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Abstract

REGULATION OF POLYPEPTIDE SYNTHESIS DURING EARLY EMBRYOGENESIS

IN THE MARINE MUD SNAIL, ILYANASSA OBSOLETA

by
Mary Ellen McCarthy

Advisors Dr. Jack Collier

The goal of these studies was to describe the regulation of gene ex-
pression during early development in a spiralian embryo through an analysis
of the mechanisms by which stage-specific changes in polypeptide synthesis
are accomplished. |

The approach was a comparison, by two-dimensional electrophoresis, of
polypeptides syntheslzed during early cleavage, mesentoblast and gastrula
stages. The relative contribution of maternal and embryogenic transcrip-
ticn to changes in polypeptide synthesis throughout this period was assessed
by comparing the polypeptides made by normal and actinomycin D-treated
embryos. The mechanisms by which ooplasmic segregation controls polypep-
tide synthesis were investigated by an analysis of polypeptide synthesis
in the 1solated cytoplasmic polar lobe and lobeless embryos.

The results presented here show that significant changes in polypep-
tide synthesis occur as early as the twenty-five cell (mesentoblast) stage
that are correlated with the determinative events of this period in devel-
opment., Further changes in polypeptide syntheslis occur at gastrulation.

The analysis of polypeptide synthesis in embryos reared in actinomycin
D has demonstrated that (1) all of the polypeptides made during early clea-
vage and detected by two-dimensional electrophoresis are translated from
oogenic mRNAs, (2) stored oogenic mRNP is activated at the mesentoblast
- and gastrula stages, (3) the translation of most species of maternal mRNA

is regulated by transcriptionally independent mechanisms, (4) oogenic mRNA



remaing a primary source of transcripts for protein synthesis through
gastrulation and (5) embryogenic mRNA is first translated at the mesen-
toblast stage. It is postulated that a group of regulatory genes exist
whose transcripts, directly or indirectly, repress the translation of
specific oogenic mRNAs,

An analysis of polypeptides made by the isolated polar lobe and the
lobeless blastomeres has shown that (1) the polar lobe contains at least
300 species of maternal mRNAs, (2) the polar lobe and lobeless blastomeres
translate the same oogenic mRNAs, (3) the polar lobe is able to activate
stored oogenic mRNAs and regulates the translation of some maternsl mRNAs,
(4) the effect of the polar lobe on polypeptide synthesis is delayed until
the mesentoblast stage and (5) at the mesentoblast and gastrula stages, it
is postulated that factors in the polar lobe cytoplasm (a) regulate the
activation of ocogenic mRNA, (b) activate the synthesis or translation of
embryogenic mRNA and (c) control the expression of regulatory genes whose

products repress the translation of specific maternal mRNAs,
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INTRODUCTION

"The fundamental problem...which includes all others...

is determination."1

The egg of the marine mud smail, Ilyanassa obsoleta provided some of
the earliest evidence for the role of the ooplasm in determination. This
egg forms, at the first and‘second melotic divisions and at the first and
second cleavages, a serlies of protrusions of the vegetal cytoplasm called
polar lobes (Crampton, 1896; Clement, 1952). By means of the third and
fourth polar lobes, the vegetal cytoplasm ig segregated at first cleavage
into one of the first two blastomeres, the CD, and, at second cleavage, in-
to the D macromere.

The D macromere, because it receives the ooplasm of the polar lobe, is
uniques the contents of this cell determine the fates of the first three
quartets of micromeres, which férm the eyes, velum,'shell, statolith, diges-
tive gland, foot and head ectoderm, and the 44 or mesentoblast cell, which
forms the heart and intestine (Clement, 1952, 1956, 1962, 1967, 1976).
Removal of the third polar lobe results in a larva that lacks, or shows poor
organization, of all of these structures (Crampton, 1896; Clement, 1952,
1962; Atkinson, 1971). The mechanism by which the polar lobe ooplasm ex-
erts its determinative effect is unknown.

Ultrastructural studies of the Ilyanassa egg and polar lobe have re-'
vealed that the polar lobe cytoplasm is rich in yolk platelets, polyribosomes
and membranous vesicles (Crowell, 1964; Pucci-Minafra et al., 1969; Geuskins,
1968). The yolk platelets appear to play no role in determination (Clement,

1968), but the membranous vesicles, derived from an organelle, the polymerosome,

'Bimund B. Wilson, The Cell in Development and Heredity, third
edition (New Yorks The Macmillan Company, 1924), p. 1037
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that appears during oogenesis (McCann-Collier, 1977), are similar to éhe
vesicles found in the polar lobe of Dentalium (Reverberi, 1970) and to the
basophilic vegetal bodies of the polar lobe of Bithynia (Dohman and Verdonk,
1974), and may play a role in the localization of morphogenetic factors.

Comparisons of nucleic acid synthesis in normal and lobeless embryos
have demonstrated that the lobeless embryo synthesizes significantly less
RNA at the 25-cell stage and at gastrulation than does the normal embryo
(Collier, 1977). Although the Ilyanassa embryo, from the four-cell stage
on, is actively engaged in the synthesis of DNA-like RNA (Collier and
Yuyama, 1969; Koser and Collier, 1976; Collier, 1976) and poly(A)-RNA
(Collier, 1975b; Kidder et al., 1977: Clark and Kidder, 1977), removing the
polar lobe does not significantly alter, in pre-gastrula embryos, the accum-
ulation of low molecular weight RNA or high molecular weight RNA (Koser
and Collier, 1976), nor does it affect the proportion of poly(A) contain-
ing RNA at the 25-cell stage (Collier, 1975b). Thus, the decrease in RNA
synthesis in lobeless embryos results in a uniform reduction in the synthe-
sis of all classes of RNA that is not reflected in proportional measure-
ments of RNA accumulation.

Studies of protein synthesis in the Ilyanassa egg have demonstrated
that the isolated polar lobe is capable of protein synthesis (Clement and
Tyler, 1967; Geuskins, 1968; Teitelman, 1973) and that cleavage stage em~
bryos continue to synthesize protein in the presehce of actinomycin D
(Collier, 1956; Newrock and Raff, 1976). These observations suggested
that the egg and polar lobe contain a store of maternal mRNAs that might
have a determinative effect. Donohoo and Kafatos (1973) compared, by single-
dimension electrophoresis, the buffer-soluble proteins synthesized by AB
and CD half-embryos of Ilyanassa and reported differences in the radio-
active profiles obtained from sliced gels. Teitelman (1973), using similar

2



methods, reported no significant differences in the proteins synthesized
by normal and lobeless embryos prior to the fourth day of development
(post-gastrula stage). With somewhat improved solubilization and electro-
phoretic separations, Newrock and Raff (1975) and Raff et al. (1976) re-
ported differences in the patterns of proteins synthesized by normal and
lobeless embryos as early as the 25-cell stage and that these differences
were not eliminated by actinomycin D treatment.‘suggesting that the polar
lobe might exert its determinative effect through the selective distribu-
tion of maternal mRNAs or regulators of translation.

The bands obtained after single dimension separations, such as those
used in the studies discussed above,contain many individual polypeptides
with the same electrophoretic mobility and, therefore, qualitative and
quantitative differences in polypeptide synthesis cannot be distinguished
by this method. These problems are ovexrcome with the technique of two-
dimensional electrophoresis (O'Farrell, 1975), which separates polypep-

' tides on the basis of two distinct properties (isoelectric point and molec-
ular weight); the spots detected in two-dimensional separations represent,
for the most part, individual specles of polypeptides. While this tech-
nique does not resolve polypeptides with isoelectric points ovexr pH 8,

such as the histones and some ribosomal proteins (O'Farrell, 1975), it is
capable of resolving three hundred or more distinct polypeptides in Ilyanassa
embryos and as many as a thousand in sea urchin embryos (Brandhorst, 1976).
These polypeptides are probably translated from the moderately prevalent
message class, which, in the sea urchin gastrula, comprises 80% of the mass
of polysomal RNA (Davidsoh and Britten, 1979) and has a sequence.diversity
sufficient to code for approximately 1,000 different.polypeptides (McColl
and Aronson, 1978). The polypeptides resolved by two-dimensional electro-

phoresis. in this study, therefore,represent 30% or more, of the translation
3



products of this class of mRNA.

Two-dimensional electrophoresis has been used to study the changes in
polypeptide synthesis that occur during development in the eggs and embryos
of mice (Cullen, et al., 1980; Handyside and Johnson, 1978; Levinson et al.,
1978; Dewey et al., 1978 Braude 1979), rabbits (Van Blerkom, 1979;

Van Blerkom, and McGaughey, 1978), Xenopus (Bravo and Knowland, 19793

Brock and Reeves, 1978) and sea urchins (Brandhorst, 1976; Tufaro & Braﬂdhorst,
1979),Both mammalian embryos studied show changes in polypeptide synthesis

very early in development. Van Blerkom (1979) has reported several qual-
itative differences in the polypeptides made by newly fertilized rabbit eggs
and 12 to 16~-cell embryos and has shown that some, but not all of these
changes also occur in aging, unfertilized oocytes that had undergone spon-
taneous meiotic maturation. Van Blerkom (1979) suggests that these changes
are probably independent of new transcription and a similar suggestion has
been made by Cullen et al. (1980) who observed quantitative differences in
the polypeptides made by mouse eggs between fertilization and first clea-
vage. That these changes are not totally depepdent on elther germinal ve-
sicle breakdown or concurrent transcription, is suggested by the observation
(Schultz et al., 1978) that anucleate fragments bf germinal vesicle stage
mouse oocytes show some of the changes in polypeptide synthesis associated
with melosis in intact eggs.

Braude (1979) has reported that many of the changes in polypeptide
synthesis that occur in mouse embryos between the morula and blastocyst
stages are unaffected by treatment with o(-amanitin and Braude and Pelham
(1979) have analyzed the cell-free translation products of mouse oocyte RNA
to show that it contalns RNAs coding for polypeptides that appear only
after first cleavage. Some changes in polypeptide synthesis in mouse

blastocysts falled to occur in the presence of -amanitin (Braude, 1979).

4



These observations suggest that in the early mammalian embryo, a combina-
tion of both transcriptionally dependent and independent mechanisms are re-
quired to regulate stage-specific changes in polypeptide synthesis.,

Changes in pdlypeptide synthesis also occur in Xenopus eggs at fertil-
ization (Bravo and Knowland, 19?9) and between cleavage, blastula, gastrula
and neurula stages (Brock and Reeves, 1978). The mechanisms that control
these changes have not been investigated.

The sea urchin embryo may be an exception, since Brandhorst has re-
ported that very few changes in polypeptide synthesls occur prior to gastru-
lation; a more complete analysis may, however, reveal that the sea urchin
embryo also shows changes in polypeptide synthesis during early development.

Changes in polypeptide synthesis are associated with differentiation
in mouse embryos and adult tissues (Klose and Wallenberg~Pachaly, 1976),
in amphibian larvae (Bravo and Knowland, 19793 Brock and Reeves, 1978) and
in cultured myoblasts (Garrels, 1979). Are similar differences in poly-
peptide synthesis associated with determination? |

Two recent studies indicate that the syntheslis of specific polypeptides
can be correlated with determinations Gutzeit and Gehring (1979) have
shown that the pole cells of Drosophila blastoderm embryos, which are de-
termined to form the primordial germ cells, synthesize several unique pro-
teins and Rodgers and Shearn (1977), in a comparison of polypeptides made
by Drosophila imaginal discs determined to form wing, legs or eyes and an-
tennae found that 16-19% of the polypeptides detectéd were unique to single
disc types or were shared by two out of the three disc types examined.
While these studles suggest a correlation between the synthesis of specific
polypeptides and determination, differences in the prospective potencies

of cells may not always be reflected in the polypeptides that they synthesize,
5



In sea urchins, neither vegetalized embryos (Hutchins and Brandhorst, 1979),
nor isolated blastomeres (Tufaro and Brandhorst, 1979) appear to synthesize
unique sets of proteins. These observations may reflect the regulative
capacities of sea urchin embryos, but they also suggest that many of the
polypeptides detected in two-dimensiqnal separations might have 1little im-
portance in the regulation of early development (see also Dewey et al., 1978).

Waring et al. (1978) have analyzed the proteins present in the polar
granules, which appear during oogenesis and are selectively localized in
the pole cells of Drosophila embryos and have reported that these organelles
contain a unique, highly basic polypeptide that the authors suggest may be
causally related to the determination of the germ line. Some polypeptides
made during oogeneslis are selectively distributed prior to cleavage in
axolotl eggs. Jackle and Eagleson (1980) have shown that prior to fertili-
zation, most polypeptides were distributed uniformly along the animal veg-
etal axis, but some polyfeptides vwere found exclusively in the germinal
vesicle. After fertilization and germinal vesicle breakdown, several poly-
peptides from both the cytoplasm and the germinal veslicle became selective-
ly localized in either the animal or vegetal halfs of the egg. Nothing
is known about a mechanism that might permit such translocations of specific
polypeptides, nor is the function of these polypeptides understood but
studies such as this suggest that the selective distribution of proteins
might play a role in the regulation of determinative events.

Despite these recent advances in molecular embryology, the mechanisms
that control early development are still largely a matter of conjecture.
~Almost nothing is known about the Way in which determinative factors might
control early development and the relationship between maternal ;nd embryo-

genic information, which must somehow control gene expression during early

6



developmént,has only begun to be explored.

The objective of this study was to elucidate the mechanisms by which
oogenic information and embryogenic information interact to regulate de-
termination and the program of gene expression during the early develop-

- ment of a spiralian embryo. These problems were approached through an anal-
ysis of the effect of the polar lobe cytoplasm and of actinomycin D treatment
on the changes in two-dimenéional patterns of polypeptide synthesis in

early cleavage, 25-cell and early gastrula stage Ilyanassa embryos.



MATERIALS

Ampholytes were obtained from LKB. Electrophoresis grade acrylamide

for isoelectric’focusing was obtained from BioRad Laboratories (Richmond,
Calif.). Acrylamide for SDS electrophoresis was obtained from Eastman-
Kodak (Rochester, N.Y.) and recrystallized from chloroform and N,N°-
methylenebisacrylamide (bis) was obtained from BioRad laboratories.
Tergitol NP-40, Tris base, Tris-HCl, ammonium persulfate, dithiothreitol
(DTT) and /e-mercaptoethanol Were reagent grade, purchased from Sigma
Chemical Co. (St. Louis, Mo.). N,N,N',N'-tetramethylethylenediamine
(TEMED) was purchased from Canalco (Bethesda, Md.) and agarose, B-grade,
from CalBiochem (San Diego, Calif.). Sodium dodecyl sulfate (SDS) was
manufactured by BDH Chemicals Ltd. and pdrchased through Gallard-Schlesinggr
Manufacturing Corp. (Carle Place, N.Y.). Ultra pure urea, obtained from
Schwarz/Mann ( Qrangeburg, N.Y.j, was delonized on mixed-bed resin columns
of AG501x8 (BioRad Laboratories). X-ray film was Kodak X-omat R from East-
man Kodak Co. (Rochester, N.Y.). All other chemicals were reagent grade

and obtained from several sources unless specified in the text.
METHODS

Animals

Breeding stocks of adult Ilyanassa obsoleta were obtained from Plum

Beach, Brooklyn, N.Y. and Beaufort, North Carolina and were maintained in
tanks of recirculating sea water at 19°C, as previously described (Collier,

1975).
Rearing and Staging of Embryos

Eggs were collected and embryos reared in filtered sea water containing

antibiotics as previously described (Collier, 1975).
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Polar lobes and lobeless embryos were obtained by agitating trefoll stage
(two cell embryos prior to third polar lobe resorption) embryos in low cal-
cium and magnesium sea water (Collier, 1975). Normal and lobeless embryos
and polar lobes were isolated from the pooled contents of 20-30 egg capsules
and normal embryos were exposed to calcium-magnesium low sea water as a
control for the effect of ionic imbalance at this stage of development.

When approximately 800 normal and lobeless embryos and polar lobes
had been obtained, the polar lobes were placed in pasteurized sea water
and the normal and lobeless embryos were each divided into two groupss
the first group was placed in pasteurized sea water and the second group
in 30 Fg/hl actinomycin D d;ssolved in sea water with antibiotics added
(see below). Normal and lobeless control embryos, normal and lobeless
actinomycin D-treated embryos and isolated polar lobes were then placed in
the dark, at 19°C and groups of 100 embryos or 200 polar lobes were with-
drawn for radiocactive labeling as the embryos reached the desired stage
of development. Solutidns of pasteurized sea water and actinomycin D
were changed daily.

All embryos were reared at l9°C and staged by time of development
from the two-cell stage. Cleavage stage embryos were preincubated in
actinomycin D or sea water for two hours prior to radiocactive labeling
and consisted of four to eight cells at the start of the labeling period.

I have deslgnated what was previously called a stage 1 embryo as
a mesentoblast stage embryo. This is a 24-hour old embryo, reared and
staged as described above, that consists of an average of 29 cells and is

characterized by having férmed the 4d micromere of mesentoblast cell

(Collier, 1975).



STAGE OF
DEVELOPMENT

CLEAVAGE

MESENTOBLAST

GASTRUIA

1l

TABLE 1
EFFECT OF ACTINOMYCIN D?'ON
INCORPORATION OF 3H-URIDINE INTO
ACID PRECIPITABLE

MATERIAL
3
PERCENTAGE OF H-URIDINE PERCENT INHIBITION _
INCORPORATED OF INCORPORATION (X)
CONTROL AGTINOMYCIN
D-TREATED
1.74 0.27 84.5
1.13 0.16 85.8 (85.2)
1.56 0.28 82.1
1.8% - 0.29 &h,2 (83.2)
2.4k 0.13 4.6
3.00 0.27 1.1
3.46 0.09 97.4 (9k4.4)

Concentration of actinomycin D was 30 ng/ml. Experimental embryos were preincubated in actinomycin
D for two hours prior to radioactive labeling.



Gastrulation occurs by epiboly approximately 48 hours after first cleavage,

24 hours after the mesentoblast stage.

Radioactive labeling of Proteins

Proteins were labeled by incubating embryos or isolated polar lobes
of a given stage with 3'SS-L-methion.fh'le (New England Nuclear, Boston,Mass.)
which had specific activities ranging from 600 to 800 Ci/mmole. Four to
six pl of 33s-nethionine were added to 50 y1 of pasteurized sea water con-
taining 60-150 embryos or 200-300 polar lobes. labeling of actinomycin
D-treated embryos was performed in the presence of 301P€/h1 actinomycin D,
The embryos, contained in a drop of sea water on Parafilm, were then placed
in a moist chamber, in the dark and incubated for four hours at 19°C. The
embryos and polar lobes were washed extensively in fresh sea water at the
end of the labeling period, prior to solubilization.

Actinomyecin D Treatment

Actinomycin D (AMD) was obtained from Merk, Sharp and Dohme Research
Laboratories (West Point, Pa.). Actinomycin D was dissolved in sea water
by shaking overnight and the concentration in solution was determined from
its' molar absorbance at 440mu of 24,800 (Gellert et al., 1965). Stock
solutions of actinomycin D were prepared fresh every two weeks and were
stored in the dark at 4°C.

The effect of different concentrations of actinomycin D on RNA syn-
thesis was determined for gastrula stage embryos by preincubating embryos
for two hours in 10, 20, 30 and ho‘pg/hl actinomycin D and then incubating
the embryos, in the presence of AMD, in 200‘p01/h1 3H-uridine. Uptake and
incorporation of 3H-uridine into acid precipitablematerial was determined

as described above (see Protein Solubilization). Incorporation

of 3H-uridine into DNA as a percentage of the total incorporation was
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STAGE

CLEAVAGE

FESENTORLAST

GASTRULA

Table 2

EFFECT OF CONTINUOUS IHCUBATION IN ACTIRDMYCIN D 0N UPTAKE
A INCORPORATION OF S S-FETHIONIHEL

TOTAL CPH X 10%/8:BRY0

CONTROL AD
15.6 14,9
oy 155"
8.9 8.8
7l6* 9]9*
MEAN
PER CENT INAIBITION
0 1
it Bi
7.0 6.5
10,8* 9,0
MEAN :

- PeR CENT INAIDITION
8 3
2% 0"

14.4 13.9 .
12,2 135,07
MEAN

PER CENT IWHIBITION

ACID PF(T ,CW X 10"

CONTROL ND
2.3 2.2
9.8 /N
1.2 0,
1.1* l.?.*
11 0.5
1.0* 0,0%
0.6 0,7
0./* 0.4*
1.2 0.1
0./* 0.0
3.2 0.2
1.7% 0.1*

PER CENT INCORPORATION

CONTROL AD
1 4.9
B ERIL
[ g
T 75
15.4 1.3
2.6
8.1 4,9
5.g* I
5 3,6
(73.1*,‘ TR
7.2 4,2
4.7 -
15, 1.3
12;/l 0.7*
2.5 1.6
i 0.9
16.0 1.1
93,1

FOR COVPARISON GF UPTAKE OF FETHIONIHE PETWEEN
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determined by alkaline hydrolysis of RNA in 0.3 N NaOH at 3?°C for 18 hours
(Crosbie, Smellie and Davidson, 1953). On the basis of these results,
30'ug/h1 actinomycin D was chosen as the standard concentration for these
experiments. The effect of this concentration of AMD on 3H-ur'idine incorp-
oration at early cleavage and mesentoblast stages was determined by the
same methods (see table 1).

The effects of continuous incubation in 30'pg/hl actinomycin D on
uptake and incorporation of 35S-meth:!.onine were determined as described
above (see Protein Solubilization) for both normal and lobeless
embryos at cleavage, mesentoblast and gastrula stages (see table 2).

Protein Solubilization

Sample preparation was pexrformed essentiglly as described by Garrels
(1979). Washed embryos and polar lobes were homogenized for one minute
in a glass tube with a motor-driven Teflon pestle in 50‘p1 of a solution
| containing 50‘pg/ml micrococcal nuclease (Worthington Biochemical Corp;,
Freehold, N.J.) 2mM CaCl, and 20mM Tris-HC1l, pH 8.8. After a two minute
incubation at room temperature, 5/&1 of a solution containing ljug/hl
deoxyribonuclease (Sigma Chemical Co., St. Louis, Mo.), 500)ug/hl bovine
pancreatic ribonuclease-A (Sigma Chemlical Co., St. Louis, Mo.), 50mM MgCl,
and 0.5 M Tris-HCl, pH 7.0 was added. After an additional two minute
incubation, enzymatic reactions were terminated by the addition of S5m
of a solution containing 3% SDS and 10% /Q-mercaptoethanol and 10 ml of
a solution of 0.05 M ethelenediamine tetraacetic acid (EDTA). The homo-
genate was heated to 100°C for three minutes, frozen quickly in liquid
Freon and lyophilized. Lyophilized samples were dissolved in 501p1 of a
lysis buffer containing 9.5 M urea, 4% tergitol NP-40, 2% pH 5-7 Ampholytes
and 100 mM dithiothreitol. Samples were stored at -7o°c.
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Uptake and incorporation of 35S--me’c.hionine were determined for each
sample. Uptake was determined by pipetting aliquots of the sample direct-
ly into Bray's dioxane-based scintillation cocktail (Bray, 1960) and count-
ing in a scintillation spectrometer. Incorporation of precursor was deter-
mined by precipitating aliquots of each sample in 10% trichloroacetic acid,
collecting the precipitate on Millipore' filters (Millipore Corp., Bedford,
Mass. ), which were then dissolved in Bray's (1960) solution.

Electrophoresis

Two-dimensional electrophoresis was performed as described by O'Farrell
(1975) with the following modifications. The iscelectric focusing gel mix-
ture contained 2.8% ampholytes composed of a mixture of 1.6% pH 5-7 ampho-
lytes and 1.2% pH 3-10 ampholytes and was polymerized with riboflavin and
ammonium persulfate in 10.5 x 0.3 cm lucite tubes. Samples were subjected
to non-equilibrium isoelectric focusing for 3000 volt hours in an analyt-
ical electrophoresis cell designed for isoelectric focusing (MRA Coxp.,
Cleaxrwater, Fla.) and the focused gels Were stored at -20°C. The pH gra-
dient was determined by slicing a focused gel into 1 cm sections and eluting
each sectlon overnight in 1 ml distilled water. The pH of the eluents was
measured with a glass electrode.

Second dimension electrophoresis of the focused gels was performed
on discontinuous SDS slab gels as described by Laemmli (19?0) in an apparatus
similar to that described by O'Farrell (1975). The running gel, containing
12.5% acrylamide, was poured to a height of 12 cm, polymerized with ribo-
flavin and ammonium persulfate and allowed to stand overnight. A 5 cm
stacking gel of 4.75% acrylamide was poured the following day.

Focusing gels were equillibrated with SDS sample buffer (O'Eérrell.

1975) containing freshly added p -mercaptoethanol and dithiothreitol for
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1.5 hours and secured to the top of the slab gels with agarose. Electro-
phoresis was performed at 25 mA per gel, 19°C, until the tracking dye,
bromophenol blue, reached the bottom of the running gel. Molecular welght
standards were subjected to electrophoresis simultaneously with focused
embryo proteins.

After second dimension electrophoresis was completed, the stacking gel
was removed and the running gel was prepared for fluorography as described
by Garrels (1979). The slab gels were soaked in two changes of dimethyl
sulfoxide and overnight in a solution of 10% 2,5-diphenyloxazole (PPO;
Scintillation Grade, New England Nuclear Corp., Boston, Mass.) in dimethyl
sulfoxide. The fluor~impregnated gels were washed in several changes of
water, dried on filter paper and exposed to Kodak X-ray film. Some gels
were stained in 50% trichloroacetic acid containing 0.1% Coomassie brilliant
blue; R-250 prior to fluorography to reveal molecular weight standaxds.
Multiple exposures were made of each gel. Fluorographs were photographed
on a light box with Kodak Plus X panchromatic film and prinied at normal
contrast on Kodak polycontrast RCII paper.

Data Analysis

The results presented here are based on the analysis of two replicate
electrophoretic separations of proteins from early cleavage and mesentoblast
stage embryos, normal and lobeless mesentoblast stage and actinomycin
D-treated mesentoblast stage embryos. Three replicate preparations of
proteins were compared from normal cleavage stage embryos, isolated polar
lobes and cleavage stage actinomycin D-treated embryos. Five replicate
comparisons were made of proteins synthesized by normal and lobeless clea=-
vage stage embryos.

For preliminary analysis, fluorographic exposures were chosen such

that the number of acid precipitable counts applied to the first dimension
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gel multiplied by the exposure in days was equal for all gels to be compared.

Fluorograms of second dimension slab gels were divided into ten sec=-
tors by drawing, on a transparent overlay, vertical and horizontal lines
through sixteen prominent spots that represented polypeptides common to
all stages and classes of embryos studied. Since the secto;s were delineated
by the positions of marker polypeptides and were not fixed in size, they
corrected for localized‘disiortions in the gels and for positional varia-
bility of polypeptides between runs., Within each sector, spots were ident-
ified by their positions relative to the marker polypeptides and to the
sector boundaries. For the comparison of any two fluorograms, polypep-
tldes shared by both gels, polypeptides that differed quantitatlively and
polypeptides unique to one or the other gel were recorded in different
colored ink on the transparent overlay.

When all comparisons within replicate sets had been completed, the
transparent sheets were compared between replicates and the positions
of polypeptides showing the same quantitative or qualitative differences -
on all replicate comparisons were marked on photographs of the fluorograms.

- The spots which differed in these comparisons showed a large range

of densities, While those spots .with densities in the mid-range (poly-
peptides 91 and 44 in Fig. 4A) fall well within the linear range of X=-ray
film response and pose few problems in analysis, spots whose density is
either very low (polypeptide 31 in Fig. 4A) or very high (polypeptide
80 in Fig. 4A) may, on an average exposure (500.000 acid precipitable
counts exposed for 14 days), fall outside the range of linear film re~-
sponse to exposure (see for discussion Braude, 1979; Laskey and M}lls,
1975). For quantitative comparisons, multiple exposures of each gel “
Wwere examined so that the intensity of the spots to be compared fell

within the linear range of film response.
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Thus, if a spot was judged as very dense on an average exposure, pro-
gressively shorter exposures were examined until the spot was detected
as grey rather than black. At these exposures, accurate judgements of
quantitative differences within a two-fold range were possible.

Those polypeptides which showed reproducible differences between
stages and experimental groups, plus 8 marker polypeptides which did
not change were numbered. From an average of 300 polypeptides detected,
98_were numbered and 90 of these showed reproducible differences which

vere correlated with stage of development or experimental treatment.
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RESULTS

Objectives and Experimental
Design

The goal of these studies was to describe the regulation of gene
expression during early development in a spiralian embryo through an
analysis of the mechanism(s) by which stage-specific changes in poly-
peptide synthesis are accomplished.

The approach was a comparison, by two-&imensional electrophoresis, of
polypeptides synthesized during early cleavage, mesentoblast and gastrula
stages. The relative contribution of maternal and embryogenic transcription
to changes in polypeptide synthesis throughout this period was assessed by
comparing the polypeptides made by normal and actinomycin D-treated embryos.
The mechanism(s) by which ooplasmic segregation controls stage-specific
changes in polypeptide synthesis were investigated by (1) an analysis of
polypeptide synthesis in the isolated polar lobe, (2) a comparison of poly-
peptide synthesis in normal and lobeless embryos and (3) a comparison of
the effects of actinomycin D on polypeptide synthesis in normal and iobeless

embryos.

Early Cleavage Stage

In designing the experiments described here, I asked whether (1)
the polypeptides made at this stage are translated from maternal mRNA
or newly transcribed RNA, (2) mRNAs are selectively localized in the polar
lobe or the lobeless blastomeres and (3) the polar lobe or the lobeless
embryo contain factors that regulate transcription or translation during

early cleavage.
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Fig. 1A. Fluorogram of polypeptides made by normal
two to eight-cell stage embryos. Embryos were incubated
for 4 hours in 35S-methionine. polypeptides were extracted
and separated by two-dimensional electrophoresis (non-
equilibrium isoelectric focusing followed by SDS polyacryl-
amide gel electrophqresis) as prevliously described. The
pH gradient of the first dimension gel is shown at the bot-'
tom of Fig. 2B and the moleculdar welghts of polypeptides
separated by SDS gel electrophoresis are shown.at the right

margins of Figs. 1A and 1B.

Fig. 1B. Fluorogram of polypeptides made by actinomycin
D-treated two to eight-cell stage embryos. Embryoé were
pre-incubated in 30 pg/ml actinomyecin D from first polar
body formation to the two cell stage, followéd by a four
hour incubation in 3SS-methionine in the presence of actino-

mycin D.
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Fig. 2A.- Fluorogram of 35S-methionine labeled poly-
peptides synthesized by freshly isolated polar .lobes.
Small numerals in this and subsequent figures. designate
polypeptides that change during development or as a

result of polar lobe removal or actinomycin D treatment.

Fig. 2B. Fluorogram of polypeptides made by isolated
polar lobes cultured in sea water for 24 hours prior to a
4 hour incubation in 35S-methion1ne.
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Polypeptides Made during Early Cleavage

Are Translated from Oogenic mRNAs

To establish which of the polypepti@es made during early‘cleavage
are the translation products of maternal mRNA, two-dimensional electro-
phexographs of 35S-methionine labeled polypeptides extracted from normal
and actinomycin D-treated embryos were compared.

Figure 1A shows a fluorogram of polypeptides synthesized by two to
four-cell embryos and separated by two-dimensional electrophoresis. Figure
1B illustrates the pattern of polypeptides synthesized by embryos reared
from the time of first polar body formation ‘in jolpg/hl actinomycin D.

In three replicate comparisons, no reproducible differences were detected
between the two groups of embryos in the relative rates of accumulation of
any of the three hundred polypeptides made at this stage of development.

These results demonstrate that the poiypeptides made during early
cleavage and resolved by two-dimenslonal electrophoresis are insensitive
to actinomycin D and are probaﬁly tranélated from oogenic mRNAs and that
the regulation of their translation 1s, at this stage, independent of new
transcription.

_ While actinomycin D does have side effects, as shown by the twenty-
six percent inhibition of 3Ss-met.hioni.ne incorporation in actinomycin D-
treated cleavage stage embryos (table 2), the finding that the relative
rates of accumulation of three hundred polypeptides-made at this stage are
unaltered by actinomycin D, demonstrates that the repression of protein
synthesis by'actinomycin D does not selectively alter the translation of
specific mANAs. Further, the concentration of actinomycin D used in
these experiments does not affect the uptake of 358-methionine (table 2)

or retard cleavage, although it does repress 3H-uridine incorporation
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Fig. 3A. Fluorogram of polypeptides made by noxrmal
four to twelve-cell stage embryos. Embryos were incubated
for 4 hours in 35S-methionine. L x 105 acid precipitable
CPM were applied to the first dimension gel and the second

dimension gel was exposed for 6 days.

Fig. 3B. Fluorogram of polypeptides made by four to
twelve-cell stage lobeless embryos. Radioactive labeling,
number of acid precipltable CPM and exposure time as in 3A.
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into acid precipitable material by 85% (table 1).

Normal and lobeless Embryos Translate

the Same Maternal Messenger RNAs

The polypeptides synthesized by normal and lobeless cleavage stage
embryos were compared to establish whether the determinative events of
this period in development'gre associated with the selective locallzation
and/or translation of maternal mRNAs in the polar lobe or the lobeless
blastomeres.

Figure 3A shows a fluorogram of 300 polypeptides synthesized by normal -
embryos between the four and twelve~cell stages and figure 3B, the corr-
esponding pattern obtained from lobeless embryos. In five replicate com-
rarisons, no reproducible qualitative or quantitative differences in poly=-
peptide synthesis were found between normal and lobeless embryos at thia
stage of development. ,

These data indicate that there is no selective localization of mRNAs
or of factors affecting translation during early cleavage, 1# either the
lobeless blastomeres or, by inclusion of the polar lobe cytoplasm, in the
normal embxryo. |
The Isolated Polar Lobe Iranslates the
Same mRNAs as the Lobeless Embryo

The definitive test of the hypothesis that mRNAs are selectively local-
ized during polar lobe formation uas_the comparison of the polypeptides made
by the isolated polar lobe with those made by the lobeless blastomeres
during cleavage.

Freshly isolated polar lobes wexe incubated 1&L358-methion1n§ for four
hours and the polypeptides extracted from this .cytoplasmic egg fragment ‘
are illustrated in the electropherograph in figure 2A. A comparison of
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polypeptides synthesized by normal cleavage stage embryos with those made
by isolated polar lobes revealed that the polar lobe synthesized all three
hundred species of polypeptides characteristic of this stage of development
énd, in three independent comparisons of polypeptides made by polaxr lobes'
and lobeless blastomeres, no polypeptides were found to be unique to either
group.

These findings demonstrate that there is no selective localization of
the mRNAs translated during early cleavage in the polar lobe or the lobe-
less blastomeres, In addition, because this egg, prior to polar lobe for-
mation, is arrested in melotic diakinesis, a stage at which the chromosomes
are highly condensed and are probably transcriptionally inactive (McCann~
Collier, 1979), the ability of the isolated, cytoplasmic polar lobe to
synthesize all of the polypeptides characteristic of intact cleavage stage
embryos, is further evidence that these polypeptides are translated from

oogenic mRNAs.

Mesentoblast Stage

In the normal embryo, the mesentoblast cell is formed from the D
macromere twenty-four hours after first cleavage, some th:ee'houis in
advance of the other members of the fourth quartet of micromeres. It is
determined, by the presence of the polar lobe cytoplasm, to give rise to
the mesoblast and enteroblast cells of the embryo. During this critical
24-hour period, the polar lobe cytoplasm also exerts an effect on micromeres
not in the D quadrant by induction. In addition, the fates of several.
miéromerea formed during éhia period are determined independently of the
polar lobe cytoplasm (Clement, 1976, 1967, 1962).

In the following series of experiments, I ask whether the determinative

events that occur between early cleavage and the mesentoblast stage are



correlated. with changes in polypeptide synthesis, in the source(s) of
"mRNA or in the mechanism(s) by which protein synthesis is regulated.

Extensive Changes in Polypeptide Synthesis
Occur between Cleavage and Mesentoblast Stages

The first step in the analysis of polypeptide synthesis in mesentoblast
stage embryos was to identify the pqupeptides which changed, either qual-
itatively or quantitativély, ‘betweeﬁ cleavage and mesentoblast stages.
| Figure 4A shows a fluorogram of 3 58-methion1ne labeled polypeptides
synthesized by normal mesentoblast stage eml:!ryos. Two independent com-
parisons of polypeptides synthesized by mesentoblast stage embxyo? and
early cleavage stage embryos (Fig. 3A), revealed both qualitative and quan-
titative stage-specific differences. All of the polypeptides that changed
reproducibly between cleavage and mesentoblast stages were numbered and the

differences were summarized in colum 1 of table 4.

| Twelve polypeptides (4%) were found to be unique to cleavage stage
embryos, disappearing in the 24=hour old normal embryo. Twenty-four poly-
peptides (8%) were unique to mesentoblast stage embryos, appearing for the
first time 24 hours after first cleavage.

A larger number of polypeptides showed changes in relative rates of
accumulation between cleavage and mesentoblast stages; twenty (6.7%) in-
creased in the 24~hour old emdbryo, while }eightean (6%) showed a decrease in
relative accumulation between cleavage and mesentoblast stages. A group
of twenty-four polypeptides that did not change between cleavage and mesen=-
toblast stages, but that were affected by actinomycin D treatment or polar
lobe removal are listed in line 2 of table 4.

The period of develdpment from early cleavage to mesentoblast cell

formation is marked by extensive changes in polypeptide synthesis; of
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Fig. 4A. Fluorogram of polypeptides made by normal
mesentoblast stage enbryos. Embryos were incubated for
4 hours with 3ss-me't.h:l.onine. 3 x 105 acid precipitable
CPM were applied to the first dimension gel and the second

dimension gel was exposed for 8 days.

Fig. 4B. Fluorogram of polypeptides made by lobeless
mesentoblast stage embryos. Radiocactive ladbeling, number
of acid precipitadle CPM and exposure time as in LA,
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Table 4

Polypeptide Synthesis by Cleavage and Mesentoblast Embryos

Normal Actinomycin D-Treated Embryos

Polypeptides Unique
to Cleavage

25 34 6062 63 64 absent in normal 84 89
65 66 83 84 8589 mesentoblast stage
722273036 9
— same 47 4950 967 79
86889298
1 722273036
Polypeptides Constant 434447495053 L —increase 44 81 82 90 9%
between Cleavage and 59 67 75798182
Mesentoblast Stages 86 88 90929698
L_decrease 15375
—same 33 384248 5255
56 7493
10121521 2428 ——increase 39
Polypeptides Unique 31323337 3839 ,
to Mesentoblast Stage 4142 485152 54 —decrease 12 21 2441 51 54
5556 74779397 7797
__absent 1015 28313237
—same 5 68141617
184061 72 73 7.
56 8 91113 2
14 16 1718 20 26
increase 354061697273 —increase 2635
76 80
L_decrease 91113 206980
Polypeptides which ‘
Change between
Cleavage and
Mesentoblast Stages —same 2 419 234546
57 58 70 78 87
2 34192329 .
decrease 45 46 57 58 68 70 ~—increase 296871919495
71788791 94 95
_decrease 3
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three hundred polypeptides resolved, twenty-five percent change qualitatively
or quantitatively within this critical 24-hour period.

Several Sources of mRNA and New Modes of

Regulation Are Used at the Mesentoblast Stage

The polypeptides made by normal mesentoblast stage embryos were com-
pared with those made by mesentoblast stage embryos rearei in actinomycin
D, to establish which of the polypeptideg synthesiged at this stage were
coded for by maternal or embryogenic mRNAs and to determine whether the
changes in polypeptide synthesis that occur between cleavage and mesentoblast
stages were regulated at the transcriptional or the translati‘onal level.

The effect of continuous incubation in 30 pg/ml actinomycin D from |
first cleavage on the pattern of polypeptide synthesis in mesentoblast stage
embryos is illustrated by the electropherogram in figure 5. At this stage,
continuous incubation in actinomycin D resulted in a 41.7% inhibition of
protein synthesis (table 2), therefore, fluorographic exposures were in=-
creased to compensate for the lower number of lacid precipitable counts applied
to the first dimension gels. The results of two replicate comparisons of

polypeptides extracted from control and actinomycin D-treated mesentoblast
stage embryos are summarized in column 2 of table 4, When polypeptides
synthesized by actinomycin D-treated embryos were compared with those syn-
thesized by controls, four classes of response to the inhibition of RNA
synthesis were observed: 83% of the polypeptides resolved did not change
as a result of actinomycin D treatment, 2% were absent, 6% showed a decrease
in relative accumulation and 5% increased in the presence of actinomyecin D,

The majoxrity of the polypeptides resolved at this stage were unaffected
by the application of actinomycin D; none of the unnumbered polypeptides

changed reproducibly as a result of transcriptional inhibition and
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Fig. 5. Fluorogram of polypeptides made by actinomy-
cin D-treated normal mesentoblast stage embryos. Embryos
were reared from first cleavage in 30 pg/ml actinomycin D,
incubated at the mesentoblast stage in 3 SS-methionine for
4 hours, l.4 x 105 acid precipitable CPM were applied to
the first dimension gel and the second dimension gel was

exposed for 16 days.
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forty-eight of the numbered polypeptides showed the same relative rates of
accumulation in actinomycin D-treated embryos as in controls. That the
inhibition of RNA synthesis from first cleavage failed to alter, eithef
qualititatively or quantitatively, the synthesis of these polypeptides,
suggests that they are translated from oogenic mRNAs. Of speéial signif-
icance were those polypeptides (33, 38, 42, 48, 52, 55, 56, 74 and 93)
that appeared for the first'time at the mesentoblast stage, whether or not
transcription was inhibited by actinomyecin D, suggesting th;t they are -
coded for by oogenic mRNAs, stored in inactive form during early cleavage
and activated, by a transcriptionally independént nechanism, at the nesen-
toblast stage.

Only six polypeptides, present in control mesentoblast stage embryos,
were absent from actinomycin D-treated mesntoblast stage embryos; these
polypeptideé would, in control embryos, have appeared for the first time at
the mesentoblast stage. Thelr absence in actinomycin D-treated embryos
suggests that tﬁey may be translated from embryogenic mRNAs.

Eighteen polypeptides showed a decreased rate of relative accumulation
in actinomycin D-treated embryos when compared with controls; most of the
decreases that occurred as a result of actinomycin D treatment affected those
polypeptides that were unique to mesentoblast stage embryos or that, in
controls, showed increased relative rates of accumulation between cleavage
and mesentoblast stages. Two altermative explanations of the decrease in
accumulation of these polypeptides in actinomycin D can be advanced: either
these polypeptides are translated from two sources of mRNA-~oogenic and |
em;ryogenic--or they are fxanslated from maternal mRNA but reqnirp‘txaqsf
criptionally dependent activation to achieve normal levels of accumulation.
Our experimental design does not allow us to distinguish between these

alternatives.
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An unexpected finding was that fourteen polypeptides showed increased
relative rates of accumulation in actinomycin D-treated embryos in com-
ﬁarison with controls and two polypeptides that normally disappeared be-
iween cleavage and mesentoblast stages were present in actinomycin D-treated
mesentoblast stage embryos. These two responses to actinomycin D appear
to be analogous and may be controlled by the same or similar mechanism(s).
That these polypeptides continue to be synthesized despite the inhibition
of RNA synthesis indicates that they are translated from oogenic mRNAs.

The increase observed in the relative rates of accumulation of these poly-
peptides when transceription is inhibited suggests that the translation of
the oogenic mRNAs coding for these polypeptides is normally represse& by a
transcriptionally dependent mechanism(s). On the basis of these data, the
existence of a group of repressor genes is postulated; the transcripts made
from these genes, directly or indirectly, repress the translation of mRNAs
and their action can be eliminated by actinomycin D (Tompkins, et al. 1972).

These data show that, between cleavage and mesentoblast stages, new ‘
sources of mRNA and new control mechanisms are useds transcription of
embryogenic mRNA is activated, oogenic mRNA is released, and the translation
of oogenic mRNA is regulated by new transcription. Nevertheless, the maj-
ority of changes that occur between cleavage and mesentoblast stages take
place normally in actinomycin D, indicating that the primary mechanism by
which the program of stage-specific changes in polypeptide syhthesis is
accomplished is the transcriptionally independent, translational regulation
of maternal mRNAs. The term, translational regulation, is used here in its
broadest sense to describe a varlety of mechanisms operating at the level
of the ribosome and mRNA to affect the stability of mRNAs and/or the rate
of initiation of polypeptide synthesis.

An analysis of polypeptide synthesis in isolated 24~hour old polar lobes,
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lobeless mesentoblast stage embryos and actinomycin D-treated lobeless em=
bryos was undertaken, to establish whether ooplasric scgregation resultis
in the localization of factors that affect the utllization of new sources
of nmRNA or the activation of new control mechanisns at the mesentoblast

stago.

Oogenic mRNA Translation is Remulated

in the Isolated 24-Hour Old Polar lobo

The polypeptidcs synthesized by freshly isolated and 2i-hour old polar
lobes were comparced, to determine whether tho mRNAs present in the lobe are
stable during this period aud to establish whether factors that regulato
the translation of mRNA are prescnt in this cytoplasnic egg fraginent.

Isolated polax lobes were placed in pasteurlzed seca vater for 24 hours,
incubated in 35S-mcthionine and the labeled proteins were extracted and
separated by two-dimonsional olectrophoreses. An oleclropherogram of poly-
peptides synthoesized by 24-hour old polar lobes is shown'in figure 2B, In
three replicate comparisons, it was found that the majority of tho poly-
peptides synthesizcd by. froshly isolated polaxr lobes (fig. 24) continued to
be zynthesized by polar lobes ihat had been allowed to siand in sca wator
for 24 hours prlor to incubation in 355~methioniuo. '

Table 3 sumrarizes the differcnces in polypeptldes synthesized by
freshly isolated and 2l-hour old polaxr lobes and relates these differences
to the normal pattorn of changes In polypeptide synihesis observed in in-
tact cnbryos between cleavage and nesentoblast slagos.

Four polypeptides (line A, table 3) wexe present in froschly isovlated
polar lobes, but disappeared in 2/4-hour old polax lobesy theens saneo poly-
peptides wers alto absent from noxrzl nmesenioblasi ntage enbryos, but not
from preparations of polypeptides synihesized by intact cleavage stago en-

bryos. Twenty-two polypepiides unique to normal nesentoblost stage em-

bryos viere absent from boih freshly isolated and 24-hour old polur lobes
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(1ine B). A decrease in the rate of accumulation of nine polypeptides occ-
urred in day-old polar lobes (lines C and D); five of these polypeptides showed
corresponding decreases in normal mesentoblast stage embryos (line C).

Three polypeptides (16, 17 and 26) were found to increase at 24 houis
in both normal embryos and polar lobes (line E). An increase in accumu=
lation of polypeptides 71 and 94 was observed in 24-hour old polar lobes
(1ine F), but not in intact embryos between cleavage and mesentoblast stages.
Polypeptides 33 and 56 were not present in freshly isolated polar lobes,
but, as in normal embryos, appeared for the first time in 24-hour old polar
lobes.

While some of the stage-specific changes in polypeptide synthesis that
were observed in intact embryos occurred in aging polar lobes (lines A, C,

"E, G), a large number of stage-specific changes falled to occur normally
(1ines B, H, I) and some of the differences detected between fresﬂiy iso-

. lated and 24~hour old polar lobes were not characteristic of-normal embryos
(1ines D, F). Several conclusions can be drawn from these observationst

(1) the cytoplasmic polar lobe contains at least three hundred species of
maternally transcribed mRNAs, many with half-lifes of at least 12 hours,

(2) the polar lobe cytoplasm is capable of regulathg the translation of some
of theseoogenic mRNAs and (3) the interaction of both animal and vegetal

halves of the egg is required for the normal regulation of some of the stage-
specific changes in polypeptide synthesis.

In_thé next sections, this last conclusion will be tested further by
an examinatlon of polypeptide synthesis in lobeless mesentoblast stage em-

bryos.

The First Differences in Polypeptide Synthesis in Normal

and Lobeless Embryos Occur at the Mesentoblast Stage

Figure 4B is a fluorogram of polypeptides synthesized by 24-hour old
39



Table 5

Polypeptide Synthesis by Lobeless Embryos

Normal Lobeless Lobeless Actinomycin D-Treated
Polypeptides Unique
to Cleavage Stage
25 34 60 62 6364 84 89 increase 84'89*
6566 83 84 8589
absen? in normal
mesentoblast stage
~—same 7 22 27 364347
495067 7981'82"
Polypeptides Constant increase 81 82 8688 92 98 30
between Cleavage and
Mesentoblast Stages ~—increase 449096
1 7 22273036 1 722273643
43 44 47 49 50 53 same 444749505359  |—decrease 1 5975
59 67 75 7981 82 6775 7986 88 90
86 88 909296 98 9296 98 30 —absent 53°
e $OMO 333842 485255
56 74 93
Polypeptides Unique 1012 152124 28
to Mesentoblast Stage 3132333738 39 —increase 39
101215212428 same 41 42 485152 54
313233373839 555674 779397 — decrease 1221 2441 77
4142 48 51 52 54
555674 77 93 97 |_absent 1015 28 31 32 37
51%54%97*
Polypeptides which
Change between Cleavage
and Mesentoblast Sfages 5 6 8 141840
5 6891113 ~—same 61727376
increase same 18 263540 61 &9
568911 72 7376 80 increase  16°17%26 35
14 161718 20 26 r :
3540619 72 73
76 80 decrease 141617 20 — decrease 911 13 206980
2 34192329 2 3*4 192345
—same 45 46 57 58 68 70 —same 46 575870 N
decrease 87 91 95 7887 94
2 34192329
45 46 57 58 68 70 L increase 71 94
717887 91 9495
|__decrease 78 .increase 29 689195
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embryos from which the polar lobe had been removed at first cleavage. The
results of two replicate comparisons of polypeptide synthesis in normal
and lobeless mesentoblast stage embryos are summarized in column 2 of
table 5. Of an average of three hundred pélypeptides resolved in these
experiments, fourteen polypeptides (4.7%) differed between normal and lobe-
less embryos at this stage of development.

Polypeptides 14, 16, 17 and 20 normally increased between cleavage
and mesentoblast stages, but in the lobeless embryo, the relative rates
of accumulation of these polypeptides did not change and therefore, the
relative accunulation of these polypeptides .in the lobeless embryo was
substantially less than in normal mesentoblast stage embryos. Polypeptide
78 also showed & decreased rate of accumulation in lobeless mesentoblast '
stage embryos in comparison with normal embryos of the same stage; this
polypeptide normally decreases between cleévage and mesentoblast stages and,
therefore, the relative rate of accumulation of this polypeptide in the
lobeless embryo is abnormal in degree but not in direction.

The relative rates of accumulation of polypeptides 81, 82, 71 and 94
increased in lobeless mesentoblast stage embryos in comparison with normal
embryos and two polypeptides, 84 and 89, that were unique to cleavage stage
embryos, failed to disappear in 24-hour old lobeless embryos. These poly=-
peptides were simllarly affected by the application of actinomycin D,
suggesting that removal of the polar lobe might result in the failure of
a transcriptionally dependent, translational repressor to be synthesized
or activated,

Additional clues to the nature of the lobeless embryo's defects were
found by an analysis of polypeptide synthesis in actinomycin D-treated

lobeless mesentoblast stage embryos.
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Fig. 6. Fluorogram of polypeptides made by actinomycin
D-treated lobeless mesentoblast sf:age embryos. Embryos
were reared in actinomycin D (30 pg/ml) from first cleavage
until the mesentoblast stage, incubated in 3SS-methf!.on:l.ne
for &4 hours, 2.1 x 105 acid precipitable CPM were é.pplied
to the first dimension gel and the second dimension gel
vas exposed for 12 days.
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Translational Regulation of Oogenic

mRNAs is Abnormal in Lobeless Embryos

To determine whethexr the defects in polypeptide synthesis seen in
lobeless embryos were transcriptionally dependent, polypeptides synthe-
sized by actinomycin D-treated lobeless mesentoblast stage embryos were
compared with those made by actinomycin D-treated normal and untreated

lobeless mesentoblast stage embryos.

A fluorogram of polypeptides synthesized by lobeless mesentoblast
stage embryos reared from first cledvage in'gctinom&cin D is shown in fig-
ure 6. In two independent experiments, polypeptides made by actinomycin
D-treated lobeless emﬁryos Were compared with those made by actinomyein
D-treated normal .embryos (Fig. 5). Only four polypeptides differed re-
producibly between the two groups. Polypeptides 53, 51, 54 and 97 were re-
¢ duced in actinomycin D-treated normal embryos, but were completely absent
in actinomycin D-treated lobeless embryos. The absence of these poly- -
peptides in lobeless embryos when they are only reduced in normal embryos
in the presence of actinomyein D, suggests that either (1) the oogenic
mRNAs that code for these polypeptides are localized in the polar lobe,
and thué. are absent from the lobeless embryo or (2) the lobeless embryo
lacks factors needed to activate the translation of stored oogenic mRNAs.
That the levels of accumulation of these polypeptides in untreated lobe-
less embryos was the same as that of untreated normal embryos, despite the
reduction of polysomal oogenic mRNA in the lobeless embryo, suggests that,
in the absence of actinomycin D, transcription of the genes for these poly-
peptides proceeds at normal, or above normal, rates in the lobeless embryo.

Two replicate comparisons of polypeptide synthesis in lobeless actino-
mycin D-treated embryos with that of control lobeless mesentoblast stage

embryos, revealed several differences in the response of normal and lobeless
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embryos to inhibition of RNA synthesis. The effect of actinomycin D on
the relative accumulation of specific polypeptides in lobeless embryos is
summarized in column 3 of table 5. All polypeptides that are affected by
actinomycin D treatment differenfly in lobeless than in normal embryos are
indicated on this table with an asterisk.
When the relative rates of accumulation of polypeptides 81, 82, 71

and 94 were compared in actinomycin D-treafed an¢ untreated lobeless embryos,
no differences were detected. A similar pattern was observed for poly~-
peptides 84 and 89 that were absent from normal mesentoblast stage embryos
but present in normal and lobeless actinomycin D-treated embryos and in
lobeless mesentoblast stage embryos. Thus, in comparison with normal mesen=
toblast stage embryos, three experimental classes (normal actinomycin D-
treated, lobeless actinomycin D-treated and lobeless control embryos) showed
the same increase in the relative accumulation of these polypeptides.

-~ . One interpretation of these observations is illustrated in panel 3B
of figure 9. The increase in accumulation of these polyﬁeptides in actino-
mycin D-treated normal embryos indicates that the translation of the mRNAs
coding for these polypeptides is normally repressed by a transcriptionglly
dependent mechanism; therefore we postulate the existence of a gene(s)
vwhose transcripts act, directly or indirectly, as translational repressors
of specific mRNAs. That these polypeptides also increase in lobeless em-~
bryos suggests that these embryos fail to activate tranécription of the
putative repressor gene and leads us to postulate that the transcription of
this gene(s) requires the presence of an inducer that is localized in the
polar lobe and thus, absent from the lobeless embryo. In the absence of
the polar lobe-localized inducer, transcription of the repressor gene is
never initiated and, therefore, treatment of lobeless embryos with actino-

mycin D has no further effect on the accumulation of these polypeptides.
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An alternative explanation, which we cannot rule out, is that the trans-
cription of the repressor gene is constitutive, but that the presence of
a factor localized in the polar lobe is required to activate the product
of the repressor gene.

Polypeptides 14 and 78 were decreased in lobeless control embryos in
comparison with normal embryos, but not in comparison with lobeless actino-‘
mycin D-treated embryos. The synthesis of these:polypeptides in normal
embryos is also unaffected by actinomycin D and, thecefore, it would seem
that in both normal and lobeless embryos,~these polypeptides are trans-
lated from oogenic mRNAs and their synthesis is regulated by a transcrip-
tionally independent control mechanism. In.the lobeless embryo, however,
thé decrease in the accumulation of these polypeptides suggests that the
oogenic mRNAs coding for these polypeptides are translated less efficlently
or are decreased in concentration at the mesentoblast stage.

Polypeptide 20 showed a decreased relative rate of acéumulatioh‘in'
lobeless embryos in comparison with normal control embryos. A further de-
crease resulted, in lobeless embryos, from transcriptional inhibition, in- A
dicating that the syntheslis of this polypeptide is partially dependent on
new transcription. The level of accumulation of polypeptide 20 was the same
in actinomycin D-treated normal and lobeless embryos, suggesting that the
translation of oogenic mRNA coding for polypeptide 20 proceeds normally in
both classes of embryps. The difference in the level of accumulation of
this polypeptide in lobeless and normal control embryos may therefore be
attributed to a partial reduction, in the lobeless embryo, of transcription
of either embryogenic mRNA coding for polypeptide 20 or a factor that en-
hances the translation of oogenic mRNA coding for polypeptide 20,

Polypeptides 16 and 17 showed increases in relative rates of accumulation
in lobeless actinomycin D-treated embryos when compared with untreated
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lobeless embryos. In the normal embryo, the mesentbblast stage-specific
increase in these two polypeptides is unaffected by actinomycin D treat-
ment, indicating that they are translated from oogenic mRNAs and that their
translation is regulated by transcriptionally independent mechanism(s). |
It is significant that these polypeptides also increase in the isolated
24-=hour old polar lobe, suggesting that the factors that regulate this
stage-specific increase may be localized in the polar lobe. In the lobe-
less embryo, the mesentoblast stage-specific increase in these polypeptides
fails to occur and, in addition, the increased accumulation in actinomyein
D-treated lobeless embryos suggests that the translation of the oogenic
mRNAs coding for these polypeptides is repressed by a transcriptionally de-
pendent mechanism that does not operate in the normal embryo.

The lobeless mesentoblast stage embryo thus, fails to (1) correctly
regulate the activation of oogenic mRNAs (jolypeptides 53, 54, 51, 97, 16,
17, 14 and ?8), (2) synthesize or activate transcriptionally dependent
translational repressors (polypeptides 81, 82, 71, 94, 84, 89) and supple-
ment or activate oogenic mRNA by new transcription (polypeptide 20).

With this one exception, all of the polypeptides whose synthes;s is abnormal
in the mesentoblast stage lobeless embryo are translated from oogenic mRNAs
and the primary effect of the polar lobe on new transcription appears to

be on the transcription of regulatory genes whose products control the
translation of specific maternal mRNAs.

Castrula Stage

After the formation of the mesentoblast cell, the next major event in
the development of the mud snall embryo is gastrulation, which occurs by

epiboly and is judged complete, by closure of the blastopore, at 54 hours
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post-fertilization at 19°C (Collier, 1976). We have compared the poly-
peptides synthesized by normal mesentoblast stage embryos with those made
by gastrula stage embryos to determine whether changes in polypeptide syn-
thesis are associated with this period of morphogenetic movements and segfe-
gation of the mesoblast and enteroblast lineages. Because this embryo,

vhen reared from early cleavage in actinomycin D, arrests at gastruldion
(Feigenbaum and Goldberg, 1965; Collier, 1966; Newrock and Raff, 1975), we
have analyzed polypeptide synthesls in actinomycin D-treated gastrulae to
determine whether there is an increase in the number of polypeptides that
are translated from embryogenic mRNAs or that are regulated by transcrip-

tionally dependent mechanisms,

Fewer Changes in Polypeptide Synthesis
Occur at the Gastrula Stage

The polypeptides synthesized by normal gastrula stage embryos are
11lustratedby the fluorgram in figure 7A and the results of two replicate
comparisons of polypeptides synthesized by normal mesentoblast stage em=
bryos (Fig. 4A) with those synthesized by gastrula stage embryos are summ=
arized in column 2 of table 6.

No new polypeptides were made by gastrula stage embryos. In contrast,
twenty-four new polypeptides (8%) appeared at the mesentoblast stage.

None of the polypeptides that were unique to cleavage stage embryos re-
appeared at the gastrula stage. Eight polypeptides disappeared between
the mesentoblast and gastrula stages-a number not substantially different
from the twelve polypeptides that disappeared between cleavage and mesento-
blast stages. Two of the polypeptides that disappeared at the gastrula
stage, 38 and 39 were among those that first appeared at the mesentoblast

stage and thus were synthesigzed only at thls period in early development.

48



Fig. ‘7A. Fluorogram of polypeptides made by normal
gastrula stage embryos. Embryos were incubated for 4 hours
in 2S-methionine, 5.9 x 10° acid precipitable CPM were
applied to the first dimension gel and second dimension

gel was exposed for 4 days.

Flge 7B. TFluorogram of polypeptides made by lobeless
gastrula stage embryos. Embryos were incubated in 358-'meth-
ionine for & hours, 4.9 x 10° acid precipitable CPM were
applied to the first dimension gel and the second dimension

gel vwas exposed for 5 days.



-
4
L
L.
"

&

3
i

.

e-0l X MW



Twelve polypeptides (4%) showed increased relative rates of accumu-
lation at the gastrula stage--nearly twice as many polypeptides (20) in-
creased between cleavage and the mesentoblast stage. Twenty-nine poly-
peptides (9.7%) decreased in relative accumulationbetween the mesentoblast

.and gastrula stages; this was the only type of stage-specific change that
was more prominent at gastrulation.

The transition from the mesentoblast to the gastrula stage involves
changcz in a total of forty-nine polypeptides (16%) as compared to changes
in seventy-four polypeptides (25%) in the transition from cleavage to the
mesentoblast stage. Thus, the development of the Ilyanassa egg from early
cleavage to gastrulation invqlves a total of forty-four (15%) qualitativo
changes and seventy-nine (26%) rate changes in polypeptide synthesis; none
of these changes occur prior to the sixteen cell stage but significant
changes occur as early as the twenty-five cell stage. The changes in poly~
peptide synthesis that are associated with gastrulation in the echinoderm
embryo (Brandhorst, 1976) also occur in this spiralian embryo, dbut alter-.
ations in.the pattern of polypeptide synthesis begin earlier in the Ilyanassa
embryo and are correlated with the determinative events ihat occur at the

mesentoblast stage.

Early embryogenesis depends on a store of oogenic mRNAs but at some
point in development the embryo replaces and augments these with newly syn-
thesized embryogenic mRNAs. The observation that, in most hybrid embryos,
the expression of patermal characteristics begins at gastrulation (for ex=-
ample, Johnson, 1971; Barrett and Angelo, 1964) and that most chemically
enucleated eggs arrest at or during gastrulation (Gross and Cousineau, 1964;
Brachet and Denis, 1963; Morrill et al., 1976) has led to the generalization

that the switch in the source of transcripts used for protein synthesis
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Table 6
POLYPEPTIDE SYNTHESIS BY NORMAL AND ACTINOMYCIN D-TREATED
GASTRULA STAGE EMBRYOS

LEAVAGE AND_MESENTOBLAST NorMAL GASTRULA StacE Actinomvcin D-TREATED GASTRULA
somepnns SYNTHESIS COMPARED wWiTH ﬁgg:slé SENTOBLAST COMPARED W1TH HORMAL %Amuu
Pot ps:;wgs U:éous
ORMAL GAS s CTINOMYCIN D-TREATED GASTRULA
}g §E 38 ES 64 ABSENT IN N ASTRULA ABSENT IN ACTIN D-TREAT  {

65 66 83 84 85 89
ABSENT IN NORMAL

MESENTOBLAST STAGE SAME 7 82 m 98 )
=SAME 7 U9 59 67 75 82 90 98 EINCREASE 67

Fg#EEEZ’éEERVESE‘IﬁB" DECREASE 49 59 75
1iseu}onbssr ;ngﬁs e | s e 1 53

43 44 47 49 50 53

59 67 75 79 81 & SAME 22 27 S0 79 8 88
8 88 90 92 % 98 DECREASE 22 27 30 36 50 79 81 86 88 [mcmssso % 81

LABSENT 43 44 47 96 92 PRESENT 47 43 44 96 92

| SNME 28 S6 74 93

= SANE 12 15 28 31 32 55 S6 74 77 Enscmssn 55 77
oggﬁg;;ggs g';;ggi ;: 9 ABSENT 15 31 32
31 32 33 37 38 39 A
- INCREASE 10 21 24 41 51 54 97 DECREASE 10 21 24 41 S1 S4 97
55 56 74 77 93 97

~DECREASE 33 37 42 48 52 SME 33 37 42 48 52
POLYPEPTIDES WH cn L ABSENT 38 39 PRESENT 38 39
CHANGE BETWEEN VAGE
AND ESENTOBLAST TAGES

5 6 8 18 61 72 73 76
SAME 5 6 8 9 13 18 6l .
INCREASE DECREASE 9 13 80
5 6 8 9 11 13 72757 &
4 16 17 18 20 26 INCREASE 11 20 69 DECREASE 11 20 69
;g gg 61 69 72 73 DECREASE 14 16 17 26 35 40 INCREASE 14 16 17 26 35 40
DECREASE - SAME 2 41957 70N &
RS 19 25 29 SAME 2 3 4195 707 & DOREASE 3
4 4 57 S8 68 70
71 78 87 91 94 95 SAME 23 46 58 94 45
: =DECREASE 23 45 46 58 68 78 91 94 95 INCREASE 68 78 91 95

LABSENT 29 PRESENT 29
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Fig. BA. Flueorogram of polypeptides made by actinomycin -
D-treated normal gastrula stage em.tmyos. Emb:;:yos were reared
from f£irst cleavage in 30 pg/ml actinomycin D, incubated
at the gastrula stage in 358-methion1ne for 4 hours,.0,?

x 107 acid precipitable CPM were applied to the fixst din-
ension gel and the second dimeﬁsion gel vas exposed fozj 34
days.

Fig. 88, Fluorpgram of polypeptides made by actinomycin
D-treated lobeless gastrula stage embryos. Embryo culture,
radicactive labeling, number of acid precipitable CFM and
exposure time were as described in Fig. 8A.
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Fig. 9. Models illustrating mechanisms that may
mediate some of the changes in polypeptide synthesis

between cleavage and mesentoblast stages.
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occurs just prior to or during gastrulation. We have tested this assump-
tion by a comparison;of polypeptide synthesis in normal gastrulae and gas-

trula stage embryos reared from first cleavage in actinomycin D.

Oogenic mRNA Remains a Primary Source of

Transcripts for Gastrula Polypeptide Synthesis

A fluorogram of polypeptides synthesized by gastrula stage embryos
reared from first cleavage in actinomycin D is illustrated in figure 8A,
and the results of two replicate comparisons of control and actinomycin D-
treated gastrula stage polypeptides are shown in table 6. At this stage,
continuous incubation in actinomycin D resulted in a decrease in incorpor-
ation of 35S-methionine into acid precipitable material of 93.1% and there-
fore, fluorographic exposures were increased to compensate for the iowered
number of acid precipitable counts per minute applied to the first dimension
gel.

Of the polypeptides that changed during early development, thirty-nine
showed the same relative rates of accumulation in both actinomycin D-treated
and control gastrula stage embryos. Thirty-five of these were also actino-
mycin D-insensitive at the mesentoblast stage. Four polypeptides that in-
creased at the mesentoblast stage in actinomycin D (71, 82, 90 aﬂd ol)
showed the same level of accumulation in both control and actinomycin D-treated
gastrulae. All of these thirty-nine polypeptides, as well as the unnumbered
polypeptides, that continue to be synthesized at normal relative rates in
actinomycin D are probably translated from ocogenic mRNAs that persist for
at least 48 hours after fgrtilization and that are regulated by transcrip-
tionally independent mechanism(s).

Twenty-two polypeptides (7.3%) made at the gastrula stage decreased

in actinomycin D-treated embryos relative to controls. As discussed above,
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a decrease in relative rate of accumulation in actinomycin D indicates
that these polypeptides are partially dependent on new transcription to
either supplement pre-existing pools of ocogenic mRNAs or to activate, by
transcriptionally dependent mechanism(s), the translation of oogenic mRNAs.
Only three of the polypeptides that decrease in actinomycin D-treated .
gastrulae (49, 55 and 59) failed to show a similar decrease in actinomycin
D-treated mesentoblast stage embryos. In addition, only three polypep-
tides (51, 31 and 32) made at the gastrula stage were absent from actino-
mycin D-treated gastrulae. These same polypeptides were also absent from
actinomycin D-treated mesentoblast stage embryos. Their absence in actino-
mycin D-treated embryos indicates that they are entirely depehdent on new
transcription and are probably translated from embryogenic mRNAs.

While these data suggest that there is no large increase in the number
of polypeptides translated from embryogenic'mRNAs at gastrulation, the
substantial decrease in 358-methion1ne incorporation that result from
actinomycin D treatment at this stage could reflect a uniform supplementation
of all of the mANAs translated at this stage. Thus, the most important
finding is, not that supplementation of oogenic mRNAs'by embryogenic mRNAs
is not predominant at gastrulation, but rather, that oogenic mRNAs persist,
in actively translated form, at least through the early stages.of gastru-
lation and that the "swiltch" to embryogenic mRNA, if it occurs at this stage,
nmust be largely non-specific.

Three polypeptides (10, 28 and 37) that were absent in actinomycin D~
treated mesentoblast stage embryos, reappeared in actinomwéin D-treated gas-
trula stage embryos. This suggests that there exists a group of oogenic
messages that are stored in translationally inactive form and are activated

for the first time, not at fertilization or at the mesentoblast stage, but

at gastrulation,
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An increase in the relative rate of accumulation of fourteen poly-
peptides (4.7%) was observed in actinomycin D-treated gastrula stage em-
bryos as compared with control embryos. In addition, every one of the eight
polypeptides (2.7%) that normally disappeared between the mesentoblast and
gastrula stages, was present in actinomycin D-treated gastrula stage enm-
bryos. These observations indlcate that the translation of the oogenic
mRNAs coding for these polypeptides 1s normally repressed by a trapscrip-
tionally dependent mechanism and suggests that regulatory gene(s) exist
vhose transcripts, directly or indirectly, act as translational repressors,
thus controlling the gastrula stage-specific decrease or disappearance of

twenty~-two polypeptides (7.4%).

The Mode of Regulation Used at the Gastrula

Stage is Established at the Mesentoblast Stage

In an attempt to detect coupling of regulatory mechanisms between the .
rnesentoblast and g?étrula stage, the relative rates of accumulation of all
numbered polypeptides in control and actlnomycin D-treated mesentoblast and
gastrula stage embryos were plotted diagramatically, as shown in figure 10.
The level of accumulation of each polypeptide (determined from the density
of spots on the fluorogram) at the mesentoblast stage was used as a base-
line. While there are twenty-four possible permutations of actinomycin D
and stage-specific changes in relative rates of accumulation, it was found
that all of the numbered polypeptides exhibited a total of only eight p&t—
terns.

In figure 10, the eight observed patterns are given a numerical des-
ignation in column 1. Column 2 compares the relative rates of accumulation
of the polypeptidesAlisted in column 3 in control mesentoblast, actinomycin
D-treated mesentoblast, gastrula and actinomycin D-treated gastrula stage

embryos.
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Fig. 10. Patterns of polypeptide synthesis in mesen-
toblast and gastrula stage embryos. Eight patterns of poly-
peptide synthesis observed in normal embryos are shown with
a numerical designation for each in column 1. Column 2 conm-
pares dlagramatically the relative rates of accumulation
of the polypeptides listed in column 3 in control mesento-
.blast. actinomycin D-tfeated mesentoﬁlast. gastrula and ac=
tinomycin D-treated gastrula stage embryos. The polypeptides
that are absent in actinomycin D are designated in column
3 by the superscript "1" and, in column 2, by an "x"., In
column 2, increases or decreases in accumulation are sym=
bolized by the position of each square-~if one square is
higher than another, an increase is indicated, if lower, a
relative decrease is indicated. The effect of actinomycin
D on polypeptide synthesis at the mesentoblast and gastrula
stages is summarized in column 4.
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The polypeptides that are absent in actinomycin D are designated in column
3 by the superscript "1" and, in column 2, by an "x". The effect of
actinomycin D on polypeptide synthesis at the mesentoblast and gastrula
stages is summarized in column 4. |

Two types Qf actinomycin D-insensitive polypeptide synthesis are il-
lustrated by patterns 1 and 2. In pattern 1, no change in the relative
rates of accumulation of twenty polypeptides (6.7%) was observed between
the mesentoblast and gastrula stages and actinomycin D had no effect at
either stage. Pattern 2 showed a similar transcriptional independence,
but, unlike pattern 1, was assoclated with an actinomycin D-insensitive
decrease in relative accumulation between the mesentoblast and gastrula
stages; thirteen polypeptides (4.3%) exhibited this mode of regulation.

A total of thirty-two'(lo.?%) of the numbered polypeptides are thus trans-
lated from oogenic mRNA and regulated by tfanscriptionally independent mech-
anisms at both the mesentoblast and gastrula stages.

Three groups of polypeptides (Patterns 6, 7 and 3) showed at one or
both stages, increased relative rates of accumulation in the presence of
actinomycin D. In pattern 6, which was characteristic of thirteen poly-
peptides (4.3%), the transcriptionally dependent repression of polypeptide
syntheslis affected only gastrula stage embryos; synthesis at the mesento-
blast stage was actinomycin D-insensitive. This pattern was invariably
assoclated with a stage-specific decrease or disappearance of polypeptides
between the mesentoblast ahd gastrula stages that falled to occur in the
presence of actinomycin D. Acfinomycin D caused an increase in the relative
rates of accumulation of six polypeptides at the mesentoblast stage, but
not at the gastrula stage (pattern 7). No stage-specific change in relative
accumulation was seen in the polypeptides that exhibited this pattern. As

indicated by an increase in relative accumulation of a polypeptide in the
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presence of actinomycin D, transcriptionally dependent repression of

oogenic mRNA translation occurs at both the mesentoblast and gastrula stages.
in pattern 3. All of the nine polypeptides that exhibited this pattern of
actinomycin D sensitivity showed a decrease in relative accumulation be-
tween mesentoblast and gastrula stages. Only part of this stage-specific
decrease was actinomycin D sensitlive; the remainder resulted from a trans-

criptionally independent translational repression. Throughout the mesen-

toblast and gastrula stages, the synthesis of 26 polypeptides (8.6%) was
controlled by one of these three modes of regulation.

Actinomycin D treatment resulted in a decrease in the relative rates
of accumulation (or disappearance), at one or both stages, of twenty-seven
polypeptides (9%). As discussed above, a decrease in the accumulation of
a polypeptide in the presence of actinomycin D indicates that either the
polypeptide is translated from both embryogenic and oogenic mRNA or that
transcription is required for the translational activation of oogenic mRNA.
The interpretation of absences occurring as a result of transcriptional in-
hibition is similarly ambiguous. Nevertheless, a significant percentage of
the total number of polypeptides made at the mesentoblast and gastrula
stages depend wholly or partlally on transcription during embryogenesis to
achieve normal levels of accumulation.

A decrease in relative accumulation resulting from actinomycin D
treatment and affecting only gastrula stage embryos was observed for only
five polypeptides (pattern 8). More commonly, actinomycin D treatment re-
sulted in a decrease in relative accumulation (or absegce) at both the
mesentoblast and gastrula stages. Pattern 5 was characteristic of nine
polypeptides; these polypeptides did not show a change in relati;e accumu-
lation betvween stages, but did show a decrease of the same magnitude at
both stages in the presence of actinomycin D.
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Pattern 4 was characteristic of thirteen polypeptides. These polypeptides

ity 3.

showed a decreased relative accumulation in aétinoﬁycin D at

both stages and all of these polypeptides also showed an increased
relative accumulation between the mesentoblast and gastrula stages. This
increase occurred whether or not transcription was inhibited with actino-
mycin D, however, the final levels of accumulation of these polypeptides .
reached at the gastrula stage and at the mesentoblast stage were significant-
ly lower in the presence of actinomycin D. This finding suggests that,

vwhile transcription is required tp obtain normal levels of accumulation of
these polypeptides at both the mesentoblast and gastrula stages, the stage-
specific increase is regulated by a transcriptionally independent mechanism(s).
Thus, in patterns 3 and 4, a transcriptionally independent mechanism that
regulates a stage-specific change is coupled with a transcriptionally depen-
dent mechanism that controls the relative rate of accumulation at both
stages.

Sixty-two of the polypeptides surveyed showed a uniform response to .
actinomycin D at both the mesentoblast and gastrula stages, which suggests
that a mechanism exists to determine that the same source of mRNA and mode
of regulation are used at both stages. .

A similar higher-level control may operate to switch, between the
mesentoblast and gastrula stages, the source of mRNA or regulatory mechanisms
controlling the synthesis of the twenty-two polypeptides that exhibit
patterns 6, 7 and 8. Why, for example, a particular oogenic mRNA should be
under the control of transcriptionally dependent repressors at one stage,
but not at another (pattexrns 6 and 7), is an intriguing question whose
answer may have developmental significance. -Similar shifts in the form,
translatability and half-life of myosin mRNA have been reported to accom-

pany myoblast fusion and differentiation (Whalen et al., 1976) and such
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translational-level switches may emerge as a common feature of differ-

entiating cells.-

Removing the Polar Lobe Affects Both Oogenic

and Embryogenic mRNA at _the Gastrula Stage

Conklin (1897) has described the lineage of the mesentoblast or 4d

cell in Crepidula fornicata, whose development is very similar to that

of Ilyanassa (Clement, 1952). Shortly after its formation from the 3D
macromere, the 4d cell divides into right and left halves (ME1 and MEZ).
Six subsequent divisions bring about the complete segregatioh of the me-
soblast and entoblast lines and, by the time the embryo consists of 88
cells (an early gastrula stége), eight progeny of the original mesentoblast
cell have formed. These cells are absent from the lobeless embryo and
defects in polypeptide syntheslis in lobeless gastrulae may be correlated

with this developmental abnormality.

Fluorograms of the polypeptides synthesized by lobeless gastrulae
and actinomycin D-treated lobeless gastrula stage embryos are shown in
figures 78 and 8B, respectively. The results of two replicate comparisons
of normal and lobeless gastrulae are shown in column 3, table ? and the
results of two comparisons of untreated lobeless gastrula stage embryos
with lobeless embryos raised in actinomycin D are summarized in column 4
of table 7. The defects in polypeptide synthesis seen in the lobeless
embryo at both the mesentoblast and gastrula stages are described diagram-
atically in figure 11. Eight polypeptides that displayed abnormal rates of
accumulation in lobeless mesentoblast stage embryos appeared to "recover"
in gastrula stage lobeless embryos, seven polypeptides showed-abnérmal
patterns of accumulation as a result of polar lobe removal at both the
mesentoblast and gastrula stages and seven polypeptides exhibited abnormal
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Fig. 11. Sﬁmmary of defects in polypeptide synthesis
in lobeless mesentoblast and gastrula stage embryos. Each
pattern of polypeptide synthesis in lobeless embryos is
designated by a number, which refers to the normal pattern
of polypeptide synthesis (see Fig. 10) and a letter, which
refers to the specific defect seen in the lobeless embryo.
The polypeptides that exhibit each pattern are listed in
column 3 and the relative accumulations of these polypep-
tides under 8 different conditions are 111ustr;ted diagram-
atically in column 2. A brief summary of possible inter-
pretations of these patterns of polypeptide synthesis is

~ provided in column 4.
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patterns of synthesis in gastrula stage lobeless embryos, but not at the

mesentoblast stage.

Eight polypeptides (81, 51, 53, 54, 97, 84, 89, 94) that showed ab-
berrant relative accumulation rates in lobeless mesentoblast stage embryos
and/or in actinomycin D-treated lobeless mesentoblast stage embryos ap-
peared to be regulated normally at the gastrula stage. Polypeptides 81,
84, 89, and 94 showed increased relative rates of accumulation at the me-
sentoblast stage in normal and lobeless actinomycin D-treated émbryos and
in untreated lobeless embryos. As discussed above, this pattern suggests
that the lobeless embryo falls to synthesize or activate transcriptionally
dependent translational repressor(s) and, because these four polypeptides
show, at the gastrula stage, no abnormal patterns of synthesis, this polar
lobe dependent regulatory mechanism would appear to operate only at the
time when the mesentoblast cell is formed. Polypeptides 51, 53, 54 and
97 were, at the mesentoblast stage, absent in actinomycin D-treated lobe-
less embryos, but were only reduced in actinomycin D~treated normal embryos.
At the gastrula stage, these polypeptides undergo a stage-specific increase
in both normal and lobeless embryos and, in both classes, are reduced but
not absent in actinomycin D. That both normal and lobeless embryos are
capable of synthesizing these polypeptides at the gastrula stage despite
the inhibition of RNA synthesis from first cleavage indicates that they
both contain stable oogenic mRNAs coding for these polypeptides; however,

' the absence of these polypeptides in lobeless actinomycin D-treated mesen-
toblast stage embryos suggests that at this stage the oogenic mRNAs coding
for these polypeptides are translationally inactive. Two alternative (and
presently indistinguishable) explanations of these observations ares
(1) two classes of oogenic mRNAs coding for these polypeptides exist,

both stored in translationally inactive form. One class, destined to be



activated at the mesentoblast stage, is localized in the polar lobe, the
other class, activated at the gastrula stage, is localized in the lobeless
blastomeres, or (2) the lobeless blastomeres contain factors which activate
stored oogenic mRNA at the gastrula stage, but those factors that activate

stored oogenic mRNA at the mesentoblast stage are localized in the polar

lobe and are, therefore, absent from the lobeless embryo. There is no
reason to exclude elther of these hypotheses and, indeed, both may be
correct.

Seven polypeptides (20, 14, 78, 16, 17, 71 and 82) are affected by
polar lobe removal at both the mesentoblast and gastrula stages. At the
mesentoblast stage, polypeptide 20 showed a decreased relative accumulation
in lobeless control embryos in comparison to normal embryos, but showed
the same level of relative accumulation in the lobeless embryo in the
presence of actinomycin D as did the normallembryo, suggesting that, at
the mesentoblast stage, the lobeless embryo fails to supplement or activate
oogenic mRNA by new transcription. At the gastrula stage, the relative
rate of accumulation of polypeptlde 20 is reduced in comparison to the
normal embryo in both actinomycin D-treated and untreated lobeless embryos.
That the levels of accumulation of polypeptide 20 are reduced in lobeless
actinomycin D-treated gastrulae when compared to normal actinomycin D-treated
gastrulae, suggests that the transcriptionally independent activation of
oogenic mRNA, which normally mediates the stage-specific increase of poly-
peptide 20 at gastrulatiqn. falls to occur in the lobeless embryo. In
addition, the level of accumulation of this polypeptide in control lobe=-
less embryos is the same as in actinomycin D-treated lobeless embryos,
which represents a substantial reduction in comparison to the level of
accumulation in control normal embryos. This suggests that, at the gastrula

stage, as well as at the mesentoblast stage, the lobeless embryo fails to
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either (1) activate some oogenic mRNA by a transcriptionally dependent
mechanism, (2) .+ : transcribe supplementary embryogenic mRNA coding
for polypeptide 20, or (3) . . - - translate newly transcribed mRNA coding
for polypeptide 20.

At boih the mesentoblast and gastrula stages, polypeptides 14 and 78
were decreased in comparison with normal embryos, but not in comparison
with lobeless actinomycin D-treated embryos. At both stages, and in both
normal and lobeless embryos, the syntheslis of these polypeptides is un-
affected by actinomycin D and therefore, it is likely that these polypep-
tides are translated from oogeﬁic mRNAs and .regulated by transcriptionally
independent mechanism(s). The decrease in accumulation of these polypep-
tides in the lobeless embryo at both stages, suggests that the oogenic mRNAs
coding for these polypeptides are translated less efficliently or are de-
creased in concentration. The primary difference in the synthesis of these
polypeptides in the lobeless embryo at the mesentoblast and at the gas-
trula stage is that the defect is much more severe at the gastrula stage.

Similarly, for polypeptides 16 and 17, the type of defect shown by
the lobeless embryo is the same at both the mesentoblast and the gastrula
stage, but the magnitude of the defect is much greater at the gastrula
stage. At both stages, polypeptides 16 and 17 showed increased relative
rates of accumulation in the lobeless embryo in the presence of actinomycin
D, indicating that they are translated from oogenic mRNAs and that the
translation of these mRNAs is repressed by a transcriptionally dependent
mechanism. In the normal mesentoblast stage embryo, the synthesis of
these polypeptides is independent of transcription.: and it is not until
the gastrula stage that the normal embryo utilizes new transcription to
repress the translation of the oogenic mRNAs coding for these polypeptides

and the normal embryo uses only this mechanism to control the stage-specific
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decrease in these polypeptides at the gastrula stage. In contrast, the
decrease 1n the relative accumulation of these polypeptides between the
mesentoblast and gastrula stages in the lobeless embryo, occurs in both
actinomycin D-treated and in untreated embryos, indicating that, while the
final levels of accumulation of polypeptides 16 and 17 are controlled by
transcription, the decrease between stages in the lobeless embryo is due

to a transcriptionally independent translational repression. This pattern

of regulation, which uses both transcriptionally dependent repressor at
both stages coupled to a transcriptionally independent repressor that
operates between stages, is not an abnormal one; nine polypeptides in the
normal embryo exhibit this mode of regulation (pattern 3, figure 10). But
the incorrect use of this mode of regulation to control the translation
of the mRNAs coding for polypeptides 16 and 17 results in an abnormal
decrease in accumulation in the lobeless embryo.

Polypeptides 71 and 82, like polypeptides 81, 84, 89, and 9%, showed,
at the mesentoblast stage, the same increase in relative‘accumulation in
three experimental classes (normal and lobeless actinomycin D and lobeless
control embryos) in comparison with normal mesentoblast stage embryos. As
discussed above, these observatlons suggest that a factor, localized in
the polar lobe, induces the synthesis of, or activates, at the mesentoblast
stage, a transcriptionally dependent translational repressor(s). While
polypeptides 81, 84, 89 and 94 are subsequently regulated in an apparently
normal fashion, polypeptides 71 and 82, show, at the gastrula stage, a new
"type of defect in the lobeless embryo. As can be seen in figure 11, the
relative rates of accumulation of these.two polypeptides in the normal
gastrula, are unaffected by actinomycin D; in the lobeless embryo, in
contrast, the application of actinomycin D results in an increase in the

relative accumulation of these polypeptides. This increase suggests that
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the translation of the maternal nRNAs coding for these two polypeptides

- 18 repressed in the lobeless gastrula but not in the norral gastrula

by a transcriptionally dependent mechanism. This case and that of poly-
peptides 16 and 17 suggest that factor(s) in the polar lobe may bdblock,

for a specific sel of ritiAs, the synthesis or aptivity of a iranseriptionally
dependent translational repressor(s).

It is likely that the diffcrenccs in polypeptide synthesis In normal
and lobeless mesentoblast stage enbryos are prinary defeets that result
directly from the xremoval of the polar lobe cytoplasm and, with it, the re-
noval of factors controlling polypeptide synthesis. This is a rcasonable
assunption because (1) the isolated polar lobe has been shown to contain
stable miilAs and at least some factors that regulate translation in 24-hour
old lobes and (2) the determinative effect of ihe polar lobe cytoplasm
is largely deloyed until the formation of the 4d cell (Clemont,.196?).

Does ihis rxeasoning apply to those defects in polypeptide synthesis that
appear for the first time in pastiuda stage lobeless embryo? Prohadbly not.

Seven polypeptides are affected by polar lobe removal for the first
tine at the gastrula stage. The defecls in the synthesis of those poly-
poptides in the lobeless crbryo are extremely varicd; this and the late
stage at wvhich these abnormlities appear sdggest that thoy may be second-
ary rather than primary effects of polar lobe rcemoval. That is, they may.
be the end result of a chaln of events initiated by the lack of polar lobLe
factors which might, at the resentoblast stage, alter the synthesis of a
factor ne;ded 1o regulate protein synthesis at the gastrula stage.

Four of the po]ypcptides (5, 6, 18 and 87) that show abnormal pattorns
of accurmulation in lobeless gastrulac show siniler defects. FPolypeptidesn
5, 6 and 18 accumulate al norral relative rates in ihe lobeless pasinida
but in the presence of actinomycin D, are substantially reduced. Poly-

peptide 87 is also apparenily normal in lobsleus control gastrulac but e
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absent from actinomycin D-treated lobeless gastrulae. In the normal
embryo, the synthesis of these polypeptides is actinomycin D-insensitive,
indicating that they are translated from oogenic mRNAs and that their
translational regulation does not require new transcription. The de-
crease or disappearance of these polypeptides in actinomycin D-treated
lobeless embryos suggests that the oogenic mRNAs coding for these poly-
peptides are reduced in concentration or are translated less efficiently
in the lobeless embiyo. That the level of accumulation of these polypep-
tides is normal in control gastrulae suggests that the lobeless embryo
either (1) supplements with embryogenic mRNA the oogenic mRNAs for these
polypeptides or (2) is able to activate the translation of existing oogenic
mRNAs by a transcriptionally dependent mechanism--neither of these devices
appear to be necessary in the normal embryo.

Two of the polypeptides (21 and 68) that show aberrent patterns of
accumulation in lobeless gastrulae show a decrease in relative accumulation
in both actinomycin D-treated and untreated lobeless embryos compared
with actinomycin D-treated and untreated normal embryos. There are,
however, subtle differences in the defects exhibited by each of these
polypeptides in the lobeless embryo. The synthesis of polypeptide 68 may
be regulated in the normal embryo by a transcriptionally dependent repressor
system, which, in conjunction with a transcriptionally independent repressor,
controls the translation of the oogenic mRNA coding for this polypeptide--
as indicated by an increase in accumulation at both the mesentoblast and
gastrula stages in the presence of actinomycin D and an actinomycin D-
insensitive decrease in accumulation at the gastrula stage (see fig. 10,
pattern 3). In the lobeless embryo, this pattern of accumulation was

adhered to at the mesentoblast stage but at the gastrula stage, polypeptide
68 was absent from the lobeless control embryo and in the lobeless
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actinomycin D~-treated embryo, was present but reduced to below the level
of accumulation seen in untreated normal gastrulae. The presence of
polypeptide 68 in the actinomycin D-treated lobeless gastrula suggests
that some of the oogenic mRNA coding for this polypeptide must be present
in translatable form but in such reduced amounts that only when the
transcriptionally dependent repressor system is inactivated by actinomycin
D is this mRNA translated in detectable quantities. |

The pattern of accumulation of polypeptide 21 in both normal and
lobeless embryos is very similar to that of polypeptide 20, except that
polypeptide 20 showed a decreased relative accumulation in mesentoblast
stage lobeless embryos that did not occur for polypeptide 21. In the
lobeless gastrula, the relative accumulation of polypeptide 21 was reduce@
to the same extent in comparison to that of the normal embryo in both
actinomycin D-treated and untreated embryos. For a discussion of the in=-
terpretation of these observations, the reader is referred to the section
above, ﬁhich describes the synthesis of polypeptide 20 in the lobeless
gastrula.

Polypeptide 15 may be an example of an effect on the transcription of
a structural gene resulting from polar lobe removal. In the normal embryo,
polypeptide 15 was, at both the mesentoblast and gastrula stages, absent
from actinomycin D-treated embryos. This complete dependence on new trans-
cription suggests that this polypeptide is translated entirely from em-
bryogenlc mRNA, In the lobeless mesentoblast stage embryo, polypeptide 15
vas synthesized at normal relative rates and was, as expected, absent from
actinomycin D-treated lobeless embryos. By the gastrula stage, however,
polypeptide 15 was absent from both actinomycin D-treated and untreated

lobeless embryos. The two most reasonable explanations of these observations
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are that (1) the lobeless embryo, at the gastrula stage, ceases to trans-
cribe the mRNA coding for polypeptide 15 or (2) the newly transcribed
mRNA coding for polypeptide 15 is present in the lobeless embryo but
cannot be translated. It should be noted that defects at any one of
several points in the processing, transport or translation of embryogenic
mRNA could be consistent with the latter interpretation.

At the gastrula stage, the lobeless eﬁbryb fails to (1) translationally
activate or stabilize oogenic mRNAs (polypeptides 5, 6, 18, 87, 20, 21,
14, 78, 68) and (2) transcribe or translate embryogenic mRNAs (polypep-
tides 20, 21, 15). In addition, the lobeless embryo represses the trans-
lation of oogenic mRNA by both transcriptionally independent (polypeptides
16, 17) and transcriptionally dependent (polypeptides 16, 17, 71, 82)
mechanisms.

Fifteen polypeptides show abnormal patterns of accumulation at the
mesentoblast stage and fourteen at the gasirula stage. While these poly-
peptides are a small fraction of the total number of poi&peptides made,
they represent a significant 20% and 29% of the polypeptides that change
at the mesentoblast and gastrula stages, respectively. It is not possible
to establish from this study whether the differences in polypeptide syn-
thesis in normal and lobeless embryos are causal, but they are strongly
correlated with the fallure of the lobeless embryo to form the mesentoblast
cell and its progeny and suggests that the polar lobe cytoplasm plays a
key role in regulating fhe changes in polypeptide synthesis that occur

between cleavage and gastrulation.
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DISCUSSION

The results described above provide a.portrait of the regulation of
gene expression during early embryogenesis in a spiralian embryo. Through
a comparison of polypeptides synthesized by early cleavage, mesentoblast
and gastrula stage Ilyanassa embryos, it has been demonstrated that signif-
icant changes in the pattern of polypeptide synthesis occur as early as the
twenty-five cell stage, whiéh are correlated with the determinative events
of this period in development, and that further changes in polypeptide
synthesis are correlated with the morphogenetic movements of gastrulation.

The analysis of polypeptide synthesis in embryos reared in actinomycin
D has demonstrated that (1) all of the polypeptides made during early clea-
vage and detected by two-dimensional electrophoresis are coded for by oogenic
nRNAs, (2) stored oogenic mRNA is activated at the mesentoblast and at the
gastrula stage, (3) the continued translation of most species of maternal
mRNA is regulated by transcriptionally independent mechanisms'throughout
early development, (4) oogenic mRNA remains a primary source of transcripts
for protein synthesis through gastrulation, and (5) transcription of embry-
ogenic mRNA 1s activated at the mesentoblast stage. It is suggested that
the transcription of regulatory genes is activated at the mesentoblast stage;
the products of these genes repress the translation of oogenic mRNA and play
a critical role in mediating stage-specific decreases and disappearances of
polypeptides made throughout early development.

An analysis of polypeptide synthesis in the isolated polar lobe and in
the lobeless blastomeres throughout early development has shown that (l) the
polar lobe contains at least 300 species of maternally transcribgd mRNAs,
many with half-lifes of at least 12 hours, (2) the polar lobe translates all
of the oogenic mRNAs translated in cleavage stage lobeiess blastomeres, (3)

the polar lobe 1s capable of activating stored oogenic mRNA and of regulating
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the translation of some maternal mRNAs, (4) the effect of the polar lobe

on polypeptide synthesis is delayed until the mesentoblast stage and (5)

at the mesentoblast and gastrula stages, the polar lobe cytoplasm acts to
(a) regulate the activation of oogenic mRNA, (b) activate the synthesis or
translation of embryogenic mRNA and (c) control the transcription of regula-

tory genes whose products repress the translation of maternal mRNAs.
Early Cleavage Stage

Early embryogenesis is a maternal tour de force. Ilyanassa embryos

.xreared from the time of first polar body formation in concentratlions of ac-
tinomycin D that inhibit 85% of uridine incorporation into acid precipitable
material (table 1) continue to synthesize, without selective change in re-
lative rates of accumulation, all of the 300 polypeptides characteristic of
untreated early cleavage stage embryos. These results demonstrate that thé
polypeptides made during early cleavage and detected by two-dimensional
electrophoresis are translated from oogenic mRNAs and that the regulation

of their translation is not dependent on new transcription.

This is hardly surprising. That cleavage is independent of nuclear
contribution was first demonstrated by E.B. Harvey in 1940 with the obser-
vation that enucleate merogones of Arbaclia eggs would cleave and form 1r;
regular blastulae when activated parthenogenetically. Similar capacities
Wwere shown by ennucleated amphiblian eggs fertilized with irradiated sperm
(Briggs et al., 1951). The independence of cleavage from nuclear activity,
coupled with the observation that protein synthesis is required for cleavage
in sea urchin eggs (Hultin, 1961) suggested that the egg might contain a
store of preformed templates that would permit protein synthesis to continue
in the absence of concurrent transcription. Consistent with this hypothesis °

was the finding, by Gross and Cousineau (1964) that the post~fertilization
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rise in protein syntheslis in Arbacia eggs is unaffected by actinomycin D
and the observation that protein synthesis occurs in activated enucleate
merogones of sea urchin eggs (Denny and Tyler, 1964). Subsequent studies
have extended these observations to a variety of organisms, including the

pulmonate snail, Limnaea palustris (Morrill, 1965) and Ilyanassa (Feigenbaum

and Goldberg, 1965; Collier, 1966; Newrock and Raff, 1976).

That the patterns of proteins synthesized by early cleavage stage em-
bryos are largely unaffected by physical or chemical enucleation has been
shown, using one-dimensional electrophoresis, for sea urchins (Spiegel et al.,
1965; Terman and Gross, 1965), Rana pipiens : (Ecker and Smith, 1971) and
Limnaea palustris (Morrill et al., 1976). 1In addition, it has been demon-
strated that the synthesis of some specific proteins, for example histones
in sea urchins (Johnson and Hnilica, 1970; Ruderman and Gross, 1974) and
tubulins in Ilyanassa and sea urchin embryos (Raff et al., 1976, 1971) occurs
in the absence of transcriptional activity.

More recently, the presence and persistence of RNA transcribed during
oogenesis has been directly demonstrated in the eggs and early embryos of
sea urchins (Humphreys, 1969, 1971), amphibians (Hough et al., 1973) and
mice (Bachvarova and De Leon, 1980).

Because the third polar lobe in the Ilyanassa egg forms at a time when
the genome is probably transcriptionally inactive, the observation that pro-
tein synthesis occurs in this isolated enucleate egg fragment (Clement and
Tyler, 1967; Geuskins, 1968; Teitelman, 1973) has beeniused to substantiate
the conclusion that egg cytoplasm contains actively translated mRNAs of
oogenic origin. The results presented here (and by Collier and McCarthy,
1979, 1980) confirm and extend these earlier observations with the demon-
stration that the isolated polar lobe synthesizes an average of 300 distinct

polypeptide species--the same polypeptides that are made by intact cleavage
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stage embryos whether or not transcription is inhibited with actinomycin D.
While it has been reported that mitochondria in Ilyanassa polar lobes in-
corporate 3H-ur1dine into acid-insoluble, ribonuclease-sensitive material
(Geuskins and Jonghe d'Ardoye, 1971), a significant mitochondrial contri-‘
bution to protein synthesis in early cleavage stage embryos is unlikely,
since cyclohexamide inhibits 96% of the incorporation of BSS-methionine
into acid precipitable material in early cleavage stage embryos (Collier,
unpublished data). Thus the results presented here sirongly suggest that
the early cleavage stage embryo and the isolated polar lobe contain a min-
imum of 300 distinct species of mRNAs transcribed during oogenesis and the
observation that isolated 24~-hour old polar lobes continue to synthesize
the majority of polypeptides made by freshly isolated lobes attests to the

stabllity of these maternal mRNAs.

Mesentoblast and Gastrula
Stages

Between the twelve and twenty-five cell stage, approximately sixteen
hours elapse, during which time, the segregation of the polar lobe cyto-
plasm determines the formation of the mesentoblast or 4d cell and the fates
of the first three quartets are determined by induction and ooplasmic se-
gregation (Clement, 1952, 1967, 1976). During the next twenty-four hours,
the 4d cell divides, forming the mesoblast and entoblast cells and gastrula-
tion occurs by epiboly of the ectoblasts (Clement, 1952, 1971).

Thus, two events that occur simultaneously in deuterostomes--the se-
gregation of germ layers and the morphogenetic movements that establish
their ultimate positions--are termporally separate in the spiralian embryo.
As.summarized in tables 8 and 9, changes in polypeptide synthesio and in the
mechanisms that regulate polypeptide syntﬁesis accompany the determination
of the ectoblasts and mesentoblast at the twenty-five cell stage.
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TABLE 8

SUMMARY OF STAGE SPECIFIC CHANGES IN POLYPEPTIDE

SYNTHESIS AT THE MESENTCBLAST

AND GASTRULA STAGES

POLYPEPTIDES THAT CHANGEI

TYPE OF CHANGE MESENTOBLAST GASTRULA
STAGE STAGE
Disappearance 25 34 60 62 63 64 65 (12) 29 38 39 43 44 47 92  (8)
66 83 84 85 89 96
Appearance 10 12 1521 24 28 31 (24) none
32 33 37 38 39 41 42
48 51 52 54 55 56 74
77 93 97
Increase 5 6 8 9111314 (20) 1101120212441 (12)
16 17 18 20 26 35 40 51 53 54 69 97
61 69 72 73 76 80
Decrease 2 3 419232945 (18) 14 16 17 22 23 26 27  (29)
46 57 58 68 70 71 78 30 33 35 36 37 40 42
87 91 94 95 L5 46 48 50 52 58 68
78 79 81 86 88 91 94
95
Total number of polypeptides that change o — L9

lnumbers refer to individual polypeptides listed in tables &4 and 6 and shown in Figs. 3, & and 7



These_events are homologous to the segregation of the germ layers at gastru-
lation in deuterostomes, although, as emphasized by Conklin (1897), these
cells are not "layers", nor do they occupy their ultimate positions at the
time of their determination. The proliferation of these stem cells and
thelr morphogenetic movements begin later, at gastrulation;.changes in poly-
peptide synthesis also occur at this stage and are regulated by transcriptipna]
dependent and independent mechanisms (tables 8 and 9).

The transition from early cleavage to the mesentoblast stage involves
changes in twenty-five percent of the polypeptides made; twelve polypeptides
disappear, twenty-five appear for the first time, twenty show increases in
relative accumulation and eighteen decrease.

Between the mesentoblast and gastrula stages, forty-nine polypeptides
undergo stage-specific changes: elight disapfear, twelve increase in relative
accumulation and twenty-nine decrease. There are no new polypeptides made
by gastrula stage embryos.

The events of determination and morphogenetic cell movements at the
mesentoblast and gastrula stages are, therefore, correlated with significant
changes in polypeptide synthesis but the function of these polypeptides is
unknown. Some, for example the polypeptides that decrease or disappear at
the mesentoblast stage, may function to maintain the mature oocyte in a dor-
mant state. An interesting possibility is that some of these polypeptides
may act to maintain the totipotency of the egg--to hold open an array of
developmental options. The elimination of these polypeptides could be an
important mechanism by which the prospective potencles of embryonic cells
become restricted. Some polypeptides, for example those that increase or
appear at the mesentoblast stage and decrease or disappear at gastrulation,
might be important in maintaining specialized patterns of cell adhesion or

in restrictiné cell motility prior to gastrulation. Similar speculations

82



can be made regarding the increases and new appearances of polypeptides dur-
ing early development. |

Changes in polypeptide synthesis have been reported during early de-
velopment in the embryos of mice (Cullen et al., 1980; Handyside and Johnson,
1978; Levinson et al., 1978; Dewey et al., 1978; Braude 1979), rabbits
(Van Blerkom, 1979; Van Blerkom and McGaughey, 1978) and Xenopus (Bravo
and Knowland, 19?9; Brock and Reeves, 1978) and some of the functions pro-
posed for the polypeptides that change during early development in Ilyanassa
embryos may. be shared by these embryos. The sea urchin may be an exception
since Branhorst (1976) has reported that very few changes in the pattern of
polypeptide synthesis occur in this embryo prior to gastrulation, however,

a more detailed analysis may reveal that in this embryo, as well, early
developmental changes in polypeptide synthesis do occur. The function of

the polypeptides that change during early development in the Ilyanassa em-
bryo, and in other embryos, may be secondary to the fact that they provide
probes of the regulatory mechanisms that control gene expression during early
embryogenesis--the unseen events by which the egg transforms itself into an
orderly assemblage of somatic cells.,

What are the mechanisms that control thq stage-specific changes in
polypeptide synthesls in the Ilyanassa embryo? The analysis of the ability
of embryos reared in actinomycin D to accomplish these changes has shown
that combinations of four distinect regulatory modes are used to effect changes
in polypeptide synthesis between cleavage and gastrulations (1) transla-
tional control of oogenic mRNA, (2) activation of stored oogenic mRNP, (3)
activation of embryogenic mRNA transcription and (4) the transcriptionally
dependent repression of oogenic mRNA translation.

The polypeptides that remain constant between cleavage and gastrulation

represent seventy percent of the polypeptides made during early development
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TABLE 9
MODES OF REGULATION OF
POLYPEPTIDE SYNTHESIS

: 1
PROBABLE MODE CRITERIA
OF REGULATION
Mesentoblast
Stage
A, Transcriptionally
Independent
1. Eranslational AMD 25 34 60 62 63 64
represcion insensitive 65 66 83 85
disappearance
2. Same AMD 2 41923 45 46
insensitive 57 58 70 78 87
decrease
3. rRNA or mRNP AMD 5 6 81k 1617
activation insensitive 18 40 6L 72 73 76
‘ increase
L. mRNP . AMD 33 38 42 48 52 55
activation insensitive 74 93
new appearance
B, Transcriptionally
Dependent
1. Embryogenic mRNA absent in AMD 10 15 28 31 32 37
2. Supplementation decrease in l1 3 9111213
by embryogenic AMD 20 21 24 41 51 53
mRNA or sk 69 75 TT 80 97
Transcriptionally
dependent activa-
tion of oogenic
mRNA /mRNP
3. transceriptionally increase in 26 ﬁg gg 39 44 68
dependent repression  AMD T 8k 89 90
of translation 91 94 95 96
1

(10)

(11)

(16)

(9)

(6)
(18)

(16)

2
SPECIFIC POLYPEPTIDES

Gasﬁrula .
Stage

aone

22 23 27 33 37 (16)
42 45 46 48 50

52 58 79 86 88

9l

none ' '

10 28 37 (3)

1k 16 17 26 29 30 (22)
35 36 38 40 43 L&

47 67 68 78 81 91

92 95 96.

‘Criteria for descriptions of modes of action are based on the type of stage-specific
changes that occur in the synthesis of specific polypeptides between stages and/or

in responge to actinomycin D treatment.

-

enuMbers refer to individual polypeptides illustrates in Figs. 2-8.
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(they include all of the polypeptides that did not receive number designa-
tions and eight of the numbered polypeptides--table 6, column 2, line 2).
With four exceptions at the gastrula stage and two exceptions at the mes-
entoblast stage, (table 6, column 3, lines 2 and 3; table 4, column 3 lines
2 and 3) all of these polypeptides are insensitive to actinomycin D, in-
dicating that they are probably translated from ocogenic mRNAs activated at
fertilization, and that these oogenic mRNAs have half-lifes of at least
twenty-four hours. The imperturbable synthesis of these polypeptides and
the fact that they do not change during early development suggest that they
are "housekeeping" proteins whose function is required by both the egg and
the cells of the early embryo. It is not clear that the translation of this
group of oogenic mRNAs is "regulated" in the strict sense, but the very long
half-1life of these transcripts suggests that active measures must be taken
to ensure thelr stability.

Evidence does exist for the operation of transcriptionally independent
regulation of oogenic mRNA translation in the Ilyanassa embryo--i.e. for
transcriptionally'independent translational control, a term used here in
its broadest sense to describe a variety of mechanlsms operating at the
level of the mRNA and the rlbosome to affect the stability of mRNAs and
the rate of initiation of polypeptide synthesis and the rate of ribosome
migration (Lodish, 1976; Revel and Groner, 1978). It is suggested that the
actinomycin D~insensitive changes in polypeptide synthesis between cléavage
and mesentoblast stage which include the disappearance of ten polypeptides
(table 9, line Al), the decrease in accumulation of eleven (table 9, line
A2 and the increase in acﬁumulation of twelve (table 9, line A3) reflect
the action of transcriptionally independent repressors and activators of
oogenic mRNA translation.

Transcriptionally independent mechanisms play a continuing, but diminished
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role in the regulation of polypeptide synthesis at the gastrula stage.
Sixteen polypeptides undergo a gastrula stage-specific decrease in accumu-
lation that is transcriptionally independent (Table 9, line A2), however,
none of the increases or disappearances of polypeptides at this stage are
regulated entirely by transcriptionally independent mechanisms.

That the translation of the oogenic mRNAs coding for these polypeptides
are under the selective control of the egg]cytoplasm, at least at the me-
sentoblast stage, 1s supported by comparisons of polypeptide synthesis in
freshly isolated and 24-hour old polar lobes, which show that some of these
stage-specific changes occur normally in 24-hour old polar lobes (table 3,
lines A, C and E).

The synthesis of eighty-four percent of the polypeptides synthesized
throughout the entire period from cleavage to the early gastrula stage 1s
transcriptionally independent and, as noted above, the oogenic mRNAs coding
for these polypeptides have half-lifes of at least twenty-four hours.

It is not improbable, however, that mRNAs could peréist for forty-eight
hours. Whalen et al. (1976) rePort that in postfusion myoblasts, myosiﬁ
mRNA is actively translated and is stable for ten to twenty-four hours and
Palmiter (1975) reports that ovalbumin mRNA has an average lifetime of
thirty-five hours. In the mouse embryo, Bachvarova and De Leon (1980) have
shown that sixty percent of bulk maternal RNA (including a constant pro-
portion of poly(A) and RNA) is stable through the first two days of develop-
ment. |

The activation of stored oogenic mRNA is a speclal case of translational
control. The appearance of nine new polypeptides, on schedule in actino-
mycin D-treated mesentoblast stage embryos (table 9, line A5) suggests
that they are coded for by oogenic mRNAs stored in translationally inactive

form and activated, twenty-four hours after first cleavage, at the
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mesentoblast stage. Similarly, three polypeptides, absent from actinomycin
D-treated mesentoblast stage embryos, were present in actinomycin D-treated
gastrulae, suggesting that some stored mRNAs are activated not at fertili-
ization, nor at the mesentoblast stage, but at gastrulation, forty-eight
hours after first cleavage. It is likely that these oogenic mRNAs are
stored in the form of ribonucleoﬁrotein particles, (mRNPs) the "masked
messenger RNAs" (Tyler, 1967) or “"informosomes" (Spirin, 1966) that have
recently been directly demonstrated in unfertilized sea urchin eggs
(Kaumeyer et al., 1978; Young and Raff, 1979).

Our data demonstrates that (1) not all mRNPs are activated at fertili-
zation and (2) that a mechanism exists to control the selective, stage-
specific release of oogenic mRNPs. These observatlons are supported by the
finding that two polypeptides unique to mesentoblast stage embryos also
appear for the first time in 24~hour old polar lobes (table 3, line G).

An additional nine polypeptides that were unique to mesentoblast stage em-
bryos were aiso synthesized in actinomycin D-treated embryos, although their
rates of accumulation differed from those observed in control embryos (tadble
5, column 3, lines 6 and 7); at least some of the mRNAs coding for these
polypeptides are probably oogenlc in origin and stored during cleavage as
nRNPs.

The results presented here suggest that transcriptional level "switches"
play a rather minor role in the regulation of polypeptide synthesis during
early development in the Ilyanassa embryo, yet, as early as the four-cell
stage, this embryo is actively engaged in RNA transcription (Collier, 1976,
19752, 1977), including the synthesis of DNA-1like RNA (Collier and Yuyama,
1969; Koser and Collier, 1976) and polyadenylated RNA (Collier, 1975b;
Kidder et al., 1977; Clark and Kidder, 1977).
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What is this RNA doing?

The failure of actinomycin D to alter the synthesis of any of the
polypeptides detected during early cleavage suggests that either (1) poiy-
peptide synthesis is uniformly affected by new transeription (see also p.5%
(2) newly synthesized RNAs are stored in inactive form and, in a manner
analogous to the release of oogenic mRNP, activated at a later stage or
(3) the newly synthesized mRNAs belong to the complex class of messages
vhose sequences are presen% at such low frequency that they are not detected
by the methods used here (Davidson and Britten, 1979).

It is not until the mesentoblast stage -that the inhibition of RNA
syntheses begins to affect the relative accumulation of specific polypep-
tides, although only fortj polypeptides in all show some transcriptional
dependence. While this is a small fraction of the polypeptides detected
and leaves the function of a very substantial amount of RNA synthesis un-
explained, it is a significant forty-four percent of the polypeptides that
change during early development. By the gastrula stage, forty-seven poly-
peptides (fifty-two percent of the polypeptides that change during develop-
ment) are wholly or partially dependent on new transcription.

Nevertheless, the number of polypeptides that.are coded for by enm=-
bryogenic mRNAs 1is exceedingly small. At the mesentoblast stage, only six
polypeptides, and at the gastrula stage, only three polypeptides, are ab-
sent in actinomycin D-treated embryos and threfore translated from embryo-
genic mRNAs (table 9, line Bl). Eighteen polypeptides showed decreased
relative rates of accumulation in actinomycin D-treated mesentoblast stage
embryos and twenty-two polypeptides decreased in actinomycin D-treated
gastrulae, Either these polypeptides are translated from both obgenic and
supplenentaxy embryogenic mRNA or they are translated entirely from oogenic

mRNA but require the presence of a transcriptionally dependent activator
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of oogenic mRNA of mRNP to achieve normal levels of accumulation (table 9,
line B2). These alternatives cannot be distinguished by the methods used
in this study.

One of the most unexpected findings in this study was that some poly-
peptldes showed increased relative rates of accumulation or failed to dis-
appear on schedule in actinomycin D-treated embryos. At the mesentoblast
stage, two polypeptides failed to disappear and sixteen increased in the
presence of actinomycin D. At gastrulation, fourteen polypeptides showed
actinomyecin D~-induced increases and all of the eight polypeptides that
would normally disappear at this stage continued to be synthesized. We .
suggest that these data provide evidence for a group of regulatory genes
whose products, directly or indirectly, repress the translation of specific
mRNAs.,

. Similar observations have been made by Braude (1979) who reports that
several polypeptides that normally disappear in mouse embryos between the
morula and blastocyst stage, fail to do so 1n the presence of K~amanitin.

While Braude (1979) suggests, on the basis of the specificity of
o -amanitin for RNA polymerase II, that the inhibitor-induced increase in
several polypeptides results from the failure of amanitin-treated embryos
to syntheslize an mRNA whose polypeptide product represses translation or
degrades specific mRNAs, it is not clear that all translational repressors
are proteins. Some, o% course, may be; this is suggested by the observa-
tion that "superinduction" of tyrosine aminotransferase and interferon
occur as a result of both inhibition of RNA synthesis by actinomycin D and
of protein synthesis by c&cloheximide (Tompkins et al., 1972, Vi}cek and
Navell, 1973). Alternatively, actinomycin D may inhibit the synthesis of

one or more translational control RNAs (tcRNAs), such aas those described in
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embryonic skeletal and heart muscle (Heywood and Kennedy, 1976; Deshpande
et al., 1977), and in dormant Artemia gastrulae (Lee Huang et al., 1977).

It has also been suggested (Lodish 1976), that the phenomenon of
"superinduction" of specific proteins by inhibitors of protein and RNA
syntheslis, may result from decreased competition among mRNAs for 1limiting
factors such as tRNAs, initiation factors or ribosomes. The failure of
actinomycin D to selectively alter the synthesis of}any polypeptides de~
tected during cleavage suggests that this alternative is the least probable.
Further, two recent studies demonstrate that the concentration of mRNAs
has 1ittle or no effect on the relative rates of their translation: Mermod
et al. (1980) have shown that fourfold variations in the concentration of
Drosophila embryo mRNAs in an in vitro translatlon system has no effect on
the relative concentration of polypeptides translated and Berger et al. (1980)
have shown that the amount of interferon made by Xenopus oocytes is linear;
over a range of two orders of magnitude, to the amount of interferon mRNA
injected, even when a large excess of other mRNAs was added. Thus, it
seems likely that the increase observed in Ilyanassa embryo polypeptides
in the presence of actinomycin D results from the fallure of these embryos
to transcribe either a translational control RNA or an mRNA whose product
acts to reptess the translation of specific mRNAs.

That two organisms as phylogenetically distant as mud snails and mice
should require transcriptionally dependent translational repressors to me-
diate the decrease or disappearance of specific polypeptides during thelr
development, suggests that this mechanism has a venerable evolutionary his-
tory and may be fundamental to the control of early embryogenesis.

In summary, it should be emphasized that in the Ilyanassa embryo, one
important function of new RNA synthesls appears to be regulatory--that is,

rather than controlling polypeptide synthesis by differential transcription
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of structural genes, this embryo transcribes regulatory genes whose pro-

. ducts control the differential translation of cogenic mRNAs. As will be
demonstrated below, even the expression of these regulatory genes is under
the control of the egg cytoplasm, underlining the dominance of ooplasmic
regulation during early embryogenesis.,

Detalled comparisons of the effect of actinomycin D on the relative
rates of accumulation of spécific polypeptides at the mesentoblast and gas-
trula stages (Fig. 10) have revealed eight patterns of stage-specific and
actinomycin D-induced changes in polypeptide synthesis, each of which re-
flect the operation of combinations of the basic control mechanisms described
above. Using the same basic transcriptionally dependent and independent
controls, in different combinations, twenty-four permutations of stage-
specific changes and regulatéry modes can be generated. Since the spiralia
are among the most ancient of metazoans, it is predicted that the regula-
tory mechanisms used to control polypeptide . synthesis in the Ilyanassa
embryo will be found in the embryos of other organisms, but that they may
be used at different times in development or in different combinations to
generate new patterns of polypeptide synthesis.

Evidence has been presented (see p. &%) that suggests the operation
of higher level control mechanisms that (1) ensure that, for some poly-
peptides, the same source of mRNA and the same transcriptionally dependent
or independent regulatory mechanisms will be used at both the mesentoblast
and gastrula stage, or (2) control a switch in the mode of regulation or in
the source of mRNA between the mesentoblast and gastrula stages. What-
ever these controls may be, changes in the timing or mode of thei; oper-
ation may be keys to the evolution of new patterns of ontogeny.

As shown in figure 10 (patterns 3 and 4), an important device used

by thls embryo to regulate gastrula stage polypeptide synthesis is the
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Joint action of transcriptionally dependent aqd independent regulatory
mechanisms. This coupling illustrates the way the embryo gradually as-
sumes the burden of regulating its own de§elopment and of how, for this
brief and critical time, maternal and embryogenic information co-exist,
forming a complex web of interacting regulatory mechanisms that sometimes
reinforce, and sometimes change, the program of gene expression during

early embryogenesis.
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Ooplasmic Segregation and the
Regulation of Polypeptide Synthesis

The experimental embryology of the spiralians has a venerable history.
Conklin's (1897) studies of cell lineage in the gastropod mollusc, Crepidula
demonstrated the remarkable regularity of cleavage in this egg and showed
that virtually all of the mesoderm and endoderm is derived from but a sin-
gle cell, the mesentoblast, formed as the fourth division product of the
D macromere. In 1896, Crampton established the role of the vegetal cyto-
plasm in the determination of the mesoderm in the Il¥anassa egg by removing
a large cytoplasmic "yolk-lobe" or "polar lobe" formed at first cleavage
from the vegetal hemisphere. He demonstrated that the primary defect ex~
hibited by these "lobeless" embryos was the absence of the mesoblast cells
of the normal larva--a striking finding in view of the fact that the sub-
stance of the polar lobe is passed ultimately into the D macromexre, which
forms the mesentoblast or 4d cell. The effect of the polar lobe on tﬁe de-
termination of the mesentoblast and its derivatives was confirmed by Wilson
(1904) with the egg of the scaphopod mollusc, Dentalium. Subsequent studies
sy Clement have extended these early observatlions to demonstrate that the
third polar lobe of the Ilyanassa egg determines the cleavage pattern of
the D quandrant (Clement, 1952, 1962) has an inductive effect on eyes, foot
and velum (Clement, 1976), establishes the anteroposterior axis (Clement,
1962) and has an organizing effect on the formation of the external shell
(Clement, 1976).

The importance of egg cytoplasm was recognized by Wilson (1924), who
Wrotes

"... the specification of the blastomeres 15 due to the
nature of the specific cytoplasmic materials which they

receive during cleavage....(p. 1065)
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+«« The egg cytoplasm has a definite molecular organ-‘

ization directly handed down from the parent; cleavage

sunders the various "physiological molecules" and iso-

lates them in particular cells....(p. 1041)"
Over half a century later, the nature of these "physiological molecules"”
remains unknown.

Since the observation, by Clement and Tyler (1967), that the isolated
polar lobe is capable of protein syntheslis, it has been repeatedly suggested
that specific mRNAs are selectively localized in the polar lobe. Does the
polar lobe contain a unique set of maternal mRNAs? The observation that
the freshly isolated polaxr lobe syntheslizes the same three hundred species
of polypeptides made by the lobeless blastomeres indicates that there is
no selective localization of the mRNAs translated during cleavage. At the
mesentoblast and gastrula stages, however, several polypeptides were syn-
thesized in actinomycin D-treated normal embryos, but were reduced or ab-
sent in actinomycin D-treated lobeless embryos, suggesting that either
(1) the oogenic mRNAs that code fof these polypeptides are localiged in
the polar lobe and thus are absent from the lobeless embxyo or (2) the
lobeless embryo contains the oogenic mRNPs coding for these polypepti&es,.
but lacks polar lobe-localized factor(s) required to activate their trans-
lation (Table 10, line A). These altematives are equally probable, and
indistinguishable, by the methods used in this study.

Whittaker (1977) has demonstrated the appearance of localized endoder-
mal alkaline phosphatase activity in specific blastomeres of the ascidian
embryo, Ciona, and has shown that the delayed appearance of this enzyme is
actinomycin D-insensitive, suggesting that either the ‘maternal mRNA for
this enzyme, or a factor regulating its translation, is segregated during

early cleavage into the endodermal cell line,
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The question of whether specific mRNAs are localized during polar

| lobe formation might be resolved by a comparison of the in vitro trans-
lation products of mRNAs isolated from polar lobes and lobeless blastomeres.
This approach was used by Cheney and Ruderman (1978) to show some differ-
ences in the polypeptides translated in vitro from RNA of AB and CD half-
embryos of the mollusc, Spisula. When this work is published in detail, it
may provide the first clear evidence for localization of mRNAs during clea-
vage.

The comparison of polypeptide synthesis in freshly isolated and twenty-
four hour old polar lobes has revealed that some of the mesentoblast stage-
specific changes in polypeptide synthesis that occur in intact embryos, also
occur in this cytoplasmic egg fragment. The analysis of these changes in-
dicates that the polar lobe contains factors that (1) repress the transla-
tion of oogenic mRNA (table 3, lines A and C) and (2) activate oogenic mRNP
and/br enhance the translation of oogenic mRNA (table 3, lines E and G).

Some of the stage-specific changes in polypeptide synthesis observed
in normal and lobeless embryos failed to occur in aging polar lobes (table
3, lines B, H and I) and some of the changes detected in 2i4~hour old polax
lobes were not characteristic of normal embryos (table 3, lines D and F).
These data indicate that the interaction of both animal and vegetal halfs
of the egg is required for the normal regulation of stage-specific changes
in polypeptide synthesis and demonstrate that different regions of the egg
cytoplasm, at different times in development, selectively translate the
same species of oogenic mRNAs. This differential expression of maternal
information in space and in time may well be the key to the mechanism by
which segregation of the ooplasm exerts its determinative effect.' This 1s
supported by the analysis of polypeptide synthesis in the lobeless embryo.

The effect of the polar lobe on polypeptide synthesis is delayed until



the mesentoblast stage. By the mesentoblast stage, fifteen polypeptides
show abnormal patterns of accumulation in the lobeless embryo and at the
gastrula stage, the synthesis of fourteen polypeptides is affected by polar
lobe removal (Fig. 11, table, 10). While these polypeptides represent a
small fraction of the total number of polypeptides made, they are a signif-
icant 20% and 29% of the polypeptides that change at the mesentoblast and
gastrula stages, respectively. The defects in polypeptide synthesis that
occur in lobeless embryos are correlated in time with the failure of the
lobeless embryo to form the mesentoblast cell and its derivatives, suggest-
ing that these polypeptldes are causally related to the determination of the
mesentoblast and the maintenance of the determined state, and that the reg-
ulation of the synthesls of these polypeptides is, at least at the mesento-
blast stage (see p.73 ), directly controlled by factors localized in the
polar lobe.,

The data presented above (and summarized in table 3 and table 10, line
A) demonstrate that the egg cytoplasm controls the synthésis of some poly-
peptides by the differential distribution of mRNAs or by the selective,
transcriptionally~-independent translatlion of oogenic mRNA, and that these
processes may control determination. The next section will demonstrate that
the ooplasm also controls the expression of xregulatory genes whose pro-

ducts mediate the selective translation of oogenic mRNAs.

The polypeptides listed in table 10, lines B-D are all partially depen-
dent, in either the normal or the lobeless embryo, on transcription, yet,
with only one exception (polypeptide 15, lineD), all are translated, en-
tirely or in part, from oogenic mRNA. The defects in thelr patterns of ac-
cumulation in the lobeless embr&o reflect the failure of this embryo to re-
gulate the transcriptionally dependent control of mRNA translation.

All of the polypeptides listed in line B of table 10 show, in comparison



TABLE 10

SUMMARY OF POLAR LOBE
DEPENDENT REGULATION
‘OF FOLYPEPTIDE .SYNTHESIS

PROBABLE MODET

Cr ACTION OF
POLAR ICBE

Transcriptionally independent
activation of oogenic mRNA or
mRNP translation, or,

mRIP localization

Induces transcription of
regulatory gene that
represses oozenic mRNA
translation or activates
transcriptionally dependent
repressor

3locks the synthesis or activity
of a transcriptionally dependent
repressor of oogenic mRNA
translation

Controls transcription

of -embryogenic mRNA, or, . .
induces tranccription of a
translaetional activator of
oogenic mRNA or mRNP

2
SPECIFIC POLYPEPTIDES®

MESENTOBLAST
STAGE

14 51 53 54 97

78

81 82 84 89
ol

16 17

20

GASTRULA
STAGE

5 6 14 18 20
21 68 78 87

none

16 17T TL 82

1520 21

1
. Criterie for descriptions of the mode of action of the polar lobe are

the differences in relative rates of accumulation of polypeptides in
control and actinomycin D-treated lobeless embryos when compared to

normal embryos. These data are summarized in Fig. 1l1.

2

numbers refer to individusl polypeptides shown in figures 2-8.



with normal untreated mesentoblast stage embryos, increased relative rates
of accumulation in three experimental classes (actinomycin D-treated normal,
actinomycin D-treated lobeless and untreated lobeless mesentoblast stage
embryos), indicating that the expression of a transcriptionally dependent
translational repressor has been eliminated. That these polypeptides in-
crease in untreated lobeless embryos suggests that the polar lobe contains
a factor that (1) induces the transcription of a repressor gene or (2) con-
trols the post-transcriptional processing or activation of the repressor
gene product. Whichever alternative is correct, these data indicate that
the expression of a fegulatory gene that represses translation is under the
control of oogenic factors localized in a region of egg cytoplasm crucial
to determination and suggests that the control of these regulatory genes may
" be causally related to determination. .
The polypeptideslisted in line C of table 10 show a'defect in the lobe-
less embryo that is the inverse of that discussed above; all of these poiy-
peptides are, in the lobeless embryo, repressed by a transcriptionally de-
pendent mechanism that is blocked in the normal embryo. In the normal em=-
bryo, these polypeptides are translated from ocogenic mRNAs and their ;ynthe-
sis is controlled by transcriptionally independent mechanisms, but in the
lobeless embryo, these polypeptides show increased relative rates of accumu-
lation 1n actinomycin D, indicating the operation of a transcriptionally
dependent translational repressor. These data suggest that factors local-
ized in the polar lobe act to (1) block the transcription of a regulatory
gene whose product represses oogenic mRNA translation or (2) prevent the pro-
cessing or activation of the product of a repressor gene. As in the pre-
vious case, it is clear that the expression of a regulatory gene whose pro-
duct represses translation of oogenic mRNAs is under the control of maternal |

factors localized in the polar lobe.
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Does the polar lobe regulate the transcription of structural genes?
Collier (1977) has demonstrated that removing the polar lobe results in a
significant 43.7% and 48.0% decrease in the absolute rates of RNA synthesis
at the mesentoblast and gastrula stages respectively, but removing the polar
lobe does not significantly alter the proportion of poly(A)-RNA synthesized
during early embryogenesis (Collier, 1975b). Koser énd Collier (1976)
showed that the lobeless embryo accunulates proportionally less high molec-
ular weight RNA (possibly hnRNA) and more low molecular weight RNA (mRNA)
than did the normal embryo, but that these differences were statistically
significant only after gastrulation.

While it is clear that the polar lobe does have an effect on trans-
cription as early as the 25-cell stage, the data presented here do not sup-~
port the notion that the polar lobe confrols the differential transcription
of structural genes used during early development. Throughout the entire
period from first cleavage to early gastrulation, only three polypeptides
(table 10, line D) illustrate a possible effect by the polar lobe on mRNA
transcription.

Polypeptides 20 and 21 showed a decrease in relative accumulation in
lobeless control embryos when compared with normal control embryos, but the
same decrease was not apparent when actinomycinD-treated lobeless embryos
were compared with normal actinomycih D-treated embryos, indicating that '
the difference in accumulation 1s due to a transcriptional effect. These
observations suggest two possible interpretations, which are equally plaus-
ibles either the polar lobe (1) controls the transcription, processing
or translation of embryogenic mRNAs or (2) induces the transcription or ac-
tivity of a regulatory gene product that activates the translatién of oogen~
ic mRNPs.

The interpretation of the effect of the polar lobe on the synthesis of
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polypeptide 15 is somewhat less ambiguous. This polypeptide is always ab-
sent in actinomycin D-treated embryos and is probably coded for by embryo-
genic mRNA. While present in lobeless mesentoblast stage embryos, poly=-
peptide 15 is absent in untreated gastrula stage lobeless embryos. These

data indicate that the gastrula stage lobeless embryo is unable to activate
the transcription, processing or translation of the embryogehic mRNA coding
for this polypeptide. The third alternative is particularly interesting

since the increased accumulation of low molecular weight RNAs in the lobe-.
less embryo may occur because these RNAs are not translated (Koser and Collier,
1976).

The fate of individual blastomeres is specified by the localization
of ooplasmic factors that control the expression of maternal information
directly, through the selective translatlon of oogenic mRNAs, and indirect-
ly, by controlling the expression of regulatory genes whose products, in turn,
regulate the differential translation of oogenic'mRNA. These relationships
are summarized in figure 12.

The critical elements in this relationship are maternal in origin and,
although both ocogenic mRNA and ooplasmic factors may be segregated, only
one element need be selectively .localized for the relationship to function.
The segregation of ooplasmic factors (A) establishes an initial asymmetry
that results in the differential expression of oogenic information. This
occurs through "transcript selection" —- -~ the control of gene expression
by'selective transport or processing of indiscriminately transcribed genes,
as well as by differential transcription. The result of transcript selec=-
tion by ooplasmic factors is the discriminate expression of regulatory genes
(C) whose products, in turn, control the selective translation (e) of
oogenic mRNAs (B).

Ooplasmic factors can also act directly to control the translation (b) of
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FIGURE 12
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oogenic mRNAs (B).

Through these mechanisms, the differential expression of maternal in-
formation in specific blastomeres is accomplished. At this point, the sys-
tem becomes self-perpetuating, i.e. determined, since the differential trans-
lation of oogenic mRNA results in the production of new polypeptides (Y)
that may control subsequent gene expression (dotted lines x, y, and z)
without the intervention of ooplasmic factors.

Thus, the relationships that regulate early development by selective
translation, may regulate later developmental events as well. The extensive
transcription that occurs during early development may be precocious and
largely non-selective. Once determination has occurred, the embryo may
begin to repeat the translational regulatory processes of early development,
this time selecting from a store of previously transcribed gnd unfranslated
embryogenic mRNA or mRNP (X);“again regulating the translational selection
of specific mRNAs by cytoplasmic factors (Y), directly (x) and indirectly
through the selection of regulatory gene transcripts (y) that control

translation (z).
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