation that nuclei remain intact in arrested em- 
bryos, demonstrates that the abrupt destabilization of 
cyclin A in these embryos is occurring during interphase 
of the cell cycle. Finally, although we find that cyclin A 
mRNAs and proteins become unstable at the same time, 
our results demonstrate that cyclin A protein degrada- 

tion is not directly attributable to the degradation of cy- 
clin A mRNA. In support of this, we have shown that in 
S-phase-arrested embryos treated with CHX, cyclin A 
proteins are stable until the EGT and are then degraded 
abruptly. 

Taken together, our results support the proposal that 
new degradative pathways are activated at the EGT 
which cause destabilization of both cyclin A mRNA and 
cyclin A proteins. As a result of the activation of these 

new degradative pathways, the concentration of these 
components during interphase of the cell cycle at the 
EGT will depend both on their rate of synthesis and rate 
of degradation. Thus, the activation of degradative path- 
ways at the EGT adds a dynamic element to cyclin A1 
and A2 protein regulation that is not present at inter- 

phase in cell cycles during the early embryonic cell cy- 
cle. Prior to the EGT, cyclin A protein accumulation 
appears to be controlled largely, if not exclusively, by 
translation of the stable pool of maternal cyclin A 
mRNA. However, following the EGT, interphase accu- 
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mulation of cyclin A protein is regulated by three new 
variables: rate of cyclin A mRNA transcription, rate of 
cyclin A mRNA degradation, and rate of cyclin A protein 
degradation. Because cyclin A appears essential for both 
S phase and mitosis, it is clear that the activation of 
these pathways provides several new potential mecha- 
nisms for cell cycle regulation. 

Developmental consequences of the EGT 

Prior to the EGT, the simple rapid embryonic cell cycle 
is controlled primarily by the repeated accumulation and 
degradation of cyclin protein during interphase and mi- 
tosis. As such, the cell cycle during this period is regu- 
lated by and dependent on the pool of maternal cyclin 
mRNAs that are synthesized and stored during oogene- 
sis. Because new zygotic transcription does not occur 
until the MBT (Newport and Kirschner 1982b), it is es- 
sential that this accumulated pool of maternal mRNA 
remains stable during early development. In contrast, 
once zygotic transcription is activated, it is equally im- 
portant that maternal mRNAs are degraded to eliminate 
matemal programs and allow newly transcribed mes- 
sages to assume control of further cell division. With this 
in mind, it appears likely that the activation of cyclin A 
mRNA degradation at the EGT represents an essential 
developmental process that allows the simple early em- 
bryonic cell cycle driven by matemal mRNA to be re- 
placed by a more complicated somatic cell cycle regu- 
lated by new zygotic transcription. Importantly, because 
new zygotic transcription within the eggs is a regulated 

event unique to the spatial localization of a cell within 
the embryo, the elimination of maternal information at 
the EGT represents the first t ime that cell division 

within the embryos will occur in a cell-autonomous and 
location-dependent manner. Therefore, the activation of 
cyclin A mRNA and protein turnover at the EGT are 
likely to represent a critical pathway that affects both 
cell cycle regulation and further embryonic develop- 
ment. 

A developmental timer controls activation 
of cyclin A degradative pathways 

We can make several conclusions with respect to the 
timing mechanism that controls the onset of the cyclin 
A protein and mRNA degradative pathways at the EGT. 
First, the timing of the activation of these pathways does 
not appear to be tightly linked to the cell cycle. In sup- 
port of this, we have found that when the cell cycle is 

arrested in S phase with HU or CHX, cyclin A proteins 
and mRNA remain stable until the EGT and then are 
rapidly degraded. These experiments also indicate that 
the activation of these degradative pathways does not 
require zygotic transcription and proteins encoded by 
these new transcripts. Finally, we have shown that the 

timing mechanism regulating the activation of these 
degradative pathways is independent of new protein syn- 
thesis that occurs shortly after fertilization. This conclu- 

sion is based on the observation that eggs treated with 
CHX 1-2 hr after fertilization still degrade cyclin protein 
and mRNA at a time period equivalent to the EGT. To- 
gether, these results strongly suggest that the activation 
of the cyclin A mRNA and protein degradative pathways 
is regulated by a developmental timer that is itself acti- 
vated at the time of fertilization. Although we do not 
know the molecular details of this developmental timer, 
at present, on the basis of the results presented here, we 
can propose that the timer does not rely on new tran- 
scription, new protein synthesis, number of cell cycles, 
or a specific nuclear to cytoplasmic ratio. 

Overall our results indicate that degradation of cyclin 
A protein and mRNA is regulated by a developmentally 
autonomous timer that is activated at fertilization and 

goes off at the EGT. The EGT itself corresponds in time 
precisely with the onset of gastrulation. As such, the 
timer that controls the onset of cyclin A degradative 
pathways could be part of a timing mechanism contrib- 
uting to the onset of gastrulation. The possibility of a 
"gastrulation t imer" has been suggested by a number of 
experiments (for review, see Cooke and Smith 1990}. In 
1943, Holtfretter reported that activated unfertilized 
Rana pipien eggs underwent an extensive pigment rear- 
rangement reminiscent of gastrulation at the time that 
fertilized control eggs began gastrulation. Because these 
activated eggs did not divide, this observation suggested 
that a timer acting independently of cell division, DNA 
replication, and transcription might participate in acti- 
vating gastrulation movements. Further evidence in sup- 
port of this proposal has been provided by Kobayakawa 
and Kubota (19811. These investigators showed that eggs 
divided into quarters prior to the first cleavage went 
through the MBT two cycles earlier than normal but 
initiated gastrulation at almost the same time as control 
embryos. This experiment supports the proposal that the 
MBT is controlled by the at tainment of a critical nuclear 
to cytoplasmic ratio {Newport and Kirschner 1982b). 
However, it also suggests that the onset of gastrulation is 
independent of the timing of the MBT and may be reg- 
ulated by a molecular mechanism that measures elapsed 
time by other methods. More recently, several investi- 
gators have demonstrated that specific landmark events 
associated with the onset of gastrulation are independent 
of cell division and protein synthesis after the MBT. For 
example, Gurdon and co-workers have shown that the 
loss of competence of ectodermal tissues to be induced 
to form mesoderm is independent of protein synthesis 
that occurs after the MBT [Grainger and Gurdon 1989}. 
Taken together, these observations suggest that many of 
the essential events associated with the initiation of gas- 
trulation may be coordinated and regulated by a devel- 
opmental clock, which like the timer regulating cyclin A 
protein and mRNA degradation at the EGT, is activated 
at the time of fertilization and then measures time in a 

process that is independent of protein synthesis, mRNA 
synthesis, and cell cycle. Therefore, a detailed molecular 
characterization of the degradative mechanism respon- 
sible for cyclin A turnover at the EGT may provide im- 

portant information about the developmental programs 
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regulating the initiation of gastrulation during embryo- 
genesis. 

Materials and methods 

Frogs, embryos, and egg extracts 

Synchronous batches of developing embryos were obtained by 

in vitro fertilization using standard techniques (Newport and 

Kirschner 1982a). Embryos were maintained in either 0.1x 

modified Barth's solution or 0.25x modified Ringer's solution 

(Peng 1991) and staged according to Niewkoop and Faber (1967). 

Samples were flash frozen at the appropriate stages and kept at 

- 7 0 ~  until use. Where appropriate, HU (30 mM final concen- 

tration) or CHX (100 ~g/ml) was added to the culture medium 

without removal of the vitelline membrane. When CHX was 

used the embryos were incubated in Danilchik's solution (Peng 

1991) without calcium to facilitate rapid uptake of this drug. 

Under these conditions, CHX has been shown to inhibit protein 

synthesis by 95% in embryos (S. Nichols and J. Newport, un- 

publ.). CSF-arrested egg extracts were made and used as de- 

scribed by Stewart et al. {1994). 

Cloning and sequencing of cyclin A2 

Approximately 2x 106 plaques of a Xenopus oocyte cDNA li- 

brary (a kind gift of Doug Melton, Harvard University, Cam- 

bridge, MA) in kgtl0 were plated out onto NZYM agar plates as 

described by Sambrook et al. (1989). Alkali-denatured nylon 

membranes with the lifted plaques were hybridized overnight at 

65~ in 6x SSC, 5x Denhardt's solution, 5 mM sodium phos- 

phate, 2 mM sodium pyrophosphate, 0.1% SDS, and 10 ~g/ml of 

salmon sperm DNA containing 2x10 s to 5x10 s cpm/ml of 

probe. The probe was a restriction fragment of the human cyclin 

A eDNA (a kind gift of J. Pines, Cambridge University, UK) 

corresponding to the cyclin box and carboxy-terminal region (a 

Bsu36I-EcoRI fragment) and was labeled by random priming in 

the presence of [a-'~2P]dCTP (Megaprime, Amersham Interna- 

tional). After 16 hr of hybridization, filters were washed in 2x 

SSC, 0.1% SDS, at 65~ and exposed to film. After five rounds 

of plaque purification, 14 positives plaques that hybridized with 

the human probe but did not hybridize with a Xenopus cyclin 

A1 probe were analyzed further and essentially fell into two 

groups, the members within each differing only in the length of 

the insert. Sequence analysis of the clones with the largest in- 

serts from each family revealed that they were novel cyclin A 

clones. The member of each group with the largest eDNA insert 

was sequenced completely by shotgun cloning into M13mpl9 

and sequenced with dideoxy chain terminators and Sequenase 

(U.S. Biochemical) in the presence of s-aSS-labeled dATP follow- 

ing the manufacturer's protocol. Each strand was sequenced 4 

times in overlapping clones. The EcoRI insert from k plaques 

were subcloned into pGEMI (Promega) such that the T7 pro- 

moter synthesized sense mRNA. The extreme 5' end sequence 

of cyclin A2 was obtained by PCR between an oligonucleotide 

directed against the amino terminus (5'-CCACAGGGAC- 

GAGAAGCTTTCGGGGCTG-3') and one specific for the vec- 

tor sequences flanking the EcoRI site of the kgtl0 library used 

for the isolation of the initial clone. All PCR reactions were 

performed essentially as described by Mullis and Faloona (1987). 

The PCR fragment so obtained was subcloned between the 

EcoRI and Sinai sites of pGEM-1. Full-length cyclin A2 cDNA 

was reconstructed by digesting both the subcloned amino-ter- 

minal PCR fragment and the construct containing the full open 

reading frame with XmnI and ligating one with the other. 

Antibodies 

Three cyclin A2-specific antisera were used in this study; a 

polyclonal rabbit serum raised against a MalE-cyclin A2 fusion 

protein, a monoclonal antibody against the same antigen and a 

polyclonal rabbit serum raised against an A2 peptide (MSDH- 

LLRDEHQ). To construct the MalE-cyclin A2 fusion an EcoRI 

fragment containing the full-length open reading frame of cy- 

clin A2 was subcloned into the EcoRI site of pMal-cRI (NEB) 

such that it was in-frame with the maltose binding protein 

(MBP). The insoluble MBP-cyclin A2 fusion protein was ex- 

pressed in Escherichia coli TG1 cells according to manufactur- 

ers' recommendations and the insoluble fusion protein purified 

and electroeluted from acrylamide gels (Harlow and Lane 1988). 

Immunizations with this fusion were performed as described 

(Harlow and Lane 1988) using seven injections per animal. 

Monoclonal anti-cyclin A2 antibodies were made as described 

{Harlow and Lane 1988), with the mouse being boosted with 7.5 

~g of soluble GST-A2 prior to sacrifice and isolation of the 

spleen. The anti-peptide A2 antibody was custom made using 

the services of Research Genetics (Huntsville, AL). Cyclin A1 

(sheep anti-A1) and B2 (rabbit anti-B2) antibodies were raised 

against fusion proteins and were gifts of J. Mailer (Boulder, CO) 

and M. Kirschner (Harvard University, Cambridge, MA), respec- 

tively, polyclonal rabbit anti-Xenopus cyclin B I and anti-cyclin 

A1 antisera were a gift of J. Minshull (University of California at 

San Francisco). The cdc2 and cdk2 antibodies used have been 

described elsewhere (Fang and Newport 1991; Kobayashi et al. 

1992). 

RNA analysis 

Total RNA from oocytes, eggs, and tissue culture cells was pre- 

pared as described (Chomczynski and Sacchi 1987; Sambrook et 

al. 1989). Total RNA prepared from sets of 15 frozen embryos 

was electrophoresed in formaldehyde-agarose gels and trans- 

ferred either to nitrocellulose filters or nylon membrane (Hy- 

bond N, Amersham International) as described (Sambrook et al. 

1989). Ethidium bromide staining was used to check the integ- 

rity of the RNA. Filters were hybridized either according to the 

method of Church and Gilbert (1984) or in the presence of form- 

amide as described by Sambrook et al. (1989) with full-length 

cyclin AI or A2 cDNA probes. DNA fragments for probes were 

labeled with [a-'~2P]dCTP (3000 Ci/mmole; ICN, Irvine, CA or 

Amersham International) using a random primer-labeling sys- 

tem (GIBCO, Gaithersburg, MD, or Amersham International) 

according to the manufacturer's protocol. Northern blots were 

washed to high stringency at 65~ in 0.1 x SSC, 0.1% SDS (Sam- 

brook et al. 1989). For RNA preparations from adult tissues, the 

tissue was first ground to a fine powder under liquid nitrogen 

with a mortar and pestle. RNA was then isolated exactly as 

described (Chomczynski and Sacchi 1987). In vitro transcrip- 

tions were performed as described by Krieg and Melton (1987). 

In vitro translations using message-dependent rabbit reticulo- 

cyte lysates were performed as described by Jackson and Hunt 

(1983). 

Sample preparation for immunoprecipitation and SDS-PAGE 

Two different methods were used for the preparation of sam- 

ples. Both methods gave qualitatively identical results. 

Method 1 Extracts from frozen embryos were disrupted in 

mEB (20 mM HEPES, 80 mM B-glycerol phosphate, 20 mM 

EGTA, 15 mM MgCI2, 50 mM NaF, 1 mM NaVO4, 0.5 mM PMSF, 

0.5% NP-40 at pH 7.3) by pipetting up and down at least 20 
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times. After a 15-min incubation on ice, extracts were pipetted 
into 400 p.1 microcentrifuge tubes {Beckman, Palo Alto, CA) and 
clarified by centrifugation in a microcentrifuge for 15 min. Cy- 
tosol was collected and either stored on ice for further process- 

ing or treated with 4 x sample buffer for SDS-PAGE. For immu- 
nopreciciptations and p13 su~ depletions, extracts from 20 em- 

bryos were diluted to 400 ~1 with mEB and 20 ~1 of p13 suc~ 

Sepharose Beads (Dunphy and Newport 1989), or the appropri- 
ate antibodies and 30 ~tl of a 50% slurry of protein A-Sepharose 
(Pharmacia, Piscataway, NJ), were added. Following a 1-hr in- 

cubation, the beads were rinsed 5 times with bead wash buffer 
(50 mM Tris-HC1, 5 mM NaF, 250 mM NaC1, 5 mM EGTA, 5 mM 

EDTA, 0.5 mM PMSF, 0.1% NP-40 at pH 7.51, or mEB, diluted in 
30 ~1 of 4 x sample buffer, and boiled, and the supernatant was 

loaded on to 10% polyacrylamide-SDS gels. 

Method 2 Immunoprecipitations and p13 T M  depletions from 

CSF-arrested egg extracts were performed as described (Stewart 

et al. 1994). Embryo and tissue culture cell extracts for immu- 
noprecipitation and analysis by Western blotting were prepared 
by lysis in the presence of 1% NP-40 {20 mM Tris-C1 at pH 7.5, 

150 mM NaC1, 20 mM EGTA, 20 mM NaF, 1% NP-40, 0.5 mM 

PMSF, and 10 ~g/ml each of aprotinin, leupeptin, and chymo- 
statin (Sigma)], using 5 ~1 of buffer per embryo or 0.5 ml of 
buffer per 140-mm tissue culture dish {Ix 107 to 2x107 cells). 

Embryos were homogenized by pipetting (for tissue culture 
cells, lysis was performed on the plates) and incubated on ice for 
5 rain, and the homogenate was clarified by centrifugation at 

14,000 rpm for 5 min. The protein concentration of the super- 

natant was estimated using the BioRad protein assay reagent 
and either made 1 x in SDS sample buffer or used for immuno- 

precipitation. Antibody-antigen reactions were incubated on 

ice for 1 hr and the complexes so formed collected on protein A 
beads (Affiprep protein A, Bio-Rad). Immunoprecipitates were 

washed three times with lysis buffer (or for tissue culture cells 

washes used high salt RIPA buffer (80 mM sodium ~-glycero- 
phosphate (pH 7.6), 50 mM NaF, 10 mM Na2HPO4, 250 mM 
NaCI, 1 mM EGTA, 1 mM EDTA, 1% NP-40, and 0.1%SDS) and 

resuspended in 1 x SDS sample buffer. Western blotting was 
carried out using standard techniques. Primary antibodies were 

detected by enhanced chemluminesence using an ECL kit (Am- 
ersham, Arlington Heights, IL). 
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