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Abstract

The RNA stored in the mature sea urchin oocyte includes sequences
transcribed from about 6% of the single copy DNA or approximately 3.7 xl()7
nucleotide pairs. It is estimated that there are about 1500 transcripts of each
sequence per oocyte. A 3H—labeled single copy DNA fraction highly enriched for
sequences complementary to mature oocyte RNA was prepared. This DNA,
referred to as oDNA, was reacted with excess polysomal mRNA from sea urchin
embryos at 16-cell, blastula, and gastrula stages. Sixteen-cell embryo mRNA
reacted with oDNA to a level which is 73% of that observed for the reaction of
oDNA with oocyte RNA. This represents about 2.7 x 107 nucleotides of maternal
sequence, or 12-15,000 different mRNAs of average size. Blastula and gastrula
stage mRNA reacted with oDNA to about 56% and 53%, respectively, representing

7 7

and 1.9 x 10" nucleotides of oocyte RNA sequence. From the kineties of

2.1x10
hybridization, we calculate that the concentration of mRNAs belonging to the
maternal sequence set is about 500 copies per embryo. This is typical of the
"eomplex class" of embryo mRNA which contains the vast majority of diverse
messenger RNA sequences but comprises only a small fraction (about 10%) of the
total mRNA mass.

Total cytoplasmic RNA was extracted from 16-cell, blastula, prism and
pluteus stages and reacted in excess with 3H—ODNA. The amount of hybridization
of oDNA with 16-cell cytoplasmic RNA was 100% of the value obtained when
oDNA was reacted with oocyte RNA. Hybridization levels observed with cyto-

plasmic RNAs from later stages were progressively less, but were higher than the

corresponding mRNA hybridization levels through the blastula stage.
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To detect and quantitate embryo messenger RNA sequences which are not
homologous with maternal RNAs, a labeled single copy DNA fraction entirely
devoid of oocyte RNA complementary sequences was prepared. This selected DNA,
termed null oDNA, was reacted with excess polysomal mRNA from 16-cell, blastula
and gastrula embryos. Non-maternal sequences could not be detected in the
mRNAs from l6-cell and gastrula stage embryos. Mesenchyme blastula mRNA,
however, hybridized about 3.6 x 106 nucleotides of null-oDNA sequence which is
sufficient to code for approximately 2;000 mRNAs of average size. These non-
materhal mRNAs are complex class sequences present on blastula polysomes at
about the same concentration (500 copies per embryo) as are most maternal
sequence mRNAs. Thus, a significant number of new, non-maternal structural
genes are expressed in blastula stage embryos.

Because the sea urchin displays large differences between embryo and
adult tissue messenger RNA sequence sets, it is possible to test the proposition that
structural gene sequences are transcribed only in cells where the transeripts are
translated. A 3H-labeled single copy DNA highly enriched for sequences com-
plementary to bléstula polysomal messenger RNA was prepared. This selected
DNA fraction, referred to as mDNA, represents about 2.6 x 107 nucleotides of
embryo messenger RNA sequence. A maximum of 16% of the blastula sequences
are present in coelomocyte and intestine messenger RNAs while 40% of the blas-
tula sequences are represented in gastrula mRNA. 3H—mDNA was hybridized with
excess nuclear RNA from coelomocytes, intestine, and gastrula embryos. Within
our limits of detection, all mDNA sequences were hybridized by each of the nuclear
RNAs. We conclude from this result that virtually all of the blastula mRNA

sequences are transcribed in three heterologous tissues in which the transcripts are



not utilized as messenger RNAs. The kinetics of hybridization show that the
blastula structural gene sequences are present in each nuclear RNA at about the
same concentration as are the majority of the complex single copy nuclear

transeripts.
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CHAPTER 1

Introduction



The experiments presented in the following chapters concern the expres-
sion of sea urchin structural genes. A structural gene is operationally defined here
as a DNA sequence which codes for a polysomal messenger RNA. In the first two
studies we analyze patterns of structural gene expression in sea urchin embryo-
genesis. The third study concerns the transcription of structural gene sequences in
tissues where those sequences are not represented in the polysomal messenger RNA
population.

The sea urchin Strongylocentrotus purpuratus is particularly well-suited

for these studies for several reasons. First, a great deal of background information
is available regarding both biological and molecular aspects of early embryogenesis.
Secondly, the sea urchin is amenable to studies requiring large quantities of nucleic
acids from embryos at various stages of development and differentiation. Finally,
embryos efficiently take up and incorporate radioactively labeled nucleic acid
precursors, making possible experiments which require in vivo labeling of RNA or
DNA. The purpose of this introduction is to briefly summarize some aspects of sea
urchin embfyogenesis relevant to the studies presented in chapters II - IV. Included
in this summary will be patterns of protein synthesis, maternal messenger RNA and
its utilization, and characteristies of nuclear and messenger RNA populations.
Prelarval embryogenesis in the sea urchin takes place rapidly. In the

species Strongylocentrotus purpuratus, the time from fertilization to pluteus larva

is less than ninety hours. During this period cell division, differentiation and
morphogenesis occur, though there is essentially no increase in embryo mass. The
mature sea urchin oocyte is haploid, having completed both meiotic divisions in the
ovary. Following fertilization, the first three cleavage divisions give rise to eight

blastomeres of equal size. At about five hours of development, the fourth cleavage



produces a sixteen-cell embryo. This cleavage is "unequal", generating four
macromeres, eight mesomeres, and four micromeres. The four micromeres include
only 8% of the embryo volume. These cells later give rise to the primary
mesenchyme cells of the blastula, and eQentually synthesize the embryo skeleton at
gastrulation. Cell division is exponential during the cleavage and early blastula
stages (Hinegardner, 1967). By 10 hours of development, the embryo is composed
of about 100 cells and a hollow cavity, the blastocoel, forms in the center of the
embryo. This marks the beginning of the blastula stage. By about 18 hours of
development, the blastula consists of approximately 350 cells in the form of a
hollow sphere one cell‘layer thick. The rate of cell division slows markedly during
the mesenchyme blastula stage which extends from about 18 to 36 hours. Gastru-
lation begins at about 36 hours with the invagination of the archenteron (the future
digestive tract) and formation of spicules (the first skeletal structures). By gas-
trulation, the first major events of morphogenesis and tissue differentiation have
occurred. Further development to the eighty-hour pluteus stage includes
elaboration of a brachiated skeleton and a fully differentiated digestive tract as
well as other specialized cell types and tissues. Thevpluteus larva is fully formed
by about eighty hours and is ready to begin feeding. This marks the end of the
prelarval period. Feeding initiates growth which is accompanied by further
differentiation over a period of one to two months. Larval development terminates
at metamorphosis, when a small but fully differentiated sea urchin appears.
Almost nothing is known about the larval stages at the molecular level, since it is
very difficult to culture the embryos beyond the unfed pluteus stage. In the
studies described here, we are conccrned exclusively with prelarval embryogenesis.

The prelarval developmental time scale, outlined above, is summarized in Table 1.



Table 1.  Time scale for S. purpuratus prelarval development at 15°C

Stage Developmental time Cell number?
First cleavage 2 hr 2
16-cell 5 hr 16
Early blastula 10 hr v 100
Mesenchyme blastula 20 hr v 35_0
Gastrula 36 hr v 600

Pluteus (unfed) 80 hr v1200

8From Hinegardner (1967).

Compared to the embryo, the mature oocyte is translationally quiescent.
It contains a very small fraction of its ribosomes in polysomes (Monroy and Tyler,
1963; MacKintosh and Bell, 1969; Humphreys, 1971; reviewed in Davidson, 1976).
One to two percent of the oocyte RNA has been identified as mRNA on the basis of
its activity in cell-free translation systems (Slater and Spiegelman, 1966; Gross et
al., 1973; Jenkins et al., 1973; Ruderman and Pardue, 1977), its poly A content
(Slater et al., 1973; Wilt, 1977), and its size distribution (Wu and Wilt, 1974;
Fromson and Duchastel, 1975).

The single copy sequence complexity (the total length of diverse sequence
represented in the RNA) of total RNA extracted from mature sea urchin oocytes is
about 3.7 x 107 nucleotides (Anderson et al., 1976; Galau et al., 1976; Hough-Evans
et al., 1977). These single copy transcripts make up about 1-2% of the total oocyte

RNA mass. This is very similar to the fraction of oocyte RNA previously identified



as maternal message on the basis of in vitro translation assays and other criteria
cited above. It is probable therefore that these single copy oocyte transcripts are
maternal messages which are loaded into polysomes and translated during cleavage.

The maternal messenger RNA is stored in ribonucleoprotein particles in
the oocyte (Gross et al., 1973; Skoultchi and Gross, 1973), and is thought to be in a
"masked" form because it is not translated in the mature oocyte, even though the
oocyte apparently contains a functional translational apparatus (Clegg and Denny,
1974; reviewed in Davidson, 1976).

At fertilization, maternal mRNAs are loaded into polysomes. The result
is a 15-fold increase in protein synthesis in the first two hours after fertilization
and before the first cleavage division (Epel, 1967; Humphreys, 1969, 1971; Fry and
Gross, 1970a). At least 90% of that protein synthesis is attributable to the
translation of maternal rather than newly synthesized embryo messages
(Humphreys, 1971). Following the initial dramatic increase in protein synthesis at
fertilization, the rate of protein synthesis reaches a level of about 0.4 to 0.8 ng per
hour per embryo, and that level is maintained through the gastrula stage (Fry and
Gross, 1970b; Seale and Aronson, 1973; Reiger and Kafatos, 1976; reviewed in
Davidson, 1976). The amount of protein synthesized in an hour is about one percent
of the total protein content of the embryo, and about the same amount of newly
synthesized protein is turned over per hour (Berg and Mertes, 1970). Thus, the total
protein content of the embryo remains relatively constant through early embryo-
genesis.

Qualitatively, the spectrum of proteins synthesized does not appear to
change much until the early gastrula stage. The most sensitive measurements of

protein synthesis patterns in the sea urchin have been made using two-dimensional



gel electrophoresis (Brandhorst, 1976). In this experiment, proteins were labeled in

35S—methionine. About 400 distinet proteins were resolved on the two-

vivo with
dimensional gels. Mature oocytes, fertilized eggs, and blastula stage embryos
displayed very similar electrophoretic patterns. By gastrula, however, numerous
changes are observed, implying that a shift in the pattern of protein synthesis has
taken place. These observations suggest that the major change in protein synthesis
at fertilization is quantitative, while qualitative change is not detected until
gastrulation. The proteins detected by Brandhorst and other workers using similar
methods are the products of relatively prevalent embryo messenger RNAs. In sea
urchin embryos, there are two classes of messenger RNA with respect to their
abundance in the embryo (Galau et al., 1974, 1976; Nemer et al., 1975; Wold et al.,
1978). Prevalent class messages are present at about 3-5 x 104 copies per embryo
at the blastula stage, and there are approximately 500 to 1000 different sequences
represented (Nemer et al., 1974). Earlier in development during cleavage and early
blastula stages, a substantial fraction of the polysomal messenger RNA codes for
histones (Moav and Nemer, 1971). As the rate of cell division slows during blastula
the fraction of message coding for histone is reduced, and by gastrula histone
comprises only a small fraction of total polysomal mRNA (reviewed in Davidson,
1976). In general, however, very little is known about stage specific differences in
prevalent mRNA sequence sets, and therefore shifts in protein synthesis patterns
cannot be directly compared with changes in the corresponding mRNA populations.
It would, however, be expected that stage specific differences in major protein
species reflect differences in prevalent mRNA sequences. Proteins synthesized
from the rare, low abundance messenger RNAs discussed below cannot be detected

on the two-dimensional gels because these proteins are minor species, each one



representing a very small fraction of the total protein synthesized.

The second group of messenger RNAs are referred to as rare or "complex
class" sequences (Galau et al., 1974, 1977a). In sea urchin embryos at the blastula-
pluteus stages, complex messages comprise less than 10% of the total messenger
RNA mass, but include over 90% of the mRNA sequences. Thus, there are about
10,000 to 20,000 different complex class messages, each present at about 500
copies per embryo (Galau et al., 1976; Hough-Evans et al., 1977). In the blastula-
pluteus stages, complex mRNAs are present at an average concentration of about
one copy of each sequence per cell. This is, however, an average value, and it is
not known whether specific mRNA sequences are evenly distributed among all
embryo cells or are localized in a few cells.

Galau et al. (1974) measured the number of different messenger RNA
sequences in gastrula polysomes by reacting excess unlabeled messenger RNA with
small amounts of labeled nonrepetitive DNA. They found that'about 2.7% of the

single copy DNA is represented in the RNA. This is equivalent to about 1.7 x 107

nucleotide pairs of DNA sequence, enough to account for about 104 different
mRNAs of average size. From the kinetics and extent of hybridization, they
calculated that less than 10% of the messenger RNA was driving the reaction. The
remaining 90% is the prevalent class mRNA discussed above.

The extent to which complex mRNA sequence sets differ at various stages
of development was studied by Galau et al. (1976) and Hough-Evans et al. (1977).
They found that embryo structural gene sets differ by thousands of sequences from
one stage to another. A somewhat unexpected observation was that the mRNA

sequence complexity decreases as embryogenesis proceeds. Thus, the complexity

of cleavage stage embryo mRNA is about 2.7 x 107 nucleotides, but by gastrula the



7 nucleotides, and at pluteus the complexity is

mRNA complexity is 1.7 x 10
approximately 1.3 x 107 nucleotides. Furthermore, the vast majority of these
sequences are maternal; that is, they are homologous with RNAs found in the
mature sea urchin oocyte. Galau et al. (1976) observed that at gastrula most or all
of the species of message present on polysomes are also represented in oocyte
RNA. Studies of other developmental stages (chapters II and III) have shown that
over 80% of the diverse message sequences expressed at each prelarval stage are
also present in the total RNA of the oocyte.

Even though most embryo mRNA sequences are maternal up to the pluteus
stage, the messages themselves are newly transeribed by the blastula stage (Galau
et al., 1977b). This is the conclusion from studies of messenger RNA synthesis and
turnover which show that the steady state content of newly synthesized mRNA is
about the same as the total mRNA content of the polysomes. Both prevalent and
complex class mRNAs are newly synthesized and have a half-life of about five
hours (Nemer et al., 1975; Galau et al., 1977b). Thus, many of the structural genes
transeribed in oogenesis and represented in cocyte RNA are also transcribed during
embryogenesis. The developmental significance of this observation is discussed
further in chapter Il

A related question was whether there are any new, non-maternal
structural genes expressed during embryogenesis. The experiments described in
chapter IIl show that there are a substantial number of embryo specifie, complex
class mRNAs expressed at the mesenchyme blastula stage. Complex non-maternal
sequences were not, however, detected at 16-cell or gastrula stages. Expression of
a prevalent class non-maternal sequence has also been detected during the blastula-

gastrula period. This non-maternal message codes for an embryo form of histone I



which replaces the oocyte form during embryogenesis (Ruderman et al., 1974;
Arceci et al., 1976).

Sea urchin embryo messenger RNA is different in many respects from the
nuclear RNA of the same cells. Nuclear RNA is at least two to four times longer,
on average, than polysomal messenger RNA when both are measured under
denaturing conditions (Kung, 1974; Fromson and Duchastel, 1975). The half-life of
heterogeneous nuclear RNA at gastrula is about 20 minutes (Grainger and Wilt,
1976; Roeder and Rutter, 1970; reviewed in Davidson, 1976), ecompared with a half-
life of about 5.5 hours for messenger RNA. The rate of synthesis of total
heterogeneous RNA is about 0.5 pg per minute per embryo at cleavage and about
2.5 pg per minute per embryo at blastula and gastrula (Roeder and Rutter, 1970;
Wilt, 1970; Grainger and Wilt, 1976; reviewed in Davidson, 1976). For polysomal
messenger RNA, the rate of synthesis is about 0.13 pg per minute per embryo at
blastula and gastrula (Galau et al., 1977b). Thus, only about five percent of the
nucleotides incorporated into total heterogeneous RNA at the blastula-gastrula
stage appear in messenger RNA. The remainder are incorporated in RNAs confined
to the nucleus.

Nuclear RNA and messenger RNA also differ in sequence content.
Heterogeneous nuclear RNA contains both repetitive and single copy sequences
interspersed on the same transeript (Smith et al., 1974), but messenger RNA from
gastrula stage embryos contains very little repetitive sequence transcript (Goldberg
et al., 1973; McColl and Aronson, 1974; Nemer et al., 1975). The single copy se-
quence complexity of heterogeneous nuclear RNA is much higher than that of

messenger RNA from the same tissue or embryo stage. At gastrula, for instance,

8

the complexity of nuclear RNA is about 1.7 x 107 nucleotides (Hough et al., 1975)
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7nucleo‘tides for messenger RNA. TFor adult sea urchin

compared with 1.7 x 10
intestine tissue, the difference in complexity between mRNA and nuclear RNA is
even greater. The complexity of intestine message is about 6 x 106 nucleotides
(Galau et al., 1976) while the nuclear RNA complexity is almost forty times higher,
about 2.3 x 10% nucleotides (Wold et al., 1978). Thus, nuclear RNA is transcribed
from about one-third of the total single copy sequence in the genome, compared
with values of 6% or less for messenger RNAs.

A final distinction between messenger RNA and heterogeneous nuclear
RNA concerns the degree to which sequences in nuclear RNA differ from one
embryo stage to another. Kleene and Humphreys (1977) reported that nuclear
RNAs from blastula and pluteus stage embryos have very similar single copy
complexities, each representing about one-third of the total nonrepetitive sequence
in the genome. They also found that these nuclear RNAs contain no detectable
stage specific single copy sequence. This is in contrast to the substantial differ-
ences in mRNA sequence sets from blastula and pluteus stage embryos. The
experiments of Humphreys and Kleene do not, however, exclude the possibility that

7 nucleotides of complexity may exist between

differences as large as 3 or 4 x 10
blastula and pluteus hnRNAs. Quantitatively, this potential difference is as large
as the total sequence complexity of blastula or gastrula messenger RNA, and might
be important for the function of hnRNA, though that funetion is not presently

known.
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This paper deals with the relationship between the single copy transcripts represented in
mature cocytes of the sea urchin and the RNA sequences present in jmmature cocytes and
embryos. We term the oocyle trenscripts from single copy DNA the maternal single copy
sequence set. A single copy [PHIDNA fraction (*HloDNA) enriched for sequences complemen-
tary to the maternal single copy sequence set was prepared and reacted with the different RNA
preparations. The complexity of the mature cocyte RNA is estimated to be 37 x 10° nucleotides.
At kinetic termination, [*HloDNA reacted with the polysomal mRNA of 16-cell embryos to 13%
of the reaction with mature cocyte RNA, indicating that 27 x 10° nucleotides of the maternal
sequence set are present. With blastula mRNA the reaction equals about 56%, a complexity of
21 x 10® nucleotides; with gastrulea mRNA, 53%, a complexity of 19 x 10° nucleotides. The
relative amount of hybridizetion of PHloDNA was 100% with cytoplasmic RNA of the 16-cell
stage and became progressively less with the cytoplasmic RNAs of later stages. The total RNA
of immature oocytes was found to include about 26 x 10° nucleotides of the maternsal sequence
get. Results of these ezperiments are discussed, and an interpretation of the pattern of

utilization of structural genes during cocyte and embryo development is suggested.

INTRODUCTION

The RNA stored in mature gea urchin
oocytes includes sequences transcribed
from 6% of the single copy DNA, or gbout
37 x 10° nucleotide pairs (Galau ef al.,
1876; Anderson ef ol., 1976). This value
was obtained by RNA excess hybridization
with single copy DNA. In this paper we
refer to the set of single copy DNA sge-
quences represented in mature cocyte
RNA as the maternal single copy sequence
set. These RNA sequences comprise about
1% of the total cocyte RNA mass, as deter-
mined from the kinetics of the hybridiza-
tion reactions. The fraction of the total
oocyte RNA which can be identified as
mRNA on the basis of its activity in cell-
free protein synthesis systems and its
poly(A) content is also 1-2% (reviewed by
Davideen, 1976). It is known from the work

' Also staff member, Carnegie Institution of
Washington,

of Galau et al. (1976) that about half of the
maternal sequences are represented in the
polysomal mRNA of gastrula stage em-
bryos and thus can be considered to consist
of structursal gene transcripts. Therefore it
has been argued that the oocyte RNA
whoee complexity is 37 % 10° nucleotides
congists mainly of maternal messenger
RNA (Davidson, 1976).

In this report we describe further stud-
ies regarding the developmental fate of the
maternal single copy sequence set and the
appearance of these sequences during co-
genesis. [°H}-Labeled single copy DNA en-
riched for sequences represented in RNA
of mature oocytes ([*HloDNA) was pre-
pared and was hybridized with RNAs ex-
tracted from ococyies and embryos of var-
ious stages. Both polysomal RNA and total
cytoplasmic RNA preparations were inves-
tigated. Though we find that a large frac-
tion of the maternsa! single copy sequence
get is represented in the embryo polysomes
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throughout early development, this does
not imply the persistence of the original
mRNAs. Galau et al. (1977) showed that
by the blastula-gastrula stage essentially
all the polysomal mRNAs are newly tran-
scribed.

MATERIALS AND METHODS
Sea Urchin Oocytes and Embryos

Mature ococytes of Strongylocentrotus
purpuratus were collected, fertilized, and
cultured by standard methods (Hinegard-
ner, 1967; Smith et al., 1974). The embryos
were grown at 1-4 X 10%ml of Millipore-
filtered sea water in 30 IU/ml of penicillin
G and 50 pg/ml of streptomyein, with con-
stant stirring and aeration, at 15°C. When
embryos were to be harvested at the 16-cell
stage, the fertilization membranes were
removed by papain digestion immediately
following fertilization (Hynes and Gross,
1972). The developmental stages relevant
to the experiments described in this paper
are as follows: At 5 hr after fertilization
the embryos have reached the 16-cell stage
and consist of four large and eight inter-
mediate cells and four much smaller mi-
cromeres. Hatching occurs at 17-19 hr.

Mesenchyme blastulae, from which blas-.

tula mRNA and cytoplasmic RNA were
extracted, were harvested at 23-26 hr. At
this stage, the embryos contain sbout 450
cells, including well-defined primary mes-
enchyme cells. At 36 hr, the embryos con-
tain about 600 cells, have initiated gastru-
lation, and display small tripartite skele-
tal spicules. Prism stage embryos, from
which 46-hr cytoplasmic RNA was pre-
pared, have completed gastrulation and
contain about 700 cells. Plutei were har-
vested at 72 hr. These are well differen-
tiated larvae capable of fesding and con-
tain complete digestive tracts and bra-
chiated skeletons.

Mature Oocyte RNA

For each pi‘epamtion, 10°-10° mature oo-
cytes were obtained by injection of female
sea urchins with 0.5 M KCl. The oocytes
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were washed in sea water and resuspended
at about 2.5 x 10° cocytes/ml in low-salt
buffer containing 7 M urea, 50 m#M sodium
acetate (pH 5.1), 10 mM EDTA, 0.5% SDS
(sodium dodecyl sulfate), 10 ug/ml of PVS
(polyvinyl sulfate), and about 200 ug/ml of
bentonite. The oocytes were homogenized
with one to two strokes in a 40-ml size “B”
Dounce homogenizer at 4°C.

Following lysis, additional buffer was
added to about 500 ml, and the RNA
was deproteinized at room temperature
with an equal volume of a 1:1 mixture
of [phenol:m-cresol:8-hydroxyquineline
(Kirby, 1985)] : [chloroform:ispamyl alco-
hol (24:1)]. After removal of the agueous
phase, the interface was suspended in 1 M
sodium perchlorate, 0.1 A Tris (pH 8), 1%
SDS, and reextracted with the phenol-
chloroform mixture at 50°C. The aqueous
phases were combined, extracted once at
50°C with the phenol-chloroform mixture,
two times at room temperature with chlo-
roform:isoamyl alcohol (24:1), and then
precipitated at —~20°C with 2 vol of 100%
ethanol. The precipitate was dissolved in
10 mM PIPES (piperazine-N-N'-bis[2-
ethanesulfonic acid)) (pH 6.5) and 5 mM
MgCl,, and DNase I (Worthington) was
added to 100 pg/mi. After incubation for 2
hr at rcom temperature, the solution was
brought to 0.1 M Tris (pH 8.0), 0.2% SDS
and 50 mid EDTA, and incubated with 50
ug/m) of proteinase K (E. Merck) for 1 hr
at 37°C. The solution was deproteinized
with the phenol-chloroform mixture and
with chloroform:isoamyl alcohol (24:1) and
precipitated with ethanol. The RNA pre-
cipitate was dissolved in 0.3 M sodium or
potassium acetate (pH 6.5) and chromato-
graphed on Sephadex G-100 in the same
buffer. The RNA in the excluded volume of
the column wes precipitated with ethanol
and stored at —20°C in 1-10 mif sodium
acetate.

Total Ovary RNA

Total RNA was extracted from four ova-
ries digseected from a single ﬁ’emaie sea ur-
chin. One ovary was first dissected
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minced, and examined under the phase
microscope. A female was chosen whose
ovaries were entirely free of mature (580
wm in diameter) cocytes and contained
less than 1% medium-sized (50-80 um) oo-
cytes. We estimate that the tissue con-
sisted principally (59%0% of the mass) of
immature cocytes 30-50 pm in diameter
(previtellogenic and early vitellogenic oo-
cytes). The four intact ovaries were ho-
mogenized in low-salt buffer containing ?
M urea, and the total RNA was prepared
as described for mature cocyte RNA.

Cytoplasmic RNA

Sixteen-cell embryos were allowed to
settle in ice-cold Ca- and Mg-free sea water
containing 2 mM EDTA, and embryos of
other stages were harvested by centrifuga-
tion and washed in ice-cold 1.5 M glucose.
Pellets were resuspended in a lysing buffer
which consisted of 50 mi PIPES (pH 6.5),
200-500 mM KCl, 12 or 15 mM MgCl;, and
contained 500 ug/ml of PVS and 5 mg/ml of
bentonite. The nonionic detergent NP40
was added to 0.5%. The cells were lysed by
homogenization in & 40-m! size *B” Dounce
homogenizer. Nuclei and cell debris were
removed from the homogenate by centrifu-
gation at 2000g for 10 min. RNA was ex-
tracted from the supernatant essentially
as described above for mature cocyte RNA.

Messenger RNA

The mRNA preparations used in these
experiments included polysomal rRNA as
well as mRNA but had been extensively
purified of nonpolysomal RNAs, particu-
larly nuclear RNAs. The procedures used
were described by Galau et al. (1976), ex-
cept that the initial dextrose washes were
eliminated, and the lysis buffer contained
0.5% NP40 and 5 mM EGTA ([ethylene-
bis{oxyethylenenitrilo)ltetraacetic acid).

Single Copy [*HIDNA

Unlabeled single copy DNA was pre-
pared as described by Galau et al. (1976). It
was labeled in vitro by the gap translation
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method, also as described by Gelau ef al.
(1976), except that for preparation $ the
reaction was stopped by adding EDTA to
25 mM and treating the mixture with Pro-
nase (Calbiochem). Each reaction mixture
was extracted with chloroform:igoamyl al-
cohol (24:1), and the aqueous phese was
brought to 0.12 M phosphate buffer (equi-
molar Na,HPO, and Nall,PO,). The sam-
ple was passed over an hydroxyapatite col-
umn in 0.12 M phosphete buffer at €0°C.
Unincorporated precursor as well as any
gingle-stranded DNA was eluted at 60°C.
The double-stranded single copy PHIDNA
which bound to the hydroxyapatite column
was then denatured and eluted at 95°C.
The 95°C fraction was cooled and passed
over a second hydroxyapatite column at
60°C in 0.12 M phosphate buffer to remove
the zero-time binding fraction, including
the self-complementary “foldback” se-
guences generated by the enzyme during
the labeling procedure. Molecules contain-
ing such sequences were bound to the col-
umn, while single-stranded DNA was

-eluted in 0.12 M phosphate buffer. This

labeled DNA was further purified by pas-
@&ge over Sephadex G-100 in 0.3 M potas-
sium acetate (pH 6.3). Measured specific
activities of 4-8 x 10° cpm/ug were ob-
tained under our counting conditions (40%
eounting efficiency). The labeled DNA
tended to bind to laboratory glassware,
and it was necessary to use plastic or sili--
conized containers for all experiments m—
volving this tracer.

The reactivity of the labeled gingle copy
DNA and the extent of contamination with
repetitive segquences were determined
from the kinetics of its reassociation with
excess total sea urchin DNA. The weight
average size of the labeled fragments was
about 200-250 nucleotides measured in al-

kaline sucrose gradients

Preparation of [*HJoDNA

The single copy PHIDNA enriched for
gequences represented in mature cocyte
RNA ([PHloDNA) was prepared by &
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method which relies on two cycles of hy-
bridization of single copy [PH]JDNA with
the RNA of interest. The extent of reaction
was assayed after each incubation, using
small aliquots of the reaction mixture.
Three oocyte RNA preparations and three
single copy [PH]DNA preparations were
used for the experiments described below.
Single copy [*H]JDNA was incubated with
excess total cocyte RNA (RNA mass/DNA
mass =7000) in 0.42 A or 0.5 M phosphate
buffer at 60°C, to an oocyte RNA equiva-
lent Cot >30,000 in order to assure maxi-
mum hybridization. The [PH]DNA-RNA
mixture was diluted to 1 mg/ml or less of
RNA, and brought to 0.24 M phosphate
buffer. RNase A (Worthington) was added
to 10 pg/ml, and the unhybridized RNA
was digested by 1 hr of incubation at room
temperature. This treatment prevents the
bulk RNA from interfering with the bind-
ing of DNA-DNA and DNA-RNA du-
plexes to hydroxyapatite. Following
RNase digestion the preparation was ad-
justed to 0.12 M phosphate buffer, 0.06%
SDS, and extracted with chloroform:isc-
amyl alcohol (24:1). The aqueous phase was
passed over a 1-ml hydroxyapatite column
in 0.12 A phosphate buffer, 0.06% SDS, at
60°C. The double-stranded DNA and
DNA-RNA hybrids binding to the column
were eluted at 95°C. About 8% of the single
copy [PH]JDNA reacted during the first in-
cubation, ¥s of it (2.7% of input) with egg
RNA. The eluate was then adjusted to 0.06
M phosphate buffer, 0.03% SDS, 0.1 M Tris
(pH 8.0), 0.05 M EDTA, 50 ug/ml of pro-
teinase K. It was incubated at 37°C for 1 hr
and extracted with chloroform:isoamyl al-
cohol. No detectable RNase activity re-
mained in the solution after this treat-
ment. The aqueous phase was dialyzed
against 0.3 M potassium acetate and co-
precipitated with a second aliquot of ma-
ture oocyte RNA. After incubation to an
RNA Cy >30,000, the mixture was di-
gested with RNase, extracted, and passed
over hydroxyapatite as above. In different
preparations 15-30% of the [PHIDNA re-
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covered in duplex form from the first hy-
droxyapatite column bound to the second
hydroxyapatite column. The double-
stranded material was eluted at 95°C and
heated for 2 min at 100°C, quenched in ice,
and again passed over a hydroxyapatite
column in 0.12 M phosphate buffer. The
purpose of this fractionation was to remove
any remaining gzero-time binding se-
quences. The DNA which did not bind at
60°C (or in the case of preparation 3, 50°C)
was dialyzed and concentrated by precipi-
tation with carrier oocyte RNA. The pre-
cipitate was treated for 45 min in 0.3 M
KOH at 37°C to hydrolyze the residual
oocyte RNA, neutralized with acetic acid,
end stored in phosphate buffer (pH 6.8).
The three preparations of [*HJoDNA used
in these experiments were characterized
by measuring their reassociation kinetics
with excess whole sea wrchin DNA, and
the final zero-time binding was measured
by boiling and quenching a sample of each
tracer before passing it over hydroxyapa-
tite.

Hybridization of [FHIDNAs with RNA
‘ and Analysis of Hybrid Content

Single copy [PHIDNA and [*HleDNA
were incubated with excess unlabeled
RNA in 0.4-0.5 M phosphate buffer, 0.1~
0.2% SIS, 5-10 mM EDTA at 60°C (Tables
2-4), after denaturation for 1-2 min at
98°C. RNA mass excess was =10 for single
copy [PHIDNA reactions, and about 10¢
cpm were included in each reaction mix-
ture. In [*HJoDNA reactions the mass ex-
cess was at least 10°. Cyt values (M-sec)
were calculated for the ovary, oocyte, and
cytoplasmic RNAs in terms of the total
RNA mass. mRNA Cyts were calculated
on the basis that 4% of the total polysomal
RNA mass is mRNA (Galau et al., 1877).
All RNA and DNA Cg¢ values referred to
in this paper are eguivalent Cqfs; that is,
they have been corrected for acceleration
in reaction rate relative to the rate in 0.12
M phosphate buffer at 60°C due to higher
Na* concentration (Britten et al., 1974).
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The majority of the reactions were incu-

bated 24-48 hr, and only rarely did the
incubation time exceed 90 hr.

Reaction mixtures containing RNA and
total single copy [PH]JDNA were analyzed
by the procedures described earlier, with
minor modifications (Hough et al., 1975;
Galauet al., 1974, 1976). The hybridization
reactions were divided into two aliquots.
Aliquot I was assayed for total duplex con-
tent on a 1-ml hydroxyapatite column in
0.12 M phosphate buffer, 0.06% SDS, at
60°C. Single-strand [PH]DNA was eluted,
and the column was washed extensively at
60°C with 0.12 M phosphate buffer contain-
ing 0.06% SDS. The bound DNA-DNA and
DNA-RNA duplexes were eluted at 95-
100°C in the same buffer. Fractions from
the column were assayed for radioactivity
by counting in scintillation fluid. Aliquot
I was used to measure the DNA-DNA
duplex content. RNA-DNA hybrids were
destroyed by incubation at 37°C for 12-20
hr with 10-20 ug/ml of RNase A in 0.05 M
phosphate buffer. The sample was then
adjusted to 0.12 M phosphate buffer, 0.06%
SDS, deproteinized with chloroform:iso-
amyl alcohol (24:1), and the aqueous phase

was passed over hydroxyapatite as de-

scribed above. The fraction of [PHIDNA
bound in Aliquot II is subtracted from
that bound in Aliquot I to obtain the frac-
tion hybridized with RNA.

Reaction mixtures containing RNA and
[*H]JoDNA were analyzed in most cases by
diluting the sample to 0.12 M phosphate
buffer, 0.06% SDS, and placing it directly
over a hydroxyapatite column in the same
buffer. No measurement of the DNA-DNA
duplex was required because the tracer
self-reaction was in these cases negligible.
Occasionsally one or more reaction mix-
tures were also assayed for DNA duplex
content by the “two-column” assay just de-

RESULTS
Characterization of [*H]JoDNA -

The three [*HIoDNA tracers used in this
work were prepared as described in Mate-
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rials and Methods from single copy DNA
which had been labeled in vitro. To select a
tracer fraction representing the maternal
single copy sequence set, the single copy
{*H]DNA was reacted with excess mature
cocyte RNA. The duplex fraction, contain-
ing both DNA-RNA hybrids and rena-
tured DNA, was separated from single-
stranded tracer by binding to hydroxyapa-
tite and was then denatured and reacted
again with oocyte RNA. Using two cycles
of reaction decreases the amount of rena-
tured DNA in the tracer fraction binding
o hydroxyapatite. The bound [FH]JDNA
was stripped of sequences binding to hy-
droxyapatite at Cot <1073, We refer to this
material as zero-time binding DNA. The
preparation was then hydrolyzed with al-
kali to remove residual cocyte RNA. Dur-
ing the hybridization reactions the single
copy cocyte RNA transcripts were present
in greater than 1000-fold sequence excess
with respect to the complementary single
copy DNA. Therefore the [*H]lcDNA repre-
sents the various sequences of the mater-
nal single copy set equally, regardless of
relatively minor differences in their preva-
lence.

The [PHJoDNA tracers were tested for
reactivity with DNA and oocyte RNA, and
for any remaining contamination with
foldback or repetitive DNA sequences, as
shown in Table 1. Reactivity with DNA is
defined as the extent of reaction of the
(*HIDNA tracer with excess sheared sea
urchin DNA incubated to Cot 20,000, mea-
sured by hydroxyapatite binding. At Cot
20,000, 96% of the 450-nucleotide-long
DNA driver had reacted. The [*HJoDNA
preparations contained from 15 to 42%
nonreactive labeled material. The non-
reactive fraction probably consists mainly
of PHIDNA fragments too short to form
duplexes of sufficient length to bind to hy-
droxyapatite (see Table 1, footnote b). Ga-
lau et al. (1976) also observed that the
DNA reactivity of very high specific activ-
ity single copy DNA tends to be somewhat
reduced, as a result either of radiolysis, or
of degradation during preparation and se-
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TABLE 1
CuaracteRizaTiON OoF [*H]JoDNA
Preparation
i 2 3

Reactivity with DNA® 7% 85% 58%°
Zero-time binding*® 1.5% 8.3% 8%
Reaction with exzcess 1.2% 0.7% i%

whole DNA at Cyfs of

10-35 M-sec?
Reaction with ooccyte 88.56% 83.0% 7%

RNA at high RNA

Cots®
Enrichment for occyte 23x 18% 26 %

RNA sequences

¢ Of the 450-nuclectide-long sea urchin DNA,
=88% was in duplex-containing structures at Cyf
20,000. The labeled DNA reacts less completely be-
ceuse it contains fragments of DNA too small to
form stable duplexes, and possibly other nonreactive
labeled components produced during the in vitro
labeling process (average of two or move determina-
tions).

* Of PHloDNA preparation 3, 26% consisted of

{*Hlcounts per minute which were not excluded from -

Sephadex G-160. The reactivity of an aliquot from
the exclusion peek was 80%. This shows that much
of the nonreactive labeled DNA in this tracer prepa-
ration consisted simply of fragments too ghort to
form stable duplexes at the reaction criterion ap-
plied.

¢ The procedure by which the [*HjoDNA was pre-
pared tends to concentrate any zero-time binding
and foldback sequences, and these hre removed
more or less effectively as described in Materials
and Methods. The values given represent the aver-
age of several determinations at Cot <1072, These
determinations included samples from hybridizing
miztures made up with each of the RNAs studied.
The amount of [*HloDNA binding to the hydroxy-
apatite column was measured by the low-salt RNase
procedure (see Materials and Methods).

¢ Average of two or more determinations. Zero-
time binding hes been subtracted.

¢ Terminal values are from Fig. 1. The extent of
reaction has been corrected for reactivity with DNA
(row 1 of this Table), and zero-time binding (row 2 of
this Table) was subtracted.

lective purification, or both. Table 1 also
shows that the procedures used to strip
"zero-time binding or foldback seguences
from the tracer were not completely effec-
tive. A small zero-time binding fraction
remains in each of the [*HJoDNA prepara-
tions. The amounts of zero-time binding to
hydroxyapatite (Table 1) were very repro-
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ducible for each preparation. Thus they
could be routinely subtracted to obtain the
quantity of duplex formed as the result of
RNA-DNA hybridization.

No detectable repetitive sequence cop-
tamination existed in the [*HJoDNA prep-
arations. This was established by the reac-
tion of each [SHjoDNA preparation with
excess whole DNA at Cgts of 10 to 35. At
these driver DNA Cyts, 1-3% of the single
copy sequences in whole sea urchin DNA
will have renatured. Table 1 shows that
the amount of reaction of [*HJoDNA at low
driver DNA Cqt is within expectation for
tracers containing detectable quantities of
only single copy sequence. :

The most significant parameter shown
in Table 1 is the concentration of cocyte
RNA sequences in the [*HloDNA prepara-
tions. Considering only the reactive frac-
tion of the [*HJoDNA tracers, the enrich-
ment for cocyte RNA sequences is calcu-
lated by dividing the terminal extent of
reaction of [*HJoDNA with cocyte RNA by
the terminal extent of reaction of total sin-
gle copy [PHIDNA with the same RNA.
The fraction of single copy [*HIDINA which
can be hybridized with mature ococyte
RNA is about 3%. This value was reported
previously by Galau ef al. (1976) and is
confirmed by data presented below. There-
fore, if the [PHloDNA tracer contained
only sequences complementary to oocyte
RNA, then the maximum possible enrich-
ment would be 33-fold. Table 1 shows that
the three preparations were enriched for
oocyte sequences 23-, 18-, and 26-fold, re-
spectively, or from about 55% to about 79%
of the maximum possible purification. We
have some experimental indications that
the remaining reactive [SHIDNA in the
[*H]JoDNA preparations consists at least in
part of random single copy seguence.
These random sequences probably derive
from renatured tracer remaining from the
preperation of the [*HJoDNA and possibly
from small quantities of single-stranded
DNA contamination in the hydroxyapa-
tite-bound fractions.

The kinetics of the reactions of the
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[PHJoDNA tracers with mature oocyte
RNA are shown in Fig. 1. There was no
detectable [*HJoDNA self-reaction, and
the only DNA-DNA duplex in the reaction
mixture was the zero-time binding se-
quence. The absence of DNA self-reaction
is expected from the very low [PHloDNA
Cot generated during the incubations with
RNA, as well as from the asymmetric na-
ture of the cocyte RNA transcripts. Prepa-
ration 1 was tested only at RNA Cyts 53 x
10¢, when the reactions have already ter-
minated (cf. Fig. 1). The terminal value for
preparation 1 is merely an average of four
determinations. Kinetic data for the reac-
tions of [*HJoDNA preparations 2 and 3
were fit by least squares metheods to the
pseudo-first-order function specified in the
caption to Fig. 1. The terminal values ob-

[+]
[<]

Percent of 3H-cDNA in hybrids

1 1
[

| 1 1 i

)

RNA Cot x 107
Fic. 1. Hybridization of [*HloDNA with mature
oocyte RNA. The curves were fit to the data for
oDNA preparations 2 (8) and 3 (O). The function
used to fit the data is D/Dy = exp{~Cof &}, where D/
D, i8 the fraction of "H]oDNA remaining single-
stranded at time?, C, is the RNA concentration, and
k is the pseudo-first-order rate constant [see Gelau
et al. (1874) for calculations using this equation end
further discussion]. The restrictions imposed on the
solution were that there is a single kinetic compo-
nent and that no measurable amount of hybrid
forms at very low RNA C¢f; that is, that the ordinate
intercept is 0. The pseudo-first-order rete constant
obtained for both sets of data wes 2.3 + 0.8 x 10~
M- sec'. Terminal values are 53.0 = 1.4% for
[*H]oDNA preparation 2 end 77.0 = 1.1% for
[3HloDNA preparation 3. The corresponding value
for [*HloDNA preparation 1 i8 68.5 + 4.8% (see text).
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tained from the lesst squares solutions are
listed in the figure caption.

The rates of the reactions illustrated in
Fig. 1 agree well with those reported in
previous studies from this laboratory. Fig-
ure 1 shows that the rate constant for the
oocyte RNA-[*HJoDNA reaction is about
2.3 x 107 M gec™!. Similarly Galau et al.
(1976) reported rate constants for cocyte
RNA reactions with various single copy
DNA tracersof 1.2 X 10~ M sec ' and 2.2
x 1074 M sec. Analysis of the relatively
extensive measurements presented here
ghows that about 1% of the total mature
gocyte RNA constitutes the complex se-
quence class which drives the hybridiza-
tion reaction. This conclusion is consistent
with earlier work (Anderson et al., 1976;
Galau ef al., 1976). The complexity of S.
purpuratus cocyte RNA has been reported
previously as 37x 10° nucleotides (Galau et
al., 1976). Data which confirm this value
are shown in Table 2. The terminal value
for the reaction of each of the PFHloDNA
preparations with ococyte RNA thus is
taken to represent 37 x 10° nucleotides of
complexity. If the [*H]oDNA reacts with
RNA from another stage of development to
an extent which is a fraction « of the ter-
minal reaction of that tracer preparation
with oocyte RNA, the complexity of the
maternal single copy sequence set in this
RNA is therefore calculated as (o) (37 X
10%) nucleotides.

The vields of [*H]oDNA obtained in each
preparation were estimated by dividing
the quantity of [*H]JoDNA recovered by the
amount of single copy [*H]DNA comple-
mentary to cocyte RNA which was present
in the starting total single copy DNA G.e.,
3%, or 37 x 10° nucleotides per haploid
genome, from Galau et al., 1976, and Table
2). This ratio must then be adjusted to
exclude the fraction of the [SH]JoDNA
which fails to react with cocyte RNA. The
yields ranged from about 1% for prepara-
tion 1 to about 10% for preparation 3.
These yields are approximately what is
expected considering that the yield of each
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of the 20 individual steps in the [*HJoDNA
preparation is 80-90%. Evidence that the
losses of cocyte sequences occurring during
the tracer preparation are random with
respect to sequence can be obtained from
the extent of reaction of [*HloDNA with
gastrula mRNA since all gastrula mRNA
sequences are also represented in cocyte
RNA (Galau et al., 1976) (these experi-
ments are described in detail below). Thus
‘the complexity of the gastrula mRNA as
calculated from reactions with [*HleDNA
agrees well with previous determinations
of the complexity of gastrula polysomal
RNA calculated from reactions with total
single copy DNA tracer (Galauetal., 1974).

RNA Complexity Measurements with Sin-
gle Copy [PH]DNA

In following sections of this paper we
describe reactions of [*HloDNA with cyto-
plasmic RNA preparations from sea ur-
chin ovaries and embryos. A serious con-
cern is the possibility that the RNAs react-
ing with the [°H]JoDNA are contaminating
nuclear RNAs rather than bona fide cyto-
plasmic RNAs. This could occur easily if
nuclei are damaged and release their con-
tents during cell lysis. The hybridization
of smgle copy [*HIDNA with the cytoplas-
mic RNA preparations, summarized in Ta-
ble 2, provides a sensitive test for contami-
nation with hnRNA. Hough et al. (1975)
showed that the complexity of sea urchin
gastrula hnRNA is close to 1.7 x 10° nu-
cleotides, or about four times greater than
that of oocyte RNA, and 10 times greater
than that of the polysomal mRNA popula-
tions found in sea urchin gastrulae (Galau
et al., 1974). According to Kleene and
Humphreys (1977), the complexity of the
hnRNA of blastula and pluteus stage em-
brycs is about the same as that of the
gastrula stage. Were the cytoplasmic RNA
preparations contaminated with hnRNA,
therefore, the fraction of smgle copy
*HJDNA hybridized would rise continu-
ously at high RNA Cyt toward a level sev-
eral times that expected for an hnRNA-
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free preparation. On the other hand, we
expect that bona fide cytoplasmic RNAs
will be found in roughly the same numbers
of copies pens embryo as in the mature co-
cyte (Galau et el., 1974; 1976), so that a
terminel RNA Cyt will be reached at
around 20,000 or 30,000. The quantxtatlve
estimation of hnRNA con tion in
mesaage preparations by this method was
discussed by Hough et al. (1875). We
showed earlier that our mRNA prepara-
tions are free of hnRNA contamination de-
tectable by the single copy hybridization
procedure as well as by other criteria
(Goldberg et al., 1973; Galau et al., 1974;
1876; Hough et al., 1875). However the cy-
toplasmic RNA preparations are more sus-
ceptible to hnRNA contamination than are
mRNA preparations, since the mRNA is
further purified following removal of the
nuclei. Hybridization with single copy
[*HIDNA can reveal only contamination
with a major fraction of the hnRNA se-
guences, such as might eccur if nuclei
were broken during embryo lysis or not-
removed in the subsequent pelleting step.
Selective leakage of a subset of the hnRNA
sequences into the cytoplasm during lysis
would not be detectable in most cases, and
in fact would be very difficult to distin-
guish from a physiological process.

Table 2 provides terminal reaction data
for the hybridization of single copy
[PH]DNA with the cytoplasmic RNA prep-
arations of interest. In the case of the plu-
teus cytoplasmic RNA, it is clear that
there is no large change in the extent of
single copy DNA hybridization with in-
cressing RNA Cgt. Thus there is no evi-
dence for total hnRINA contamination at a
level which could affect the hybridization
of the [*HloDNA. Though it is by no means
certain, due to scatter in the data, the
blastule and 168-cell cytoplasmic RNA
preparations could have included small
amounts of hnRNA. A least squares solu-
tion to the data shown in Table 2 for the
bl&stula RNA suggests that if total
hnRNA seguences are present, their con-
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TABLE 2
Hysripization oF Smicre Cory [PHIDNA wira Marurz Qocviz, Ovany, anp Busayo CyrorLasmic
RNAs
BNA Cot PEIDNA in duplex () Terminal  Complexity (au-
) value (%)° clootides)®
RNA [HIDNA Total DNA- DNA-
DNA  RNA®
Mature coryte RNA (preps- (1) 25,700 1.4 814 . 087 2.85
_ ration) @ 30,400 26 7.87 4.85 2.86
- 2)32,860 2.5 .48 6.84 .09
(2) 40,000  0.07 282 02  ggs o0i=018 3=23x10°
(2) 44,800 4.0 3.71 0.93 8.27
(78,000 40 5.85 .20 2.85
Ovary total RNA 18,000 2.8 808 414 207
R 28,000 4.6 122 102 g1y 210=000 2620410
16-Cell cytoplasmic RNA 14,400  0.08 8.02 0.45 2.82
v 16,500 .11 3.28 .49 .07
0,500 1.0 4.58 0.97 $.97
3,400 0.20 4.58 0.52 444 658045 87 = 8.4 x 105
46,100 028 4.81 .65 4.57
88,100 2.3 5.58 8.8 5.18
_ 74,100 2.5 8.11 0.85 468
Blastula cytoplasmic RNA 17,200 3.0 7.68 .73 4.10
, 22,0  $.8 8.98 4.60 3.97
26,600 4.8 8.44 3.54 308  $.86 =088 47 x 7.8 x 10%
44,200 7.8 8.22 4.5¢ 3.91
‘ 44,200 78 8.1 3.77 472
Prism cytoplasmic RNA 33,400 1.8 3.11 0.68 2.84
87,100 15 22 048 gu 2 2B=0I Bxasx10
Pluteus cytoplasmic RNA 20,800 2.0 1.14 0.25 1.04
0,200 3.0 1.22 .41 6.5  0.98£0.06 12204 x 10
58,200 3.8 118 . 0.38 0.84 '

« Calculated by subtracting DNA-DNA duplex from total duplex and correcting for the reactivity of the single copy
{*HIDNA. This was measured by reaction with total DNA and was >80% in every case.

® The terminal value was determined for sach RNA by averaging all the data shown, except for the case of mature oocyte
RNA and 18-cell embryo RNA. In these cases data obtained at RNA Cot >8 x 10* were used to obtain the terminal value,
Error estimates shown represent one standard deviation sround the best paremeter values. The error estimates do not
include any nonrandomly cccurring systematic errors which could have affected the data.

¢ Complexity was calculated (assuming single-strand tranecription) as follows: (terminal fraction of reactive single copy
{*H]DNA hybridized) x 2 x (single copy complexity of 8. purpuretus genome). The complexity of the single copy sequence
fraction of the genome is 6.1 % 10° nucleotide pairs (Graham et al., 1874).

¢ From data obtained at RNA Cyfs greester then 30,000. This serias of observations had s high background, and
simuitaneous messurements with cocyte RNA aleo terminated when 4.6% of the single copy DNA had hybridized. The
eomplexity of the 16-cell cytoplesmic RNA was therefore aleo about 37 x 107 nucleotides: (4.8/4.58) x 87 x 10° = 37 x 10°.
. ¢ These date were fit by least squares methods essuming two pseudo-first-order kinetic components. The purpose of this
exercise is to distinguish the kinetic component due to trace contaminstion with haRNA from the kinetic component due to
reaction of RNAs present at about the same prevelence as cocyte RNAs. The rate constant of the first component,
representing the cytoplasmic RNA, wes fized st 1.73 x 10~ } gec™’, similer to thet of oscyte RNA and the other
cytoplasmic RNAs studied. The second component was fizxed at & complexzity of 1.7 x 10° nucleotides to reprezent hnRNA
(Hough et al., 1975; Kieene and Humphreys, 1877). The rate constant for thiz component provided by the least sguares
solution was 2.00 x 107 M~ gec™!, or about 1.2 x 10~ times that for the cytoplasmic sequences. Since the haRNA
complexity is-about four times greater than oocyte RNA complezity, the ssquence concentrations of the putative hnRNA
would be around (1.2 % 10%) 0.25 or approximately § x 10-° that of the complex cytoplasmic RNA sequences.

centration is 20-fold lower than that of the cantly greater amounts of hnRNA contam-

cytoplasmic RNA sequences reactable
with [*HJoDNA (see footnotes to Table 2).
Even if real, this level of contamination is
too low to affect the reaction of [*HloDNA
significantly. Cytoplasmic RNA prepara-
tions which displayed evidence of signifi-

ination were discarded.
Table 2 shows that the complexity of
pluteus cytoplasmic RNA is about 12 x 108

nucleotides. This value is similar to the

complexity of pluteus mRNA reported by
Galau et al. (1976), 13-15 x 10° pucleo-
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tides. Thus most of the diverse species of
RNA in the pluteus cytoplasm can be ac-
counted for as mRNA. For the earlier em-
bryonic stages, however, the cytoplasmic
RNA complexities listed in Table 2 exceed
the polysomal mRNA complexities mea-
sured by Galau et al. (1974, 1976), as dis-
cussed below.

Reaction of [PH]oDNA with RNA from
Ovary Containing Only Immature Oo-
cytes :

It is not known when during cogenesis
the maternal mRNA stored in the mature
oocyte is transcribed. To determine
whether or not the full set of maternal
RNA sequences is already present in pre-
vitellogenic oocytes we carried out reac-
tions of [*HJoDNA with the total RNA ex-
tracted from the ovaries of out-of-season
females. Sea urchins produce mature
gametes only at certain times of the year,
and ovaries were selected which contained
no mature oocytes. Cytological examina-
tion revealed a small amount of connective
tissue and clusters of immature ococytes,
easily identifiable by their large nuclei.
Almost all of the ovarian tissue appeared
to consist of cocytes. At least 99% of these
measured less than 50 um in diameter and
are classified as previtellogenic or very
early vitellogenic cocytes.

RNA extracted from immature ovaries
was hybridized with single copy [PHIDNA
and with [FHJoDNA, preparation 2. At an
RNA C,t which would be terminal for the
mature oocyte RNA-driven reaction, 2.1%
of the reactable single copy [PHIDNA was
found in RNA-DNA duplexes. Thus the
complexity of the RNA in the immature
oocytes which reacts by Cot 18,000 (Table
2) is about ¥s that of mature cocyte RNA.
The reactions of [*HJoDNA with the ovary
RNA are shown in Fig. 2. In Fig. 2 the
immature ovary RNA-[*HJoDNA reaction
is compared to the [*HJoDNA reaction
with mature cocyte RNA, reproduced from
Fig. 1. When fit by linear regression anal-
ysis these data display a slight positive
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slope, indicative of a low prevalence RNA
of higher complexity. This can probably be
accounted for as immature cocyte nuclear
RNA. However, it is not clear that this
small kinetic component is really present,
and by far the major portion of the reaction
is evidently due to RN A sequences present
at the same (or greater) concentration as
in mature oscyte RNA. The horizontal
dashed line shown in Fig. 2 represents the
best estimate of the fraction of the mater-
nal single copy sequence set which is al-
ready present in the RNA of previtello-
genic cocytes, i.e., at a concentration simi-
lar to that of most single copy transcripts
in mature oocyte RNA. Calculated from
the reaction with [*HJoDNA, the complex-
ity of this sequence set is about 26 x 10°
nucleotides, which agrees very closely
with the tota] RNA complexity measured
for the same RNA by reaction with single
copy [PH]DNA (26 x 10° nucleotides; Table
2). It follows that in the immature ovary
all or almost all of the sequences, whose
prevalence is similar to that of the single
copy transcripts in mature oocytes, are ho-
mologous to these mature cocyte RNAs.
Since other cell types are present in the
ovary, these measurements provide a
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Fig. 2. Hybridizetion of [SHJoDNA with total
immature ovary RNA. The solid line is the pseudo-
first-order curve fitted to the hybridization data for
[*H}oDNA preparation 2 with oocyte RNA, from Fig.
1. The dashed line represents the average of the data
for the immature ovary RNA (38 = 3.2%). Complex-
ity of the reacting RNA (26 = 2.2 x 10° nucleotides)
is indicated on the right hand ordinate. Complexity
was calculated as (terminal value/B3%) x 37 x 10°
nucleotides.
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maximum estimate of the homology be-
tween the RNA of immature cocytes and
mature oocyte RNA.

Reactions of [*HJoDNA with Embryo Cy-
toplasmic RNA

The [*HloDNA tracer was reacted with
cytoplasmic RNAs of 16-cell cleavage stage
embryos, 26-hr mesenchyme blastulae, 46-
hr prism stage embryos, and 72-hr plutei.
The RNA preparations used were those
whose reactions with single copy [*"HIDNA
were discussed above (Table 2). The reac-
tion of the [*HJoDNA with 16-cell cytoplas-
mic RNA is indistinguishable from its re-
action with mature cocyte RNA (data not
shown). At 5 hr of development all of the
complex maternal RNA sequences are ap-
parently still present in the cytoplasm.
However, after this stage the maternal
single copy sequence set begins to disap-
pear from the cytoplasmic fraction of the
embryo RNA. This trend is shown in Fig.
3. Only terminal reaction data were ob-
tained, except for the pluteus cytoplasmic
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RNA where measurements were also car-
ried out at low RNA Cyt. The data scatter
was greater in the reactions shown in Fig.
8 than we customarily observe for mRNA-
driven reactions, for reasons we do not
understand. The standard deviations for
the terminsal values shown in Fig. 3 are of
the order of 10% of the termingl value,
rather than the 2 to 5% obtained in the
excess polysomal RNA reactions described
below.

The main conclusion from this series of
experiments is clear, despite the varia-
tions among the individual measure-
ments. Figure 3a indicates that a signifi-
cant decrease in the size of the cytoplasmic
maternal single copy sequence set has oc-
curred by the mesenchyme blastula stage.
Progressively smaller fractions of the ini-
tial maternal single copy sequence set per-
sist to the prism (Fig. 3b) and pluteus
stages (Fig. 3c). Expressed as percentages
of the reaction of the [PHJoDNA tracer
with oocyte RNA, the terminal values ob-
tained for the embryonic RNA reactions

Percent of 3H-0DNA in hybrids

RNA complexity - nucleotides x 1076

RNA Cot x 1079

Fie. 8. Hybridization of [PHloDNA with blastula, prism, and pluteus cytoplasmic RNAs. The left
ordinate gives the percentage of [*HloDNA in dupleg, and the right ordinate is calibrated in terms of
complexity. (a) 26-hr mesenchyme blastule cytoplasmic RNA; (b) 46-br prism cytoplesmic RNA; (¢) T2-hr
pluteus cytoplasmic RNA. In (2) and (b) the dashed lines show the terminal extent of reaction, ¢4.8 = 4.0%
(81 = 2.8 x 10® nucleotides) and 35 = 4.6% (24 + 3.2 x 107 nucleotides), respectively. The dashed curve in
(¢) describes a pseudeo-first-order function fitted to the pluteus cytoplasmic RNA data. The terminal value of .

- this curve i 23.3 + 3% (16 = 2.6 x 10° nucleotides), and the rate constant of the reactionis 1 = 0.5 x 10-* A

sec™' This is only a factor of 2 smaller than the rate constant for the reaction of the PHIoDNA tracer with

mature cocyle RNA. For comparieon the reaction of [*H]oDNA preparation 2 with mature cocyte RNA is
reproduced from Fig. 1 in each panel (solid curves).
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were 100% at the 16-cell stage, about 85%
at the blastula stage, ~66% at the prism
stage, and ~44% at the pluteus stage.

Reactions of [*H]JoDNA with Embryo Pol-
ysomal RNAs

The extent of reaction of the [*HJoDNA
tracer with polysomal mRNA -extracted
from cleavage stage embryos provides a
minimum estimate of the fraction of the
oocyte RNA single copy sequence set
which can be attributed to a structural
gene sequence. The earliest stage studied
here was a 5-hr 16-cell cleavage stage em-
bryo. Polysomal RNA was prepared from
demembranated 16-cell embryos after two
cycles of sucrose gradient centrifugation as
described in Materials and Methods. This
mRNA preparation and mature oocyte
RNA were hybridized with [PHjoDNA
(preparation 2) as paired samples. The
data are listed in Table 3. In this series of
reactions about 58% of the [*HloDNA
tracer hybridized with the mature cocyte
RNA at termination, rather than the 53%
seen in other experiments. Table 3 indi-
cates that the fraction of the [*HlJoDNA
reacting with the 16-cell mRNA prepara-
tion is about 73% of that reacting with the
mature cocyte RNA. Thus at least 73% of
. the maternal single copy sequence set can
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be accounted for as an embryonic mRNA
sequence set. This value is to be regarded
as an underestimate, since additional oo-
cyte sequences might have been included
in the polysomal message at periods ear-
lier than the 5-hr stage studied here, and
since some maternal mRNA species not
used by 5 hr could conceivably be loaded
onto the polysomes later in cleavage.

The three [PHJoDNA tracers were re-
acted with polysomal RNA preparations
from blastula and gastrula stage embryos.
The data are shown in Table 4. For the
calculation of terminal values and analy-
sis of the reaction kinetics, the data ob-
tained with different DNA tracers for each
mRNA preparation were pooled. This was
done by normalizing the results from
[*HJoDNA tracers 1 and 2 to the reactivity
with cocyte RNA of [*H}oDNA preparation
3 (this computation is described in Note ¢
of Table 4). The reaction kinetics obtained
with the pooled data are shown in Fig. 4.
In terms of the total polysomal RNA con-
centrations, the rate constants describing
the mRNA-[*HJoDNA reactions lie within
a factor of 2 of the rate constant for the
reaction of total oocyte RNA with
[*HJoDNA. Therefore the reacting RNA
species in the polysomal RNA are about as
prevalent as the same sequences in total

TABLE 3
Hysmipization of [PHloDNA wite Martuse Oocyre RNA aAnNDp 16-Ceri Emeryo Poryeomar RNA¢

RNA RNA Cy¢ (*H]JoDNA in ‘Terminal value Percentage of
hybrid (%)® in hybird (%) oocyte RNA re-
action
Mature oocyte RNA 28,300 66.9 58 = 2.9 100
49,500 55.4
54,500 62.1
76,300 §8.4
18-Cell polysomal RNA 20,000 40.7 42 = 2.0 73
35,700 43.56
89,600 44.6
86,700 40.8

¢ A different aliguot of [*HJoDNA preparation 2 was used for these reactions, and the samples were
analyzed by a elightly different hydrozyapatite procedure. This may account for the glightly higher oosyte

RNA reaction than that shown in Table 1.

® Data have been corrected for 8.3% zero-time binding and 856% tracer reactivity.
¢ Determined by averaging the dats, since RNA Cyf is terminal. Standerd deviations are indicated.
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Fic. 4. Hybridization of [*HJoDNA with blastule and gastrulas polysomal RNAs. The lower abscissa
shows the mRNA Cf calculated on the basis that mRNA comprises 4% of the mass of polysomal RNA (Galau
etal., 1977). The left ordinate gives the percentage of [*H]oDNA in hybrid. The right ordinate is calibrated in
terms of RNA complexity. Solid curves are reproduced from the reaction of [*H}oDNA preparation 3 with
mature oocyte RNA (Fig. 1). Data from reactions with [*HJoDNA preparations 1, 2, and 8 (Table 4) were
pooled by normalization to the reactivity of preparation 3 (see note ¢ of Table 4). The dashed curves represent
least sguares solutions assuming one component pseudo-first-order hybridizetion kinetics, with the addi-
tional assumption that the ordinate intercept is zero. (a) Blastula mRNA. At termination 37.4 + 1.3% of the
[*H]oDNA has reacted. The rate constent is 2.7 = 0.6 x 1073 A{ ! gec! with respect to mRNA, or 1.08 x 10~
M~ sec™! with respect to total polysomal RNA. (b) Gastrule mRNA. At termination 41 = 2% of the
{*H]oDNA has reacted. The rate constant is 1.8 = 0.3 x 10~ M~ gec™! with respect to mRNA, or 0.72 x 10~*
M~ gec™! with respect to total polysomal RNA. Errors shown indicate one standard deviation.

sented in the mRNAs of blastula and gas-

iments shown in Table 4 the reaction of the
trula stage embryos are very similar, the

gastrula mRNA with [FH]oDNA was 53%

of that with cocyte RNA. This result is
satisfactorily close to prediction and shows
that Josses during preparation of oDNA
were not sequence-specific.

The complexity of blastula mRNA be-
longing to the maternal single copy se-
quence set is about 18 % 10° nucleotides.
This is well below the 31 x 10° nucleotides
of maternal sequence cbserved in total cy-
toplasmic RNA from blastulae, It follows
that maternal RNA sequences are present
in the cytoplasm at the blastula stage
which ere not loaded on the polysomes.
Furthermore, while the complexities of the
maternal single copy sequence set repre-

overall complexity of blastula mRNA is
gignificantly higher (Galeu et al., 1976).
We conclude that there are at least three
classes of complex blastula cytoplasmic
RNA: mRNAs belonging to the maternal
single copy sequence set; mRNAs absent
from the maternal single copy sequence
set; and cytoplasmic RNAs belonging to
the maternal single copy sequence set but
not represented in the polysomes.

DISCUSSION

Here the extents ef [3H10DNA reactlon
with oocyte RNA, embryo cyloplasmic
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TABLE 4
Hysaipization or PHcDNA wire Brastuia anp Gasravis mRNAs
RNA [*HloDNA mRNA [PHIDNA Terminal value Complexity of mature socyte
prepara- Cot® in hybrid  in hybrid (%)  single copy sequence cet repre-
tion (%)* gented in embyro mRNA as

Nucleotides? Pefg-cenmge

of ococyte

RNA reac-

tion®
Blestula mRNA 1 460 25.1 374 = 1.8 18 = 0.6 % 10° 49
1070 33.1
1420 94.8
1760 30.4
2 800 20.1
1280 27.9
2220 26.9
3 1580 84.8
2410 86.7
Gastrula mRNA 1 1050 30.0
1650 34.9 41.0 = 2.0 19 = 1.0 x 108 B3

3 200 18.2
350 22.2
700 25.0
1180 35.3
1320 40.5
1860 36.0
2070 44.3
25670 40.9

* mRNA Cyf was calculated as 4% of total polysomal RNA Cqf.

& Zero-time binding for each [*HJoDNA preparation (Table 1) was subtracted from total duplex, except for
e few cases where & direct DNA-DNA determination was made. These were slways in agreement with the
values shown in Table 1. The values shown were corrected for the differing reactivities of the tracer DNA

preparations (Table 1).

¢ Data were pooled for the calculation of terminal values by normalizing to the reactivity with cocyte
ENA of [*HJoDNA tracer preparation 3 (77%). The normalization factors (Table 1) were thus 0.77/0.685 for
preparation 1 and 0.77/0.53 for preparation 2. The hybridization rate and terminal value were extracted from
the pooled data by least squares procedures assuming peeudo-first-order hybridization kinetics. Perameters

are shown in the legend to Fig. 4.
¢ (Terminal value/77%) x 37 x 10° nucleotides.
¢ (Terminal value/77%) x 100.

cocyte RNA. There are an average of 1600
copies of each species of maternal RNA
belonging to the single copy sequence set
per cocyte. A similar number of copies of
each RNA species reacting with the
[*HJoDNA must exist in the polysomes of
an embryo. At the 600-cell gastrula stage
this means there are an average of only
one to a few copies of each such mRNA
species per cell. The same conclusion was
reached in the case of the gastrula mRNA

population whose complexity was mea-
sured at 17 x 10° nucleotides by Galau et
al. (1974, 1976). Furthermore these au-
thors showed that essentially all of the
gastrula mRNA species are included in
the maternal sequence set. Therefore
we would exzpect that the reaction of
[*HloDNA with gastrula polysomal RNA
would terminate at & level equal to 47% of
the reaction of the same tracer with cocyte
RNA (.e., 17 x 10%/37 x 10%). In the exper-
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Fic. §. The maternal single copy sequence set during cogenesis and early development. Terminel values
for [*HJoDNA hybridization with each RNA preparation are plotted as percentages of [*HloDNA reaction
with mature cocyte RNA (left ordinate). The right ordinate represents the RNA complexity. O, Total ovary

RNA; @, mature socyte and cytoplasmic RNAs; @,

mRNAs. Data and sources are as follows.

Time of development RNA Complexity of RNA of the ma- Source
) ternal single copy sequence
get
Asa Fercent- As nucleo-
age of mature tides (x10%)
oocyte RNA
Mid-cogenesis Total 72 2 Fig. 2
Mature cocyte Total 100 37 Table 2
Galau et al., 1976
16-Cell embryo Cytoplasmic 1060 37 Text
(5 hr) mRNA 73 27 Table 3
Blastula mRNA 63 23 Wold, Britten, and
(23 hr) Davidson, unpub-
lished obgerva-
tions.
Blastula Cytoplasmic 85 31 Fig. 3
(25 hr) mRNA 49 8 Table 4
Gastrula mRNA 83 19 Table 4
(36 hr) 17 Galau et al., 1974
Prism Cytoplesmic 24 Fig. 3
(46 hr)
Pluteus Cytoplasmic 44 16 Fig. 3
(72 hr)
(80 hr) mRNA 38 13-15 Gelau et al., 1976

RNA, and polysomal mRNA are displayed
as functions of time. Of course we are igno-
rant of the detailed shape of these func-
tions and have simply assumed smooth
curves which connect the points in devel-
opment where measurements were made.
The left ordinate of Fig. 5 shows the frac-
tion of the mature cocyte single copy se-

guence set on a scale exiending from 0 to
100%, and on the right is indicated the
complexity of the maternal single copy se-
quence set on a scale ranging from 0 to 37
X 10° nuclectides. The [*HJoDNA reac-
tions with each embryo RNA illustrated in
Fig. § indicate only the complexity of those
embryo RNA sequences which are also



32

Houou-BEvang ET AL.

represented in the mature ococyte, i.e., the
maternal esingle copy sequence set. The
total complexity of the embryo RNA is, at
least in the case of the blastula mRNA,
significantly higher (Galau et al., 1976;
‘Wold, Britten and Davidson, in prepare-
tion).

Comparison with Previous Results

Before discussing the significance of Fig.

5 it is important to consider the consist-
ency of the present data with prior meas-
urements (Galau et ¢l., 1974, 1876). Direct
. comparisons can be made at several points
(see caption to Fig. 5). These are (1) the
complexity of mature oocyte RNA, (2) the
complexity of the polysomal mRNA at the
gastrula stage, and (3) the complexity of
the polysomal RNA at the pluteus stage.
"The complexity of cocyte RNA was calcu-
lated by Galau et al. (1976) as 37 x 10°
nucleotides, and almost exactly the same
value was obtained here. This agreement
provides important support for the single
copy measurements presented in Table 2.
As noted in Results the total complexity of
the gastrula mRNA mesasured by Galau ef
al. (1974) is also about the same as that
calculated from the amount of reaction
with the [*HloDNA tracer. Galau et al.
(1976) found no sequences in the mRNA of
pluteus stage embryos which are not also
represented in gastrula mRNA. Therefore
the pluteus mRNA sequence set should
also be included in cocyte RNA, and the
complexity of pluteus mRNA measured di-
rectly should agree with that obtained by
reaction with [*HJoDNA. In this study we
did not mesnsure the pluteus mRNA reac-
tion with [*HJoDNA. However, we did
carry out reactions between the [*HJoDNA
tracer and pluteus cytoplasmic RNA. Fig-
ure 3 shows that the complexity of the
maternal sequence in 72-hr pluteus cyto-
plasm is about 16 x 10? nucleotides, while
Galau et al. (1976) found a complexity of
13-15 x 10° nucleotides for the mRNA of
glightly later embryes, again a satisfac-

RNA Seguences in Seac Urchin Development

273

tory agreement. The consistency of the
present complexity estimates with earlier
ones is noteworthy, since they are based
on completely independent sets of DNA
tracers, thh differing reactivities and dif-
fering specificities. Thus, Galau et al.
1976) m:ﬂmd a tracer gelected to repre-
sent gastrula mRNAs, while in the pres-
ent work the tracer was selected to repre-
sent the complex class sequences of ma-
ture oocyte RNA. The comparisons sum-
marized here suggest that the various
sets of measurements agree within 10%,
though additional systematic errors could
exist. We can conceive of no way that the

. complexities measured could be too high.

However, RNAs present at /10 to Y100 of

the prevalence of the dominant maternal

gingle copy transcripts would be missed.

Cytoplasmic Transcripts of the Maternal
Single Copy Seguence Set

The level of certainty we can attribute to
the polysomal mRNA measurements does
not extend to the measurements shown in
Fig. b for total cytoplasmic RNA. It is clear
from much earlier work that the poly-
somal mRNA preparations are free of sig-
nificant hnRNA contamination (Goldberg
et al., 1973; Galau et al., 1974, 1976; Hough
et al., 1975). To some extent such contami-
nation in the cytoplasmic RNA prepara-
tions would have been detected in the sin-
gle copy DNA reactions summarized in
Table 2. These reactions show that there is
no significant contamination with toial
hnRNA, but we cannot preclude “leakage”
of specific hnRNA sequences. As an un-
likely example, selective stage-specific
“leakage” of a diminishing subset of
hnRNA sequences homologous to oocyte
RNA could explain the results obtained
with cytoplasmic RNA.

If the cytoplasmic RNA messurements
in Fig. 3 are physiologically meaningful,
an unexpected result is the disparity at
egrlier embryonic stages between the set
of sequences present in the cytoplasm and
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that represented in polysomal mRNA. At
the 16-cell cleavage stage, 100% of the co-
cyte sequences are present in the cyto-
plasm, while 73% are represented in the
polysomal RNA. Similarly, at the 26-hr
mesenchyme blastula stage, 83% of the
cocyte sequences are present in the cyto-
plasm, and 49% are represented in the
polysomal mRNA. As Fig. 6 indicates, this
distinction disappears by the end of em-
bryogenesis. At the late pluteus stage ap-
proximately all cytoplasmic RNA se-
quences can be accounted for as polysomal
mRNA sequences. The difference between
polysomal and cytoplasmic RNA sequence
sets could also vanish at the earliest stages
of development. Our earliest observations
were made at 5 hr after fertilization. Con-
ceivably the whole maternal single copy
sequence set is represented in polysomes
during the first few hours of development.

Transcription of Embryo Structural Genes
and the Role of Maternal mRNA

A major conclusion from this study is
that about half of the maternal single copy
sequence set persists in the polysomal
mRNA, all the way through the pluteus
stage. The remaining maternal sequences
disappear gradually from the polysomes.
Interpretation of these results depends, in
part, on the recent demonstration that
both the complex and prevalent classes of
polysomal mRNA are newly synthesized
in blastula-gastrula stage embryos (Galau
et al., 1977). That is, from the blastula
stage on, embryo structural genes are
being transcribed which were also utilized
during oogenesis for the synthesis of ma-
ternal mRNA. This relation may apply
- earlier than the blastula stage as well.

Kedes and Gross (1969), Humphreys
- (19871), and Wu and Wilt (1974), among
others, have shown that new mRNA en-
ters the polysomes during early cleavage,
but as yet there is no evidence for the
synthesis of complex clagss mRNAs at this
stage. In Fig. 5 we observe a gradual de-
cline in the size of the maternal single copy
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sequence set in the polysomal mRNA after
the blastula stage. Since the reacting poly-
somal mRNAs are new transcripts rather
than surviving maternal mRNAs, this de-
cline results from a narrowing pattern of
embryo structural gene transcription. It is
not the result of a gradual loss from the
polysomes of different classes of stored ma-
ternal mRNA molecules.

The origin and disposition of the non-
polysomal cytoplasmic sequences which
react with [*HJoDNA may be quite differ-
ent. Thus we cannot distinguish between
the alternatives that these sequences are
surviving maternal mRNAs which grad-
uelly disappear, or that these seguences
are new transcripts. If they are maternal,
there must be a sequence-gpecific persist-
ence time for the nonloaded RNAs. That
is, certain of the maternal mRNA se-
guences disappear sooner than others from
the embryo cytoplasm.

Maternal RNA Sequences in Growing
Oocytes

Figure 5 shows that the maternal single
copy sequence set is not fully complete in
previtellogenic oocytes. The amount of
time required for this stage of oocyte to
become mature is not specified in Fig. 5
and is probably variable. Our unpublished
observations suggest that a period of at
lesst 1 month is required for the matura-
tion of 30- to 50-um early vitellogenic co-
cytes. The complexity of the immature 00-
cyte RNA is about 268 x 10° nucleotides as
measured by reaction with [*HjoDNA
(Fig. 2), and is also 26 x 10° nucleotides as
measured directly by single copy *HIDNA
reaction (Table 2). Therefore the imma-
ture ovary RNA contains few if any detect-
able sequences absent from mature oocyte
RNA (relatively rare hnRNA sequences
could not have been detected in these reac-
tions). However, these results imply that
about a third of the mature oocyte se-
quences are accumulated to a detectable
extent only later in cogenesis. It is inter-
esting to compare the situation in amphib-
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ian oogenesis. Rosbash and Ford (1974)
found that the poly(A) RNA content of
Xenopus oocytes, i.e., the maternal
mRNA complement, reaches its final level
by the beginning of vitellogenesis, early in
the maximum lampbrush chromosome
stage.

it is believed that lampbrush chromo-
somes are present in previtellogenic and
early vitellogenic sea urchin cocytes (Jor-
genssen, 1913; Davidson, 1968; Giudice,
1973; Hough-Evans, unpublished obgerva-
“tions). Echinoderm lampbrush chromo-

somes appear to consist of looped-out tran- -

scription units maximally packed with
polymerases and nascent RNA transcripts
(DeLobel, 1871). Their structure is similar
to other cocyte lampbrush chromosomes
(reviewed by Davidson, 1976). Since at
least %/3 of the maternal single copy se-
quence set can already be detected in the
lampbrush stage sea urchin cocytes, these
structural gene sequences are probably
being transcribed at this time and perhaps
earlier as well. With respect to this set of
transcripts, the sea urchin cocyte appears
to behave as does the Xenopus cocyte. Ga-
lau et al. (1876) measured the complexity
of the mRNA of ovaries containing only
immature cocytes to be 20 x 10° nucleo-
tides. Therefore we may conclude that
most (about 80%) of the previtellogenic co-
cyte RNA sequences detected by reaction
with [*HJoDNA are represented in the oc-
cyte polysomal RNA. It follows that a ma-
jority of the immature cocyte sequence set
is required for translation during cogene-
sis and is also included in the stored
mRNA of the mature oocyte.

RNA elongation rates have been mea-
pured for sea urchin embryos at 6-9 nu-
cleotides sec™ per polymerase (Aronson
and Chen, 1977). Assuming this rate for
the cocyte and the close polymerase pack-
ing typical of lampbrush chromosomes, it
would require only a matter of hours to
synthesize the 1600 copies of each sequence
found in the mature oocyte. However, the
immature oocytes we are discussing here

RNA Sequences in Sea Urchin Development

276

are still at least 1-2 months away from
maturity.

Overview and Interpretation: Utilization
of Structural Genes Needed for Develop-
ment

Much previous work demonstrates that
the polysomes of the early cleavage stage
embryos are loaded mainly with maternal
mRBRNAs (Infante and Nemer, 1967, Hum-
phreys, 1969, 1971; see review in Davidson,
1976). Combining this fact with the find-
ings of Galau et al. (1977) and the data
reported here, we may construct the fol-
lowing overall picture of events. During
the firat hours after fertilization, all or
most of the stored species of maternal
mRNA destined for use in the embryo sre
loaded onto polysomes and begin to be
translated. Once located on the polysomes
the mRNAs probably decay stochastically.
At least from the blastula stage on, their
average half-life is 5.7 hr (Galau et al.,
1977). The role of maternal mRNA is pri-
marily to initiate embryogenesis (includ-
ing perhaps the synthesis of regulatory
elements) and to maintain protein synthe-
gis at the very beginning of development.
This rele may be important only during
cleavage, and soon the embryo begins to
replace the polysormal maternal mRNAs
with its own transcripts.

By the blastula stage essentially all of
the polysomal mRNAs are the product of
embryo structural genes. Most of these are
also expressed during cogenesis, since the
mRNAs they produce are homologous to
oocyte RNAs. This is true of the complex
class mRNAs, according to the results pre-
sonted here and by Galau et al. (1976), and
it is also true of prevalent class mRNAs.
Thus, Brandhorst (1976) reported that of
about 400 species of newly synthesized pro-
teins resolvable on two-dimensional gels,
almost all are synthesized from prior to
fertilization until at least the gastrula
stage. These proteins are the product of
prevalent maternal and embrvo mRNAs.

Bome gualitatively different, nonmater-
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nal transcripts must also be present in the
_ polysomes during the blastula stage. How-
ever, such transcripts have disappeared
from the polysomes by the gastrula stage.
By this point all of the newly transcribed
mRNA sequences are also included in the
maternal single copy sequence set. The
size of the maternal and total single copy
sequence set present at each stage is
smaller than at the previous stage. Thus,
change in the mRNA sequence sets during
development depends on the continuous
turnover of the newly synthesized mRNA
and on change in the patterns of structural
gene transcription.
We now discuss the origin and role of the
maternal mRNAs. Once we know that the
.early embryo synthesizes, and turns over,
mRNAs which belong to the same se-
quence set as do the mature oocyte RNAs,
a similar explanation suggests itself for
the oocyte. Thus we might suppose that
many of the same mRNAs are constantly
being synthesized, translated, and de-
graded in growing oocytes as in early em-
bryos. It is striking that on a per-embryo
‘basis the prevalence of individual complex
class mRNA sequences is about the same
as the prevalence of individual cocyte se-
quences. The whole period, from early oo-
genesis until well into embryological de-
velopment, can thus be considered as one
in which a certain set of structural genes
presumably required for early morphogen-
esis is being transcribed, while their pro-
tein preducts slowly accumulate. The
small number of copies of each such
mRNA (and possibly the rate of cogenesis
itself) could thus be a consequence of the
very large number of different mRNA spe-
cies required for early development. We
now know that the mRNA complexity at
.the very beginning of development is
greater than at any later time. Thereafter
it declines, but even in previtellogenic oo-
cytes or in late plutei the structural gene
sets in use exceed by seversl-fold those
present in several adult tissues (Galau et
al., 1976).
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The basic unexplained aspect of these
findings is the requirement for an enor-
mous diversity of relatively rare proteins
in early embryos. The complexity of the
maternal single copy sequence set is suffi-
cient to provide at least 2 x 10¢ different
protein species. The processes of embry-
onic morphogenesis are apparently very
expensive in genomic information. Per-
haps this is not surprising when one con-
siders that the morphogenesis of a struc-
ture as simple as the T4 phage requires
over 50 different structural gene products
(reviewed by Wood and Revel, 1976). Our
present state of knowledge indicates that

‘the large class of what we surmise to be

“morphogenesis proteins” required to
build a sea urchin embryo begin to be ac-
cumulated during early ocogenesis, long
before their morphogenetic utilization.
Following fertilization, the progressive
utilization of the hypothetical “morpho-
genesis proteins” could be a sequential
process, requiring a relatively minor num-
ber of new stage-specific proteins which
appear only during embryogenesis.
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ABSTRACT

A set of messenger RNA sequences not represented in the RNA of the
mature oocyte was detected in blastula stage sea urchin embryos. This observation
was made by reacting embryo polysomal RNAs with a single copy tracer lacking
mature oocyte RNA sequences. No significant reaction was obtained with cleavage
stage or gastrula mRNA. The non-maternal blastula message set could code for as
many as 2000 different messages, though it represents no more than 15% of the

total complexity of the mRNA.
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INTRODUCTION

The following experiments were designed to test the proposition that all
structural genes utilized in sea urchin embryos are represented in the RNA of the
mature oocyte. Galau et al. (1977) found that by the mesenchyme blastula stage

the polysomal mRNA molecules of Strongylocentrotus purpuratus embryos are

newly synthesized rather than maternal in origin. However, the investigations of
Galau et al. (1976) and Hough-Evans et al. (1977) showed that the complexity of the
polysomal mRNA present in embryos of any given stage is less than that of mature
oocyte RNA, and that a major fraction, if not all, of the embryo mRNA sequence
set is also included in the cocyte maternal message. It appeared possible from
these results that the structural genes active during‘embryonie development are
entirely a subset of those utilized in the production of maternal message. We
describe briefly hybridization experiments with a single copy DNA tracer lacking
oocyte RNA sequences which disprove the latter hypothesis. Blastula stage
embryos are found to contain a set of non-maternal polysomal mRNAs which
includes up to 15% of the total complexity of the message. This would be

sufficient to code for as many as 2000 diverse proteins.

MATERIALS AND METHODS

Sea urchin embryos and oocytes

Mature oocytes of Strongylocentrotus purpuratus were collected, fer-

tilized and cultured by standard methods (Hinegardner, 1967; Smith et al., 1974) in
Millipore-filtered sea water at 15°C. Embryos harvested at the 16-cell stage were

demembranated with papain at fertilization (Hynes and Gross, 1972).
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Mature oocyte RNA and embryo messenger RNAs

Total RNA was extracted from mature oocytes as described by Hough-
Evans et al. (1977).

Polysomal messenger RNA was extracted from 16-cell embryos (about 5
hr of development), mesenchyme blastulae (23 hr of development), early gastrula
stage embryos (36 hr of development). The RNAé were prepared by puromyein or
EDTA release from purified polysomes (Hough-Evans et al., 1977; Galau et al.,
19765 Galau et al., 1974).

Single copy [3H IDNA

The single copy [3H]DNA tracer was labeled in vitro to a specific
activity of 8 x 108 cpm/pg (Galau et al., 1976; Hough-Evans et al., 1977).

Preparation of Null [3H] oDNA

Single copy [3H}DNA (8 x 108 cpm/ug) was reacted with excess total
oocyte RNA to COt 3.5 x 104. The reaction was terminated by freezing, the mix-
ture treated with 10 ug/ml RNase A in 0.24 M phosphate buffer (an equimolar
solution of monobasic and dibasie sodium phosphate) at room temperature for 1 hr
to digest unhybridized RNA but leave RNA-DNA duplex intact. The digest was
adjusted to 0.12 M phosphate buffer, 0.2% SDS, extracted with chloroforms
isoamyl alochol (24:1) and bfractionated over a 1 ml bed of hydroxyapatite at 60°C.
Unreacted DNA was eluted at 60°C and the bound material,‘ consisting of
RNA-DNA hybrids and DNA-DNA duplexes, was eluted at 95°C. Residual RNase A
was removed from the unbound fraction by proteinase K digestion followed by
extraction with organic solvents (Hough-Evans et al., 1877). The unreacted DNA
fraction was concentrated, oocyte RNA was added, and the mixture was reacted to

4

an RNA C,t of 4.8 x 10°. The hydroxyapatite fractionation described above was
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repeated. The unreacted DNA from the second round of hybridization and
fractionation was again reacted with oocyte RNA. The final hybridization was
taken to RNA Cot 4 x 104. On termination, the reaction mixture was diluted to
0.12 M phosphate buffer, 0.2% SDS, and fractionated over a 30 ml bed of hy-
droxyapatite at 53°C in 0.12 M phosphate buffer, 0.2% SDS. Under these
conditions, most of the ribosomal RNA binds along with DNA:DNA duplexes and
RNA:DNA hybrids. The unbound fraction was immediately passed over a second
hydroxyapatite column (20 ml bed, 53°c; 0.12 M phosphate buffer). The unbound
material was concentrated, and residual RNA hydrolyzed with potassium hydroxide.
The tracer was passed over a Sephadex G-100 column equilibrated with 0.12 M
phosphate buffer, 0.05% SDS and the excluded fractions pooled. The tracer was
stored at 4°C in 0.5 M phosphate buffer, 10 mM EDTA, 0.2% SDS.

Hybridization of Null [3H] oDNA with cocyte RNA and embryo messenger RNAs

All hybridizations were performed in 0.5 M phosphate buffer, 5 mM EDTA
and 0.2% SDS at 60°C. All RNA and DNA Cots referred to in this paper are equi-
valent Cots; that is, they have been corrected for accelerations in reaction rate
due to Na' concentration (Britten et al., 1974) relative to the rate in 0.12 M phos-
phate buffer at 60°C. Al analytical hybridizations contained 4-8 x 104 cpm of
tracer and were adjusted so as to contain 20 to 80 cpm of DNA-DNA duplex. The
amount of RNA-DNA hybrid was assayed by the "split column" protocol deseribed
in Galau et al. (1976) for reactions with null mDNA, except that the reaction
mixtures were not chromatographed over Sephadex before RNase treatment.

Preparation of null oDNA enriched for blastula complementary sequences
6

Null [3H ] oDNA tracer (about 1.2 x 10~ cpm) was reacted with excess

mesenchyme blastula mRNA to mRNA Cot of 1,830. On termination, the reaction
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treated with RNase A as described above (Galau et al., 1974). The mixture was
fractionated by hydroxyapatite chromatography. The bound material was eluted at
60°C with 0.5 M phosphate buffer, diluted to 0.05 M phosphate buffer, and digested
with 10 uyg/ml RNase A at 37°C for 10 hr to destroy RNA in RNA-DNA hybrids.
The digest was deproteinized and fractionated over hydroxyapatite at 55°C, in
0.12 M phosphate buffer, 0.2% SDS. The unbound material was passed immediately
over a second hydroxyapatite column (1 ml bed volume) at 55°C. The unbound
material from this column was treated with proteinase K, extracted with organic

solvents and concentrated as described previously for "mDNA" (Wold et al., 1978).

RESULTS

To detect non-maternal species of messenger RNA, a single copy
[3H]DNA tracer lacking sequences complementary to total oocyte RNA was
prepared. The selected DNA fraction is referred td as a "null oocyte DNA" or "null
oDNA" tracér, The preparation of this tracer is described in Materials and
Methods. The starting material was a total single copy [3H] DNA which had been
labeled with E. coli DNA polymerase I to a specific activity of about 8 x 108
cpm/ug (Galau et al, 1976; Hough-Evans et al., 1977). To remove sequences
complementary to oocyte RNA, three successive hybridizations of the tracer with
total oocyte RNA were performed. After each reaction the mixture was
fractionated by hydroxyapatite chromatogrephy, and the nonreacted, single-
stranded [3H]DNA was saved for the next step. “The hybridizations were performed
at RNA to DNA sequence excess > 500-fold. To ensure nearly complete
hybridization of sequences represented in the RNA, the reactions were taken to an

4

RNA COt of 3.5-5 x 10 M sec. These values are over 10 times the half COt for the
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pseudo-first order reaction of oocyte RNA with single copy DNA (Hough-Evans et
al., 1977). The weight mean single-strand fragment length of the final null oDNA
preparation was about 200 nucleotides as measured in alkaline sucrose gradients.
The null oDNA was 80% reactive. This was determined by hydroxyapatite binding
of samples reacted to Cot 30,000 with excess 450 nucleotide sea urchin DNA. The

second order rate constant for the reaction with sea urchin DNA was 1.3 x 10“3

~1 1, as expected for single copy sequence accordihg to earlier studies

M~ sec
(Graham et al., 1974; Galau et al., 1974). There was no detectable repetitive
sequence contamination.

To establish that the null oDNA preparation was effectively stripped of
maternal sequence, the tracer was hybridized with excess total cocyte RNA. The
reactions were assayed by hydroxyapatite chromatography as described previously.
Each hybridization mixture was divided into two aliquots, one of which was used to
determine DNA-DNA duplex content while the total duplex content, i.e., DNA-
RNA hybrid plus DNA-DNA duplex, was measured in the other. The difference
gives the fraction of the tracer included in RNA-DNA hybrid. Data for the oocyte
RNA reactions with null oDNA are presented in the upper portion of Table 1 and in
Fig. 1 (open circles). These measurements show that there is very little, if any,
oocyte sequence remaining in the null cDNA tracer. About 3% of unfractionated
single copy DNA can be hybridized by mature S. purpuratus oocyte RNA (Hough-
Evans et al., 1977). Table 1 indicates that an average of 0.02% of the null oDNA
tracer hybridizes with the oocyte RNA, and this minute amount of reaction may
not be real. The concentration of cocyte sequences in the null oDNA preparation

has thus been reduced at least 100-fold with respect to the starting single copy

tracer.
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The null oDNA was reacted with excess polysomal RNAs from 16-cell
cleavage stage embryos, mesenchyme blastula and gastrulae. Evidence that the
polysomal mRNA preparations are essentially free of nuclear RNA contamination
has been presented earlier (Goldberg et al., 1973; Galau et al., 1974; 1976; Hough et
al., 1975; Hough-Evans et al., 1977). Results of the null oDNA reactions with the
embryo polysomal mRNAs are listed in Table 1. Here and in Fig. 1 (closed circles)
it can be seen that the 16-cell cleavage stage message appears to consist entirely
of maternal sequences. A few hundred new message sequences would of course not
be detected, considering that the total complexity of 16-cell polysomal RNA is 2.7

x 107

nucleotides (Hough-Evans et al., 1977). The null oDNA hybridization values
for the gastrula mRNA preparation are only marginally higher than those for
oocyte RNA or 16-cell mRNA (Fig. 1, squares). Though there may be a very small
amount of non-maternal sequence in the gastrula polysomes, the signal obtained
could easily be due to experimental fluctuation. Even if real, it would amount to

6 nucleotides of

6

no more than 3% of the total polysomal mRNA complexity (0.5 x 10
non-maternal sequence complexity compared to a total complexity of 17 x 10
nucleotides [ Galau et al., 1977]). Galau et al. (1976) and Hough-Evans et al. (1977)
showed that all or almost all gastrula mRNA sequences are represented in mature
oocyte RNA. Therefore, the gastrula results in Table 1 are perfectly consistent
with previous knowledge.

A significant reaction with the null oDNA is obtained only with mesen-
chyme blastula mRNA. Approximately 0.3% of the reactable tracer is hybridized
at kinetic termination. The pseudo-first order rate constant for the reaction is 1.4

3.,-1 1

x 10°°M “sec ". Though not well determined, this rate constant is consistent with

that observed by Wold et al. (1978) for the reaction of blastula mRNA with



46

3 -1

unfractionated single copy tracer (1.6 x 10 ° M sec"l‘), 1t follows that the non-
maternal sequences are represented in blastula polysomal mRNA at essentially the
same concentration as are most other species of mRNA. Therefore, the non-
maternal messages belong to the complex class of the mRNA population, which as a
whole contains over 90% of the sequence diversity, but includes only 10% of the
mRNA mass (Galau et al., 1974; 1977). We know from the studies cited above that
each complex class message species is present in mesenchyme bléstula at about 500
copies per embryo, or on average once per cell.

Though only 0.3% of the null oDNA hybridizes with blastula mRNA, this
could represent a significant amount of sequence complexity. If the hybridizing
non-maternal sequences are single copy, their complexity (assuming asymmetric
transcription) would be 3.4 x 108 nucleotides (see Table 1 for calculation). This is
sufficient for as many as 2000 diverse mRNAs. While there is no detectable
repetitive sequence in the null oDNA tracer, the measurements cited earlier are
too insensitive to exclude the possibility that the 0.3% of the tracer reacting with
non-maternal blastula mRNA sequences is repetitive. In order to determine more
accurately the repetitive sequence content, we attempted to prepare a null oDNA
subfraction enriched for the non-maternal blastula sequence. A small amount of
enriched tracer, referred to as "Bl-null oDNA", was obtained by reacting excess
blastula mRNA with null oDNA and isolating the hybrid fraction by hydroxyapatite
binding. A 45 to 60-fold concentration of the non-maternal blastulé mRNA se-
quences was obtained. Thus, 11-16% of the blastula null oDNA hybridized with
blastula mRNA compared to 0.3% of the starting null oDNA. Data from these

reactions are listed in Table 2, where it can also be seen that the blastula null

oDNA does not hybridize appreciably with oocyte RNA. The reaction of Bl-null
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oDNA with blastula mRNA is therefore due to non-maternal sequence. To de-
termine whether the non-maternal mRNA sequence is repetitive, the blastula null

oDNA was reacted to C,t 20 with 450 nucleotide driver DNA. Only 2.2% of the

0
tracer reacted (Table 2), as predicted from the rate constant for single copy
sequence reaction. The sensitivity of this determination is decreased by the
fraction of the Bl-null oDNA tracer which is complementary to blastula mRNA.
Nonetheless, significantly more reaction of the tracer at Cot 20 would have been
obtained were the blastula mRNA sequences moderately repetitive. The small
amount of reaction observed at COt 20 was not due to tracer degradation, since
after incubation to driver DNA COt 30,006 the tracer reaeted 88%. The non-
maternal blastula mRNA sequences are probably all single copy transcripts, though
the possibility that they are transcripts of low frequency repeats cannot be ex-
cluded. In either case, the complexity of the non-maternal sequence set is clearly

large enough to code for a large number of new proteins not available prior to

blastula stage.
DISCUSSION

The maximum possible size of the non-maternal sequence set is shown
comparatively in Fig. 2. Here the open portion of each bar represents the fraction
which is maternal sequence, and the solid portion represents non-maternal
sequence. The hatched areas show the complexity of non-maternal sequences from
16-cell and gastrula stage embryos, assuming that the small signals reported in
Table 2 for these stages are real. As shown earlier (Galau et al., 1976; Hough-Evans
et al., 1977), the vast majority of the diverse mRNA sequences utilized in the

course of embryogenesis are also present in oocyte RNA. Even at the mesenchyme
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blastula stage, the non-maternal sequences constitute only about 15% of the total
blastula mRNA sequence set. We know from the study of Galau et al. (1977) that
after blastula stage all the embryo messages are newly synthesized. Therefore, the
maternal sequences of the embryo message population are transcribed during
embryogenesis from structural genes which were also utilized in oogenesis, while
the non-maternal blastula mRNA sequences are transeribed ffom structural genes
not utilized in the production of oocyte maternal message.

We were not able to carry out a kinetic study of the blastula null oDNA
reaction with driver DNA due to the difficulty of obtaining sufficient amounts of
this tracer. Thus, it is not proved that the non-maternal sequence set is single
' copy. However, the data of Table 2 show that these mRNAs cannot derive from
repetitive sequences unless they are of relatively low repetition frequency. In fact,
there is small likelihood that the non-maternal messages are repetitive to any
extent. The complex class sea urchin embryo messages investigated in detail in
earlier studies show virtually no repetitive sequence representation (Galau et al.,
1974; 1976; 1977; Hough-Evans et al., 1977; Wold et al., 1978); nor could the non-
maternal blastula sequences consist of nuclear RNA contaminants, since the
complexity of nuclear RNA is almost 50 times greater than that of the reactive
null oDNA fraction.. We conclude that the most probable interpretation of these
data is that blastula stage embryos possess a significant number of single copy
messenger RNA sequences which were not utilized earlier in development or in
oogenesis.

These experiments eliminate the possibility that in sea urchins all the
genetic information required for development is represented in mature oocyte

RNA. In interpreting their observation that hemoglobin mRNAs are present in
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Xenopus oocytes, Perlman et al. (1977) suggested that oogenesis is a period of
"promiscuous" structural gene transcription. The stored messages of an cocyte may
not represent all the structural gene sequences transcribed earlier in oogenesis.
However, we doubt that the maternal message pool of sea urchin embryos is any-
thing but functional. The maternal messages are utilized extensively after fer-
tilization, and a particular subset of the maternal sequence set is represented in
embryo polysomes at each stage of development (Hough-Evans et al., 1977; see
Davidson, 1976). Neither these observations nor the finding that a non-maternal
set of messages is utilized specifically at the blastula stage are consistent with the
idea that transeription of maternal messages is random or "promiscuous."

Our observations focus attention on the blastula stage of devélopment,
The morphogenetic events which culminate in gastrulation are already beginning at
the mesénchyme blastula stage Brandriff et al. (1975) showed that blastulation is
the only pre-larval period when lethal mutations which arrest developmeht are
frequently detected in homozygous diploid sea urchin embryos formed by
experimental induction of parthenogenesis. Brandhorst (1976) demonstrated that
the pattern of protein synthesis has changed noticeably several hours after the
mesenchyme blastula stage, i.e., in early gastrulae. This observation cannot be
directly related to the non-maternal mRNA sequences studied here since the latter
are a complex class message set. The individual proteins whose synthesis was
detected on two dimensional gels by Brandhorst all derive from more prevalent
messages (see review in Davidson, 1976). The appearance of a non-maternal poly-
somal message set, and the phenomena observed by Brandhorst and by Brandriff et
al. may be manifestations of a special process oceurring at the blastula stage. It is

reasonable to conclude that this is the first and only period in the embryonie
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development of the sea urchin when a large new set of structural genes is

expressed.
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Table 1 (continued)

6

&The complexity of 3.4 x 10" nucleotides is calculated as:

9.3 x 1073

0.8

x2x5.7x108

where 2.3 x 1073 is the fraction of null oDNA tracer hybridized at kinetic termina-

tion: 0.8 is the reactivity of the [3H]—nu]l oDNA (see Results); the factor of 2

8

accounts. for asymmetric transcription of messenger RNA; and 5.7 x 10" nucleotide

pairs is the complexityvof null oDNA. That is, 6% of the DNA sequence complexity

has been removed from the total single copy tracer, the complexity of which is 6.1

8

x 10° nucleotide pairs (Graham et al., 1974).
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Figure 1. The Hybridization of Total Oocyte RNA and Embryo mRNAs with

BH] null oDNA

The left ordinate is percent of [3H] null-oDNA in hybrid. The lower
abscissa is total RNA Cot and the upper abscissa mRNA Cot. Messenger RNA Cot
Is calculated on the basis that 4% of the polysomal RNA mass is mRNA (Galau et
al., 1977). (O) Total oocyte RNA; (®) 16-cell embryo polysomal mRNA; ()
Mesenchyme blastula polysomal mRNA: ( & ) Gastrula polysomal mRNA. The
curve is a least squares fit to the blastula data, assuming a single pseudo-~first order
component with an ordinate intercept of zero (Pearson et al., 1977). The function
used is D/Do = exp [-Cot k] where D/Do is the fraction of 3H—DNA remaining
single stranded at time t, Co is the RNA concentration and k is the rate constant.
RS B |

The pseudo~first order rate constant is 1.4 x 10°° M~ sec — with respect to mRNA

and 6 x 107> M ! sec! with respect to total polysomal RNA. At Kkinetie

termination 0.23% of [3H] null-oDNA was hybridized. The reactivity of null

4

oDNA with excess total sea urchin DNA at Cots > 2.5 x 10~ was 80%. Normalizing

for tracer reactivity, 0.3% of null-oDNA sequence reacts with blastula mRNA.,



57

000°09

100 VNY IbjoL
000°0S 0000t 000°0¢ 000°02 000°0l 0
T T

¥

i 1 I

QQ

1 1 i L
0002 009! 0021 008 1010 0
100 VNyw

PLAAY YNY-VNQ Ul YNO-Hg 0 tuadisd



58

Figure 2. Maternal and Non-maternal Sequence Complexity in Embryo mRNAs

The overall height of each bar represents the total RNA sequence
complexity. The open portion of each bar represents maternal sequence and the
solid portion represents non-maternal sequence. The hatched portion indicates the
maximum amount of non-maternal sequence which could have been present
according to the data of Table 1 and Figure 1. The complexity values and the
source of the data for each RNA are as follows: Oocyte RNA has a total

7 nucleotides (Hough-Evans et al., 1977; Galau et al., 1976).

complexity of 3.7 x 10
Sixteen-cell mRNA has a maternal sequence complexity of 2.7 x 107 nucleotides
(Hough—Evans et al., 1977), and a maximum possible non-maternal complexity of 3 x

5 nucleotides based on an average of the data from Table 1. Mesenchyme

10
blastula has a maternal sequence complexity of approximately 2.3 x 107 nucleotides
(Hough-Evans et al., 1977; and unpublished observations) and a non-maternal
complexity of about 3.4 x 1_06 nucleotides (Table 1). The total blastula mRNA

7

compelxity was measured to be 2.6 to 2.7 x 10° nucleotides (Wold et al., 1978;

Galau et al., 1976). Gastrula stage mRNA has a maternal sequence complexity of
1.7 to 1.9x 107 nucleotides (Hough-Evans et al., 1977; Galau et al., 1974; 1976),
and a maximum possible non-maternal complexity of <5 x 10° nucleotides. Unfed
pluteus mRNA has a total sequence complexity of 1.3 x 107 nucleotides (Galau et
al., 1976). Based on the data of Galau et al. (1976) and Hough-Evans et al. (1977),

there is no evidence for non-maternal sequence in unfed pluteus stage embryos.
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Summary

The representation of message sequences in nuclear RNA was studied in
sea urchin tissues which utilize these messages in their polysomes and in tissues
which do not. A 3H—label_ed single copy DNA tracer highly enriched for sequences
complementary to blastula embryo mRNA was prepared. This tracer (mDNA)
reacted to 78% with excess blastula mRNA, compared to 2.1% for the starting
single copy DNA. As expected from previous data, the mDNA reacted to only 12%
with cytoplasmic RNA of adult intestine, since most embryo mRNA sequences are
not detectable in this tissue. However, the mDNA reacted to the same extent with
nuclear RNA from either adult intestine, adult coelomocytes or gastrula embryos
as with polysomal mRNA from blastula embryos. Therefore, virtually all of the
blastula mRNA sequences are present in adult tissue nuclear RNAs, though most of
these mRNA sequences are absent from cytoplasmie or polysomal RNA in the adult
cells. The blastula mRNA sequences are present in heterogeneous nuclear RNAs at
the same concentrations as are nuclear transcripts of most single copy DNA
sequences. Calculations based on the steady state concentration of structural gene
transcripts in the embryo nuclei suggest that a majority of these molecules do not

serve as message precursors.
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Introduction

Large differences exist between the sets of single copy sequence repre-
sented in the polysomal mRNA of sea burchin embryos and adult tissues. This was
shown by Galau et al. (1976), and further evidence was obtained by Hough-Evans
et al. (1977). According to these studies, a specifie population of mRNAs is loaded
on polysomes at each embryonic stage. Only a minor fraction of the embryo mRNA
sequence set is expressed in the mRNA of three adult tissues. It is reasonable to
assume that specific mRNA populations are required for the ontogeny and
maintenance of various states of cell differentiation. The large differences be-
tween embryo and adult mRNA sequence sets provide an opportunity to test the
hypothesis that differences in the mRNA sequence sets are a simple and direct
reflection of the regions of the genome transcribed into nuclear RNA in each cell
type. According to this hypothesis, structural gene sequences would be transcribed
only in cells in which their transcripts are being translated. A single copy 3H—DNA
tracer reacting specifically with blastula stage embryo mRNA was prepared. As
expected, it reacts to only a small extent with mRNAs of adult intestine cells. We
find, however, that the reaction of this tracer can be driven to completion by
nuclear RNAs from intestine and other adult cell types, as well as by embryo
nuclear RNA., It follows that the nuclear RNA includes transecripts of the embryo
structural gene set, irrespective of whether the corresponding mRNAs are present

in the polysomes, as in the embryo, or are mainly absent, as in the adult cell types.
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Results

Characterization of Blastula mRNA

The single copy sequence complexity of polysomal mRNA from mesen-
chyme blastula stage embryos was measured previously to be about 2.7 x 107
nucleotides (Galau et al., 1976). In Figure 1, we present data from two separate
determinations which confirm this value. The mRNA sequence complexity was
measured by reacting excess blastula polysomal mRNA with trace quantities of
highly labeled single copy DNA. These reactions were performed under standard
conditions at RNA to DNA sequence excesses of 50 to 1000 fold, and the amount of
hybrid in each reaction mixture was assayed by binding to hydroxyapatite (see

3H-DNA

Experimental Procedures). Data obtained with two different single copy
tracers, labeled in vivo and in vitro, were pooled and fit by least squares methods
assuming a single pseudo-first order kinetic component. At termination, 2.1% of

3H—DNA is hybridized. This represents about 2.6 x 107 nucleotide

the reactable
pairs of single copy sequence, calculated as described in the legend to Figure 1.
The rate of the reaction is consistent with those reported previously by Galau et al.
(1976) and Hough-Evans et al. (1977). From this rate and the single copy sequence
complexity, we calculate the fraction of the RNA driving the hybridization
reaction to be about 10%. This fraction is the "complex class" of the message
population (Galau et al., 1974), which includes over 90% of the diverse mRNA
sequences, but only a minor fraction of the mRNA mass. In the mesenchyme
blastula, complex class mRNAs are present at about 500 copies per embryo or, on
the average, 1 copy per cell. The calculation of the driver RNA fraction and of the

average concentration of transcripts per cell is described by Galau et al. (1974,

1976). A small fraction of the mRNA mass has been demonstrated to contain most
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of the sequence complexity in gastrula, cleavage, and pluteus stage embryo
message populations, and in several adult tissues including the coelomocytes and
intestine cells used in the present investigation (Galau et al., 1974, 1976; Hough-
Evans et al., 1977).

The data presented in Figure 1 also indicate that there is no detectable
nuclear RNA in the blastula polysomal mRNA preparations. Hybridization of
messenger RNA with total single copy DNA provides a highly sensitive test for
hnRNA contamination. The sequence complexity of blastula nuclear RNA is almost
10 fold higher than that of blastula mRNA (Kleene and Humphreys, 1977; and
unpublished data). If the mRNAs were contaminated by nuclear RNA, the fraction
of single copy 3H-DN A hybridized would rise continuously with inéreasing RNA Cot
toward the 10 fold higher nuclear RNA termination value. We estimate that a

Sm

maximum of 5% of the hybridization observed at total RNA Cot less than 10
sec could be attributed to nuclear RNA. Therefore, > 95% of the single copy DNA
fraction which hybridizes with blastula mRNA represents polysomal mRNA se-

quence rather than hnRNA.

Preparation and Characterization of Blastula mDNA

The 3H~DNA fraction complementary to blastula mRNA (mDNA) was
isolated from total single copy 3HmDNA by two successive hybridization reactions
with blastula polysomal mRNA. A single copy tracer labeled in vitro to 8 x 106
cpm/ug was the starting material for the mDNA preparation. The first reaction
was taken to mRNA Cot 1900 and the second to mRNA Cot 1600 (see Figure 1).

After each hybridization, the reaction mixture was fractionated by binding to

hydroxyapatite to separate DNA in RNA-DNA hybrids from unreacted DNA. The
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method used was based on Galau et al. (1976) and Hough-Evans et al. (1977), as
described in detail in Experimental Procedures.

Characteristics of the blastula mDNA tracer are presented in Table 1.
Less than 1% of the mDNA was bound to hydroxyapatite at Cots <1 x 10—3., To
show that the mDNA is not enriched for repetitive DNA sequence, the tracer was
reacted with excess unfractionated 500 nucleotide sea urchin "driver" DNA. Less
than 4% of the mDNA tracer had reacted by Cot 55, when essentially all of the
repetitive sequence of the driver DNA is in duplex form (Graham et al., 1974;
Eden et al., 1977). The reactivity of the mDNA preparation was 92%, as measured
by reassociation with excess sea urchin DNA to Cot 30,000.

Figure 2 shows the reaction of mDNA with the same blastula mRNA used
for the preparation of the tracer. At kinetic termination, 78% of the reactable 3H—
DNA is hybridized by blastula mRNA. This represents a 37 fold purification of the
blastula mRNA sequences with respect to the total single copy DNA. A pure
blastula mDNA tracer would represent an enrichment of 47 fold. The 22% of the
3H—mDNA preparation which reacts with excess DNA but does not react with
blastula mRNA probably consists of random sequence contamination which was not
successfully removed in the course of mDNA preparation, and perhaps some DNA
fragments containing very short regions of blastula sequence which do not always
form stable hybrid structures. All of the observed mDNA reaction with mRNA is
due to RNA-DNA hybridization, since the duplexes are labile to RNAase treatment
under conditions which digest RNA in DNA-RNA duplex structures (Figure 2, open
cireles).

Overlap of Blastula with Adult Tissue mRNA Sequence Sets

Galau et al. (1976) showed that the complexity of intestine polysomal
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mRNA is 6 x 106 nucleotide pairs. Based on the single copy sequence complexities
of blastula mRNA and intestine mRNA, the fraction of mDNA expected to be

hybridized if all intestine mRNA sequences are also in blastula mRNA is:

6
_Q__:_g_l__ﬂ__’? 0.78 (the fraction of the mDNA preparation =18%
2.6 x 10 which is blastula sequence)

This is the maximum reaction expected if intestine mRNA is a sequence subset of
blastula mRNA. |

In Figure 2, the reaction of excess adult intestine cytoplasmic RNA with
mDNA is shown. At kinetic termination, only 12% of the mDNA is hybridizedk by
intestine cytoplasmic RNA. The amount of sequence overlap between the blastula

6 nucleotide pairs (12/78 x

and intestine structural gene sets is thus about 4 x 10
2.6 x 107). By measuring the reaction of intestine eytoplasmic RNA with blastula
mDNA, we also test the possibility that a signficant number of blastula structural
genes are represented as non-polysomal cytoplasmic RNAs. The data presented in
Figure 2 demonstrate that most blastula RNA sequences (greater than 85%) are not
detectable in intestine eytoplasmic RNA. The measurement is in good agreement
with that predicted from earlier studies with polysomal RNAs which showed that

6

approximately 2 x 10° nucleotides of sequence are common to the gastrula and

adult intestine mRNA populations (Galau et al., 1976).

RNAs extracted from adult sea urchin coelomocytes were also used in the
following experiments. About five different cell types are present in the coelomic
fluid (Boolootian and Giese, 1958). Our earlier measurements showed that the
sequence complexity of coelomocyte mRNA is <4.3x 106 nucleotides. It follows
that the maximum reaction of coelomocyte mRNA with mDNA would be about

16%.
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Characterization of Gastrula and Intestine Nuclear RNAs
The complexity of the nuclear RNA of gastrula stage embryos is at least

8

1.7 x 10" nucleotides, almost one-third of the genomie single copy sequence (Hough

et al,, 1975). Gastrula nuclear RNA reacts with single copy DNA with a rate

4y lsee,

constant of approximately 10~ From its complexity and rate of re-
action, it may be calculated that the single copy transcripts are present at an
average concentration of about 0.5 to 1 copy per cell in gastrula stage embryos
(Hough et al., 1975; Scheller et al., 1978).

The complexity of sea urchin adult tissue nuclear RNAs has not previously
been reported. RNA was extracted from intest.ine cell nuclei as desecribed in
Experimental Procedures and reacted with single copy 3H—DNA. Data are shown in
Figure 3. The reaction Kinetics are best fit by a single pseudo-first order com-
ponent, implying that within a factor of two or three, most of the hybridizing
sequences are represented in nuclear RNA at similar concentrations. The rate
constant for the hybridization is 2.5 x 10"4M Isec™! and at termination 17.9% of
the reactable 3H—-DNA is in hybrid. From these data, we calculate that the
fraction of the RNA preparation driving the hybridization is about 10%, compared
to 2-3% for our gastrula nuclear RNA preparations. Hough et al. (1975) showed
that the single copy sequence transcripts of gastrula nuclear RNA are asymmetric.
Assuming this holds for intestine nuclear RNA as well, its sequence complexity is
approximately 2.3 x 108 nucleotides.

The average steady~state concentration of the nuclear transcripts can be
estimated by dividing the mass of complex single copy RNA per nucleus by its

sequence complexity. The total RNA content of isolated intestine nuclei was

measured by the phloroglucinol procedure (Dishe and Borenfreund, 1957) and the
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DNA content by the diphenylamine procedure (Burton, 1956). These measurements
yielded a DNA to RNA mass ratio of 10:1. The diploid DNA content for S. purpura-
tus is 1.78 pg per nucleus (Hinegardner, 1967). Assuming that all DNA in the
nuclear preparation is chromosomal and that intestine cells are diploid, the total
RNA per nucleus in our preparations is approximately 0.18 pg. Since about 10% of
the RNA drives the hybridization reaction, the mass of complex class RNA per
nucleus is approximately 1.8 x lo_ng or 3 x 107 nucleotides. For intestine tissue,
then, the steady-state concentration of complex nuclear transcripts is about 0.1

7

copy per cell (3 x 10" nucleotides of complex RNA per cell/2.3 x 108 nucleotides

complexity).

To summarize, we find that both gastrula and intestine nuclear RNAs
represent about one-third of the genomic single copy sequence, though the concen~
tration of these complex transcripts differs somewhat in the two types of nuclei.
Gastrula embryos have 0.5 to 1 copies per cell and intestine cells about 0.1 copies.
We do not know from the complexity measurements what fraction of the sequences
represented are common to both nuclear RNAs. Kleene and Humphreys (1977) have
shown that the nuclear RNAs of blastula and pluteus stage embryos display a high
degree of sequence overlap, and this may be generally true of sea urchin nuclear

RNAs.

Reaction of Gastrula, Intestine and Coelomocyte Nuclear RNAs with Blastula mDNA
As indicated above, the maximum overlap of the coelomocyte mRNA
sequence set with the blastula mRNA sequence set is about 16%, while for gastrula
mRNA there is about 40% overlap with the blastula mRNA sequence set (Galau et
al., 1976). Since 78% of the mDNA tracer reacts with blastula mRNA, the

maximum levels of hybridization which could be expected for reactions of this
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tracer with coelomocyte and gastrula mRNAs are 13% for coelomocytes and 32%
for gastrula. The data of Figure 2 show a 12% reaction with intestine cytoplasmic
RNA. Twenty-two percent of the reactable 3H—=DNA in the mDNA tracer may be
random single copy sequence, as noted earlier. Its contribution in reactions with
nuclear RNAs will be relatively insignificant, as it cannot exceed 4% (the single
copy reaction with the nuclear RNA, 18%, x the fraction of the tracer not reacting
with blastula mRNA, 22%). If structural gene sequences are transcribed only when
the transcripts are utilized as messengers, then the heterologous tissue nuclear
RNA will hybridize the same fraction of mDNA as does the mRNA. Should the
nuclear RNA hybridize any additional mDNA, then that additional hybridization
must be attributed to transeripts containing mRNA sequences which do not become
functional messengers.

The reaction of blastula mDNA with excess nuclear RNA from hetero-
logous tissues is shown in Figure 4. Virtually all of the blastula mDNA which can
react with blastula mRNA is driven into hybrid by each of the nueclear RNAs. The
mDNA reactions are not due to DNA contaminating the nuclear RNA preparations,
since these contain no reactable DNA. This was demonstrated for each of the
nuclear RNAs by means of separate hybridizations with a single copy tracer (not
shown). The DNA-DNA duplex content of these control reaction mixtures was
measured after low salt ribonuclease treatment to destroy RNA-DNA hybrids.
Incubation was to RNA Cots equivalent to those shown in Figure 4. DNA-DNA
duplex content never exceeded 1%, thus demonstrating the absence of detectable
quantities of reactable DNA in the nuclear RNA. The hybridization of each nuclear
RNA with mDNA is best fit by a single pseudo-first order reaction. At kinetic

termination, 76%, 79% and 82% of the blastula mDNA was hybridized by intestine,
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coelomocyte and gastrula nuclear RNA, as compared with 78% for the homologous
reaction of blastula mRNA with mDNA. Therefore, at least 90% of the blastula
structural gene set is transeribed in the nuclei of three very different cell popula-
tions, representing both embryo and aduit tissues.

In Table 2, the rate constants for the hybridization of intestine and gas-
trula nuclear RNAs with mDNA are given. These rates, reflecting the
concentration of mDNA sequences in each nuclear RNA, can be compared with the

3

rate constants derived for the reactions of nuclear RNAs with total single copy “H-

DNA tracer (Table 2). For gastrula nuclear RNA, the mDNA reaction rate constant

4 I\/I“lsee“1 while the rate constant for total single copy tracer is

-1 1

is 1.3x 10~

4 . This agreement shows that the sequences reacting with the

0.8x10 " M “sec
mDNA are present in gastrula nuclear RNA at about the same concentration as are
the majority of the single copy sequence transcripts. Similar agreement is
observed for the hybridization of intestine nuclear RNA with mDNA and single
copy DNA. This appears to be the case whether or not the sequences reacting with
the blastula mDNA appear on polysomes. Thus, a substantial fraction (about 40%)
of the blastula mRNA sequences are also present in the mRNA of gastrula stage
embryos. Were these polysomal sequences represented in gastrula nuclear RNA at
concentrations significantly different from the non-polysomal sequences (60% of
the mDNA), the reaction of gastrula hnRNA with mDNA would be kinetically
inhomogeneous. We would expect to see 40% of the mDNA driven into hybrid at a
rate different from the remaining 60%. Within our limits of detection, which we
estimate to be a factor of perhaps 3 in concentration, all of the blastula sequences

are present in gastrula nuclear RNA at about the same concentration, i.e., that of

most single copy transcripts.
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Discussion

Nuclear Transeription of Complex Class mRNA Sequences

The blastula mRNA sequence set appears to be completely represented in
the nuclear RNA of adult cells which utilize only a minor fraction of these
sequences in their polysomal message. This is the clear result of the experiments
reported in Figure 4. Our results disprove the proposition that the only structural
genes whose sequence is represented in nuclear RNA are those whose messages are
being translated in the cytoplasm.

There are two respects in which this somewhat unexpected conclusion may
be limited. First, we do not know that the blastula message set is completely
absent from the polysomes of intestine cells or coelomocytes. Second, the mDNA
tracer is essentially a complex class mRNA tracer, and the developmental signifi-
cance of complex class mRNAs is only inferential. That is, the specific protein
products of these rare messages cannot yet be demonstrated. The embryonic
mRNA molecules reacting with the tracers used in this work are present on the
average in only 1 or a few copies per cell (Figure 1, and Galau et al., 1974, 1978,
1977a). Calculations based on the kineties of intestine cytoplasmic and mRNA
reactions (Figure 2, and Galau et al., 1976) indicate that the complex class intes-
tine messages are present in similarly low numbers per cell. To estimate the likely
concentration of the putative messages not detected in our measurements with
intestine cytoplasmic RNA, we carried out a least squares analysis of the data in
Figure 2. We find that a second component of mRNA sequences which would
ultimately bring the complexity of the intestine cytoplasmic RNA to that of the
blastula mRNA would be present at a concentration about 1000 times less than that

of typical complex class messages. In other words, this mRNA would occur in
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intestine polysomes (if at all) at frequencies less than 0.001 times per cell.

The more serious issue is whether regulation of complex class mRNA sets
is physiologically meaningful. Galau et al. (1976) demonstrated sharp and specific
differences in the complex class mRNA sequence sets of sea urchin embryos at
various stages, and of adult tissues. Differences involving thousands of distinct
structural genes have also been seen in other biological systems when diverse cell
types are compared (e.g., Ryffel and McCarthy, 1975; Hastie and Bishop, 1976;
Axel et al.,, 1976). These large-scale changes would appear to be the direct
manifestation of gene regulation. Galau et al. (1977a) also reviewed evidence that
complex class messages in mammalian liver serve as templates for particular
histospecific proteins. HoWever, these arguments are all indirect. We have no
inescapable proof that the data presented in this paper mean there is general

nuclear transcription of physiologically significant message sequences.

To our knowledge, similar investigations have been carried out only for
two specific structural genes which produce prevalent messages, those coding for
ovalbumin and hemoglobin. So far the results are equivocal. Groudine and
Weintraub (1975) concluded that hemoglobin gene transcripts are not detectable in
the total RNA of primary cultured chick fibroblasts, but Humphries et al. (1976)
reported that mouse globin transcripts are present at low concentrations in liver,
brain, and tissue culture cells. Globin transcripts have alsc been detected in the
total RNA and nuclear RNA of uninduced Friend cells (Gilmour et al., 1974;
Gottesfeld and Partington, 1977), and adult globin mRNAs were reported in
Xenopus oocyte RNA (Perlman et al., 1977). In some cases, the globin transeripts
may have been due to minute levels of contamination of tissue preparations with

reticulocytes, and in others to derangement of normal gene control mechanisms in
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long-term tissue culture cells. Low concentrations of ovalbumin gene transcripts
were found in the cytoplasmic RNA of chicken liver by Axel et al. (1976), but no
ovalbumin sequences could be detected in the total RNA of untransformed chick
fibroblasts by either Groudine and Weintraub (1975) or Spector et al. (1978). Thus,
it is not clear from the literature whether these prevalent message seguences

appear in nuclear RNA of cells in which these genes are not expressed.

Rate of Nuclear Transcription of Structural Gene Sequences Compared to Rate of
mRNA Synthesis

The kinetic measurements in Table 2 and Figure 4 show that the steady-
state concentration of nuclear RNAs hybridizing with the mDNA tracer is the same
as the concentration of most single copy transcripts. Sea urchin embryo
heterogeneous nuclear RNA consists mainly of single copy sequence transecript
(Smith et al., 1974; Hough et al., 1975), and is synthesized and turned over rapidly.
The réte of transeription of nuclear RNA in S. purpuratus embryos is fairly well
known (reviewed in Davidson, 1976). The average rate of synthesis of complex
class messages in sea urchin embryos has also been estimated (Galau et al., 1977b).
By rate of message synthesis is meant the rate at which new mRNA molecules flow
into the polysomes, irrespective of their nuclear rate of transecription. In Table 3,
the rates of nuclear single copy sequence transcription and of complex ciass mRNA
synthesis are compared. Given the synthesis rate of gastrula nuclear RNA and its
complexity, it can be seen that on the average each structural gene sequence
included in the mDNA is transcribed about 1.5 times per hour. Thus, there are
about 3 transcripts of each sequence produced in each diploid nucleus per hour (see

Table 3). On the other hand, an average of only about 0.2 molecules of each
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complex class mRNA sequence appear to enter the polysomes of each cell per hour.
The data used for the calculation in Table 3 are the product of direct
measurements made in several laboratories with S. purpuratus embryos, as noted
there. This calculation indicates that in S. purpuratus embryos 15 times more
transeripts of the mDNA sequences are made than are actually loaded on
polysomes. Since all of the values used for the calculation in Table 3 are subject to
some uncertainty, this result should probably be regarded as tentative, though it
seems unlikely that the 15 fold difference in calculated synthesis rates can be
explained away as measurement error. We conclude that a large majority of the
complex class structural gene transcripts may not be serving as mRNA precursors,
even in embryo cells expressing these genes at the polysomal level. One way of
considering these results is to suppose that in gastrula cells, about 10% of those
mDNA transcripts represented in the polysomes are utilized as message precursors,
while in intestine cells none, or only a minute fraction, of the blastula-specific
transcripts present in the nucleus are utilized as message precursors.

The rates calculated for nueclear transcription of the mDNA sequences are
within a factor of 3 of the rates of appearance of prevalent mRNAs in the
polysomes. Galau et al. (1977b) reported that on the average, about 9 molecules of
newly synthesized prevalent class message appear in the polysomes of each embryo
cell per hour. The average steady-state concentration of prevalent mRNAs is
about 60 copies of each sequence per cell, compared to about 1 per cell for
complex class messages in gastrula stage embryos (Nemer et al., 1974; Galau et al.,
1977b). It is conceivable that prevalent class messages, complex class messages, or
no messages at all could be produced from a given structural gene sequence,

according only to the fraction of the nuclear transcripts which are processed and
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exported. This may be considered the "exireme processing model". It implies that
all or most structural genes are being transcribed all the time at about the same
rate, in all cell types, and that the diverse sets of mRNA sequences in the

polysomes of various cells derive solely from controlled post-transeriptional events.

The Single Copy Sequences of Nuclear RNA

Hough et al. (1975) showed that at gastrula stage, the complexity of
nuclear RNA is 10 times that of the polysomal mRNA in the same cells. The
measurements reported here indicate an even higher ratio for adult intestine cells.
The results we have obtained in this investigation suggest that in any given cell
type a significant fraction of the single copy sequence transcribed into nuclear
RNA could be structural genes used in other cell types. The total complexity of
the structural genes used throughout the life cycle of the sea urchin is, of course,
not known. However, the results of Galau et al. (1976) imply that less than 10% of
the single copy sequence in the genome is included in the structural gene set
needed to support most of oogenesis and all of prelarval embryonic development, as
well as a few differentiated adult tissues. While 10% is a small fraction, it is an
appreciable proportion of the nuclear RNA complexity. Nuclear RNAs from the
adult tissues and embryo stages so far examined display similar complexities,
representing 30 to 40% of total sea urchin single copy sequence (Hough et al., 1975;
Kleene and Humphreys, 1977; and unpublished data). Therefore, about one-fourth
of the single copy transcript derives from the structural gene sequence so far
observed to be represented in polysomal mRNAs. The measurerents now in hand
could easily underestimate the aggregate complexity of the structural genes used
throughout larval and adult life. The extreme processing model suggests that the

single copy sequence transcripts of nuclear RNA can be wholly accounted for as
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structural gene sequence plus leader sequence, intragenic sequences if these exist
in sea urchin genes, ete; in other words, that each nuclear RNA molecule is a
potential mRNA precursor.

It is erroneous to conclude that the data we present here require the
extreme processing model or exclude transcription-level control of structural gene
sequences. A simple alternative is that there are (at least) two forms of nuclear
RNA transeript which include mRNA sequences or portions thereof. One form
could consist of the true mRNA precursors, or "pre-mRNAs", and transcription of
these may indeed be regulated quantitatively at the initiation level. A second form
of nuclear RNA, including a major fraction of the newly transcribed molecules in
any cell, could consist of a relatively complex set of transcripts which reads across
structural genes as well as other single copy sequences, and performs a function
other than serving as potential message precursor. The rapid synthesis and
turnover of most nuclear RNA sequences, as well as various other properties,
suggest an intranuclear role, perhaps regulatory in nature (see Davidson et al.,
1977; Scheller et al., 1978).

Whatever the function of nuclear RNA, the results presented in this paper
suggest caution in the identification of nuclear precursors of mRNAs. It is clear
that many mRNA sequences exist as nuclear transcripts which have no role as "pre-
mRNAs". Evidently, this may be true of a majority of transcripts containing a
message sequence even in cells expressing that sequence. The physical characteris-
ties and initiation sites, as well as the fate and function of the "non pre-mRNAs"

may well be quite different from those of true message precursors.
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Experimental Procedures

Growth of Sea Urchin Embryos

Eggs of Strongylocentrotus purpuratus were collected, fertilized, and
cultured at 15°C by standard methods (see Smith et al., 1974). The embryos were
grown at 1-4 x 104/m1 of Millipore-filtered sea water made 30 units/ml
penicillin G, 50 pg/ml streptomycin with constant stirring and aeration. Mesen~
chyme blastula embryos were harvested at 23 hr (about 450 cells) and early gastrula

embryos at 36 hr (about 600 cells).

Isolation of Blastula mRNA

The mRNA preparations used in these experiments included polysomal
rRNA as well as mRNA but had been extensively purified of nonpolysomal RNAs,
particularly nuclear RNAs (see text, and references below). The isolation pro-
cedure used here is essentially that described by Goldberg et al. (1973), modified as

described by Galau et al. (1976) and by Hough-Evans et al. (1977).

Isolation of Nuclear and Cytoplasmic RNAs

Gastrula nuclear RNA. Nuclear RNA from gastrula stage embryos was

prepared as described previously (Smith et al., 1974) with the modifications de-

tailed by Scheller et al. (1978).

Intestine nuclear RNA. Intestine tissue was dissected from 100 sea

urchins. The test was cut on the oral surface, the Aristotle's lantern removed,
coelomie fluid decanted and the body cavity washed twice with a solution
containing 4 parts cold Millipore-filtered sea water (MFSW) and one part 0.5 M

EGTA (ethyleneglycol-bis- [ ~amino-ethyl ether ]N,N'-tetra acetic acid) (pH 8.0).
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Dissected intestine was rinsed twice in cold MFSW solution taking care to remove
any contaminating testicular or ovarian tissue. Intestine tissue from two animals
was pooled in a 100 ml beaker containing 60 ml cold intestine lysing buffer (50 mM
Tris, pH 8.0, 5 mM magnesium chloride, 50 mM ammonium chloride, 5 mM EGTA,
1% Triton X-100), and stirred for one to two min at high speed on ice. The cell
lysate was filtered through six layers of cotton gauze into a 250 ml Nalgene
centrifuge bottle. Lysate from six animals was pooled in each bottle and
underlayered with 50 ml cold 0,5 M sucrose containing 2 mM magnesium chloride.
The lysate was centrifuged at 3000 g for 10 min at 4°¢.

Each nuclear pellet was suspended in 5 ml of 7 M urea buffer: 7 M urea
(Schwarz-Mann ultra pure grade urea), 50 mM sodium acetate (pH 5.1), 10 mM
EDTA, 0.5% SDS, 10 ug/ml PVS [polyvinyl sulfate], and an equal volume of a 1:1
mixture of [phenol:m-cresol:8-hydroxyquinoline (Kirby, 1965)]:[chloroform: iso-
amyl aleohol (24:1)]. The mixture was deproteinized by stirring at room temper-
ature for at least 30 min. The aqueous phase was removed, and the interface was
suspended in 7 M urea buffer made 1 M in sodium perchlorate, 0.1 M Tris (pH 8), 1%
SDS, and reextracted with the phenol:chloroform mixture at room temperature.
The aqueous phases were combined, extracted twice at room temperature with the
phenol-chloroform mixture, once with chloroform:isoamyl aleohol (24:1), and then
precipitated at -20°C with 2 vol of 100% ethanol. The precipitate was dissolved in
25 mM PIPES (pH 6.5) and 10 mM magnesium chloride and incubated with 50 ug/ml
of "RNAase-free" DNAase I (Worthington) which had been further purified by
passage over 5'-(p-aminophenyl phosphoryl)-uridine-2'(3')-phosphate agarose accord-
ing to Maxwell et al. (1977). After incubation for 1 hr at room temperature, the

solution was brought to 0.1 M Tris (pH 8.0), 0.2% SDS and 50 mM EDTA, and
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incubated with 50 pg/ml of proteinase K (E. Merck) for 1 hr at 37°C. The solution
was deproteinized with the phenol-chloroform mixture and with chloroform:isoamyl
alcohol (24:1) and precipitated with ethanol. The RNA precipitate was dissolved in
0.3 M sodium acetate, 5 mM EDTA (pH 6.5), and chromatographed on Sephadex G-
100 in the same buffer at 5°C. The RNA in the excluded volume of the column was
precipitated with ethanol, suspended in 25 mM PIPES, 5 mM magnesium chloride at
500 ug/ml. The DNAase digestion was repeated using 50 Hg/ml enzyme. The
- proteinase K digest and subsequent deproteinization, precipitation and G-100
procedures were all repeated as described above. The final RNA preparation was
precipitated‘with 2 vol of 100% ethanol at -20°C. The RNA was suspended in
10 mM sodium acetate (pH 6.5), 2 mM EDTA and 0.001% SDS at 25 mg/ml and
stored frozen at -20°C.

Intestine cytoplasmic RNA. Intestine tissue was dissected from adult sea

urchins as described above. Intestine tissue pooled from 5 animals was lysed in 40
ml of lysing buffer containing 100 units/ml heparin, 0.5% diethylpyrocarbonate, and
2.5 mg/ml bentonite by rapid stirring for 5 min at 4°C. The lysate was centrifuged
for 20 min at 12,000 rpm (Sorvall HB4 rotor) and the top two-thirds of the
supernatant was added to 100 ml of 7 M urea buffer. The preparation was
deproteinized, precipitated, treated with DNAase and proteinase K, reprecipitated
and placed over Sephadex G-100, all as described above. The RNA excluded from
the column was suspended in 3 mM sodium acetate (pH 6.5), at 18 mg/ml and stored
at ~70°C.

Coelomocyte nuclear RNA. Coelomocytes were harvested from about 150

sea urchins by opening the animals around the peristomal membrane and quickly

decanting the fluid contents of each sea urchin through four layers of gauze into
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about 10 ml of solution containing 8 ml of ice cold MFSW and 2 ml of 0.5 M EGTA
(pH 8.0). The mixture was immediately centrifuged for 0.75-1 min in an Interna-
tional table top centrifuge at the highest speed setting. The cellular pellet was
suspended in 5 ml of 50 mM ammonium chloride, 16 mM Tris (pH 8), 2 mM magne-
sium chloride, 5 mM EGTA, 1% Triton X-100, 2 mg/ml bentonite. The cells were
lysed by two strokes in a Dounce homogenizer, and the nuclei pelleted by 5 min of
centrifugation at 5,000 rpm, 4°C, in a Sorvall HB4 rotor. The nuclear pellet was
taken up in 7 M urea buffer, extracted with organic solvents, and further purified
as described for intestine nuclear RNA above.

Single copy 8 H-DNA. In vivo 3H-—labeled nonrepetitive DNA was prepared
5

as described by Galau et al. (1974). The tracer specific activity was 5 x 10 epm/
ug and its weight mean single strand fragment length was about 300 nucleotides.

In vitro 3H—labeled single copy DNA was prepared from unlabeled single
copy DNA (Galau et al., 1974) by "gap translation™ using E. coli DNA polymerase I
The method was that described by Galau et al. (1976), modified according to
Hough-Evans et al. (1977). The DNA was labeled to a specific activity of 8 x 106

epm/ug and its weight mean single strand length was 200-300 nucleotides.

RNA-DNA Hybridization

Single copy 3H~-DN A and 3H—-mDN A were hybridized with excess unlabeled
RNA in 0.5 M phosphate buffer (PB), 0.05% SDS, 5 mM EDTA at 67°C after de-
naturation for 40 sec to 1 min at 105°C. The RNA mass excess was 101-1 for reac-

3H—mDNA reactions, the RNA mass excess

tions with total single copy 3H=—DN A. In
was at least 5 x 10°. RNA Cot values (M sec) were calculated for cytoplasmic and
nuclear RNAs in terms of total RNA mass. mRNA Cots were calculated on the

basis that 4% of the total polysomal RNA mass is mRNA (Galau et al., 1977b). All
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RNA and DNA Cot values referred to in this paper are equivalent Cots; that is,
they have been adjusted to account for rate acceleration during hybridization
relative to the rate in 0.12 M PB at 60°C due to higher Na+ concentration (Britten
et al., 1974). The majority of the reactions were incubated 0.5 to 60 hr, and only
rarely did the incubation time exceed 90 hr.

Reaction mixtures containing RNA and total single copy 3H—DNA were
analyzed by the procedures described earlier, with minor modifications (Galau
et al., 1976; Hough-Evans et al., 1977). The hybridization reactions were divided
into two aliquots. Aliquot I was assayed for total duplex content on a 1 ml
hydroxyapatite column (Bio Réd DNA-grade, Lot 15535) in 0.12 M PB, 0.05% SDS,
at 60°C. Single-strand 3H~DNA was eluted, and the column was washed
extensively at 60°C with 0.12 M PB containing 0.05% SDS. The bound DNA-DNA
and DNA-RNA duplexes were eluted at 95-100°C in the same buffer. Fractions
from the column were assayed for radioactivity by counting in scintillation fluid.
Aliquot I was used to measure the DNA-DNA duplex content. RNA-DNA hybrids
were destroyed by incubation at 379C for 1-2 hr with 50 ng/ml of RNAase A in
0.01 M PB. The sample was then adjusted to 8.12 M PB, 0.05% SDS, deproteinized
with chloroform: isoamyl alcohol (24:1), and the aqueous phase was passed over
hydroxyapatite as described above. The fraction of 3H—DN A bound in Aliquot II is
subtracted from that bound in Aliquot I to obtain the fraction hybridized with RNA.

Reaction mixtures containing RNA and 3H—-mDNA were analyzed in most
cases by diluting the sample to 0.12 M PB, 0.05% SDS, and placing it directly over a
hydroxyapatite column in the same buffer. No measurement of the DNA-DNA
duplex was required because the tracer self-reaction was, in these cases, negligible.

Occasionally one or more reaction mixtures were also assayed for DNA duplex

content by the "two-column" assay just described.
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Preparation of Blastula mDNA

Single copy 3H—DNA enriched for sequences complementary to blastula
mRNA was prepared by two eycles of hybridization of nonrepetitive 3H—DN A with
blastula mRNA. The procedure used here is essentially that described in detail by
Hough-Evans et al. (1977) and is outlined here with minor modifications noted.

The "parent" single copy DNA tracer was labeled in vitro to a specific
activity of 8x 106 cpm by the gap translation method (Galau et al., 1976). The
DNA was hybridized with excess blastula polysomal mRNA (mass excess of 5000) to
an mRNA Cot of 1900 (total RNA Cot of 48,000) in 0.5 M PB, 0.05% SDS at 67°C.
The reaction mixture was diluted to 500 ug/ml RNA and digested with 10 ug/ml
RNAase A in 0.24 M PB for 1 hr at room temperature. This treatment digests
unhybridized RNA, but leaves RNA in DNA-RNA duplexes intact. The mixture was -
adjusted to 0.12 M PB, 0.05% SDS and extracted with an equal volume of
chloroform:isoamyl alechol (24:1) solution. The aqueous phase was fractionated by
hydroxyapatite chromatography in 0.12 M PB, 0.05% SDS at 60°C. The bound
material (6% of the input cpm) was eluted with 0.5 M PB, 0.01% SDS at 60°C,
leaving RNA-DNA and DNA-DNA duplexes intact. The duplex mixture was diluted
to 0.05 M PB and RNAase A added to 10 ug/ml. It was digested at 37°C for 12 hr.
This treatment destroys RNA in RNA-DNA hybrids but leaves DNA-DNA duplexes
intact (Galasu et al., 1974). The digest was adjusted to 0.12 M PB, 0.05% SDS and
extracted with chloroform:isoamyl alcohol (24:1). The aqueous phase was
fractionated on hydroxyapatite in 0.12 M PB, 0.05% SDS at 60°C. The unbound
fraction contained DNA released from RNA-DNA hybrids, about 20% of the input
DNA cpm. This fraction was treated with proteinase K as described by Hough-

Evans et al. (1977) to remove residual RNAase A before the second round of hy-
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bridization with blastula mRNA. The bound fraction contained DNA from DNA-
DNA duplexes formed in the first hybridization reaction and any DNA fragments
containing self complementary regions [a by-product of the in vitro labeling pro-
cedure (see Hough-Evans et al., 1977)]. It amounted to 3.5% of the input single
copy DNA.

The second hybridization reaction was carried to mRNA Cot 1600, treated
with RNAase A in 0.24 M PB for 1 hr and again fractionated over hydroxyapatite.
Fifty-five percent of the SH—DNA bound and was eluted with 0.12 M PB, 0.05% SDS
at 98°C. Since no appreciable DNA self reaction was generated during the course
of the second hybridization (due to the low DNA Cot attained), the bound material
was essentially all RNA-DNA hybrids. This material was again treated with
proteinase K and finally concentrated by ethanol precipitation. The tracer was
hydrolyzed with 0.3 M KOH for 1 hr to destroy residual blastula mRNA, neutralized

and stored in 0.5 M PB, 0.05% SDS, 2.5 mM EDTA at 4°C.
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Table 1. Characteristics of Blastula mDNA

Specific activity 8 x 106 epm/ ug
"Zero-time" binding to hydroxyapatitea < 1%
Reaction with whole DNA at Cot 55 3.5%

Reaction with whole DNA at Cot 30,000 92%

Reaction with blastula mRNAP 73%
Blastula sequence purityc 78%
Purificationd 37

a'The percent of 3H—mDNA which binds to hydroxyapatite when the
tracer is denatured by boiling, quenched and immediately fraction-
ated over hydroxyapatite under standard conditions (see Experimental
Procedures).

bThe value listed here is the percentage of 3H—mDNA tracer

hybridized by blastula mRNA at kinetic termination, and is derived

from the data of Figure 2 before correction for tracer reactivity.

®Reaction of mDNA with blastula mRNA at kinetic termination,

normalized for the 92% reactivity of the 3H--mDN A preparation.

dCalculated by dividing the fraction of SH-mDNA which reacts with
blastula mRNA by the fraction of total single copy DNA which reacts

with the mRNA: 78/2.1 = 37.
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Table 2. Kinetics of Nuclear RNA Hybridizations with Total Single

Copy DNA and Blastula mDNA

Single Copy H-DNA Blastula SH-mDNA
Nuclear RNA k (M sec™1) k (M lseec™)
Gastrula 0.8 x 1074 1.3 x 1074
Intestine 2.5 x 1074 3.1 x 1074

8 This measurement was made with the same gastrula nuclear RNA prep-

aration which was hybridized with blastula mDNA (column 2 and Figure 4).
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Table 3. Transcription of Nuclear RNA and Complex Class mRNA Sequences

in Sea Urchin Gastrula

Absolute synthesis rate for

8 1 1

nuclear RNA 85 x 10° nucleotides hr™‘nucleus”
Single copy sequence complexity

of nuclear RNA b1.7 x 10% nucleotides
Average number of nuclear

transeripts of each sequence

synthesized per hr ©3 transcripts hr~tnueleus™!
Average number of transcripts of

a complex class mRNA

appearing in polysomes d0.2 transcripts hr-lcell_1
Ratio of transcripts of an mRNA

sequence synthesized in nucleus

to transcripts appearing in

polysomes €15

4Data of Roeder and Rutter (1970) and Grainger and Wilt (1976) reviewed by
Davidson (1976). This determination refers to the synthesis of total, rapidly
turning over nuclear RNA.

PHough et al. (1975).

®This value was obtained by dividing the absolute synthesis rate by the single

copy sequence complexity of nuclear RNA. No correction has been made for
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the 10 to 30% of nuclear RNA which is transcribed from repetitive
sequences (Smith et al., 1974) or for the possible existence of a fraction of
total nuelear RNA synthesis in a low complexity, prevalent class 'of
transceripts (Hough et al., 1975). Each of these factors would lower the
average number of transcripts synthesized per unit time. However, we
believe their combined effect could not exceed a factor of three, and it is
not at all clear that these factors are quantitatively significant for our

present purposes.
d
Galau et al. (1977b).

®Kleene and Humphreys (1977) calculated that in a Hawaiian sea urchin,
Tripneustes gratilla, the nuclear rate of single copy sequence transeription is
about equal to the rate of complex class mRNA synthesis. Their calculation
depended on nuclear RNA synthesis rates which they inferred indirectly for
T. gratilla embryos. These rates are much lower than those obtained by
direct measurement for S. purpuratus (reviewed in Davidson, 1976). Kleene
and Humphreys then compared their low T. gratilla nuclear RNA syntﬁesis
rate, 0.15 pg hr"l per cell, with the complex class mRNA synthesis rate
reported by Galau et al. (1977b) for S. purpuratus. Since according to
Kleene and Humphreys these two species differ significantly with regard to
the rate of nuclear RNA synthesis, it does not seem safe to assume that they

do not differ with regard to mRNA synthesis rates.
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Figure Legends
Figure 1. Hybridization of Single Copy 3H—DNA with Blastula mRNA

The curve represents a least squares fit to the data assuming a single pseudo-first
order reaction with an ordinate intercept of 0. Messenger RNA Cot is calculated

on the basis that 4% of the polysomal RNA mass is mRNA (Galau et al., 1977b).

3r-1 1

The rate constant is 2.0 x 10" °M "sec ~ with respect to mRNA. The terminal

hybridization value is 2.1%. Assuming asymmetric transcription, 4.2% of the total

single copy complexity is represented. Since the complexity of the non-repetitive

8 hucleotide pairs (Graham et al.,

(f

fraction of the S. purpuratus genome is 6.1 x 10
1974), the complexity of the blastula mRNA is about 2.6 x 10" nucleotide pairs.
The right ordinate is in units of nucleotide pairs of complexity.

Three preparations of blastula mRNA were used, each obtained by puromyecin
release from purified polysomes. These RNAs were hybridized with two single copy
3H—DNA tracers. Tracer preparation I was purified by standard methods (Galau
et al., 1974) from total sea urchin 3H—DNA which had been labeled in vivo to a
specific activity of about 3 x 105 cpm/ug. Single copy DNA preparation II was 3H—
labeled in vitro to approximately 8 x 106 epm/ug by "gap translation” (Galau et al.,
1976; Hough-Evans et al., 1977) of purified single ecopy DNA with E. coli DNA
polymerase I. Each single copy 3H--DNA preparation was shown to be free of
detectable repetitive sequence by the kinetics of its reassociation with excess total
sea urchin DNA. The reactivity of the labeled DNA preparations was determined

by the extent of reaction of the tracers with excess total DNA at Cot > 2.5 x 104.

The data have been corrected for the reactivities of the 3HDN A tracers.
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Figure 1 - continued

(¢) Polysomal mRNA preparation 1 and, ( A), polysomal mRNA preparation 2
reacted with single copy 3H—DNA (specific activity = 3 x 105 epm/ug; reactivity
with excess sea urchin DNA driver is 91%). (@) Polysomal mRNA preparation 3
reacted with single copy 3H—DNA (specific activity = 8 x 106 epm/ug; reactivity

with excess sea urchin DNA is 83%.
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Figure 2. Hybridization of Blastula mDNA with Blastula Polysomal mRNA and

Intestine Cytoplasmic RNA

The curves represent single pseudo-first order kinetic components fit to the data by
least squares methods. (@) Blastula polysomal mRNA: at termination 78% of the

3H—mDNA is in hybrid; the rate constant with respect to messenger RNA is

R | 1

2.5x 10 "M~ sec"l, or 1.0 x 10~ M 1sec™! with respect to total polysomal RNA

(see Experimental Procedures). (o) Blastula polysomal mRNA: before hy-
droxyapatite fractionation, the reaction mixture was treated with RNAase under
low salt conditions which destroy the RNA in RNA-DNA hybrids (Galau et al.,
1974). (@) Intestine cytoplasmic RNA: at termination, 12% of 3H-mDNA is in

oyl 1. The data have been normalized

hybrid; the rate constant, k, is 4.4 x 10" °M "sec
for the 92% reaétivity of the mDNA tracer. The right ordinate is calibrated in
terms of RNA complexity, on the basis that the terminal hybridization value of

78% observed for blastula mRNA represents 2.6 x 1()7 nucleotides.
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3

Figure 3. Hybridization of Intestine Nuclear RNA with Single Copy "H-DNA

The curve represents a single pseudo-first order reaction fit by least squares meth~

ods with the assumption that the ordinate intercept is 0. The solution shown yields

4M~1sec™! and a terminal value of 17.9%. The specific

6

a rate constant of 2.5 x 10~
activity of the single copy tracer used was 8 x 10~ epm/ug and its reactivity with

excess sea urchin DNA at Kinetic termination was 94%. The data have been nor-

malized for the reactivity of the 3H—DNA tracer.
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Figure 4. Hybridization of Blastula mDNA with Nuclear RNAs from Intestine,

Coelomocytes and Gastrula Stage Embryos

The hybridization of each nuclear RNA with blastula mDNA is described by a single

pseudo-first order reaction fit to the data by least squares methods. (— — ® —

—) Coelomocyte nuclear RNA: the rate constant is 2.0 x 10_4M'lsec-1; at
termination 79% of the mDNA is hybridized. (- - - - l - ~ - -) Gastrula nuclear

4 1sec‘]‘; at termination 82% of the mDNA is

4

RNA: the rate constant is 1.3 x 10" "M~
hybridized. (— & —) Intestine nuclear RNA: the rate constant is 3.1 x 10~

1

M sec'l; at termination 76% of the mDNA is hybridized. The data have been

normalized for the 92% reactivity of the mDNA tracer.
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