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Sequence and regulation of morphological and
molecular events during the first cell cycle of mouse
embryogenesis
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SUMMARY

Mouse oocytes were fertilized in vitro and the precise timing and sequence of morphological
and molecular events occurring during the first cell cycle were investigated. The timing of
development through the first cell cycle was found to be initiated by an event associated with
sperm penetration rather than with germinal vesicle breakdown. DNA replication is initiated
randomly in either pronucleus of a given egg, beginning approximately 11 h post insemination
(hpi), and S phase lasting 6-7 h in both. Careful study of polypeptide synthetic profiles revealed
three classes of changes in polypeptide synthesis during the first few hours of development:
fertilization-independent, fertilization-accelerated, and fertilization-dependent. Pulse-chase ex-
periments and in vitro translation of extracted mRNA showed that the changes in polypeptide
synthetic profile result from differential mRNA activation, differential polypeptide turnover and
post-translational modifications. These results support the notion that following ovulation,
development is controlled at two levels. An endogenous (oocyte) programme, set in train by the
terminal events of oocyte maturation, may regulate the 'housekeeping' functions of the egg, while
sperm penetration activates a further endogenous (fertilization) programme, which may serve to
initiate subsequent embryogenesis.

INTRODUCTION

In the mouse egg, as in other animal species, the early events that take place
following fertilization are largely, if not exclusively, under maternal control
(reviewed by Davidson, 1976, and Johnson, 1981; Woodland, Flynn & Wylie, 1979;
Rosenthal, Hunt & Ruderman, 1980). The mouse egg inherits tRNA, rRNA and
ribosomal proteins from the oocyte (Bachvarova, 1974; Young, Sweeney & Bed-
ford, 1978; LaMarca & Wassarman, 1979) together with a considerable amount of
Poly A+ RNA (estimated at 23-25 pg, which represents 7 -8% of total RNA;
Bachvarova & DeLeon, 1980; Piko & Clegg, 1982). During the 1-cell stage of
mouse embryogenesis there is little or no detectable RNA synthesis (Young et al.
1978; Piko & Clegg, 1982). The first direct evidence of transcription from the
embryonic genome is detected at the early to mid 2-cell stage (Young et al. 1978;
Levey, Stull & Brinster, 1978). Indeed, neither physical nor chemical enucleation
affects any of the molecular changes that have been detected before the very early
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2-cell stage (Braude, Pelham, Flach & Lobatto, 1979; Petzoldt, Hoppe & Illmen-
see, 1980; Schultz et al. 1981; Van Blerkom, 1981; Flach et al. 1982), suggesting
that these changes may be regulated exclusively at the post-transcriptional level,
presumably utilizing maternal components inherited from the oocyte. Thus, the
mature, ovulated oocyte can be regarded as a highly specialized cell, primed and
ready to implement the post-transcriptional control mechanisms that govern
development to the early 2-cell stage. These processes may be initiated by fertiliza-
tion, and produce the series of morphological and molecular changes leading up to
and including the first cleavage division and activation of the embryonic genome.

In this study, the use of in vitro fertilization has made it possible to investigate
this early phase of development in populations of mouse embryos which show a high
degree of developmental homogeneity. The timings of DNA replication, of protein
synthetic changes and of morphological changes that occur in the developing 1-cell
embryo have been described here with more precision than previously. We also
show that the changing pattern of protein synthesis is achieved by a combination of
selective mRNA utilization, extensive post-translational modification and differen-
tial turnover of polypeptides. Thus, the length of time that embryos are incubated
in [35S]methionine, and the duration of "chase" periods in pulse-chase experi-
ments, become critical in examining the nature, and the time course, of changes in
patterns of polypeptide synthesis. We have focused our analysis on three polypep-
tide complexes (the 35 x 103, 30 x 103 and 45 x 103 relative molecular mass com-
plexes hereafter called 35kD, 30kD and 45 kD complexes), and the temporal
changes in their patterns of synthesis have been examined to provide insights into
the molecular control mechanisms that are operating.

MATERIALS AND METHODS

Recovery and fertilization of oocytes
For in vitro fertilization, which was used in all experiments unless stated otherwise, oocytes

( ( )
y

were recovered from 4 to 5-week-old (C57B1-10 x C B A ^ mice (Fx mice), bred in the labora-
tory from Olac-derived parents. Female mice were superovulated with 5 i.u. pregnant mare's
serum gonadotrophin (PMS; Intervet) followed 48 h later by 5 i.u. human chorionic
gonadotrophin (hCG; Intervet). The mice were killed at 12-5 h post hCG, and a maximum of 10
cumulus masses were placed in each 1 ml drop of pre-equilibrated Whittingham's medium (Whit-
tingham, 1971) containing SOmg.mr1 bovine serum albumin (BSA; Sigma) and incubated under
liquid paraffin (BDH). All incubations were carried out under liquid paraffin at 37 °C in an
atmosphere of 5 % CO2 in air.

Spermatozoa were collected from the cauda epididymides of male HC-CFLP mice (Hacking
and Churchill) and incubated in 0-5 ml drops of pre-equilibrated Whittingham's medium contain-
ing 30 mg.ml"1 BSA under liquid paraffin. The sperm suspension was incubated for 1-5 h to allow
for capacitation (Fraser & Drury, 1975; Fraser, 1983).

At 13-5 h post hCG 100/i of sperm suspension was added to the medium containing the
oocytes, giving a final sperm concentration of 1-2 x 106.ml"1. Fertilized eggs were separated
from the spermatozoa at 4 h post insemination (hpi) unless stated otherwise, washed twice in pre-
equilibrated medium 16 containing 4mg.ml"1 BSA (M16 + BSA; Whittingham & Wales, 1969)
and cultured further in this medium.

For oocytes, mice were killed at 13 h post hCG and the oocytes freed from cumulus cells by brief
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exposure to 0 1 M-hyaluronidase (Sigma) in phosphate-buffered saline. Eggs were then washed
twice in pre-equilibrated M16 + BSA and cultured further in this medium. Care was taken to
exclude any oocytes showing signs of parthenogenetic activation. Some comparative studies were
done using oocytes from MFI female mice (Olac).

For in vivo fertilization, Fi females were caged with HC-CFLP males immediately following
the same injection regime described above, and the presence of a vaginal plug was taken as an
indication of successful mating. 1-cell embryos were flushed from the oviducts at 15 h or 26 h post
hCG using phosphate-buffered medium 1 + 4 mg.ml"1 BSA (Whittingham & Wales, 1969).
Embryos were collected and cultured in drops of M16 + BSA.

Collection of synchronized populations of2-cell embryos
1-cell embryos derived from fertilization in vitro were cultured in M16 + BSA and examined

at intervals of lh . Any 2-cell embryos formed within the previous hour were collected and
cultured separately, and subsequent development was timed in hours post pick-off (hppo; Bolton,
Oades & Johnson, 1984).

Since the times of ovulation, insemination and fertilization vary considerably after fertilization
in vivo, embryonic development was timed in h post hCG (which induces ovulation between
11-13 h post hCG). For fertilization in vitro, embryonic development was timed in terms of hours
post hCG (h post hCG) in order to provide a direct comparison with embryos produced by
fertilization in vivo, in hours post insemination (hpi), or in hours post pick-off after division to
the 2-cell stage (hppo) (which occurs over the period 16-20 hpi).

Scoring
To determine the timing of the morphological events following fertilization, Fi embryos

derived from fertilization in vitro were observed by inverted phase light microscopy. We have
found that embryos at this early stage are particularly sensitive to fluctuations in temperature;
these were minimized by handling small groups of embryos, and by making brief observations
using a heated microscope stage set at 37 °C.

DNA quantitation
At various times after insemination oocytes were collected, fixed on microscope slides and

stained using Schiff s basic stain for the Feulgen reaction, exactly as described by Bolton et at.
(1984). The nuclear DNA content of individual embryos was measured using a Vickers M86
scanning microdensitometer from absorption at 560 nm (method adapted from Dietch, Wagner
& Richardt, 1967).

One- and two-dimensional SDS polyacrylamide gel electrophoresis
Embryos were incubated for lh or 3h in a dilution of 3[i\ [35S]methionine (1000-1400

Ci.mmol"1, Amersham International Ltd) in 50/i M16 + BSA. Equal numbers of embryos
(5-10 for one-dimensional, 50-60 for two-dimensional separation) were washed three times
with protein-free M2 (Fulton & Whittingham, 1978) and placed in 5 or 10|Ul double-strength
SDS sample buffer (Laemmli, 1970) and stored at -70 °C. For one-dimensional analysis
proteins were separated on 10 % SDS polyacrylamide gels as described previously (Flach et al.
1982). For quantitative comparative analysis, 10 embryos were collected at 1 h or 2h intervals,
and the polypeptides from each sample were separated on adjacent tracks (see Bolton et al.
1984 for discussion of this point). For two-dimensional analysis polypeptides were separated
in the first dimension according to isoelectric point in cylindrical 4 % acrylamide gels, and in
the second dimension according to relative molecular mass on 10% polyacrylamide gels
(O'Farrell, 1975). Following electrophoresis, gels were processed as described by Bonner &
Laskey (1974) and exposed for 1-4 weeks to preflashed Fuji RX X-ray film (Laskey & Mills,
1975) for fluorography at -70 °C. Films were evaluated as described by Johnson & Rossant
(1981). For each two-dimensional gel, a set of reference polypeptides, which are synthesized
throughout this period was established, and these were used for localization (Pratt, Bolton &
Gudgeon, 1983).
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Pulse-chase experiments
Embryos were pulsed for 1 h in M16 + BSA containing diluted, lyophilized [35S]methionine

(10-14 Ci.mmor1) supplemented with unlabelled methionine; they were then chased for
specified periods in M16 + BSA supplemented with unlabelled methionine, phenylalanine and
leucine, each at a concentration of 100 /ZM. These procedures were carried out exactly as described
by Bolton et al. 1984. In one series of pulse-chase experiments newly ovulated oocytes were
labelled from 12-5-13-5 h post hCG in Whittingham's medium containing diluted, lyophilized
[35S]methionine supplemented with unlabelled methionine. The oocytes were washed three times
in Whittingham's medium containing unlabelled methionine, phenylalanine and leucine. Some
of these labelled oocytes were retained in culture as ageing oocytes, others were placed into a
100 jul drop of Whittingham's medium supplemented with the unlabelled amino acids and
inseminated with lOjwl of sperm suspension (prepared as described earlier).

RNA extraction and translation in vitro
Total RNA was extracted from about 1500 oocytes at 16 h and 37h post hCG, and from 1000

early 2-cell embryos at 32 h post hCG, and translated in vitro in the presence of p5S]methionine
in a message-dependent rabbit reticulocyte lysate exactly as described by Bolton et al. 1984.
Samples (lO^ul) of translation mixture were added to an equal volume of double-strength lysis
buffer (O'Farrell, 1975) in preparation for resolution by two-dimensional SDS polyacrylamide
gel electrophoresis. Fewer polypeptides are translated in vitro than in situ, which may be partly
due to a deficiency of post-translational modifying enzymes in the in vitro translation system.
When comparing a series of gel separations, allowances were made for local gel distortions or
slight variations in exposure time.

RESULTS

Morphological events following fertilization
Extrusion of the second polar body was completed in all embryos between 1 hpi

and 3 hpi, confirming previous observations of the timing of this event (Sato &
Blandau, 1979; Maro, Johnson, Pickering & Flach, 1984). The time course of
pronuclear formation was established by making hourly observations, starting at
4 hpi. Results from three experiments showing pronuclear formation in 192 eggs are
shown in Fig. 1. The first, larger pronucleus forms further from the second polar
body than the second, smaller pronucleus, and is therefore assumed to be the male
pronucleus. The male pronucleus has formed in all embryos between 4 hpi and
8 hpi, and the female pronucleus between 5 hpi and 9-5 hpi. Both pronuclei form
near the periphery of the embryo, but by 8-10 hpi they have migrated and lie
adjacent to each other in the centre of the embryo. Typically, the first polar body
degenerates during the first cell cycle in embryos derived from Fi oocytes, although
in 60-70 % of embryos derived from MF1 oocytes it underwent division before
degenerating.

The second polar body is positioned consistently along an axis through both
pronuclei. At anaphase, when the two sets of homologous chromosomes separate
to opposite poles of the embryo, the second polar body is aligned in the plane of the
developing cleavage furrow (see Fig. 5, particularly 5-10), and hence is always
positioned between the two blastomeres following the first cleavage division.
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10

Hours post insemination

Fig. 1. Timing of appearance of male and female pronuclei after fertilization in vitro,
expressed as a cumulative percentage of eggs observed serially for formation of male
pronucleus ( • • ) and female pronucleus ( • • ) . Time axis is expressed in h post
insemination (hpi). n = number of embryos scored.

Synchrony of the first cleavage division
1-cell embryos derived from fertilization in vivo show considerable variation in

the timing of first cleavage division (Bolton et al. 1984). Following fertilization in
vitro, first cleavage occurs in most embryos within a 3 h period, with the first em-
bryos cleaving at 18hpi (solid line; Fig. 2). Synchrony is improved by minimizing
temperature fluctuation during experimental manipulation.

In order to establish whether the observed asynchrony in the time of first cleavage
resulted from variation in the time of sperm entry and oocyte activation, or from
an intrinsic variation, within the population, individual eggs were observed at l h
intervals over the period 3-9 hpi. The appearance of the male pronucleus in in-
dividual eggs was recorded, and the time of cleavage to two cells noted. Cleavage
times were then plotted in relation to time of insemination (solid line; Fig. 2), and
to time of male pronucleus formation (dotted line; Fig. 2). These results reveal no
evidence of greater synchrony at first cleavage whether insemination, or the post-
fertilization event of male pronucleus formation is taken as the starting point.
Fertilization occurs in the majority of oocytes within 1-2 h of insemination, as
indicated by disappearance of dense clusters of cortical granules from the
cytoplasm, formation of a fertilization cone, and extrusion of the second polar body
in > 90 % of eggs. Formation of the second polar body marks completion of meiosis,
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Hours post male pronuclear formation

Fig. 2. Timing of first cleavage division expressed as a cumulative percentage from a
total of 149 eggs observed serially. Time axis is expressed in h post insemination
( • • ) and h after formation of the male pronucleus ( • • ) . n = number of
embryos scored.

and the beginning of the first cell cycle. Therefore the 3 h asynchrony at first division
is more likely to be due to variations intrinsic to each oocyte than to variation in
time of sperm entry.

Eggs may vary in their developmental rate to first cleavage (a) because they
possess unequal maternal- and/or sperm-derived resources, or (b) because the
initiation of the first cell cycle is associated with some intrafollicular event such as
germinal vesicle breakdown (GVBD), with fertilization merely representing a per-
missive event during this phase of development. To distinguish between these
alternatives, a series of experiments were undertaken in which the time of
insemination was delayed by 4h (i.e. performed at 17-5 h rather than 13-5 h post
hCG; late group). The results are recorded in Fig. 3, and indicate that a 4h delay
in the time of insemination appears to make no difference to the length of the first
cell cycle. Therefore, it would appear that the oocyte responds to sperm penetration
as the trigger for the events of the first cell cycle, culminating in division to two cells.
Variation in the length of the first cell cycle thus reflects real differences among
individual oocytes.
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Timing and duration of DNA replication
In order to establish the time course of DNA replication during the first cell

cycle, groups of embryos derived from fertilization in vitro were fixed at 2h
intervals after insemination, stained, and the DNA content of each embryo was
assayed by microdensitometry. Mouse liver cell nuclei provided 2C and 4C
reference values. The combined results from three experiments are shown in Fig.
4, where the DNA content of the two pronuclei combined, and that of the second
polar body are plotted against time. DNA replication commences between lOhpi
and 12hpi and lasts about 7h. There was no evidence to suggest that one of the
pronuclei consistently entered S phase before the other. The second polar body,
which inherits a haploid chromatin complement identical to that of the female
pronucleus, remains highly condensed throughout the period of study. It was found
to undergo partial DNA replication, achieving a value of 1-7C ± 0-3 by the late
2-cell stage (Fig. 4).

The morphologies of the stained embryos are illustrated in Fig. 5. During the
2-3 h preceding pronuclear membrane formation, the interphase chromatin is dif-
fuse within the fertilized egg cytoplasm and is consequently poorly stained. There-
after, the pronuclear DNA can be seen and assayed readily and two pronuclei are
distinguishable. The female pronucleus appears smaller, more densely stained, and
is positioned closer to the second polar body than the male pronucleus (Figs
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Fig. 3. Timing of first cleavage division expressed as a cumulative percentage from eggs
inseminated at 13-5 h post hCG ( • • ) or 17-5 h post hCG ( • • ) . Time axis is
expressed in h post insemination (hpi). n = number of embryos scored.
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Fig. 4. Time course of DNA replication in the combined pronuclei (•) and second
polar body (o) of 1-cell embryos. DNA content was assayed after Feulgen staining by
microdensitometric analysis at a wavelength of 560 nm. Each point represents the mean,
and bars indicate the standard deviation of several nuclei (number of eggs per sample
indicated beside each point). Diploid (2C) and tetraploid (4C) liver cell nuclei provide
standards (#).

5-2-5-5). At metaphase, the degree of condensation of the male- and female-
derived chromatin has become identical (5-8). Chromosomes in various stages of
mitosis were found from 16 to 20hpi (5-6-5-11).

Patterns of polypeptide synthesis
In order to examine the changes in patterns of polypeptide synthesis of developing

embryos, and in order to determine if any such changes are fertilization-dependent,
developing embryos and ageing oocytes were labelled for varying periods (1 h or 3 h)
in [35S]methionine, and the polypeptide synthetic profiles analysed by one- and two-
dimensional polyacrylamide gel electrophoresis. In addition, the role of post-
translational modifications and polypeptide stability in the changing patterns of
protein synthesis was examined by pulse-chase experiments, with chase periods
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varying from 4-8 h. Finally, in order to determine whether selective utilization
of stored mRNA is important in protein synthesis, polypeptide synthetic profiles
were examined in two dimensions after RNA extraction and translation in vitro.
Preliminary analysis showed that the pattern of polypeptides synthesized during
the 20-24 h period following ovulation remains remarkably constant, at the level
of one-dimensional resolution, both in developing embryos (Fig. 6) and in ageing
oocytes (Fig. 7). Among those polypeptides that do exhibit changes, three sets
(35 kD, 30 kD and 45 kD complexes respectively) were analysed in detail, and the
temporal changes in their patterns of synthesis were compared between develop-
ing embryos and ageing oocytes (bars; Figs. 6 & 7). In this way, we have
established a series of defined molecular events that can be used in a systematic
analysis of the underlying regulatory mechanisms operating during this period of
development.

(i) The 35 kD complex
The 35 kD complex may be resolved into three bands on one-dimensional gels

(upper, middle and lower bands; Pratt et al. 1983). The composition of this poly-
peptide complex both changes with time and differs between fertilized eggs and
ageing oocytes (u, m, 1; Figs. 6, 7 & 8). Although some features of the temporal
transitions have been reported (Braude etal. 1979; Cullen, Emigholz & Monahan,
1980; Van Blerkom, 1981; Cascio & Wassarman, 1982; Pratt et al. 1983), their
timing has not been described precisely over the whole cell cycle. For one-
dimensional analysis, l h labelling periods at l h or 2h intervals have enabled a
relatively accurate description of the time course of these changes.

The earliest change that can be detected in the pattern of synthesis of the 35 kD
complex polypeptides takes place within l h of fertilization. Thus, while newly
ovulated oocytes synthesize all three bands of the 35 kD complex, synthesis of
35 kD lower band is no longer detectable within 1 h of insemination (14-5 h post
hCG; track 1F, Fig. 8). If the oocyte remains unfertilized, synthesis of this polypep-
tide band continues for a variable period of between 3 and 5 h (until 16-5-18-5 h
post hCG; see track 3, Fig. 7; tracks 3 U & 4U, Fig. 8), after which it ceases to be
detectable. Therefore, this early cessation of 35 kD lower band synthesis represents
an example of a fertilization-accelerated polypeptide synthetic change.

From 1 h to 4 h post fertilization (14-5 h to 17-5 h post hCG), synthesis of upper
band predominates (tracks 1-4 F, Fig. 8), and appears to be greater than the level of
synthesis in the newly ovulated oocyte (cf tracks 0 & 4, Fig. 6). Subsequently,
developing embryos show a progression through marked synthesis of both upper and
middle bands, to predominant synthesis of middle and lower bands, to predominant
synthesis of lower band. Thus, by lOhpi (23-5 h post hCG) synthesis of 35 kD
upper band is negligible (track 10, Fig. 6); by 6hpi (19-5 h post hCG) synthesis of
35 kD middle band increases (track 6, Fig. 6), reaching a maximum at 8-10 hpi
(21-5-23-5 h post hCG; tracks 8 & 10, Fig. 6), and declining thereafter, becoming
undetectable by 20 hpi (33-5 h post hCG; track 20, Fig. 6); at approximately 6 hpi
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(19-5 post hCG) synthesis of 35 kD lower band resumes (track 6, Fig. 6), increasing
gradually until by 20 hpi (33-5 h post hCG) it is the only band of the 35 kD complex
synthesized (track 20, Fig. 6). Synthesis of 35 kD lower band declines throughout
the second cell cycle, until by the late 2-cell stage (34 hpi; 47-5 h post hCG) it is no
longer detectable (Bolton etal. 1984).

In contrast, in ageing oocytes, synthesis of 35 kD upper band persists throughout
the period of study and into the 2-cell stage (Fig. 7). Synthesis of 35 kD middle and
lower bands does increase, although to a lesser extent, and later, than the corres-
ponding increases detected in fertilized eggs. Thus, increased synthesis of 35 kD
middle band is detectable in oocytes at 12hpi (25-5 h post hCG; track 12, Fig. 7).
Similarly, the ageing oocyte resumes synthesis of 35 kD lower band by 24 h post
ovulation (43-5 h post hCG; track 24, Fig. 7), and this continues for a further 40h
(data not shown). Thus, the cessation of synthesis of 35 kD upper band represents
a fertilization-dependent polypeptide synthetic change, while the transition to
synthesis of 35 kD middle and lower band polypeptides represents a fertilization-
accelerated polypeptide synthetic change.

These patterns of polypeptide synthesis were resolved more clearly in two-
dimensional separations of labelled polypeptides synthesized during 3 h labelling
periods at selected time points by oocytes and by developing embryos derived from
fertilization in vivo. The polypeptides synthesized by early 1-cell embryos and
oocytes labelled 16-19h post hCG (which corresponds to approximately 3-6hpi;
panels a & b, Fig. 9) and by 2-cell embryos and ageing oocytes labelled 37-40 h post

Fig. 5. Appearance of 1- and 2-cell embryos following Feulgen staining.
1. Unfertilized egg, showing the highly condensed diploid (2C) maternal

chromosomes lying on the metaphase plate (F) and the highly condensed haploid (1C)
paternal chromatin within a supernumerary sperm head (s).

2. Fertilized egg at 8 hpi. The female pronucleus (/) is smaller, more densely stained,
and nearer to the densely stained nucleus of the second polar body (b) , than the male
pronucleus (m). Three supernumerary sperm heads can be seen.

3. Fertilized egg at 12 hpi. The male and female pronuclei are positioned centrally.
The female pronucleus (/) is still closer to the densely stained second polar body
nucleus. Two supernumerary sperm heads visible.

4. Fertilized egg at 14hpi. The male and female pronuclei are more highly stained
than previously, indicating that DNA replication is underway.

5. Fertilized egg at 16hpi. The chromatin in each pronucleus is still in interphase.
Panels 6-11 show fertilized eggs in various stages of mitosis 17-20 hpi.

6. Chromosomes beginning to condense (early prophase), DNA replication having
been completed.

7. Fully condensed chromosomes (late prophase). Several supernumerary sperm
heads visible.

8. Chromosomes spread on the metaphase plate.
9. Homologous chromosomes begin to separate (early anaphase).
10. Mid anaphase (note second polar body positioned in the plane of the developing

cleavage furrow).
11. Late anaphase.
12. Mid 2-cell, each nucleus having undergone the second round of DNA replication

(29 hpi).
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HCG (approximately 24-27 hpi; panels c & d, Fig. 9) are shown. The overall
similarity between polypeptide synthetic profiles of fertilized eggs and ageing
oocytes at different time points seen in one-dimensional analysis is confirmed by
resolution in two dimensions (e.g. see reference polypeptides A,C,D,G,J, Fig. 9).
The 35 kD complex polypeptides (arrowheads and arrows, Fig. 9), and other
polypeptides whose pattern of synthesis changes with time and/or that differs
consistently between fertilized eggs and ageing oocytes (numbers, Fig. 9; Table 1)
have been marked.

The three bands of the 35 kD complex can be resolved into at least 15 com-
ponents in two dimensions (Fig. 9). Thus, at 16-19 h post hCG, early 1-cell embryos

8 10 12 14 16 18 20 hpi

X10

Fig. 6. One-dimensional SDS PAGE separation of p5S]methionine-labelled polypep-
tides synthesized during the first cell cycle of fertilized eggs. Relative molecular mass
markers (Mr): 92, 69,46, 30 and 14 x 103. Embryos cultured in M16 + BSA containing
[35S]methionine for 1 h at 0,4, 6, 8,10,12,14,16,18 and 20 hpi. Bars indicate positions
of polypeptides whose pattern of synthesis changes throughout the culture period:
relative molecular masses 45 x 103 (a), 35 x 103 (u, m, 1) and 30 x 103 (y, z).
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synthesize one set of polypeptides (small arrowheads; panel a, Fig. 9) corresponding
to 35 kD upper band, a major set (large arrowheads; panel a, Fig. 9) corresponding to
35 kD middle band, and a minor set (large arrows; panel a, Fig. 9) corresponding
to lower band (c/track 6, Fig. 6).

By the early to mid 2-cell stage (37-40 h post hCG; panel c, Fig. 9) synthesis of

12 15 24

200

92

69

46
- a

_u
= m

30

Fig. 7. One-dimensional SDS PAGE separation of [35S]methionine-labelled polypep-
tides synthesized by ageing unfertilized oocytes. Relative molecular mass markers (Mr)
and annotation as for Fig. 6. Eggs were cultured from 12-5 h post hCG in M16 + BSA
and labelled: (3) 16-5-19-5 h post hCG (3-6 'hpi'); (6) 19-5-22-5 h post hCG (6-9 'hpi');
(9) 22-5-25-5h post hCG (9-12 'hpi'); (12) 25-5-28-5h post hCG (12-15 'hpi'); (15)
28-5-31-5 h post hCG (15-18 'hpi'); (24) 37-5-41-5h post hCG (24-27 'hpi').
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0 1F 1U 2F 2U 3F 3U 4F 4U hpi

14

Fig. 8. One-dimensional SDS PAGE separation of [35S]-methionine-labelled polypep-
tides synthesized by fertilized eggs (F) and unfertilized oocytes (U) of the same
chronological age (h post hCG). Relative molecular mass (Afr) as for Fig. 6. Embryos
and unfertilized oocytes cultured in M16 + BSA containing p5S]-methionine for 1 h,
beginning at 0, 1, 2, 3 and 4hpi (13-5, 14-5, 15-5 and 16-5 h post h CG).

Fig. 9. Two-dimensional SDS PAGE separation of p5S]methionine-labelled polypep-
tides synthesized by (a) fertilized eggs cultured in M16 + BSA after fertilization in vivo,
labelled 16-19h post hCG; (b) unfertilized oocytes cultured in M16 + BSA, labelled
16-19 h post hCG; (c) early to mid 2-cell embryos cultured in M16 + BSA after fertiliza-
tion in vivo, labelled 37-40 h post hCG; (d) unfertilized oocytes cultured in M16 -I- BSA,
labelled 37-40h post hCG. Polypeptides A, C, D, G, J represent reference polypep-
tides used for localization (annotation modified from Pratt et al., 1983).

Polypeptides of the 35 x 103 complex are annotated according to their mobility in the
second dimension: upper band = small arrowheads; middle band = large arrowheads;
lower band = arrows.

Numbers indicate additional polypeptides whose pattern of synthesis changes with
time and/or between fertilized eggs and unfertilized oocytes (see text for details).
Isoelectric focusing is from left (approx. pH 7-0) to right (approx. pH 4-5).
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upper band polypeptides (small arrowheads) is negligible, synthesis of middle band
polypeptides (large arrowheads) is reduced substantially, while that of lower band
polypeptides (large arrows) predominates.

In contrast, oocytes at 16-19 h post hCG (panel b, Fig. 9) synthesize
predominantly a linear array of 35 kD polypeptides (small arrowheads) corres-
ponding to upper band on one-dimensional gels; these polypeptides are con-
centrated on the right (lower pH region) of two-dimensional gels. Some synthesis
of putative middle band polypeptides (large arrowheads) is also detectable, but no
polypeptides corresponding to 35 kD lower band on one-dimensional gels (large
arrow) can be detected. At 37-40 h post hCG (panel d, Fig. 9), there is a marked
shift of upper band polypeptides (small arrowheads) to the left of two-dimensional
gels (higher pH region). The synthesis of several polypeptides apparently corres-
ponding to one-dimensional middle band (large arrowheads) increases, while
synthesis of only one putative lower band polypeptide (large arrow) can be detec-
ted.

In order to examine the contribution that post-translational modifications make
to the changing patterns of synthesis of the 35 kD complex polypeptides, a series of
pulse-chase experiments was undertaken. When fertilized eggs were pulsed with
[35S]methionine at 5hpi, label was incorporated into 35 kD upper band polypep-
tides (track 5 F, Fig. 10). During a chase period of 4 h, label was 'chased' into 35 kD
middle band, but not into 35 kD lower band (track 5-9 F, Fig. 10). Thus, it appears
that 35 kD upper band polypeptides undergo post-translational modification to
35 kD middle band polypeptides, as inferred from the relative loss and gain of label
in these two bands respectively, and that this modification occurs during a period
of development when in situ synthesis of 35 kD middle band polypeptides takes
place (track 8 F, Fig. 10). In contrast, when ageing oocytes of the same chronologi-
cal ages (h post hCG) were pulsed with [35S]methionine, they showed synthesis of
35 kD upper band at both 5 h and 8 h time points (tracks 5 U & 8 U, Fig. 10) and,
as expected from the above analysis, label incorporated at 5 h could not be 'chased'
to 35 kD middle band (track 5-9 U, Fig. 10).

Synthesis of 35 kD lower band polypeptides, in contrast to that of 35 kD
middle band polypeptides, does not appear to be due to post-translational modifica-
tion of pre-synthesized polypeptides, since label incorporated by developing em-
bryos at 5 hpi (track 5 F, Fig. 10) cannot be 'chased' into 35 kD lower band (track
5-9 F, Fig. 10). This suggests that lower band polypeptides are unrelated to other
polypeptides of the 35 kD complex, and are synthesized after approximately
6 hpi.

Thus, while some changes in polypeptide synthesis during this period of develop-
ment can be explained by post-translational modification, others cannot. To deter-
mine whether these latter changes are the result of selective mRNA utilization,
total RNA was extracted from oocytes and developing embryos, and after transla-
tion in vitro in the presence of [35S]methionine, the labelled polypeptides were
resolved in two dimensions (Fig. 11).
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Fig. 10. One-dimensional SDS PAGE separation of p5S]methionine-labelled polypep-
tides synthesized by fertilized eggs (F) and unfertilized (U) oocytes placed for 1 h in
M16 + BSA + 0-01 /iM unlabelled methionine containing diluted, lyophilized P5S]-
methionine. Relative molecular mass markers (Mr) as in Fig. 6. (For unfertilized
oocytes 'hpi' refers to age with reference to 13-5 h post-hCG, the time of insemination
for fertilized eggs). (5) eggs or oocytes labelled for 1 h at 5 hpi and harvested immediate-
ly; (5-9) eggs labelled as for 5, washed and cultured in M16 + BSA containing 100 ^M
unlabelled methionine, phenylalanine and leucine and harvested at 9hpi; (8) eggs or
oocytes labelled for 1 h starting at 8 hpi and harvested at 9 hpi. Bars indicate positions
of the 45 x 103 (a), 35 x 103 (u, m, 1) and 30 x 103 (x, y, z) polypeptide complexes.

Despite the many changes with time that occur among the 35 kD complex
polypeptides that are translated in situ, there are no corresponding changes among
the many fewer 35 kD complex polypeptides translated in vitro (arrowheads and
arrows, Fig. 11). Furthermore, of the 35 kD complex polypeptides, only two in the
middle band, and three in the lower band are readily detectable in the in vitro
translate pattern, confirming the notion that the polypeptides in each of these bands
are unrelated. In contrast, only a trace of one upper band polypeptide can be
detected, and this probably arises from a limited capacity for post-translational
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D

D.

J

Fig. 11. Two-dimensional separation of [35S]methionine-labelled (a) unfertilized
oocytes cultured in M16 + BSA and labelled in situ 16-19 h post hCG; (b) polypeptides
translated in vitro on mRNA extracted from unfertilized oocytes at 19 h post hCG; (c)
unfertilized oocytes cultured in M16 + BSA and labelled in situ 37-40 h post hCG; (d)
polypeptides translated in vitro on mRNA extracted from unfertilized oocytes at 37 h
post hCG; (e) early to mid 2-cell embryos cultured in M16 + BSA and labelled in situ
37-40 h post hCG; (f) polypeptides translated in vitro on mRNA extracted from early
2-cell embryos at 32 h post hCG.

Open arrows in panels (b), (d), (f) indicate mRNA-independent incorporation of
[35S]methionine (Braude & Pelham, 1979); annotation as for Fig. 9.
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modification in vitro. These results therefore suggest that both selective mRNA
utilization and post-translational modification are important processes in the regu-
lation of protein synthesis. This is consistent with previous work (Van Blerkom,
1981; Cascio & Wassarman, 1982; Pratt et al. 1983) and supports the idea that
middle and lower band 35 kD polypeptides are the primary translation products of
maternal mRNAs, and are synthesized in situ as a result of their selective, sequen-
tial activation; in contrast, synthesis of 35 kD upper band polypeptides results from
post-translational modification(s) to precursor polypeptide(s). This observation,
together with the results of pulse-chase experiments, suggests that upper band
polypeptide synthesis results from the rapid post-translational modification of
middle band polypeptides, and that this post-translational modification is slowly
reversed. It is also clear from Fig. 11 that the horizontal shifts of upper, middle and
lower band primary polypeptides observed in situ must also arise through post-
translational modifications that alter the charges on the proteins.

(ii) The 30 kD complex
One-dimensional analysis of polypeptides synthesized during l h labelling

periods reveals that in oocytes, a prominent 30 kD polypeptide band is synthesized
throughout the period of study (band y; Fig. 7). Over the period 3-5 h post fertiliza-
tion, synthesis of a slightly lower relative molecular mass (higher mobility) poly-
peptide (band z) first supplements (tracks 3 F & 4 F, Fig. 8), and then replaces band
y (track 4, Fig. 6). This lower relative molecular mass species is then synthesized
continuously, and at the same apparent rate, throughout the remainder of the first
cell cycle (Fig. 6). No such shift from synthesis of band y to band z occurs in ageing
oocytes (Fig. 7). Therefore, this represents a fertilization-dependent polypeptide
synthetic change.

The possibility that these changes among the 30 kD complex polypeptides might
involve post-translational modifications was examined by pulse-chase experiments.
Oocytes were labelled with [35S]methionine for l h at 12-5h post hCG, and then
cultured for a chase period of 7h, either after fertilization in vitro, or as ageing
oocytes (Fig. 12). Label incorporated into band y cannot be chased into the
fertilization-specific band z (track 0-8 F, Fig. 12). This result suggests that in fer-
tilized eggs (a) loss of band y represents either loss of its mRNA activity or in-
creased turnover of the protein itself, and (b) synthesis of band z represents the
translation of a new subset of maternal mRNA, rather than the post-translational
modification of presynthesized polypeptide(s). Once synthesized, band z polypep-
tide appears to be stable, remaining unmodified during a chase period of 4 h (track
5-9F, Fig. 10).

In the absence of fertilization, band y undergoes a slow post-translational modifi-
cation to produce an additional, higher relative molecular mass band; this can be
seen after a chase period of either 7 h (band x; track 0-8 U, Fig. 12) or 4h (band
x; track 5-9 U, Fig. 10). No such post-translational modification can be detected in
fertilized eggs (track 0-8 F, Fig. 12).
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The individual polypeptides involved in this inter-relationship of the 30 kD

complex were identified by two-dimensional analysis both of in situ translation
products, and after pulse-chase experiments. When the labelled polypeptides
synthesized during a 3 h period by developing embryos and ageing oocytes were
separated in two dimensions, three 30 kD polypeptides, whose patterns of synthesis
changes during the culture period, were resolved (polypeptides 4, 5 & 7. Fig. 9).
These polypeptides may correspond to bands y, x and z respectively on one-
dimensional gels. Thus, synthesis of polypeptides 4 (equivalent to band y) and 5
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Fig. 12. One-dimensional SDS PAGE separation of p5S]methionine-labelled polypep-
tides synthesized by fertilized eggs (F) and unfertilized oocytes (U). Relative molecular
mass markers (MT) and annotation as for Fig. 10.

All eggs were labelled in Whittingham's medium + 0-01 JJM unlabelled methionine
containing diluted, lyophilized pS]methionine: (0) oocytes labelled from 12-5-13-5 h
post hCG and harvested immediately; (0-8 U & 0-8 F) oocytes labelled from
12-5-13-5 h post hCG, washed and cultured in Whittingham's medium containing
100 [M unlabelled methionine, phenylalanine and leucine, one group was cultured as
ageing unfertilized oocytes until 8 'hpi' (21-5 h post hCG; 0-8 U), a second was fertilized
by addition of sperm and harvested at 8 hpi (0-8 F); (7 U & 7 F) unfertilized oocytes
or fertilized eggs, respectively, labelled 7-8 hpi (20-5-21-5 h post hCG) and harvested
immediately.
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(equivalent to band x) is marked in both fertilized eggs and oocytes at 16-19 h post
hCG (panels a & b, Fig. 9), is reduced by 37-40 h post hCG in 2-cell embryos (panel
c, Fig. 9), but persists in oocytes of the same chronological age (panel d, Fig. 9) thus
representing a fertilization-dependent change. Polypeptide 7 (equivalent to band z)
is synthesized substantially only by fertilized eggs at both times examined
(fertilization-dependent synthesis). An increase in synthesis of polypeptide 7 and a
decrease in synthesis of polypeptides 4/5 may be the same transition from synthesis
of the one-dimensional 30 kD band y to that of band z in fertilized eggs. In these
experiments, relatively long (3 h) labelling periods were used compared with the 1 h
labelling period used for pulse-chase experiments, and therefore both unmodified
polypeptide 4, and the product of its slow post-translational modification (polypep-
tide 5), show incorporation of label (panels a, b & d, Fig. 9). Two-dimensional
separation of polypeptides synthesized by oocytes during 1 h labelling periods, and
after chase periods of 5h are shown in Fig. 13, and confirms the suspected
equivalence of polypeptide 4 & 5 to bands y & x. Thus, label incorporated into
polypeptide 4 (panel a, Fig. 13) is reduced during the 5 h chase period, while there
is an increase, over the same period, in the label present in polypeptide 5 (panel b,
Fig. 13).

Examination of in vitro translation products of total mRNA extracted from
oocytes and developing embryos reveals that of the 30 kD complex polypeptides,
only polypeptide 7 (band z) is encoded by an abundant maternal mRNA (Fig. 11).
This observation supports the notion that synthesis of polypeptide 7 is the result of
selective utilization of a specific maternal message. It is possible that the message
for polypeptide 4 is present, but is either less abundant or less efficiently translated
in vitro than message for polypeptide 7 (Fig. 11). Alternatively, polypeptides 4 and
5 might both be post-translationally modified products of some third primary
polypeptide product. If this latter explanation is correct, then their post translation-
al conversion in situ must be extremely rapid and was not detected here.

(iii) The 45 kD complex
One-dimensional separation of polypeptides synthesized during l h labelling

periods indicates that the newly ovulated oocyte synthesizes a 45 kD polypeptide
band (band a; track 0, Fig. 6) which appears to show a fertilization-accelerated,
though variable, reduction in synthesis. This band is not always well resolved on
one-dimensional gels (for example see Fig. 7), but results from several experiments
suggest that synthesis of band a decreases earlier, and is reduced to a lower level,
in fertilized eggs (around 4 hpi; track 4, Fig. 6) than in oocytes (around 8 hpi; 21-5 h
post hCG; data not shown). Furthermore, from pulse-chase analysis, this polypep-
tide shows a higher rate of turnover than the majority of polypeptides synthesized.
Thus, label that is incorporated into band a in the newly ovulated oocyte (track 0,
Fig. 12) is lost after a chase period of 8 h in both fertilized eggs and ageing oocytes
(tracks 0-8 F & 0-8 U, Fig. 12). It is possible, therefore, that its loss post-
fertilization results simply from an increased turnover rate.
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Of the polypeptides with relative molecular masses of approximately 45 kD that
are resolved by two-dimensional separation, polypeptide 18 (see Figs 9 & 13)
appears to show a pattern of synthesis that corresponds to band a (Fig. 6). It is not
possible to resolve polypeptide 18 among the in vitro translation products of mater-
nal mRNA which suggests that it is either encoded by a rare or poorly translated
message, or represents the post-translationally modified product of an unidentified
primary transcript.

(iv) Additional polypeptides
Two-dimensional separation reveals a number of polypeptides, in addition to

those in the 35, 30 and 45 kD regions of the gels, whose pattern of synthesis
changes during the period of study, and that are not resolved in one dimension.
Details of these are recorded in Fig. 9 & Table 2. The cessation of synthesis of
polypeptides 1,2 and 6 appears to be fertilization-dependent, while that of polypep-
tide 3 appears to be fertilization-accelerated. The commencement of synthesis of
polypeptides 8, 9, 11, 12 and 13, the transitional synthesis of polypeptide 17, and
the persisting synthesis of polypeptide 15 appear to be fertilization-dependent.
Polypeptides 11 and 12 are the first two detectable translation products from ex-
pression of the embryonic genome (Flach etal. 1982; Bensaude, Babinet, Morange
& Jacob, 1983).

Of these polypeptides, only one can be identified unambiguously among the in
vitro translation products (number 16, Fig. 11) and is therefore presumably the
primary translation product of a maternal mRNA. Polypeptide 16 shows a time-
dependent decrease in synthesis in situ that is independent of fertilization, and is not
reflected in any obvious loss of mRNA. Thus, despite the temporal and develop-
mental changes in the pattern of its synthesis, the mRNA coding for this polypep-
tide remains present in a stable, translatable form, to at least 32 h post hCG in
developing embryos, and to 37 h post hCG in ageing oocytes. The remaining
polypeptides are presumably synthesized as a result of rapid post-translational
modification, and furthermore may be stable proteins as no changes are detectable
in pulse-chase analysis (Fig. 13).

DISCUSSION

In this paper, the timing and sequence of some of the morphological and
molecular events that take place during the first cell cycle of mouse embryogenesis
have been measured more precisely than previously, the general nature of some of
the molecular changes defined, and the nature of the developmental trigger(s) that
initiates this cycle investigated. The sequence of morphological events, the time
course of DNA replication, and the major changes that are observed in one-
dimensional patterns of polypeptide synthesis during this period of development
are summarized diagrammatically in Fig. 14.

The time of onset, and the duration, of DNA replication described here are
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Fig. 14. Outline of events occurring during the first cell cycle of mouse development.
The morphological events are summarized, and the timing of extrusion of the second
polar body (1-3 hpi), of formation of the male (4-7 hpi) and female (5-8 hpi)
pronucleus, of migration of the two pronuclei to the centre of the embryo (8-10 hpi),
and of the first cleavage division (18-22 hpi) are shown. The timing of DNA replication
within the 1-cell egg is indicated. In situ polypeptide synthesis is illustrated for the three
sets of polypeptides (relative molecular masses 45, 35, 30 x 103) which show marked
changes during the first cell cycle. Solid line represents maximal/near maximal
synthesis, dotted line represents lower levels of synthesis, no line represents no detect-
able synthesis (see also Figs. 6 & 8).

similar to the times quoted by Luthardt & Donahue (1973) and Siracusa, Coletta
& Monesi (1975), though rather later and longer than the values given by Abramc-
zuk & Sawicki (1975). This difference may be a reflection of the developmental
asynchrony of embryos used in previous studies, which were derived from fertiliza-
tion in vivo, or it may be a manifestation of interstrain variation. These earlier
studies report that the male pronucleus consistently enters S phase before the
female pronucleus; in this study, earlier initiation of DNA replication appeared to
occur at random in either pronucleus. We have no explanation for this difference.

Previous studies have shown that the genotype of the male and female gametes
can alter the time of the first cleavage division by as much as 4 h and 6 h respectively
(McLaren & Bowman, 1973; Shire & Whitten, 1980 a, b). However, since in these
studies embryos were derived by fertilization in vivo, it is difficult to establish
whether or not this is due to differences in the timing of sperm transport to, and
entry into, the oocyte (Krzanowska, 1964; Nicol & McLaren, 1974). We have
compared the relationship between the time of first cleavage and the times of both
hCG injection and insemination, in embryos derived by fertilization in vitro, in
order to determine which of these two events triggers the cell cycle 'clock' (Figs. 3
& 4). The results suggest that the clock is associated closely with, and may be
initiated directly by, sperm entry. Furthermore, oocytes retain the capacity to
respond to this trigger (i.e. are fertilizable) for at least 30h following ovulation
(Marston & Chang, 1964).

Fertilization in some species, or the resumption of meiosis in others, triggers
certain metabolic changes that may include an increase in the rate of protein

22 hpi
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synthesis and/or a change in the pattern of proteins synthesized. In all animals that
have been studied, these changes appear to proceed for an initial period in the
absence of transcription (reviewed by Davidson, 1976) and therefore are presumed
to be controlled at the post-transcriptional level. In the sea urchin, for example, the
rate of protein synthesis increases dramatically (30-50 fold) on fertilization (Grain-
ger, Winkler, Shen & Steinhardt, 1979), and the pattern of protein synthesis
changes markedly due both to selective activation of mRNAs and to cell cycle
variations in polypeptide stability (Evans et al. 1983). The surf clam, Spisula
solidissima, is an example of a species in which there is a relatively modest increase
in the rate of total protein synthesis (2-4 fold) on fertilization, together with a clear
switch in the classes of proteins that are synthesized (Rosenthal etal. 1980). Indeed,
examples of specific mRNAs have been identified, the translation of which is
elevated or depressed at fertilization (Tansey & Ruderman, 1983). The mouse
embryo appears to employ a different balance of these two changes at fertilization.
There is a slight decrease in the rate of protein synthesis during mouse oocyte
maturation (Schultz & Wassarman, 1977). At fertilization only a modest increase
in the rate of protein synthesis occurs, and while the biosynthetic profile of polypep-
tides is broadly similar, many changes do occur. These differences may be simply
because the mouse embryo, with a first cell cycle lasting up to 20h, has so much
longer to synthesize and accumulate the material required for cleavage and
development than do more rapidly dividing embryos such as Arbacia or Spisula, in
which the first cell cycles last only 60 and 70 minutes respectively. It is also possible
that cell cycle variations in mouse biosynthetic activity are more readily resolved,
than with the shorter cell cycles in other species.

At the time of fertilization the Spisula oocyte, like that of the starfish Asterias,
is arrested at first meiotic metaphase; the mouse oocyte is arrested at second mei-
otic metaphase, whereas the sea urchin oocyte has completed meiosis. Many of the
qualitative changes in protein synthetic patterns at activation in Asterias, Spisula
and the mouse may in fact relate to terminal events of meiotic maturation. Evidence
consistent with this view comes from an analysis of the complexity of protein
synthetic changes in mammalian oocytes undergoing only meiotic transition from
the germinal vesicle phase to second metaphase (Schultz & Wassarman, 1977; Van
Blerkom & McGaughey, 1978; Moor & Osborn, 1983).

Following ovulation and/or fertilization of the mouse oocyte, the broad patterns
of polypeptides synthesized by ageing oocytes and by developing embryos change
remarkably little over a period of at least 24 h. Although the most striking polypep-
tide synthetic changes during this time are those that occur among the 35 kD
complex of polypeptides (Levinson, Goodfellow, Vadeboncoeur & McDevitt,
1978; Braude etal. 1979; Cullen etal 1980; Van Blerkom, 1981; Cascio & Wassar-
man, 1982; Pratt et al. 1983), several other changes have now also been identified
and better characterized. The timings of certain of these changes have been
described in detail (summarized in Fig. 14), and the underlying molecular mechan-
isms have been examined by use of in vitro translation of extracted mRNA and in
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pulse-chase experiments. These approaches have shown that during the 24 h period
following ovulation, the changing polypeptide synthetic patterns observed may be
explained by temporally programmed changes in the availability of mRNA for
translation, in the differential turnover of polype'ptides and, unlike the situation in
other types of embryo (Rosenthal et al. 1980; Rosenthal, Brandhorst & Ruderman
1982), in the nature of post-translational modifications to the primary translation
products. Finally, a comparison of the polypeptides synthesized by developing
embryos and by ageing oocytes indicates that while some of these processes take
place irrespective of fertilization, others are accelerated following fertilization, and
some may be fertilization-dependent. Thus, the data presented here (summarized
in Table 1) support the notion that the polypeptide synthetic changes observed
during the first cell cycle of mouse embryogenesis may be controlled at two levels,
namely at the levels of the oocyte and fertilization programmes (Van Blerkom,
1981; Pratt et al. 1983).

The oocyte programme is defined as proceding independently of fertilization. It
may be set in train by the terminal events of oogenesis, and may serve to confer on
the oocyte the potential to initiate development. Since mammalian oocytes must
undergo full cytoplasmic and nuclear maturation to at least metaphase II before
they are competent to yield viable embryos (Braden & Austin, 1954; Chang, 1955;
Thibault, 1971; Moor & Trounson, 1970), this suggests that the oocyte programme
controls certain processes (presumably the accumulation of proteins and various
other cellular components) that must be completed before fertilization takes place.
Indeed, many of the reference polypeptides (A, C, D, G, J; see Fig. 9) are already
present in the ovulated oocyte, as they can be detected by silver staining (data not
shown).

The fertilization programme, which is initiated by sperm penetration, is super-
imposed on the oocyte programme, so that while many polypeptides are common
to both fertilized eggs and ageing oocytes (presumably those which are regulated
by the oocyte programme, and which are required for the maintenance of
"housekeeping" functions during the early post-ovulation period), other polypep-
tides undergo fertilization-accelerated or fertilization-dependent changes in their
pattern of synthesis. It is envisaged that this latter group of polypeptides are more
directly involved in the initiation of embryogenesis, perhaps by restarting the cell
cycle "clock", and by reorganizing the chromatin in preparation for DNA replica-
tion and activation of embryonic transcription (Bolton et al. 1984). In addition,
fertilization may catalyse the termination of the oocyte programme, once it has
performed the function of producing a fertilizable oocyte. Thus, at the early and
mid 2-cell stages, the fertilization programme induces the degradation of maternal
messages, and allows their replacement by messages newly transcribed from the
embryonic genome (Bachvarova & DeLeon, 1980; Brinster, Chen, Trumbauer &
Avarbock, 1980; Flach et al. 1982; Piko & Clegg, 1982; Giebelhaus, Heikkila &
Schultz, 1983; Giebelhaus, 1984; Bolton etal. 1984; reviewed by Johnson, McCon-
nell & Van Blerkom, 1984).
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An examination of the changes that take place among the 35 kD complex of
polypeptides illustrates the processes of selective, sequential mRNA activation and
post-translational modification, as well as the influence of the fertilization
programme on polypeptide synthetic changes already regulated by the oocyte
programme. The in vitro translation studies described here show that maternal
mRNA encodes two middle and three lower band, but no upper band 35 kD
polypeptides, suggesting that upper band polypeptides are post-translationally
modified products. This conclusion is confirmed by pulse-chase experiments, which
indicate that some or all upper and middle band polypeptides are related directly
by post-translational modification(s). In contrast, lower band polypeptides appear
to represent a distinct set, unrelated to upper and middle band polypeptides. These
findings are consistent with peptide mapping analysis (Van Blerkom, 1981; Cascio
& Wassarman, 1982), and in vitro translation studies (Cascio & Wassarman, 1982;
Pratt et al., 1983). Thus, the temporal transition that occurs among the 35 kD
complex polypeptides can be explained by the following sequence of events.

Synthesis of the linear array of upper band polypeptides, which occurs during the
early post-ovulation period irrespective of fertilization, may be due to the im-
mediate post-translational modification of the (two) middle band polypeptides
which are the primary translation products of maternal mRNA. This conversion of
middle to upper band polypeptides probably involves phosphorylation, as 32P is
incorporated into upper, but not into middle band 35 kD polypeptides (Van
Blerkom, 1981; Pratt et al. 1983). The conversion ceases in fertilized eggs at
4-6 hpi, and the primary middle band translation products remain unmodified
throughout the rest of the first cell cycle (until around 16-18hpi). In addition,
existing upper band polypeptides undergo slow conversion back to middle band
polypeptides, presumably by dephosphorylation. Although unmodified middle
band polypeptides are synthesized after 25-5 h post hCG by ageing oocytes, ele-
ments of the middle to upper band conversion persist at least until 40-5 h post hCG
(though they may proceed in a less ordered manner, producing the heavily labelled
streak of upper band polypeptides in the high pH region of two-dimensional gels,
probably by multiple glycosylations; Van Blerkom, 1981). By the time of first
cleavage, developing embryos no longer synthesize middle band polypeptides, but
middle and upper band polypeptides are synthesized by ageing oocytes of the same
chronological age.

In the case of 35 kD lower band, mRNA coding for these polypeptides appears
to be transiently accessible for translation around the time of ovulation. However,
at fertilization it is rapidly rendered untranslatable (either directly, by modification
of the mRNA itself, or indirectly, by competition from other mRNA species that
become available for translation) and remains so for about 5 h, when synthesis of
lower band polypeptides resumes; this then persists to the mid 2-cell stage (Bolton
et al. 1984). In the unfertilized oocyte the inactivation of mRNA coding for lower
band polypeptides takes 3-4 h longer than in the 1-cell embryo, and the subsequent
reactivation is delayed by approximately 24 h.
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Regarding the 30 kD complex polypeptides, there is a fertilization-dependent

switch from synthesis of band y (polypeptide 4) to that of band z (polypeptide 7).
This switch occurs within 2-3 h of fertilization, and may involve the alternate
utilization of separate species of maternal mRNA, since pulse-chase experiments
indicate that y is not converted to z, suggesting that y and z are encoded by two
distinct mRNAs. However, in vitro translation of total mRNA shows that while
message encoding polypeptide 7 (band z) is relatively abundant in oocytes and
embryos, that encoding polypeptide 4 (band x) is either absent, rare, or inefficiently
translated in vitro. In the oocyte, a slow post-translational modification of polypep-
tide 4 to produce polypeptide 5 occurs. This conversion of polypeptide 4 into the
higher relative molecular mass polypeptide 5 may involve phosphorylation (Pratt
etal. 1983).

The 45 kD complex may represent a single polypeptide with a short half-life,
whose synthesis ceases or turnover increases earlier in fertilized eggs than in ageing
oocytes. It is difficult to identify an in vitro translation product corresponding to this
polypeptide which therefore may be a secondary product of maternal mRNA.

This description of the temporal sequence of the morphological and molecular
events that take place during the first cell cycle of mouse embryogenesis, and of
the nature of some of the molecular controls, provides the basis for an investiga-
tion of their developmental significance and regulation. For example, both Ca2+

and pH play regulatory roles in the protein synthetic changes that occur after
fertilization and/or meiotic maturation (Winkler, Steinhardt, Grainger &
Minning, 1980); in some species this may be achieved by effecting phosphoryla-
tion of the ribosomal protein S6, which may control the translational capacity of
the oocyte (Ballinger & Hunt, 1980; Ballinger, Bray & Hunt, 1984; Wasserman
& Housel, 1984). However, it is also clear that there are other, as yet uncharac-
terized, intracellular changes, such as in levels of NADPH or phosphoinositides
(Turner, Sheetz & Jaffe, 1984), involved in the translationally mediated control
mechanisms operating around the time of meiotic maturation and fertilization.
By analogy, it is possible that the changing pattern of translation, and of post-
translational modification and stability, that, occurs in the mouse oocyte may be
induced in part by changes in pH and in intracellular Ca2+ levels occurring at
fertilization. In this context, it is important to emphasize that the polypeptide
analysis undertaken in this paper has concentrated on synthetic patterns which are
not the same as the pattern of proteins present, as assessed for example by silver
staining. However, the evident importance of modifications to the structure and
stability of polypeptides over this period will and does apply to polypeptides
regardless of their time of synthesis. Indeed, it is possible that the development-
ally regulated selective mRNA utilization may also result from modification of
regulatory proteins. If this is so, then many of the events of early development
may be independent of de novo protein synthesis. The results reported in this
paper shift emphasis towards an analysis of the role of protein modification in the
first cell cycle, and provide a base line of descriptive and analytical information
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that is essential if the control of events in this and the ensuing cell cycle are to be
understood.
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