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The production of RNA templates well in advance of their use in protein syn-
thesis may be a characteristic event in cellular differentiation. Evidence support-
ing this proposition can be drawn from experiments on early developing embryos,! 2
tissues in the terminal stages of differentiation,® and developing unicellular orga-
nisms.? In all these cases actinomyecin was used to block RNA synthesis, and either
specific protein synthesis or cellular differentiation could be observed to continue
afterwards. In the starfish the results of actinomyein treatment at different times
suggest that only the RNA templates synthesized before the swimming blastula
stage may be required to promote subsequent gastrulation.! The present experi-
ments with sea urchin embryos reveal a class of polyribosomes (polysomes) that
accumulate newly synthesized RNA during the early stages. One interpretation
of our results is that this class of polysomes provides a structure responsible for
delaying the translation of RNA templates, thus allowing a programing of genetic
information at the cytoplasmic level through the course of embryonic development.

Spirin and Nemer® proposed that a unique class of polvsomes might be responsible
for holding the activity of newly synthesized RNA templates in abeyance. They
noted two distinct classes of polysomes in the early-cleaving sea urchin embryo
strictly on the basis of radioactive incorporation; a rapidly sedimenting class
(r-polysomes) was predominant in the incorporation of amino acids in nascent pro-
tein, whereas a slowly sedimenting class (s-polysomes) appeared to be inactive or
minimally active. The slowly sedimenting s-polysomes were detected in the early-
cleaving embryo solely by virtue of their content of newly synthesized RNA. This
RNA, which was not associated with the r-polysomes, had messenger RNA proper-
ties, namely nonribosomal RNA sedimentation behavior and extensive hybridiza-
tion with DNA.¢ 1In the present studies the continued incorporation of new RNA
in the s-polysomes has been shown to result in their accumulation to amounts that
can eventually be detected spectrophotometrically. The amounts of absorbance
at 260 mu (Asxo) attributed to the s-polysomes and r-polysomes change markedly
during development. Various demonstrations’ that new RNA synthesis is not
involved in the activation of protein synthesis after fertilization and its maintenance
through part of early development raise the questions of how and when new RNA
does contribute to protein synthesis. We have approached this problem by ex-
amining the two sedimentation classes of polysomes in embryos developing in the
presence and absence of actinomyein, to determine the consequences of a block in
RNA synthesis.

Materials and Methods.—Embryos and cell-free extracts: Eggs of Strongylocentrotus
purpuratus (Pacific Bio-Marine Supply Company, Venice, California) were fer-
tilized in 400 times their volume of synthetic sea water (SSW) and allowed to de-
velop in 25 times their volume of SSW at 18°C.8 Other eggs from the same fe-
males were incubated for one hourin actinomyein D (from Merck, Sharp and Dohme,
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Rahway, New Jersey) at 25 pg/ml prior to fertilization.® These actinomyecin-
treated eggs were allowed to develop in actinomycin at 25 ug/ml. Eggs or embryos
were collected by centrifugation for one minute at 500 X g and washed once with
100 volumes of homogenization medium (0.05 M triethanolamine-HCI at pH 7.8,
0.24 M KCl, 0.005 M MgCl,, 0.25 M sucrose). The embryos were resuspended in
4 volumes of homogenization medium containing bentonite at 2 mg/ml, and homog-
enized with a Dounce size B homogenizer, using only two strokes to avoid mechan-
ical disruption of polysomes. This homogenate was centrifuged at 15,000 X ¢
for five minutes to obtain a supernatant fluid (S15) free of nuclei and mitochondria.
The high concentration of bentonite, the brief homogenization, and the mainte-
nance of the temperature below 4°C were necessary to reduce the activity of en-
dogenous RNase and to protect the integrity of polysomes.

Sucrose gradient cenirifugation: Approximately 0.4 ml of the S15 extracts was
layered onto 4.6 ml of linear 15-30 per cent (w/w) sucrose gradients made up in
homogenization medium. Centrifugation was in the Spinco SW39 rotor for 48
minutes at 0-1°C. After centrifugation, 0.4 ml was discarded from the top and
gradients were displaced by careful addition of 60 per cent sucrose to the bottom
of the centrifuge tube. The contents were passed through a 0.065-ml capacity-
flow cell (2-mm light path), and the absorbance at 260 mu (Ax) was monitored
continuously.

Results.—Formation of polysomal classes: Polysomes are barely detectable in the
mature unfertilized egg.’® They appear to be present at a level commensurate
with the small extent of protein synthesis.!! The Ay material sedimenting more
rapidly than the 74S monoribosomes that is eliminated by mild RNase treatment
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Fic. 1.—Sedimentation of ribosomes
and polysomes of the unfertilized egg.
Unfertilized eggs were used for the prep-
aration of S15 extracts (text). Half of the
S15 preparation was incubated with 10
ug/ml of pancreatic ribonuclease (Worth-
ington Biochemical Corporation, Free-
hold, New Jersey) at 25°C for 1 min.
The S15 extracts were layered onto linear
15-30 per cent (w/w) sucrose gradients
and centrifuged in the Spinco SW39 rotor
for 48 min at 0-1°C. Experimental de-
tails are given in the text (Methods). Each
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Fia. 2.—Sedimentation profiles of polyribosomes from embryos
of S. purpuratus developing in the presence and absence of
actinomycin. S15 extracts from embryos of the indicated stages
were prepared and sedimented as in Fig. 1. The series of con-
tinuous tracings by the recording spectrophotometer has been
drawn from a single batch of eggs. The eontrols were repeated
five times with close agreement and the actinomycin treatment
was studied three times. Variability in response to actinomycin
was noted, as depicted in Fig. 4. We have noted similar quaYita—
tive changes in the embryonic development of two other species,
Lytechinus pictus and Arbacia punciulata.

constitutes only 5-10 per cent of the total ribosomes in the egg (Fig. 1). However,
after fertilization considerably more of this material has been reported to arise.!
Figure 2 represents one of several series of experiments in which embryos were
allowed to develop in the presence and absence of actinomycin and their polysomes
and monoribosomes examined. During the course of development to the gastrula
stage, sedimentation modes of A, appear at approximately 300S and 200S, rep-
resenting the r-polysomes and s-polysomes, respectively (Fig. 2). The evidence
that these are polysomes rests on the conversion of both of these sedimentation
modes into 748 monoribosomes by mild RNase treatment, under conditions similar
to those of Figure 1,2 and the observation by electron microscopy that they are
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F1c. 3.—Relative amounts of ribo-
somes present in polysome classes
at different embryonic stages. The
amounts of polysomes (closed circles)
and the subclasses of s-polysomes (X's)
and r-polysomes (open circles) were
calculated as the percentage of total
ribosomes by integrating the areas
under the As,m curves of monoribo-
somes and polysomes, as represented
in the control diagram of Fig. 2.

CONTENT OF POLYSOMES (PERCENT OF RIBOSOMES
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structures containing an average of 23 and 7 ribosomes, respectively.!? KEach
embryonic stage displays a characteristic sedimentation profile containing these
two polysomal classes. The sedimentation profiles of the actinomycin-treated
embryos diverge considerably during development from those of the controls.
As can be seen in Figure 2, striking changes in the relative amounts of the two poly-
somal classes occur in both the normal and actinomycin-treated embryos. In
order to evaluate these changes, we have estimated the proportion of total ribosomes
associated with each class, and in the following sections these estimations have heen
analyzed as a function of embryogenesis.

The content of polysomes in normal embryos: The relative amounts of polysomes
and monoribosomes were determined by measuring the areas under the curves of
Figure 2, and the results for normal embryos are given in Figure 3. The polysomes
formed in the first 2 hours after fertilization are predominantly r-polysomes. To a
lesser extent some s-polysomes are apparently also formed. The kinetics of forma-
tion of the two classes appear to be the same, with both reaching a plateau value
within the first 2 hours after fertilization. A difference in the relative formation of
the two polysomal classes begins to be evident at about the 16-cell stage. Further
development brings a striking buildup in the amount of s-polysomes, with a sharp
rise in concentration occurring between 4 and 10 hours of development. However,
during this period there is little change, if any, in the content of r-polysomes. In
the 10-hour early blastula a maximal level of s-polysomes is reached at 32-35 per
cent of the total amount of ribosomes. This accumulation of s-polysomes ac-
counts for the increase in total polysomes to a level of slightly more than 50 per
cent. The amount of total polysomes remains constant at this level during the
period from the 10-hour blastula to the 20-hour mesenchyme blastula. However,
during this period of constancy of total polysomal concentration, the prominent
content of s-polysomes declines and concomitantly the amount of r-polysomes in-
creases. These changes are consistent with a possible conversion of s-polysomes to
r-polysomes.
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Effect of actinomycin: Continuous exposure to actinomycin before and after
fertilization does not block the early formation of either polysome class. This
result is consistent with the various demonstrations that protein synthesis, neces-
sarily supported by polysomes, is independent of new RNA synthesis during this
early period.” On the other hand, the increase in content of the s-polysomes is
drastically inhibited by actinomycin after the early period. Therefore, the genera-
tion of these polysomes depends upon the synthesis of RNA. The aggregation of
ribosomes into s-polysomes, presumably by newly synthesized mRNA,® is the earli-
est indication of a large-scale contribution of RNA synthesis to the protein-syn-
thesizing system. Little if any RNA synthesized at this time is ribosomal.!?
After extended incubation in actinomyein, the embryos experience a decline in
their total amount of ribosomes associated with polysomes.

(a) s-Polysomes: The concentration of s-polysomes in both the control and
actinomycin-treated embryos rose to a maximum at the same time, e.g., 10 hours
after fertilization. However, as could be seen in Figure 2, the formation of these
polysomes was markedly inhibited by the antibiotic. This inhibition was never
observed to be complete, nor did it occur to the same extent from batch to batch.
The maximal, 10-hour amounts in the three batches allowed to develop in actino-
myecin, a, b, and ¢, respectively, were 60 per cent, 45 per cent, and 38 per cent
of the maximal, 10-hour control values (Fig. 4). Furthermore, although the same
concentration of the antibiotic was present, the different batches of embryos de-
veloped at different rates and were arrested in development at different stages.
Batch a went on to reach the hatched blastula stage at 20 hours. Normally,
hatching occurs at 15 hours. Batch b of embryos consisted of unhatched blastulae
at 20 hours. Batch ¢, which attained the lowest concentration of s-polysomes,
suffered 50 per cent embryonic death at 16 hours. Therefore, a direct relationship
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F1a. 4.—Effect of actinomyecin in the content of s-polysomes and the extent of development.
The amounts of s-polysomes were calculated as the percentage of total ribosomes in the control
and actinomycin-treated embryos, as in Fig. 3, in three series of experiments from three separate
batches of eggs, a, b, and c. Closed circles, controls; open circles, actinomycin-treated. It
should be noted that the control values did not vary by more than 10% in the three cases.
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F1a. 5.—Content of r-polysomes and
the rate of protein synthesis of embryos
developing in the presence and absence of
actinomycin. The same method as in
Fig. 3 was used to calculate the content
of r-polysomes. Closed circles, control;
open circles, actinomycin-treated. The
rates of valine incorporation in protein
were measured by Gross!* under the
similar conditions of development. The
concentration of actinomycin was 20 ug/
ml. His values of valine incorporation
have been replotted here:  controls,
;lashed line; actinomycin-treated, dotted
L ine.
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is indicated between the amount of s-polysome formation and the extent of de-
velopment.

Thevariable response toactinomycin from batch to batchis more likely attributable
to a variable degree of inhibition of RNA synthesis, rather than to a variable content
of preexisting template RNA in the unfertilized egg. We have noted variable
degrees of inhibition of RNA synthesis, even at the level of 25 ug/ml used in all
these studies.’? It was at 40 ug/ml that complete blockage of de novo RNA syn-
thesis could be consistently achieved. However, the risk of nonspecific damage at
this higher concentration was too great for developmental correlations to be made.

(b) r-Polysomes: The initial rapid accumulation of r-polysomes in the first
two hours after fertilization was not reduced by actinomyein. In fact, there was a
slight but highly reproducible increase, about 10 per cent greater than the control
value at two hours (Fig. 5). Whereas RNA synthesis at this time has been shown
not to be involved in the promotion of protein synthesis,” newly synthesized RNA
may, conversely, impede some polysome formation, and thus have a regulatory
role. Furthermore, the results with actinomyecin indicate that r-polysome forma-
tion at this time is brought about by the mobilization of template RNA stored in
the egg.® 7 ?

In the control embryos the content of r-polysomes remains approximately
constant until about ten hours, then there is an increase which coincides with the
decrease in s-polysome content at that time. This increase in r-polysomes starting
at ten hours was prevented by actinomycin treatment, just as the rise in s-polysome
content that preceded it was also inhibited. It is a reasonable hypothesis that the
block in s-polysome formation led to the failure in the subsequent formation of
r-polysomes.

In Figure 5 we have superimposed the rates of protein synthesis, measured by
Gross!* with this species under the same conditions of development, upon our curves
describing the content of r-polysomes. In the control embryos both the rate of
in vivo incorporation in protein and the concentration of r-polysomes rise sharply



VoL. 58, 1967 BIOCHEMISTRY: INFANTE AND NEMER 687

during the first 2-3 hours after fertilization, then maintain constant levels until
about 12-15 hours of development, at which time they both experience a second
increase 45 hours prior to the onset of gastrulation. The coincidence of protein
synthesis and r-polysome concentration was just as striking in the respective actino-
mycin-treated embryos. In this case both coincided with or, in fact, were slightly
higher than the controls, until approximately 6-8 hours. Then both decayed at
remarkably similar rates. The half time of this decline was roughly 20 hours.
The close correlation between r-polysome formation and the rate of protein syn-
thesis is in marked contrast to the lack of association between s-polysome concen-
tration and protein synthesis. We may then conclude that the r-polysomes are
responsible for the major part of protein synthesis measured #n vivo, in agreement
with previous suggestions,® whereas the s-polysome class includes members which
do not participate in protein synthesis until they are activated in the period prior
to gastrulation.

Discussion.—Although the de novo synthesis of RNA may start soon after fer-
tilization,® the newly formed messengers appear not to contribute substantially to
polysome formation, protein synthesis, or embryonic development for several hours.
Rather, they become to an increasing extent associated with special polysomal
structures of the s-polysome class. A unique role of the s-polysomes in embryonic
development is indicated by two aspects of their behavior. First, they may be
minimally active in synthesizing protein or may contain members that are inactive.
Further studies have now shown that the in vivo rate of incorporation of amino acid
per ribosome is considerably greater for the r-polysomes than for the s-polysomes.®
Second, the s-polysomes may be converted to r-polysomes. The activation of
s-polysomes may permit more ribosomes to enter the structure, and the greater
number of ribosomes in the now-active polysomes would thus account for the more
rapid sedimentation, characteristic of the r-polysomes. After incorporation of
RNA label in the s-polysomes, we have observed that during subsequent incubation
in the presence of a concentration of actinomycin high enough to block further RNA
synthesis there is a shift of RNA label out of the s-polysomes and a concomitant
buildup of RNA label in the r-polysomes.®

The s-polysomes accumulate substantially during the cleavage and very early
blastula stages, a period of “predifferentiation.”’!¢ It is during this period that a
block in RNA synthesis results in the subsequent inhibition of gastrulation in the
starfish and sea urchin embryos. It is our proposal that the RNA templates syn-
thesized at this time are accumulated in the form of inactive polysomes, and that
the extensive cellular changes, associated with the formation of the mesenchyme
blastula and early gastrula, are brought about by the activation and use of these
accumulated polysomal templates.

Summary.—The concentrations of two classes of polyribosomes, sedimenting at
modes of about 200S and 300S, respectively, have been measured in the early
developing sea urchin embryo. Soon after fertilization the 300S class of polyribo-
somes (r-polysomes) appears and increases in amount for 2 to 3 hours, then maintains
a constant level until the early blastula stage at 12 hours, at which time a further
increase occurs. These changes are closely correlated with the changes in the rate
of protein synthesis described by others. In contrast, the 200S class (s-polysomes)
increases in amount most rapidly between 4 and 10 hours, then decreases during the
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period of the second increase in the r-polysomes. Actinomycin did not block the
first increase in the r-polysomes, but did inhibit the formation of the s-polysomes and
the later increase in r-polysomes. The results suggest that the r-polysomes are
active in protein synthesis and that the s-polysomes include inactive forms which
accumulate during a period preparatory to differentiation, and are subsequently
converted to active r-polysomes prior to gastrulation.

* This investigation was supported by U.S. Public Health Service research grants CA-05936
and CA-06927 from the National Cancer Institute and 1-SO1-FR-05539 from General Research
Support.
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