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ABSTRACT

The nature of transcripts from repetitive DNA sequences in the sea urchin,

Strongylocentrotus purpuratus, is investigated. Hybridization experiments utilizing

individual cloned repeat sequences, as well as fractions of total repetitive DNA,
indicate that the expression of repeat sequences in RNA is specifically regulated
in development. A different set of repeat families is highly represented in each
of three RNA populations examined, the nuclear RNAs of gastrula stage embryos
and adult intestine tissue, and the total RNA of eggs. Essentially all the genomic
repeat families are represented in each RNA, but the prevalence of transcripts
representing different repeat families can vary by more than two orders of magnitude
in a given RNA. Both complementary strands of most reéeat families are represented
at similar levels, raising the possibility that RNA-RNA repeat duplex foermation
occurs in the cell. Two cloned repeat sequences examined were both found primarily
on large transcripts in the nuclear RNA, and many of the nuclear repeat transeripts
are believed to occur on long interspersed RNA molecules.

Several lines of evidence indicate that most repeat sequences in the egg
RNA are contained on transcripts with the properties of maternal messenger RNA.
A large fraction of the repeat-containing transcripts are polyadenylated. Most of
the repeats are found on long transcripts, while in the genome, these repeats are
short and interspersed with single-copy sequences. The repeat-containing RNAs
are isolated and directly shown to consist of short repeats linked to longer single-
copy sequences. These interspersed egg RNAs are shown to include nearly all of
the diverse single-copy sequences of total egg RNA, most of which are believed

to be message sequences. Several implications of these findings are discussed.
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Particularly interesting is the conclusion that the single-copy maternal message
sequences must be associated primarily with a restricted group of the diverse
genomic repeat families. The message sequences thus fall into several hundred

sets, each containing transcripts from a different repeat family.
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CHAPTER 1

Introduction



In recent years, the organization of repeated DNA sequences in a wide
variety of eucaryotic species has been examined. One general conclusion that has
emerged is that many of the repetitive sequences are interspersed throughout the
genome, among regions of unique DNA sequence. The majority of repetitive
sequences in most organisms are several hundred nucleotides long and are inter-
spersed with single copy sequences averaging 1000-2000 nucleotides (nt) throughout
much of the genome (Davidson et al., 1973; Davidson et al., 1975a). Longer repeat
sequences of several thousand nucleotides usually account for less than half of
the repetitive DNA (Davidson et al., 1975a). In a few species, however, they are
the only detectable type of repeat sequence (Manning et al., 1975; Crain et al.,
1976a,b; Wells et al., 1976). As the functions of repetitive DNA sequences are not
known (with the exception of a few genes that are known to be repeated), the
significance of the observed patterns of sequence organization is not apparent.

The interspersion of repeats among single copy sequences has, however, been a

major stimulus for the suggestion that repeats might be involved in the regulation

of single copy structural gene expression (Britten and Davidson, 1969, 1971; Davidson
et al., 1977; Davidson and Britten, 1979). An interest in this possibility has
motivated our investigations of the transcripts from repeated DNA sequences

in the sea urchin.

Properties of Repetitive Sequences in the Sea Urchin Genome

The repetitive DNA of the sea urchin, as well as all higher organisms,
is an extremely complex collection of sequences, the intricacies of which have
recently become accessible to direcet study through recombinant DNA methods,
and are just beginning to be described. Some of the relevant properties of repeat

sequences in the sea urchin, Strongylocentrotus purpuratus, can be described as




follows. About half of the sea urchin genome displays a short peribd interspersion
pattern in which repeats are separated by unique sequences averaging 1000 nt in
length. Another 20-30% of the genome has an interspersion distance of 2000~-3000
nucleotides, and the remainder consists of longer regions of unique sequence
(Graham et al., 1974). Repeated sequences themselves comprise 25% of the DNA.
70% of the repetitive DNA appears to ocecur in short interspersed elements with
an average length of about 300 nt, while 30% occurs in longer stretches uninterrupted'
by single copy sequence and averaging at least 2000 nt in length (Graham et al.,
1974; Eden et al., 1977). Most repetitive sequence families consist primarily of
repeats in one of these two categories, either short or long. Nearly all families,
however, appear to include at least a few repeat sequences in both the short and
long categories (Eden et al., 1977; Moore et al., manuseript in preparation).

The sizes of various repeat sequence familigs, or the number of genomic
sequence elements belonging to each family, can be estimated from reassociation
experimeﬁts with total sea urchin DNA. One such analysis suggests that 16%

- of the repetitive DNA consists of repeat families with an average of 6000 members,
44% consists of 250-member families, and 40% of families with 20 members
(Graham et al., 1974). Measurement of the repetition frequencies of 26 individual,
cloned repetitive sequences yielded a roughly similar distribution of frequencies,
rarigiﬁg from less ihan 10 to about 12,000. The family sizes apbear to oécur in

a continuum, however, rather than forming a few discrete frequency classes

(Klein et al., 1978).

The members of most repeat families are imperfect copies, presumably
as a result of evolutionary sequence divergence (Britten and Kohne, 1968; Britten

et al., 1976; Harpold and Craig, 1977; Klein et al., 1978; Moore et al., 1978). The



extent of sequence mismatch between members of a repeat family ranges from
only a few percent in some families to over 20% in other families.

Most repeat families in the sea urchin, as defined by reassociation
experiments, are distinet from other repeat families. Thus, most families do
not appear to acquire new members, or merge with other repeat families, when
the hybridization criterion is lowered. This has been demonstrated by reassociation
experiments with cloned repeat sequences, representing different families (Klein
et al., 1978) as well as with total genomic repeats (Graham et al., 1974). The
distinct nature of repeat families is also supported by direct nucleotide sequencing
studies (Posakony et al., manusecript in preparation) which showed that eight repeat
families, represented by eight randomly selected cloned repeat sequences, share
no significant sequence homology.

The apparent size of some highly divergent repeat families, however,
can 'vary considerably depending on the hybridization criterion applied (Klein et al.,
1978). In recent studies, several individual members of such families, isolated
from libraries of genomic clones (Anderson et al., manuseript in preparation) have
been compared. It is now apparent that these families consist of relatively small
groups of repeats, or "subfamilies", whose members are relatively well matched
in sequence. The various subfamilies that together comprise a "superfamily" are
more distantly related, but have enough homology to cross-hybridize at a lowered
criterion (Scheller et al., manuseript in preparation).

The total number of repeat families in the sea urchin genome, or the
total complexity of the repetitive DNA, can be estimated from the fraction of
genomic DNA comprising various repeat frequency classes. Estimates based on

several sets of reassociation kinetic data for total repetitive DNA, at two different



criteria (Graham et al., 1974; Davidson, 1976; Klein et al., 1978; Chapter 2 of

this thesis), as well as an independent estimate based on randomly selected cloned
repeats (Klein et al., 1978), all range between about 3000 and about 10,000 families.
The higher estimates may include many subfamilies, while the lower estimates

probably approximate the number of totally distinct families, or superfamilies.

Previous Studies of Repetitivé Sequence Transeription
The earliest data concerning the transcription of repetitive DNA sequences
come from studies in which labeled RNA, from various animal tissues and embryos,
was hybridized to filter-bound total genomic DNA. The low Cot values attained
in these experiments permitted hybridization only between repetitive sequences
and their transcripts (reviewed by Davidson, 1976). While these early studies
crevided little reliable information concerning the amount, diversity or cellular
loeation of the repeat transcripts, they did establish the existence of such transeripts.
They also demonstrated that the repeat transcripts differ either qualitatively
or quantitatively at different stages of development, and hence that their production
must be specifically regulated. This conclusion was based on variation in the
extent to which unlabeled RNA from one tissue or developmental stage could
compete with hybridization of labeled RNA from another stage (McCarthy and
Hoyer, 1964; Glisin et al., 1966; Davidson et al., 1968; reviewed in Davidson, 1976).
Subsequent experiments have revealed that heterogeneous nuclear RNA
(hnRNA) accounts for many of the repeat transeripts in the cells of embryos and
adult animal tissues. Analysis of the kineties of hybridization of labeled hnRNA
from various sources with excess whole genomic DNA has indicated that about
10-30% of the hnRNA is typically derived from repetitive DNA sequences, while

the remainder is complementary to single copy sequences (Melli et al., 1971;



Greenberg and Perry, 1971; Smith et al., 1974; Spradling et al., 1974; McColl and
Aronson, 1974; Firtel et al., 1976). Furthermore, it has been shown that many
hnRNA molecules reflect the interspersed sequence organization of the genomes
from which they derive, in that they contain both repetitive and unique sequences,
linked on the same long transcripts (Smith et al., 1974; Holmes and Bonner, 1974;
Molloy et al., 1974; Firtel et al., 1976). This is consistent with the observations
that: 1) hnRNA populations consist primarily of large molecules, typically 2000

to 10,000 nt or more in length, and therefore represent long regions of the genome
(Holmes and Bonner, 1973; Derman et al., 1976; Maxwell et al., 1979); 2) a large
fraction of the genome, including between 10 and 40% of the unique sequences,

is expressed in the hnRNA (Getz et al., 1975; Hough et al., 1975; Levy et al., 1976;
Bantle and Hahn, 1976; Goldberg et al., 1978). Many of the repeats in hnRNA
appear to be similar in length to the short genomic repeats (Smith et al., 1974;
Federoff et al., 1977). The presence of some long hnRNA molecules consisting
entirely of repeated sequence, and perhaps transcribed from long genomic repeat
sequences, is neither ruled out nor demonstrated by these data. The diversity of
repetitive sequences transeribed in hnRNA, and the specific numbers of hnRNA
transeripts representing the various repeat families have not been measured in
any of these studies.

Messenger RNA populations from a number of sources have been examined
for the presence of short interspersed repeat sequences, and in most cases they
have appeared to lack such sequences. The fraction of newly synthesized sea
urchin gastrula polysomal mRNA consisting of repetitive sequence, as measured
by its ability to form ribonuclease-resistant hybrids with repetitive DNA, appeared

to be less than 5%. No additional hybridization of mRNA to repetitive DNA was



detected when hybridization was assayed by binding to hydroxyapatite, without
ribonuclease digestion, and this indicated an absence of mRNA molecules containing
linked repeat and single copy sequences (Goldberg et al., 1973). A somewhat larger
fraction of HeLa cell cytoplasmic poly(A)+ RNA was found to consist of repetitive
sequence, but similar methods detected no linkage of repeat and single copy tran-
seripts (Klein et al., 1974). Using a different approach, Campo and Bishop (1974)
isolated the fraction of rat myoblast polysomal mRNA that hybridized with
repetitive DNA (20%), and they also found that this fraction was devoid of any
linked single copy sequences. These studies suggested that the repetitive sequences
in these mRNA populations comprise a separate class of messages, derived from
repeated genes, and distinct from the transeripts of single copy genes.

On the other hand, there have been reports of mRNAs with an interspersed
sequence organization in a few organisms. The only clear example is in

Dictyostelium discoideum, which has been shown by Firtel and collaborators to

contain many interspersed messenger RNAs. At least 25% of total Dictyostelium

poly(A* mRNA molecules were found to consist of linked repeat and single copy
sequences, by the usual DNA excess hybridization methods (Firtel and Lodish,
1973; Firtel et al., 1976). More recently two repeat sequences, contained on

cloned segments of Dictyostelium DNA, have been found linked to large numbers

of single copy mRNAs. These transcripts account for about 10% of the total poly(A)+
mRNA (Kimmel and Firtel, 1979; Kindle and Firtel, 1979). Each of the repeats

exists in about 100 copies per genome, and many of the copies appear to be tran-
seribed together with adjacent single copy regions, to produce interspersed mRNAs.
The repeat sequences generally account for about 10% of the mRNA lengths,

and on one particular transcript the repeat was shown to be about 120 nt in length,

and located on the 5' end (Kimmel and Firtel, 1979).



In other systems, evidence for the existence of interspersed messages
is weaker. Dina et al. (1973, 1974) presented evidence suggesting that Xenopus
neurulae may contain interspersed mRNAs capable of hybridizing with filter-bound
repetitive DNA, but their data are questionable on various technical grounds.
There have also been reports that some mRNAs in mammalian cells contain short
sequences homologous with double stranded regions of nuclear RNA (Georgiev
et al., 1973; Ryskov et al., 1976; Darnell, 1976). Many of the double stranded regions
of the nuclear RNA derive from repeated sequences in the genome (Jelinek et al.,
1974, 1978; Federoff et al., 1977), implying that these messages may contain repeats.
The fraction of messages containing such sequences is undetermined in these exper-
iments, however, and may be very small. There is also no direct indication that
this fraction of messages contains regions of unique sequence, rather than belonging
to the totally repetitive fraction of mammalian mRNA seen in the experiments

of Kiein et al. (1974) and Campo and Bishop (1974).

Repetitive Sequence Transeripts of the Sea Urchin Egg

The studies described in Chapter 2 of this thesis were intended to
characterize quantitatively the repeat sequence transeripts of sea urchin eggs,
whose existence had been suggested by earlier experiments (Glisin et al., 1966).
The RNA of sea urchin eggs has a total single copy sequence complexity of

3.7x 107

nucleotides (Galau et al., 1976; Anderson et al., 1976; Hough-Evans

et al., 1977), far lower than the complexities of nuclear RNA populations, which
are quite similar (around 2 x 108 nucleotides) in all embryonic stages and

adult tissues of the sea urchin that halve been examined (Hough et al., 1975;

Kleene and Humphreys, 1977; Wold et al., 1978; Ernst et al., 1979; Davidson

and Britten, 1979). In addition, the rate of new RNA synthesis in the egg is



extremely low (Dworkin and Infante, 1978), and most of the egg RNA is presumed
to have been synthesized during oogenesis and stored in a stable form (Gross et al.,
1965; Hough-Evans et al., 1979). This is quite unlike the nuclear RNA of sea urchin
embryos which is rapidly synthesized and short-lived (Grainger and Wilt, 1976).
Thus, it seemed that the egg does not contain a transcript population with the
characteristics of nuclear RNA, and that the repetitive sequence transeripts in
the egg must differ from the repeat-containing nuclear RN As synthesized in the
embryo.

The short and long fractions of total repetitive S. purpuratus SH-DNA
were isolated and hybridized with an excess of total egg RNA, and the kinetics
of these reactions were measured. In addition, nine randomly selected individual
repetitive sequences, isolated by recombinant DN A methods (Scheller et al., 1977),
were hybridized with egg RNA to measure the concentration of transeripts com-
plementary to each repeat. The short repetitive DNA hybridized to an extent
of at least 80%, with extremely heterogeneous kinetiecs. These data indicated:
that most short repeat families are represented in the RNA; that both complemen-
tary strands of many of the repeats must be represented (if not, the maximum
extent of hybridization would be 50%); and that the numbers of transcripts
representing different repeat families vary widely, from a few thousand to over

109,

The long repetitive 3H—DNA hybridized at a lower rate and to a lesser extent,
about 35%. This difference was not further investigated, but it tends to suggest
that the number of long repeat sequence families represented, and their transeript
concentrations in egg RNA, are low compared to the short repeats. A fraction

of the short repetitive 3H-DNA (20%) complementary to the most prevalent

repeat sequences in the egg RNA (about 100,000 transcripts per egg) was isolated.
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By hybridization with excess genomic DNA, this fraction was found to resemble
total repetitive DNA in its distribution of repetition frequencies, rather than
containing only the more highly repeated sequences. This indicated that the
prevalent repeat transcripts must result from the specific expression of a subset
of repeat families. These conclusions were confirmed by studies of individual
cloned repeat sequences. All nine repeats examined hybridized with egg RNA,
suggesting that most if not all repeat families are represented in the RNA, and
the two strands of each repeat were represented in the RNA at similar concentra-
tions. The prevalence of transcripts complementary to different repeats varied
from 3000 to about 100,000 and appeared to be independent of genomic repetition
frequencies.

To investigate the length of the maternal repeat transcripts, four of
the cloned repeat sequences were hybridized to different size classes of egg RNA,
which had been fractionated under denaturing conditions. All four repeats were
found almost exclusively on transcripts one to several thousand nucleotides in
length, considerably longer than the cloned sequences themselves. This appeared
to be a general property of most repeat sequence transecripts in the egg. In addition,
most repeat sequences in the families represented by prevalent transecripts were
found to be short, and adjacent to single copy sequences in the genome. This
was determined by isolating a fraction of 2000-3000 nucleotide DNA fragments
that hybridized with prevalent repeat transeripts, and examining the sequence
composition of these fragments. Together these observations predicted that many
of the egg RNAs might be transeribed from short interspersed repeats together

with adjacent single copy regions.
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The possibility that the egg repeat transcripts might be linked to single
copy sequence transcripts was particularly interesting for the following reasons.
The sea urchin egg is known to contain a large store of messenger RNA, sequestered
in an inactive or "masked" state (Spirin, 1966; Gross et al., 1973; Jenkins et al.,
1978) until after fertilization, when it is mobilized. The maternal mRNAs serve
as templates for most of the early embryonic protein synthesis (Humphreys, 1971)
and continue to make an important contribution until around gastrulation (Davidson,
1976). Their existence has been demonstrated by a wide variety of methods, in-
cluding: measurement of protein synthesis in embryos derived from enucleated
eggs (Craig and Piatigorsky, 1971) or in embryos grown in the presence of inhibitors
of RNA synthesis (Gross, 1967); direct in vitro translation of total egg RNA (Slater
and Spiegelman, 1966) or the polyadenylated fraction of egg RNA (Jenkins et
al., 1973; Ruderman and Pardue, 1977). Furthermore, Hough-Evans et al. (1977)
have demonstrated that most of the diverse single copy sequences in the egg RNA
represent maternal message sequences. About 75% of the egg single copy sequences
are found on polyribosomes at the 16-cell stage. The remaining maternal single
copy sequences are found in eytoplasmic but non-polysomal transcripts at the
16-cell stage, and may represent maternal mRNAs translated at another stage.

Our data therefore raised the possibility that the repeat transeripts might
be associated with maternal messenger RN As derived from single copy sequences.
This was not necessarily true, however. The possibility remained that the repeat
transcripts might actually derive from long repetitive sequences in the genome,
although they hybridize primarily to short interspersed repeats. As noted above,
most repeat families contain both short and long members that can cross-hybridize.

It was therefore necessary to directly examine the maternal repeat transcripts
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for the presence of linked single copy sequence transeripts. This issue is pursued
in Chapter 4.

It is interesting to note that the pattern of repeat sequence representation
is quantitatively similar in the egg RNA of a different species of sea urchin,

Strongylocentrotus franciscanus. We have compared the prevalence of transcripts

representing six individual repeat families in the egg RNAs of both S. purpuratus
and S. franciseanus, and find a striking conservation of transcript prevalence

(Moore et al., 1980). In contrast, the genomes of the two species contain different
numbers of copies of most of these repeats (Moore et al., 1978). Thus, the processes
governing repeat transcript prevalence appear to have been conserved during
evolution, despite the changes in repeat family sizes. This finding seems to provide

additional evidence that the repeat transeripts must have an important funetion.

Stage-Specific Representation of Repeat Families in Egg and Nuclear RNAs
Chapter 3 is an examination of the stage-specificity of repetitive sequence

transeripts in sea urchins. The numbers of transcripts representing the same nine

repeat sequence families in the nuclear RNAs of gastrula stage embryos and adult

intestine tissue were measured, and were compared to the transeript concentrations

in egg RNA. All nine repeat families were found to be represented at some level

in each of the three RNA populations, suggesting that most or all repeat families

in the genome are represented. Both complementary strands of each repeat family

are represented in each RNA population, and the concentrations of the complemen-

tary strands usually differ by less than a factor of two. In each of the nuclear

RNA populations, as well as in the egg RNA, the concentrations of transeripts

from different repeat families vary tremendously, by up to two orders of magnitude,

and these differences are not merely a reflection of genomic repetition frequency.

Furthermore, each of the three RNA populations has a distinctive pattern of rare
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and prevalent repeat transcripts. Most of the repeat families are relatively rare
in one RNA population and relatively highly represented in another. These findings
clearly indicate that the expression of repeated sequences in RNA is specifically
regulated during development.

Hybridization of two of the cloned repeat sequences with size-fractionated
gastrula nuclear RNA indicated that both sequences are found primarily on long
transcripts. These presumably represent typical interspersed long nuclear RNAs
(Smith et al., 1974), but the possibility that some of the nuclear RNA consists of
non-interspersed transeripts from either short or long repeats has not been excluded.

It is interesting to consider the transeriptional patterns that might be
responsible for the observed changes in repeat sequence expression, particularly
in the light of our knowledge of single copy sequence expression in sea urchin
embryo RNA. One mechanism likely to be responsible for some of the changes
in repeat sequence concentrations is a change in the number of members of various
repeat families being transcribed. This number cannot be easily measured, because
transeripts from one repeat family member can cross~hybridize with other family
members. If the repeats are transcribed together with adjacent single copy
sequences, however, as seems to be the case for many nuclear repeat transcripts,
any change in the number of repeat family members being transeribed would be
associated with a change in the set of single copy sequences transeribed. Another
possible mechanism is Simply a change in the transcription rate for a particular
repeat sequence element. This would result in a similar change in the prevalence
of any co-transcribed adjacent single copy sequence.

Since nuclear RNA presumably includes many mRNA precursors, and

most sea urchin single copy structural genes occur in the vicinity of repetitive
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sequences (Davidson et al., 1975b), one might expect to find many repeat transeripts
contained on mRNA precursors in the nucleus. It has been demonstrated, however,
that most mRNA sequences expressed in sea urchin embryos are present in very
similar concentrations in the nuclear RN A populations of various embryonic stages
and adult tissues (Wold et al., 1978). It therefore appears difficult to account for
the observed differences in repeat transeript concentrations between gastrula

and intestine nuclear RNAs entirely as a result of changes in mRNA precursor
concentrations, although a few mRNA sequences may be changing in nuclear
transeript concentration, and a minority of the repeat transcripts might be
associated with these. While the total single copy sequence complexity of nuclear
RNA appears to change very little throughout development, and large variations

in the relative prevalence of different single copy sequences are not evident

(Hough et al., 1975; Kleene and Humphreys, 1977; Wold et al., 1978), there are
significant developmental changes in the nuclear RNA single copy sequence sets.
About 15-20% of the single copy sequences in intestine nuclear RNA, or 3.5 x 107
nucleotides of diverse sequence, are absent from gastrula nuclear RNA (Ernst
et al., 1979), and similar differences can be presumed to exist between other
stages and tissues. These differentially expressed single copy sequences appear
to consist primarily of nonmessage sequences, given the results of Wold et al.
(1978). Many of the specific differences in repeat transeript concentration between
gastrula and intestine nuclear RN As could be due to expression of repeat sequences
associated with this set of single copy sequences, as discussed in detail by Davidson
and Britten (1979). Other differences could result from changes in the prevalence
of a minority of nuclear single copy sequence transcripts. Of course, the level

of expression of some repeat sequences could be determined quite independently
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of any single copy sequence expression, either by transeription of repeats without
any adjacent single copy sequences, or by post-transcriptional events such as excision
of repeats from interspersed transcripts, and their preferential accumulation or
degredation.

The striking developmental regulation of the nuclear repeat transeripts
seems to strongly imply that they have an important function. One suggested
funetion is that repetitive sequences may represent processing sites on mRNA
precursors (Georgiev et al., 1973; Molloy et al., 1974; Davidson and Britten, 1979).
Another role which has been proposed is that of a regulatory transcript, which
interacts with specific sites in the genome to regulate transcription (Robertson
and Dickson, 1974; Davidson et al., 1977) or with other nuclear RNA molecules to
control post-transcriptional processing (Davidson and Britten, 1979). It has been
suggested that intermolecular RNA-RNA duplex formation may occur in vivo
between complementary repeats and could be an important mechanism for post-
transcriptional gene regulation (Federoff et al., 1977; Boncinelli, 1978; Davidson
and Britten, 1979; Chapter 3 of this thesis). This idea follows from our observation
that both complementary strands of most repeat families are similarly represented
in sea urchin nuclear RNAs, as well as the electron microscopic observations of
Federoff et al. (1977), which showed that many long nuclear RNA molecules from

HeLa cells can form short intermolecular duplexes.

Repeats are Linked to Maternal Message Sequences on Egg RNAs

In Chapter 4, we continue to characterize the repetitive sequence
transcripts of eggs and to ask, in particular, if they are associated with maternal
messenger RNAs. Our approach was to isolate the repetitive sequence transcripts,

to examine them for the presence of attached single copy sequences, and to
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determine the complexity of any such sequences. We first showed that
polyadenylated RNAs contain a major and representative sample of the total
repeat transcript population in the egg. Since much of the maternal mRNA is
polyadenylated, this was a further indication that the repeats might be associated
with maternal mRNAs. It also allowed us to purify repeat-containing transeripts
and directly examine their sequence organization.

The poly(A)+ egg RNA, whose weight average size was about 5000 nt,
was labeled by radioiodination yielding fragments with a weight average length
of about 1400 nt. About 25-30% of the labeled RNA fragments appeared to contain
a repetitive sequence, as determined by hybridization to excess repetitive DNA.
These repeat-containing fragments were isolated, and were found to consist of
about 89% single copy seqeunce and 11% repeated sequence, by hybridization to
excess whole genomic DNA and assay by ribonuclease resistance. It was concluded
that each fragment in this fraction must contain a long single copy region, as well
as a covalently linked short repeat sequence.

The interspersed sequence organization of much of the egg poly(A)+ RNA
was also demonstrated by electron microscopy of long, undegraded RNA after
incubation to allow duplex formation between complementary repeat sequences.
Over 65% of the RNA mass was found in large multimolecular complexes with
the appearance of long, single-stranded regions joined by short intermolecular
duplexes, while no such structures were observed in RNA spread under the same
conditions, but after denaturation. The larger fraction of transcripts that appear
to contain repeats by this measure, as compared with the fraction of radioiodinated
poly(A)+ RNA hybridizing with repetitive DNA, is probably explained by the short
fragment length of the labeled RNA, and also perhaps by the greater stability of

RNA-RNA duplexes.
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To determine whether the single copy sequence transcripts containing
short repeats represent a minority or a majority of the diverse single copy
sequences in egg RNA, we prepared a fraction of total egg RNA that was
specifically enriched for transcripts containing repeats. Hybridization of this
selected RNA fraction with "egg DNA" tracer (representing all the single copy
sequences in egg RNA) showed that at least 70% of the single copy sequences
were similarly enriched. These enriched single copy transcripts must be linked
to repeat sequence transcripts in the egg. Such interspersed transeripts include
a majority of the diverse maternal mRNA sequences. In addition, a cloned single
copy DNA sequence representing a highly prevalent transcript in the egg was
found to be enriched in the selected egg RNA fraction. This indicated that linkage
to repeat transcripts is not solely a property of the rare, complex class maternal

mRNA sequences.

Non-Interspersed Repeat Transcripts

Most of the repetitive sequences on polyadenylated egg transcripts
appear to be quite short, averaging 150 nucleotides in length, and linked to longer
transeripts derived from single copy sequence. Only a small fraction, probably
less than 10%, of the repeat containing poly(A)+ RNA might consist of long,
entirely repetitive transcripts. Histone mRNAs are, of course, an example of
prevalent, non-polyadenylated RNAs in the sea urchin egg derived entirely from
repeated sequences (Ruderman and Pardue, 1977, 1978). It remains possible that
long repetitive transcripts are more common in the poly(A)- egg RNA fraction.
There is no evidence, however, that the poly(A)- fraction differs in sequence
organization from the poly(A)+ fraction, except for the lack of a long poly(A)
tract. As mentioned above, experiments in Chapter 2 indirectly suggested that

most repeat transcripts in total egg RNA had an interspersed organization.



18

We have not detected short repeat transcripts the size of typical low
molecular weight nuclear RNAs among the repeat transcripts of the egg or in
the nuclear RNA of sea urchin embryos. Our data do not, however, exclude the
existence of a few such RNA species. Nijhawan and Marzluff (1979) have recently
identified three prominent short RNAs in sea urchin eggs and embryos. These
RNAs are around 150-300 nucleotides in length, and are transeribed from repeated
sequences. They occur in about 108 copies per embryo, which is several orders of
magnitude higher in concentration than any of the repeat transcripts we have
detected. Other low molecular weight nuclear RNAs have been described in a
number of systems (Weinberg and Penman, 1968; Benecke and Penman, 1977;
Jelinek and Leinwand, 1978) and in each case these represent a small number
of different RNA species. While similar RNAs may well account for a minor
fraction of the diverse repeat transeripts in sea urchin eggs and embryo nuclei,
they do not appear to be a major type of transeript for most of the repeat families
that are expressed. At least several hundred distinet repeat families are represented
by prevalent transeripts in the egg and nuclear RNAs. This is far greater than the
apparent diversity of the small nuclear RNAs in any system where they have been
described. In addition, we have examined the sizes of transeripts containing several
specific repeats, in both egg and nuclear RNAs, and in all cases, the repeats are

found predominantly on large RNA molecules.

Comparison With Embryonic Messenger RNAs

The apparent interspersed sequence organization of many maternal
message transcripts in sea urchin eggs contrasts with the reported absence of
such transeripts in the polysomal mRNA synthesized in the gastrula (Goldberg

et al., 1973). Recent experiments, using gastrula polysomal mRNA preparations
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with longer fragment lengths than were previously obtainable, have indicated that
a minor fraction of newly synthesized gastrula polysomal mRNAs may actually
contain short repeats linked to longer single copy sequences (unpublished data).

In addition, a number of cloned sequences prepared from gastrula cytoplasmic
poly(A)+ RNA by a ¢cDNA hybrid cloning method (Zain et al., 1979) appear to
contain a repetitive sequence, although most do not (Lasky, unpublished data).
One of these clones that has been well characterized represents a transeript
present on gastrula polysomes in about 20-50 copies per cell, and consisting of
600 nucleotides of single copy sequence with a short repetitive sequence (<200 nt)
at its 3' end (Scheller, unpublished data). Evidently, the presence of short repeat
sequences linked to single copy message transeripts is not a unique property of
maternal messenger RNAs in the sea urchin. There does, however, appear to

be a significant difference between the numbers of repeat transeripts in the
maternal RNA and in the gastrula polysomal mRNA. The gastrula mRNA appears
to contain few if any repeat transcripts that are as highly prevalent as the most
prevalent repeats in the egg (unpublished data). This difference has not been
fully quantitated, nor is its meaning clear at this time.

Another property that may distinguish sea urchin maternal mRNA from
the mRNA synthesized during embryogenesis is its length. The maternal poly(A)+
RNA we have isolated has a weight average length of about 5000 nt, in reasonable
agreement with earlier measurements (Slater and Slater, 1974; Wilt, 1977). In
contrast, the reported lengths of newly synthesized eytoplasmic poly(A)+ RNAs
isolated from embryos of various stages are somewhat shorter, about 2000-3000 nt,
weight average (Wu and Wilt, 1973; Nemer et al., 1974; Slater and Slater, 1974).

While we cannot eliminate the possibility that this difference is due to greater
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RNA degradation during isolation of embryonic RNA, the size distribution of
isolated sea urchin embryonic mRNAs is similar to the size distribution of mRNAs
from a variety of sources, extracted by different methods (Davidson and Britten,
1973; Lewin, 1975), which argues against this possibility. The larger maternal
poly(A)+ RNAs might represent a special class of message transcripts different
from those synthesized in the embryo, either containing long untranslated regions,
or perhaps coding for unusually large proteins. Alternatively, it is possible that
the large maternal RNAs are message precursors and undergo cleavage or splicing
before they can be translated following fertilization. The poly(A)+ maternal RNA
can serve as a template for in vitro translation, directing synthesis of diverse
polypeptides (Ruderman and Pardue, 1977; W. Klein, personal communication),

but it has not been shown that the largest molecules in this heterogeneous popula-
tion, i.e., those considerably larger than typical message size, are template active
transeripts. It is also not certain that some message precursors could not be

translated in vitro to yield polypeptides.

Are Repeats Coding Sequences?

Could many of the short repeat sequences on maternal poly(A)+ mRNAs,
as well as those on embryonic polysomal messages, be codogenic sequences?
Arguing against a coding role is the observation that short repeats are relat@vely
scarce on embryo polysomal RNAs compared to embryo nuclear RNAs. While
complex class single copy message sequences typically occur in similar steady
state concentrations in the nuclear and polysomal RNA of sea urchin embryos
(Wold et al., 1978), most of those repeat sequences that are found in gastrula
polysomal mRNA seem to occur in considerably higher numbers (often 10-20 fold)

in the nuclear RNA (Chapter 3 of this thesis; unpublished data). This suggests
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a fundamental difference in the cellular metabolism of repeat transcripts as
compared to single copy sequence messages, and is consistent with the view that
repeats have some nuclear function rather than coding for proteins.

Another property of the repeat transcripts that seems inconsistent with
a coding function is the fact that both complementary strands of a repeat family
are represented, typically on similar numbers of transeripts. It is difficult to
imagine that both complementary strands of many repeat families could simul-
taneously serve as coding sequences. One might imagine that one strand could
be a coding sequence, while the complementary strand could have a different
function. But our observation that both complementary strands of many repeats
oceur on long, polyadenylated maternal RNAs seems inconsistent with such a
model. Additional evidence concerning this issue comes from primary sequence
data on a number of sea urchin repeat families. Posakony et al. (in preparation)
have sequenced several of the cloned repeats used in our hybridization studies,
and find that 6 out of 8 of the cloned repeats contain translation stop signals in
all possible reading frames, on both strands. We cannot, however, eliminate the
possibility ‘that other members of these repeat families lack the stop signals.

In summary, the available data do not rigorously rule out a coding function for
some of the interspersed short repeats, but they argue against this idea.

Assuming that most of the short repeats on long maternal polyadenylated
mRNAs are not codogenie, they could either be located in 3' or 5" untranslated
regions, or else they could ocecur in regions that are excised prior to translation
in the embryo, in intervening sequences or regions external to the coding sequences.
Some of the intermolecular duplexes formed between poly(A)+ maternal transeripts,

as seen in the electron micrographs of Chapter 4, appear to occur in internal
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regions of the molecules. Since terminal duplexes would not be clearly discernible
in these structures, however, it is impossible to estimate the fraction of repeats
which oceur in internal vs. external regions. Even repeats occurring at some
distance from either end could conceivably be located in long, external untranslated
regions. Thus, it is not yet clear whether the largest maternal mRNAs would
need to undergo any further processing before they could be translated in the
early embryo.

The most direct approach to this question involves examining the
transcripts derived from a given unique sequence in the egg RNA as well as in
the mRNA of later embryos, and two such experiments have been done. Lee et
al. {1980) have measured the size of egg transcripts containing the cloned single
copy sequence Sp88, as well as the size of polysomal transcripts of Sp88 in the
16-cell embryo. Sp88 represents a rare sequence in the egg RNA which is present
in polysomes at the 16-cell stage but not detected in the polysomes at any later
stage (Lev et al., 1980). Both the egg RNA and the 16-cell embryo polysomal
RNA include three different size transcripts that hybridize to Sp88, about 3900,
2700, and 1600 nt in length. The ratio of these three species is not appreciably
different in the two RNA populations. Thus, these particular maternal RNA
species appear to enter the polysomes without undergoing any detectable changes
in length. The lengths of ti'anscripts containing another cloned single copy sequence,
SpG30, have been measured in egg poly(A)+ RNA, gastrula cytoplasmic poly(A)+
RNA, and pluteus-stage eytoplasmic poly(A)+ RNA (Lasky, unpublished data).
In all three RNAs, only a single transeript length, about 2000 nt, can be observed.
This is a relatively prevalent transeript in all three RNA populations (Lasky et

al., manuseript in preparation) and at least the egg transecript is believed to contain
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a repeat sequence as well as a single copy region (see Chapter 4). Evidently, the
SpG30 transeripts in the eytoplasm of gastrula and pluteus stage embryos, which
are probably embryonic rather than maternal in origin (Brandhorst and Humphreys,
1971, 1972; Galau et al., 1977) are nearly identical, at least in size, to the stored
maternal SpG30 transcripts.

Neither of these two experiments provides an indication that the maternal
messages must undergo further cleavage or splicing events. In both cases, however,
the removal of short repetitive regions might not have been detected, particularly
since a small decrease in transcript length might be offset by the increase in poly(A)
tract length on maternal messages following fertilization (Wilt, 1973; Slater and
Siater, 1974). It is also not clear that the SpG30 and Sp88 transcripts are represen-
tative in this regard, particularly since they are not among the largest maternal

RNAs, which may be the most likely candidates for processing. Additional

A different possibility that cannot yet be excluded is that the long
interspersed maternal transcripts, although they contain message sequences, do
not serve as messengers or message precursors. In this view, a minority of maternal
RNA molecules, that are relatively short and lack repeats, are the actual maternal
messages. While the interspersed transcripts contain the same set of single copy
sequences, they could have some other function, perhaps to regulate gene expres-
sion in the early embryo (Davidson et al., 1977; Davidson and Britten, 1979).
Although it seems most likely that transeripts containing message sequences and
stored in the egg are the maternal messagés, the possibility remains that only a
minor fraction of the message-like RNA in the egg could serve as message in

the early embryo (Davidson, 1976).
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Association of Message Sequences with Specific Repeat Families

While our experiments do not suggest a function for the repeat sequences
on maternal message transcripts, they do indicate a non-random association
between single copy message sequences and repetitive sequence families in the
maternal RNA. Data described in Chapter 2 show that only 10-20% of the diverse
repetitive sequence families in the genome, or about 500-1000 families, are repre-
sented on large numbers (about 105) of transeripts in the egg, while other repeat
families are represented less frequently. It can be estimated from these data
that the highly prevalent repeat families account for about 90% of the mass of
repeat transeripts, while repeat families present on only a few thousand RNA
molecules per egg could account for only a few percent of the mass. Considering
the maternal messenger RNAs derived from single copy sequences, 60-80% of
their mass is accounted for by the rare, or complex class messages, which oceur
in 1000-2000 copies per egg while more prevalent single copy sequence transcripts
account for only 20-40% (Hough-Evans et al., 1977; Wilt, 1977; Lev et al., 1980;
unpublished data). Experiments in Chapters 2 and 4 of this thesis indicate that
the great majority of repeat transcripts are contained on large interspersed
molecules, and also that most of the complex class single copy maternal message
transcripts contain linked repeats. It follows from all this that most of the
maternal RNA must consist of rare single copy sequence transeripts linked to
prevalent repeat transcripts. Each prevalent repeat should be found on a number
of different single copy transcripts, so that the total prevalence of a repeat
sequence is determined by the number of different single copy transcripts with
which it is associated, as well as the prevalence of each of these transcripts.

It is probable that this arrangement at the RNA level reflects the genomic
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sequence organization. Thus, many members of a prevalent repeat family would
be transcribed, each with different adjacent single copy regions, to yield the
collection of interspersed transcripts observed. RNA splicing could also be
involved in generating this pattern of transcript organization, although it is not
necessary to invoke such a mechanism, since it has been shown that in the genome,
repeats occur in the vieinity of most structural genes (Davidson et al., 1975b;
Kuroiwa and Natori, 1979).

The number of different single copy sequences associated with repeats
of a typical family, on the maternal transeripts, can be estimated from our data.
The complexity of the single copy maternal RNA is 3.7 x 107 nt (Hough-Evans
et al., 1977), which corresponds to about 12,000 different 3000 nt transcripts
(3000 nt is the number average length of the egg poly(A)+ RNA; Chapter 4).
Most of these are associated with the 500-1000 prevalent repeat families, so
there should be an average of 10-25 different transcripts containing members
of each repeat family. If many of the transeripts contain two or more different
repeat sequences, then each repeat family could be represented on a greater
number of different transcripts, perhaps 50. Another estimate of this number
can be derived by comparing the relative prevalence of typical complex class
single copy messages, 1000-2000 copies per egg, and of typical prevalent class
repeat transcripts (105 per egg; Chapter 2). A typical prevalent repeat could
thus be accounted for by about 50-100 different complex class transeripts, each
containing a different member of the repeat family. Some repeat families are
probably associated with only one or a few different single copy maternal messages.
These would include the rare repeat transcripts, present in only a few thousand

copies per egg, as well as any prevalent repeats that are associated with prevalent
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maternal message transcripts. Most of the prevalent repeat families, however,
are probably represented on about 10 to 50 different single copy maternal transecripts.
Interestingly, a similar organization has been observed in the interspersed mRNAs

of Dictyostelium. Two repeat families that are prevalent in the Dictyostelium

poly(A)+ mRNA appear to each be represented on about 50-100 different rare
messenger RNAs (Kimmel and Firtel, 1979; Kindle and Firtel, 1979).

The association of groups of structural genes with specific repetitive
sequence families, at the RNA or DNA level, could reflect a mechanism for the
coordinate control of gene expression, as has been previously postulated (Britten
and Davidson, 1969; Davidson and Britten, 1979). Our data indicate that such an
association exists in the maternal RNA of sea urchin eggs, and presumably in the
genome as well. The functional significance of this phenomenon remains to be

explained.
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Summary

The expression of interspersed repetitive se-
quences in the RNA of mature sea urchin oocytes
was investigated. 'H-ONA tracers representing
short interspersed repetitive sequences a few
hundred nucieotides long, and long repetitive
sequences approximately 2000 nucieotides long,
were prepared from genomic DNA of the sea
urchin, Strongylocentrotus purpuratus. These
tracers were reactad with excass ANA from the
mature oocyte. About 30% of the reactable short
repeat tracer and 35% of the long repeat tracer
hybridized. Thus most of the repetitive sequence
families in the short repeat tracer are represented
in oocyte RNA, and transcripts complementary to
both strands of many repeat sequencas are pres-
ent. The kinetics of the reaction show that some
transcripts are highly prevaient (>10° copies per
ococyte), while others are rare (~10° copies per
oocyte). Nine cloned repetitive sequences were
labeled, strand-separated and reacted with the
cocyte RNA. Transcripts of both strands of ail
nine repeats were found in the RNA. The prava-
lence of transcripts of the cloned repeat famiiies
varied from ~3000 to 100,000 copies per cocyte.
Studies with both cioned and genomic tracers
show that transcript prevaience Is independent of
the genomic reiteration frequency of the trane
scribed repetitive sequences. Most of the families
represented by prevaient transcripts have fewer
than 200 copies per haploid genome. The RNA
molecules with which the cloned repeats react
are at least 1000-2000 nucieotides in length.
Other experiments show that a majority of the
members of repeat famiiies represented by prev-
alent transcripts in the oocyte RNA are inter-
spersed among single-copy sequence elements
in the genome.

Introduction

The mature oocyte contains a large and heteroge-
neous stockpile of RNA molecules. These are ap-
parently destined for use in early development,
although little precise information on this point is
available. The best studied component of the het-
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t Aiso a staft member of the Carneqgie institute of Washington,
Baitimore. Maryland 21210.

erogeneous RNA of the cocyte is maternal message
(matmRNA). Most of the single-copy transcript in
the RNA of the mature sea urchin oocyte appears
to be matmRNA. Thus at least 73% of the single-
Copy sequence fraction which can te driven into
RNA-ONA hybrids by oocyte ANA also reacts with
the polysomal RNA of cleavage stage embryos
(Hough-Evans et al., 1977). Humphreys (1971) and
other investigators showed ciearly that most of the
mRANA molecules translated on cleavage stage
polysomes are maternal in origin (reviewed by
Davidson, 1976). The matmRNA represents ~1% of
the mass of the RNA in the mature oocyte and its
complexity is approximately 3.7 x 107 nucleotides,
or ~6% of the total single-copy sequence in the
genome (Anderson et al., 1976; Galau et al., 1976;
Hough-Evans et al., 1977). Thus there are about
20.000 different mRNA sequences, each of which
is present on the average in about 1600 copies per
egg. Histone matmRNAs are aiso present in large
quantities in sea urchin oocytes (Farquhar and
McCarthy, 1973; Skouitchi and Gross. 1973; Gross
et al., 1973). These are. of course, regetitive se-
quence transcripts, and they may well account for
the resuits of some of the earty filter hybridization
measurements which suggested that oocytes con-
tain repetititve sequence transcripts (reviewed by
Davidson, 19786). Some of the competition hybridi-
zation experiments with oocyte RNA, however,
suggest the presence of a greater variety of repeti-
tive sequence transcripts than can be accounted
for as histone mMRNAs (for example, see Glisin,
Glisin and Doty, 1966: Chetsanga et al., 1970).
Hough and Davidson (1972) also showed that a
significant fraction of an isolated repetitive se-
quence preparation from the Xenopus genome
reacts with Xenopus ococyte RNAs. it can be in-
ferred from the early hybridization literature that
the maternal RNA of the oocyte contains a relatively
diverse set of repetitive sequence transcripts aside
from matmRNA.

This paper describes experiments which demon-
strate that sea urchin oocyte RNA inciudes tran-
scripts of some members of at least 80% of the
repetitive sequence families in the genome. Differ-
ent repeat families are represented to greatly differ-
ent extents, so that the number of transcripts per
oocyte varies from a few thousand to over 100.000.
In addition, we report that both strands of most
repeat families are represented in the oocyte RNA.

Resuits

Qocyte RNA Transcripts of Short and Long Repe-
titive Sequences

The repetitive sequences of the S. purpuratus ge-
nome fall into two categories with respect to se-
quence element length. Approximately 60% of the
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mass of the repetitive ONA consists of sequences
only a few hundred nuclectides long, interspersed
with single-copy ONA (Graham et al., 1974; Eden et
al., 1977). As is characteristic of most interspersed
genomes studied. the average length of these
“short repeats” is close to 300 nucleotides (for
example, Schmid and Oeininger, 1975, Chamber-
lin, Britten and Davidson, 1975; Goidberg et al.,
1975). The remaining 40% of the repetitive ONA
mass is found in "long repeat’’ sequence elements.
which in the sea urchin genome are 22000 nucleo-
tides in length. The long and short repeat classes
of repatitive sequence are at least partially distinct
sequencs sets. Thus renatured short repeats in-
ciude more mismatched base pairs than do rena-
tured long repeats (Britten et al., 1976), and cross-
reactions between the long and short repeat frac-
tions show that each sequence class comprises
only a minor fraction {10-30%) of the mass of the
other (Eden et al., 1977; our unpublished data).

Long and short repetitive sequence tracers were
prepared for use in hybridization experiments with
oocyte RNA, as described in detail in Experimental
Procedures and Figure 1. The kinetics of the reac-
tion of the short repeat tracer with whole sheared
sea urchin ONA indicate that the distribution of
repetitive sequence frequencies in this tracer is
similar to that in the whole genome, as shown
below. The same result was obtained by Eden et al.
(1977). We aiso confirmed the conclusion of Eden
and her co-workaers that the sequences comprising
the short repeat fraction are a minor component of
the long repeat fraction, and vice versa. Thus an
unlabeled short repeat ONA fraction prepared as in
Figure 1 drives the long repeat tracer approxi-
mately 3-5 times more slowly than it does the short
repeat tracer. A similar kinetic disparity is observed
in the reciprocal reaction (data not shown).

A large excess of RNA extracted from mature
oocytes was hyoridized with the long and short
repeat *H-ONA preparations. The reactions wers
pertormed under relatively low criterion conditions
(0.41 M phosphate buffer, 55°C) to minimize the
kinetic effects of mismatch in the repetitive se-
quence duplexes (see Klein et al., 1978). Hybridi-
zation was assayed by hydroxyapatite binding, and
DNA tracer seif-reaction was measured after low
salt RNAase digestion (Galau, Britten and David-
son, 1974; Galau et al., 1976) as described in
Experimental Procedures. The kinetics of these
reactions are displayed in Figure 2. Here it can be
seen that 73% of the short repeat tracer (open
circles) is recovered in RNA-ONA hybrids at the
highest RNA Cot (55,000 M sec), and there is no
reason to believe that the reaction has terminated
at this point. The short repeat tracer is approxi-
mately 93% reactive (measured with whole DNA
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driver), and by Cot 55,000, tracer seif-reaction has
reduced the H-ONA fraction availabte for hybridi-
zation by about 5%. Using these numbpers. the
experiment in Figure 2 shows that at least 383% of
the short repeat tracer is capable of hybridizing
with cocyte RNA—that is, aimost all of the short
repetitive ONA sequence is represented in oocyte
RNA. This does not necessarily imply that most of
the short repeats in the genome have been tran-
scribed, but that at least one member of most short
repetitive sequence families has been transcribed.
These data also indicate that both compiementary
strands of most short repeat sequence families are
represented in the RNA. Were this not true, a
maximum of only 50% of the tracer could have
reacted.

The kinetics of hybridization of the short repeat
tracer with oocyte RNA are very heterogeneous. It
follows that the concentration of different repetitive
sequence transcripts in oocyte RNA must vary
greatly. For comparison, the pseudo-first-order hy-
bridization kinetics for the reaction of a singie-copy
3H-DNA tracer with excess oocyte RNA are also
indicated in Figure 2 (dashed line) (Galau et al.,
1976; Hough-Evans et al., 1977). The short repeat



Qocyte Repetitive Sequenca Transcripts
175

az.&- 3
i oL :
E :
< 04‘}— g
& F 3
I H
fosp 3
L i
i :
- -

o.nt

lOl . -~ -~ - Q0e

< o @ - ot 104

RMA Cat

Figure 2. Hyondization of Short and Long Reoeat *H-ONA with
Excess Oocyte ANA

The short repeat *H-ONA (O) and long repeat *H-ONA (9) tracars
were prepared as described in Figure | and the text. and hyond-
1zed with excess cocyte RNA at S5°C in 0.41 M P8, 0.2% SOS.
0.005 M EDTA. The fraction of H=ONA in ANA-ONA hydnds
(ordinate) 13 shown as a function of RNA Cot. Thrs fraction was
measured dy dinding to hydroxyapatite at 0°C in 0.12 M P8,
0.05% SOS. The smail amount of tracar binding due to ONA-ONA
duplex lormation (<5% at the highest RNA Cot) was measured as
described in Expenmaental Procedures. and has Deen suotracted
from the total Dinding to yield the values snown. The ANA/ M-
ONA mass ratio was at least 10* in ail reactions: in resctions to
nigh RANA Cot, a 10° fold excass of RNA was used !0 prevent
tracer seif-reaction. The data include hydirdizations using several
diffarent precarations of cocyte RNA. To exciude the possidility
that the lower hyondization of the long repeat tracar could be due
to incomplete denaturation of long sequences in the ANA priof o
nybndization. the long repeat 'H-ONA was hybndized with a
sample of oocyte RNA that had deen denatured in 30% dimethyl
sulfoxide at 55°C pnor to hybndization (®). Thess data are
indistinguishable from the data obtained after the usual aqueous
thermal denaturation (see Expernmental Procedures). The solid
line through the short repeat data shows 2 least-squares solution
assuming three second-order Xinetic components. This anatysis
suggests that 11% of the short repetitive ONA hydridizes with a
second-order rate constant (ky of 1.08 x 10°* M~ sec™', 1%
hybridizes with a ks of 2.368 x 10°* M~' sec™' and 37% hybridizes
with a ky0f 9.96 x 10-* M~' sec™'. The long rapeat tracer reaction
was bast fit with two second-order compaonents (solid line). 13%
of the long repeat *H-ONA appears to hybndize with a k, of 2.4§
x 107 M~' sec', and 19% with a Xk, of 7.89 x 10™* M~' sec™'. For
these reactions, it was assumed that the hybridizing RNAs were
significantly longer than the ?H-ONA tracers (see Figure 7), and a
minimum length correction factor (f) of 2 was applied as de-
scribed in equation (1) of Table 1. The dashed line represents the
kinetics of nyordization of a single-copy *H-ONA tracer with
excess oocyte RNA, fit with 2 single pseudo-first-order function
with a rate constant (k,) of 2.3 x 10~ M~' sec™’ (Hough-Evans et
al., 1977). The scale for this reaction is shown on the right-hand
ordinate.

hybridization data were reduced by a least-squares
procedure, assuming three components, each re-
acting with second-order kinetics. The assumption
of second-order rather than pseudo-first-order ki-
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netics is suggested by the apparent presence of
both complements of most repeat sequences in the
RANA. The kinetic parameters derived from the
least-squares solution are given in the legend to
Figure 2. and the soiution itself is shown Dy the
solid line drawn throughn the open circles. The rate
constants obtained for the short repeat hyoridiza-
tion reaction provide an estimate of the approxi-
mate range of concentrations of repetitive se-
quence transcripts in the oocyte RNA (equation (1)
of Table 1]. Hough-Evans et al. (1977) calculated
that one S. purpuratus oocyte contains on the
average 1600 copies of each single-copy transcript.
From the rate constants listed in the legend to
Figure 2. we estimate that 11% of the short repeat
H-DNA reacts with RNA sequences present in an
average of 1.5 x 10% copies per oocyte. 31% reacts
with RNA sequences present in an average of 3.3
x 10* copies per cocyte, and 35% reacts with ANA
sequences present in an average of 1.4 x 107
copies per oocyte. The prevalence of short repeti-
tive sequence transcripts in the oocyte RNA may
well form a broad unimodal distribution. and the
average prevalence classes cited here merely pro-
vide a useful description of the data. Whatever the
actual transcript frequency distribution, it is clear
that some repetitive sequence famiiies are repre-
sented in cocyte RNA in about the same number of
copies as an average single-copy sequence tran-
script, while other repetitive sequences are present
in up to 100 times this number of RNA trascripts
per oocyts.

Figure 2 shows that the long repeat tracer
(closed circles) hybridizes significantly less than
does the short repeat tracer. The RNA/*H-ONA
mass ratio used in the high RNA Cot reactions was
the same for both tracers. Were each transcript
present in only 100 copies per oocyte (less than
one tenth the prevalence of single-copy tran-
scripts), this ratio would be sufficient to provide a
100 fold RNA sequence excess for a transcript 2000
nucleotides long which is complementary to a
repeat occurring 100 times per genome. The failure
of the long repeat tracer to react more than 33% at
RNA Cot 55,000 therefore suggests that the oocyte
RNA does not contain transcripts complementary
to much of the long repeat sequence, unless their
concentrations are less than a few percent of the
concentration of single-copy transcripts. It cannot
be determined from this experiment whether the
long repeat DNA sequence which does react is
represented asymmetrically in the RNA. In any
case, the high prevalence component suggested
by the kinetics of the short repeat reaction is not
evident in the long repeat tracer reaction. The
least-squares solution indicated by the solid line
through the closed circles in Figure 2 suggests that
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13% Ot the long repeat tracer hybridizes with RNA
transcripts present in an average of 3 x 10* copies
per oocyte, and 139% hybridizes with RNA tran-
scripts present in an average of 1100 copies per
oocyte.

Severai repetitive genes are known to be repre-
sented in oocyte RNAs, such as the histone genes
and the ribosomal ANA genes. These genes would
be included in the long repeat ONA fraction. The
aggregate compiexity of the known repetitive gene
sats, however, is much lower than that of the long
repeat fraction. Eden et al. (1977) estimated the
complexity of the latter to be at least 6 x 10°
nucleotide pairs. Highty prevalent cocyts RNA tran-
scripts such as histone mRANA and rRNA clearly
cannot account for more than a few percent of the
long repeat tracer reaction because the observed
kinetics are several orders of magnitude too siow.
Furthermore, much of ail of the long repetitive
sequence hybridization could be due to contami-
nating short repeats. Whatever the nature of the
hybndized fragments in the long repeat tracer, the
clear differences between the iong and short repeat
tracer reactions with oocyte RNA provide addi-
tionai evidence that these are at least partially
distinct repetitive sequence sets.

Hybridization of Cloned Repetitive Sequences
with Qocyte ANA
The availability of cloned repetitive sequences of-
fers an independent opportunity to confirm the
main conclusions drawn from the experiments of
Figure 2. Each cloned repeat represents a singie
repetitive sequence family. According to the data
shown in Figure 2, different repeat families shouid
be represented in oocyte RNA by transcripts differ-
ing widely in prevalence. Furthermore, both com-
plementary strands of many (or all) of the short
repeat families should be represented in the RNA.
Construction of the repetitive sequence clones
used for these experiments has been described
previously (Scheller et al., 1977). In brief, S. pur-
puratus DNA was renatured and the repetitive se-
quence duplexes were isolated after S1 nuclease
treatment. These fragments were ligated into the
Eco R1 endonuclease recognition sites of plasmid
RSF2124 with the aid of synthetic double-stranded
“linkers” containing Eco R1 sites. Most of the
cloned repetitive sequencs inserts are a few
hundred nucleotides in length, as are the majority
of the repetitive sequences in the genome, while a
few (including an 1100 nucleotide sequence used
in the present experiments) are significantly longer
(Klein et al., 1978). A set of nine of these cloned
repeats was used in the present experiments, and
the representation of the same nine sequences in
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sea urchin nuclear RNAs i1s the subject of the
accompanying paper by Scheller et al. (1978). The
tracer derived from each clone was reacted with
oocyte RNA to determine the prevalence of the
compiementary transcripts.

Two procedures were used to measure transcript
prevaience. First, the strand-separated repeat frag-
ments were reacted with excess oocyte RNA, and
the prevalence of complementary transcripts was
calculated from the kinetics of the hybridization
reactions. These calculations were carried out ac-
cording to equation (1) in the legend to Table 1.
The rate constants for the reactions of the cloned
tracers with the oocyte RNA and the calculated
number of transcripts per oocyte are listed in Table
1. A second method was !0 react excess strand-
separated tracer with increasing amounts of cocyte
RANA. These reactions were carried out (o more
than 10 times Cot,; with respect to the 32P-ONA
tracer fragments, thus ensuring termination of the
reactions. With this methcd. referred to here as
“titration,” the fraction of oocyte RNA complemen-
tary to each cioned tracsr fragment is measured by
the fraction of the tracer reacting as the RNA/3?P-
ONA ratio is increased. The calculation of tran-
script prevaience from titration data was carried
out as described in the accomoanying paper by
Scheller et al. (1978). Thus the number of copies of
RNA transcripts complementary to each cioned
sequence in the oocyte was estimated with the aid
of least-squares methods by application of their
equations (2), (3) and (4). The numerical parame-
ters used in these calculations are given in the
legend to Tavble 1. Scheller et al. (1978) demon-
strated that the kinetic and titration methods gen-
erally agree within a factor of 2-3, which, as they
discuss, is within expectation considering the var-
ious errors to which each method is subject. In the
present study, we applied the titration method
mainly to rare RNA transcripts, thereby avoiding
the difficulty of achieving the RNA sequence ex-
cess needed for kinetic determinations.

RNA excess hybridization kinetics are shown for
three of the cloned repeats in Figure 3. The repeat
sequence represented by the most highly prevalent
transcripts is that carried in clone 21098 (open
circles), since its reaction occurs most rapidly. On
the basis of the rate of the reaction of the clone
21098 upper strand repeat fragment, we estimate
that there are ~8.3 x 10* complementary tran-
scripts per oocyte. The lower strand reacts with
similar kinetics (Table 1). The compiementary
strands of the clone 2090 repeat (Figure 3, open
and solid triangles) also react at approximately the
same rate as each other. The kinetics of these
reactions, however, show that the prevalence of
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Table 1. Numoer of Transcnots Complementary to Cloned Rapetitive Sequences in Qocyte ANA

Number ot Transcripts per Cocyte

RNA Excess Kinetics Titrations
Genomic Second-Order
Langth® Repetition Rate Constant* Transcnpts RNA Transcnpts

Cione Strang* (NTP) Fraquency* (Kq) per Qocyte’ Fraction? per Oocyte*
2007 u 1100 400 (70001*

L 1.5 x 107 7000
2034 u 560 1000 3.6 x 10°’ 3300

L 5.8 x 1077 $300
2090 u 220 140 1.7 x 10~3° 35.000

L 1.7 x 1072 35.000 2.5 x 10-¢ 57.000
2101 u 320 700 5.2 x10°"t 8400

L 1.9 x 107"+ 2000
2108 u 190 20 3.8 x 1072 79.000 5.8 x 1074t 180.000

L 1.3 x 10°? 27.000 3.2 x 107*¢ $0.000
2109A 19} 200 900 1.8 x 10— 2.500

L 2.0 x 10~ 2,800
21098 U 128 1000 8.0 x 10-** 33.000

L 8.0 x 10? 33.000
21338 v 310 80 4.1 x 10”7 6800

L 3.4 x 10~ 5600
2137 V] 190 530 9.0 x 10-* 19.000 8.5x 10°’% 18.000

L 7.8 x 10~ 16.000

* Data snown In Figure 3.

t Oata shown in Figure 4

$ Data shown in Figure 7.

*The two compiementary strands of each cloned repetitive saquence were designated ‘upper’ and “lower.” according to their
electroohoretic r y on polyacry gels after denaturation (Scheiler at al., 1978). The lower strand is the strand wnich migrates
mare rapidly.

®The lengtn of each cloned repetitive sequence was estimated from siectrophoretic mobility of the duplex fragment on agarose gels,
reiative (O refarence fragments of xnown molecular wergnt (Klemn et ai.. 1978).

< Genomic repetition frequency was estimated dy Klein et al. (1978) trom the kinetics of reassoctahon of aach cloned sequence with excess
sea urchin ONA. The numbers shown are the occurrences of each sequencas per hapiod genome.

¢ Each strand was hyondized with excess oacyte RNA as described in the text. Second-order rate constants, in units of M~' sec™'. were
extracted from the kinetic data by the least-squares method descnibed by Pearson, Davidson and Britten (1977).

* The numoer of ANA copres (or ANA transcripts compiementary to a cloned ONA sequence) per oocyte was caiculated by comoaring the
observed hydridization kinetics with the kinetics of hydndization of singie-copy *H-ONA with excess cocyte RNA. as measured by Hough-
Evans et al. (1977). This calculation was carried out by means of equation (1) in the accompanying paper by Schetler et al. (1978). insertion
of the appropnate numerical values ywids:

X
transcripts per oocyte = m(mooxm m

whaera Kk, is the observed rate constant for the hybridization of the cloned CNA sequence with excess oocyte RNA from column 5 of this
tabie: 2.3 x 10~ M~' sac~' is the first-order rate constant for the hybndization of 250 nucieotide single-copy DNA with excess cocyte RNA
(Hough-Evans et al., 1977); and 1800 is the average number of RNA transcripts of sach single-copy sequenca per cocyte. determined by
Hough-Evans et al. (1977). !, is a factor which corrects for the rate retardation cbserved when the length of the driver (the RNA in this casa)
exceeds the length of the tracer. !, is approximately equal to (L.,.../L...)':' (Chambertin et ai., 1978). We have found (data not shown) that
the amount of RNA degradation during incubations of several hours (corresponding to an ANA Cot of several thousand) is minimai. From
the expenmaents of Figure 7, it appears that the lengths of RNA molecules reacting with four of the repetitive clones (2101, 2108, 2090 and
2137) average ~2000 nucieotides. Thus the ANA dniver length in these hybridizations exceeds the DNA tracer length by a factor of ~10,
and a vaiue for f, of 3.0 has been applied. For sequences whose complementary transcript length has not been measured, we use a
conservative value of {, = 2. An additional minor kinetic uncertainty derives from the sequence mismatch with characterizes the duplexes
formed by reacting the cloned repeats with other genomic (or ANA) copies of the sequence. This uncertainty is discussed in more detail in
the accompanying paper by Scheller et al. (1978). The intratamilial sequence divergenca of these cloned repetitive sequence families was
measured Dy Klen at al. (1978), and 13 listed in Table 2 of Scheller et al. (1978).

The transcnpt copy number per cocCyte can aiso de caiculated directly, without reference to the single-copy sequence concentration, by
the formuia
K+ aneerees (3 X 1079)(8.02 x 10%3)
T — (350)(L)

transcripts per cocyte = 2)
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Table | —continued

WNEIE Kt oy e |3 N rate constant expected if the ANA consisted onty of the sequence in question. calculated as
L8751

E Tk
In these equations. L is the fragment length or comolexity of the tracar. 3 x 107* is the numoer of grams ot total RNA per cocyte. 350 is the
average molecuiar weight of a noonucieotide and 118 M~' sec"' is the rate constant measured (Gaiau et al.. 1377) for the second-order
reaction of X174 AF ONA, the comolexity of which 1s 5375 nuciaotides. Since (NS is essentially the method used to calculate the numoer
of single-copy sequence transcriots per oocyte (Galau et al.. 1974, 1976: Hougn-Evans et al., 1977), calculations by equation (1) and dy
equations (2) and (3) are equivatent.
 The RANA fraction. or the mass fraction of oocyte ANA complementary to a particular cloned ONA sequencs. was measured by litration as
illustrated in Figure 4. The RNA fraction 13 equal to the initial siope of tha titration curve (that 1S, the mass of **P-ONA hyoridizad divided Dy
the mass of ANA in the reaction). or can be extracted from the function snown in equation (2) of Scheller et al. (1978). RNA fractions snown
were obtained Dy (east-squares methods as described by Scneiler et ai. (1973).
¢ The numoer of RNA coores (or RNA transcriots compiementary to a particular cloned ONA sequence) par oocyte 18 calcuiated from the

Ktexparws = 118 M~' s8¢ 3)

RNA traction as:
(ANA fraction)(3 < 10-°)(6.02 < 10%%)

transcriots per oocyte = E50)

(4)

where 3 x 10-* i3 the totai numper of grams of RNA per oocyte. L i3 the length of the cloned sequence n nucieotides and 350 is the
average molecular weignt of a noonucieolide residue. This is essentally equation (4) of Scheiler et al. (1978).

* The clone 2007 repeat. upper strand. was not titrated with cocyte RNA. Xinetics of incomoleie RNA axcess reactions with both strands of
the clone 2007 fragment indicate that cocyte RNA contains a similar concantration of transcriots complementary to 9acn strand.

transcripts complementary to the clone 2090 repeat
is about 3 foid lower than that of transcripts com-
plementary to the clone 21098 repeat. In addition,
Figure 3 indicates that transcripts complementary
to the upper strand (open squares) and lower
strand (solid squares) of the clone 2101 repeat
sequence are present at somewhat different con-
centrations in the oocyte RNA. These transcripts
are so rare in the oocyte that the ANA/3?P-DNA
ratio used (5 x 10% was insufficient to permit
complete reaction.

Titration curves for the clone 2101 and 2108
repeats are shown in Figure 4. From these data, we
astimate that the upper strand (open circles) of the
clone 2108 repetitive sequence is represented in
RNA by ~1.8 x 10® complementary transcripts per
oocyte, while the lower strand (closed circles) is
about 2 fold less prevalent (Table 1). The titration
data shown in Figure 48 indicate that transcripts
compiementary to the clone 2101 repeat are repre-
sented only a few thousand times per oocyte, as
summarized in Table 1. This result is consistent
with the incomplete termination of the RNA excess
hybridization reaction shown for this repeat frag-
ment (Figure 3). While the titration experiments of
Figure 4B show that both strands of the clone 2101
repeat are indeed represented in the oocyte RNA, it
again appears that the complementary transcripts
are present at concentrations which ditfer 2-3 fold.
As a demonstration that this is not due to differen-
tial reactability of the upper and lower strand
tracers, both tracers were titrated with increasing
quantities of genomic ONA. This experiment is
shown in Figure 4C. Data for the two tracers are
essentially identical, and it follows that the differ-
ences in the titration curves shown in Figure 4B are

due to difterencas in RNA transcript prevalence.

Table 1 shows that the number of transcripts per
oocyte compiementary to nine individual repetitive
sequences varies from a few thousand to about
10% —that is, the different repetitive sequence fami-
lies appear to be expressed to very different extents
as suggested by the experiments with the genomic
repeat tracers (Figure 2). The oocyte contains dif-
ferent numbers of transcripts complementary to
the two strands of some repetitive sequences
(clones 2108, 2101 and 2034), but approximateiy
aqual amounts of transcripts complementary (0 the
two strands of other repetitive sequences (clones
2109A, 21098, 2090, 2137, 21338 and 2007). An
important point is that neither strand of any of the
nine repetitive sequences examined was unrepre-
santed in oocyte RNA. Transcripts of the two long-
est cloned repetitive sequences (clones 2007 and
2034) are relatively rare in oocyte RNA. Were these
clones typical members of the long repeat fraction
studied above, however, our results would imply
that both strands of long repetitive sequences are
represented in the oocyte RNA, as are both strands
of short repetitive sequences. This conclusion
should be regarded as tentative until additional
measurements on more long repetitive sequences
are available.

No relation is apparent in Table 1 between the
genomic repetition frequency and the transcript
prevalence in oocyte RNA. For example, the clone
2108 sequence is present in only about 20 copies
per hapioid genome, aithough its complementary
transcripts are highly prevalent in oocyte RNA; on
the other hand, the clone 2101 sequence has a
genomic repetition frequency of about 700, while
its complementary transcripts are rare in oocyte
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Figure 3. Kinetics of the Reactions of Cloned Repetitive ONA
Sequencas with Excess Cocyts RNA

The separated strands of cioned repelitive sequences were Ny-
bridized with a 1-5 x 10® mass excess of cocyte RNA at 55C in
0.41 M P8, 0.2% SDS. 0.005 M EDTA. The cloned tracers were
terminally iabeled with 2P Hybndization was assayed by dinding
to hy Y at the i values of RNA Cot. The ob-
served hydroxyapatite Dinding was =35% sensitive to low sait
RANAase treatment (Gaiau et al.. 1974) and therefore represants
ANA-ONA hybrid formation rather than ONA renaturation. The
s0lid lines are second-order functions it 10 the data by a least-
squares procedure (Psarson et al.. 1977), assuming a single
Xinetic companent m each case. For comoparnson. the dashed line
represents the kinetics of hyondization ot singie-copy ONA wrth
excess oocyte RNA normalized to 100% reaction. Ths reaction 1s
pseudo-tirst-order in form, and the rate constant (k) 13 2.3 x 10~
M-' sec~' (Hough-Evans et al.. 1977). Clone 21098 upper strand
(Q) hyoridizes with a second-order rate constant (ke of 8 x 10~?
M-' sec™': for clone 2090. upper strand (4) and lower strand (4),
Xy = 1.7 x 1072 M~' sec'. Clone 2101 upper strand (C) and lower
strand (W) hyoridize incompletely at the oocyte RNA/P-ONA
mass ratios attainadie in these expenments because the tracer is
in sequence excess (see text). The observed fraction of *P-DNA
bound to hydro was nor zed Dy the fraction of **P in
esach cioned ONA preparation which is capable of reassociating
with excess sea urchin DNA (that is, the tracer reactivity). This
fraction ranged from 0.6 to 0.8 for the tracers shown. The
nonreactive P was mainly y-3*P-ATP persisting from the poty-
nuclectice kinase labeling reactions.

RNA. This observation suggests that the variation
in cocyte RNA prevalence among different repeti-
tive sequences results not simply from the variation
in their genomic repetition frequencies. but from
the greater expression of certain repetitive se-
quence families. To examine this question further,
the fraction of the short repetitive *H-DNA tracer
which is represented by highly prevalent oocyte
RNA transcripts was isolated, and the genomic
repetition frequencies of these sequences were
measured.

Genomic Repetition Frequency of Short Repeats
Whose Transcripts Are Prevalent in Oocyte RNA
A subfraction of the short repeat tracer that is
complementary to the more prevalent RNA tran-
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scripts was isolated by two cycles of hybridization
with excess cocyte RNA at Cot 500 (see Figure 2).
The procedure used and the yields at each step are
given in the legend to Figure 3. The selected *H-
ONA was 19% of the starting repeat tracer. The
kinetics of the reaction of this seiected set of
repeats with excess oocyte RNA is shown in Figure
5 (open circles). For comparison, the dashed line
in Figure 5 shows the reaction of the unfraction-
ated short repeat tracer with oocyte RNA, repro-
duced from Figure 2. The selected tracer clearly
consists of sequences whose complements are
relatively prevalent in the RNA. A least-squares
analysis of the data indicates that the selected
repeats are represented by an average of ~1.1 x
10® complementary transcripts of each sequence
per oocyte. Comparison with the data in Figure 2
indicates that this transcript prevaience is consist-
ent with expectation, if the seiected tracer indeed
consists of the most highly represented 19% of the
short repeat *H-ONA. The kinetics of the reaction
shown in Figure 5 indicate that in contrast to the
starting tracer, very little of the seiected repeat *H-
ONA is complementary to RNAs of lower preva-
lenca.

The selected repeat tracer was reacted with ex-
cess sheared sea urchin ONA, as shown in Figure 6
(open circles). For comparison. the reassociation
of the starting short repeat tracer with excess sea
urchin DNA is also shown (closed circles). The
reaction of the selected short repeat fraction is
only slightly faster than the reaction of the original
unfractionated short repeat preparation. Were
prevalence in oocyte RNA directly proportional to
genomic repetition frequency, the selected *H-ONA
fraction would consist of the most highly reiterated
19% of the short repeats—that is. of sequences
occurring several thousand times per haploid ge-
nome. The kinetics of the reaction shown in Figure
6. however, indicate a different resuit. The data are
consistent with a distribution of genomic repeat
frequencies such that of the 36% of the selected
repeat tracer which is reactive, 19% consists of
repeats occurring only 20 times per haploid ge-
nome, and 33% consists of repeats occurring an
average of 250 times per genome. Of the different
repetitive sequence families represented in the
oocyte by prevalent RNA transcripts, the vast ma-
jority belong to the lower repetition frequency
classes, since there can be very few different highly
repetitive sequences. In other words, most of the
highly expressed repetitive sequences families are
of relatively small size. There are approximately 5
x 10° of these families in the S. purpuratus ge-
nome. Since the selected tracer contains slightly
less than 20% of the small repeat families, we
estimate that several hundred to a thousand of
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Figure 4. Titration of Cloned Repetitive Sequences with Sea Urcnin Cocyte ANA or Sea Urchin ONA
(A) The **P-DNA reveat tracer of clone 2108, upper strand () or Iower strand (@), was Nydrdized with increasing amounts of total aocyte
RNA. Reactions were carned out 1o 210 x Cot,,, with respect to the cloned **P-ONA tracar. Since only one of the two comolementary
strands of the clone 2108 sequenca is oresant in each hyondizaton mixture, ONA renaturation cannot occur. The fractian of *#P-ONA
hyondized with cocyte ANA was assayed by 0inding to Nydroxyapatite. The smail fraction of ¥P-ONA bound !0 hydroxyapatite in the
of ANA, Dy the ordinate intercaot, i3 due !0 Minor contamination of ihe strand-separated ONA preparation with the
complementary strand (see the accompanying paoer by Scheller et al. (1978) for data regarding the punty of the strand-separated tracers|.
The increase in hydroxyapatite 0inding with increasing ANA/ONA ratio 18 due 1o ANA-ONA hyor 1. and i col y sensitive (o
RANAase digestion undaer low sait conditions. The initial siopes of the curves shown are propartional to the fraction of oocyte RNA capaoie
of hyondizing with each ONA strand. The sond lines are fit to the data according to equation (2) of Scheiler et al. (1978).
(8) *P-ONA repeat tracsr of cione 2101, upoer strand (C) or lower strand (@), was hydndized with varying amounts of cocyte RNA, as in
(A).
(C) The repeat tracer of clone 2101, upper strand (C) or lower strand (B), was renatured with INCreasing amounts of unfractionated sea
urchin ONA sneared to a wetght mean of uingle-strand fragment length of 550 nucieotides. The fraction of **P-ONA oinding to
hydroxyapatite 13 plorted as a function of the sea urchin ONA/3*P-ONA mass rato. Taking into account the effects of the dnver ONA
fragment length distnbution relative to the length of the reacting sequence (Moare et al., 1978), the reiteration frequency measured in this
expenmaent is 1n satisfactory agreement with the vaiue of 700 copres per hapiod genome raported by Klein et al. (1978).

them are represented by prevalent transcripts in marized in Table 1 were used for these experi-
the oocyte RNA. ments. Figures 7B-7E show measurements by the
titration method of the relative concentration of the
Size of RNA Molecuies Containing Short Repeti- transcripts complementary to these repeats in each
tive Sequence Transcripts RNA size class. As the legend to Figure 7 indicates.
Oocyte RNA was fractionated according to length, the total numbers of transcripts in the three size
and the concentrations of transcripts complemen- classes agree reasonably well with the measure-
tary to several of the cloned repetitive sequences ments listed in Table 1. The relative distribution of
weare measured in three RNA size fractions. The transcripts complementary to each sequence
RANA was denatured by treatment with 80% (v/v) among the three RNA size classes is represented
dimethy! suifoxide (DMSQ) at 55°C and sedimented by the inset histograms in the figure.
through sucrose gradients containing 60% OMSO Figure 7 shows that each of the four cloned
at 25°C. These conditions are sufficient to disrupt repetitive sequences examined hybridizes the most
most inter- or intramolecular base pairing in the with RNA of size class Il. less with size class | and
RANA (Strauss, Kelly and Sinsheimer, 1968; Bantle still less with size class Ill. Thus most of the cocyte
and Hahn, 19786). The sedimentation profile of the RNA molecules containing these short repetitive
oocyte RNA in the DMSO gradient is shown in sequence transcripts appear to fall in the 11S-
Figure 7A. Most of the absorbance pattern is due 19.5S fraction—that is, to be ~1000 to 2500 nucieo-
to ribosomal RNA. Fractions were pooled into three tides in length. The same result is obtained with a
size classes. as indicated: size class | contains RNA rare set of transcripts, those complementary to the
sedimenting between 19.5S and approximately clone 2101 repeat, as with prevalent transcripts,
36S; RNA in size class Il sediments between 11S such as those complementary to the clone 2108
and 19.5S; RNA in size class lll sediments between repeat. The sedimentation profile of the ribosomal
approximately 2S and 11S. Four of the cloned RNA in Figure 7A suggests that the oocyte RNA is

repeat fragments included in the experiments sum- slightly degraded. Our measurements may there-
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Figure 5. Hybr 1ofa$ Fraction ot Short Repetitive

I4-0ONA with Excass Cocyte ARNA

The shart repeat *H-ONA tracsr was hyondized with a3 x 10° foid
axcess of cocyte ANA to RNA Cot 500 and Iractionated by Oinding
!0 hydroxyapatite. 37% of the *H-ONA was bound. 20% was n
ANA-ONA hyond and ™ was renatured ONA-ONA dupilex. The
bound matenal was eiuted. Nyondized with additions! cocyte ANA
to RNA Cat 500 and again fractionated on hydroxyapatite. yieiding
57 5% bound. This second dbound fraction was eluted. and !he
34-ONA was purified of RNA Dy alkaline hydrolysis (0.1 N NaOH at
37°C for 1 hr) followed by chromatograpny on a Sepohadex G-100
column. The fraction binding to hydroxyapatite at Cot 10-* (12%)
was removed. and the remainder of the *H-ONA. representing
19% of the starting short repeat tracer, constituted the selecred
short repeat fraction. This *H-ONA was Nybridized with a 10* toid
mass excess of oocyte RNA (0 the indicated values of RNA Cot.
The fraction of the *H=-0ONA tracer in hyorids (O) was assayed Dy
dinding to nydroxyapatite and corrected ‘or a small amount (O-
5%) of ONA-ONA renaturation, as descrnbed in Expenmental
Procadures. The solid line shows the least-squares solution as-
suming a single second-order component. The second-order rate
constant is 7.9 x 107! M~' sec™'. The dashed line represents the
xinetics of hydndization of the starting short repeat tracer with
excaas oocyte ANA. mproduced from Figure 2.

fora underestimate slightly the true size of the
oocyte ANA molecules bearing the repetitive se-
quence transcripts. In any case, it is clear that few
RNA molecules containing repetitive sequence
transcripts sediment at less than 11S. We conclude
that the short repeat transcripts are present on
oocyte RNA molecules which are many times the
length of the cloned repetitive sequence elements.
Since the messenger RNAs of the ococyte are about
2000 nucleotides long (reviewed in Davidson,
1976), the observations in Figure 7 raise the possi-
bility that the short repeat transcripts might be
covalently linked to maternal mRNA molecules.

Genomic Sequence Organization around Repeat
Families Represented by Prevalent RNA Tran-
scripts

While many of the repetitive sequences in the sea
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Figure 8. Reassoc:ation of Total Short Reoetitive 'H-ONA and
Seiected Short Repetitive *H-ONA with Excess Whole Sea Urcnin
ONA

The total short repeat *H-ONA preoparation (@), or that fraction of
the snort repeat *H-ONA tracer salected dy low Cot hybndization
to cocyte RNA (C) (see Figure 5). was reacted with 3 1-5 x 10%
fold mass excess of total sea urchin ONA that was sneared (0 a
weight mean single-strand ragment (engtn of 850 nucleotides.
The ordinates show the fraction of *4-ONA dinding 'o nydroxy-
apatite at 50°C in 0.12 M P8, 0.05% SOS. The Cot is caiculated
with respect !0 the concentration of the genomic driver ONA.
inciuded as an internal Kinetic standard In each resaction mixture
was a *'P-labeled. cloned repetitive sequencs (c!one 2034 data
not shown). The rate of reassociation of this ¥P-ONA sequence
with the driver ONA was for all reaction mixtures consistent with
the 1000 fold reiteration frequency measured previousty ‘or this
saquence (Klein et al.. 1978). The soiid line snows a least-squares

1 for the « ion of the untr snort repeat tracer,
assuming three second-order kinetic comoonents. This solution
uses (he three rate constants measured by Granam et al. (1974)
for the repetitive components of wnaie S. purouratus ONA: 8.2 M~
sec™' for the fastest component (6500 occurrencas per napiod
genome). 0.3 M~' sec”' for the middie component (250 copies per
genome) and 0.023 M~' sec"' lor the siowest component (20
coples per genome). The fractions of the short repeat tracer :n
the three components are, respectivety. 0.26, 0.35 and 0.31 (6%
of the *H-cpm are nonreactive and 2% odind at Cot <107%). The
dashed line is the least-squares soiution for the kinetics of the
reaction of the salected short repeat fraction represented by
prevalent cocyte transcripts using the same three second-order
rate constants. The fractions of the selected short repeat tracer
inciuded in the three components are 0.44, 0.32 and 0.18, respec-
ltivety (4% of the *H-cpm are nonreactive).

urchin genome are interspersed with single-copy
DNA sequences, some occur in long blocks unin-
terrupted by single-copy sequence (Graham et al.,
1974; Eden et al., 1977). The purpose of the follow-
ing experiments was to determine whether repeti-
tive sequences represented by high abundance
oocyte transcripts were interspersed with single-
copy DNA sequences in the genome. Alternatively,
they could be organized as repetitive sequence
clusters. Sea urchin *H-DNA of starting length 3300
nucleotides was stripped.of the “foldback’ fraction
by hydroxyapatite binding at Cot 5 x 10~*. After
this procedure, its weight mean single-strand frag-
ment length was 2600 nucleotides. The tracer was
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Figura 7. Size of Oocyte RNA Malecules Hyondizing with Cloned
Repetitive Sequencas
(A) Fractionation of cocyts ANA by sedimentation in denaturing
OMSO-sucrose gradients. Total cocyte RNA was dissolved at 1.28
mg/mi in 80% (v/v) dimethyl sulfoxide (DMSO), 0.1 M LIC1, 0.01 M
Tris-HC! (pH 6.5), 0.005 M EDTA. 0.2% SOS, and heated at 55°C
for § min. It was then sedimented through 4-20% exponential
sucrose gradients contaning 60% OMSO at 25°C. 35,000 rom for
85 hr in the Beckman SW41 Ti rotor. Absorbance at 260 nm is
lotted as a function of di after subtraction of background
apsorbance due to DMSO and EDTA in the gradient. The three
major ribosomal RNA peaks. from nght to left. contain 5S and
5.8S RNA, 18S RNA and 28S RNA, respectively. Fractions were
pooied into three size classes, |, Il and lil, as indicated. Size class
| contains ANA sedimenting between 19.5S and about 38S: size
class Il contains RNA sedimenting between 11S and 19.5S; size
class Ill contains RNA sedimenting between atout 2S and 118.
(8) Titration of the clone 2090 repeat fragment, lower strand.
with the three oocyte ANA size classes. RNA in each of the three
size ciasses descnbed in (A) was concentrated to a volume of 0.1
mi. 0.1, 2 0r3 ul of fraction !, Il or Ill were mixed with 2000 cpm
of the lower strand tragment of the clone 2090 repeat (®P-DNA
spec. act. 8.8 x 10* cpm/ug). The hyondization mixtures con-
tained 0.41 M P8, 0.2% SDS and 0.005 M EDTA. They were heated
at 105°C for 45 sec and incubated at 55°C to a terminal DNA Cot.
The amount of >*P-ONA in hybrid was assayed Dy dinding to
hydroxyapatite and is plotted as a function of the volume of ANA
used in each hybridization mixture ((A) size ciass |; (®) size class
II; (@) size class lil]. The small amount of *¥*P-DNA binging to
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then reacted with excess cocyte RNA. The kinetics
of this reaction are shown in Figure 8 (closed
circles). For comparison. the dashed curve in Fig-
ure 8 shows the fraction of total ONA consisting of
nybridized repetitive sequences at various RNA
Cots. according to Figure 2. At each RNA Cot, the
fraction of the 2800 nucleotide ONA fragments
bound to hydroxyapatite greatly exceeds the frac-
tion of the DNA included in hybridizing repetitive
sequences (dashed line). On the other hand, only
3% of single-copy ONA sequences can hybridize
with oocyte RNA, and these sequences react with
an RNA Cot,,; of 3000 (Hough-Evans et al., 1977).
Essentially all of the reaction seen in Figure 8
below RNA Cot 1000 must therefore be due !o
repetitive sequence hybridization. It follows that
the hybridizing repetitive sequences on most of the
bound 2600 nucleotide fragments are interspersed
with other, nonhybridized sequences. The large
fraction of the tracer involved in the reaction shown
in Figure 8 requires that much of the interspersed
flanking sequence be single-copy.

hydroxyapatite n the apsence of aaded ANA is due to minor
contamination of the lower strand of the clone 2090 repeat
fragment with the complementary upper strand. The increase n
1P.0ONA dinding 1o hydroxyapatite with added RNA 13 due (o the
formation of ococyte RNA-?P-ONA nybrids and is lanile to low
salt ANAase treatment. The grapn snows the reiation betwesn the
amount of the **P-ONA hyoridized and the amount of eacnh RNA
size class in the reactions. The number of RNA transcripts
complementary to the L strand of the clone 2090 repeat in each
3129 class is calculated from the mass of 3*P-ONA nybridized By a
given volume ot ANA solution in the nitial linear region of the
curve (that 13, when the *P-ONA is :n large excess). The inset
shows the reiative numober of complementary transcnpts in each
RANA size class as a fraction (1) of the number of transcripts
in size ctass Il. The total number of compiementary transcripts
per cocyte can de estimated from the total amount of nybndiza-
tion with the three ANA size classes, taking into account the
quantity of RNA contained :n lne denatunng gradients (785
ug), the fraction of each size class used in the sxpenment
and the amount ot ANA per ococyte (3 x 107* g). The number
obtained is 57.000 complementary transcripts per oocyts. (C)
Titration of the upper strand of the cione 2137 repeat with the
three size classes of oocyte RNA. The clone 2137 upper strand
tracer was titrated with the three ANA size classes as in (8), and
the data are similarty drsplayed. The **P-ONA had a specitic
activity of 8.4 x 10% cpm/ug, and 1500 com were used in each
hybridization mixture. The number of transcripts compiementary
to this sequenca per oocyte, estimated by summing the three size
classes, is 18,000.

(D) Titration of the upper strand of the clone 2108 repeat with the
three size classes of oocyte RNA. The titration was performed as
described above. 1700 cpm of >?P-DNA (spec. act. 8 x 10* com/
uG) wers used in each hybridization reaction. The data indicate
that the total number of transcripts complementary to the clone
2108 repeat upper strand is 320.000 per cocyte.

(€) Titration of the upper strand of the clone 2101 repeat with the
three size classes of oocyte RNA. The titration was performed as
above, except that 0. 1, 3 or 5 ul of each RNA size class was used.
Each hybridization contained 900 cpm of *3P-ONA (spec. act. 3.2
x 10* cpm/ug). The total number per cocyte of transcripts
complementary to the clone 2101 upper strand tracer was 9000.
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Fiqure 8. Mybndization of 2600 Nucleotide Long *H-ONA with
Excess Total Oocyte ANA

A *H-ONA tracer of weignt average single-strand fragment length
2600 nucieotides. from which the fraction dinding to hydroxyaoa-
tite at Cot § x 107* (20%) had been removed. was Nyondized with
a 10%-10* fold excess of oocyte ANA. The fraction of *H-ONA
dound !o nydroxyapatite has Deen cofrected. as described n
Exper Pr . lor any sait of the ONA (<5%).
The soiid line is a ieast-squares solufion to (he nyondization data
assuming three second-order Xinetic components. The dashed
line represents the hydbrndization of repetitive ONA with the cocyte
ANA, expressed hers as the fraction of whole sea urchin ONA.
This quantity, H,, was calculated at various values of ANA Cot
from the data in Figure 2. using the refation He = (He-F,) + (Hy
-FJ). where Hy and H, are the fractions of snort and long repetitive
ONA nybndizing with cacyte RNA at a given RNA Cot. and F, and
F, are the fractions of whote sea urcmn ONA consisting of snort
and long repetitive sequencas (0.13 and 0.08, respectively).

The sequence organization of the hybridized 2600
nucleotide tracer fragments was further investigated
as follows. That fraction of the 2600 nucleotide
tracer reacting with RNA by Cot 100 was bound to
hydroxyapatite and eluted without denaturation in
0.5 M phosphate buffer. The average fraction of
each fragment in RNA-ONA hybrid was 10%, as
measured by S1 nuclease resistance. This corre-
sponds to about one hybridized 260 nucleotide
sequence per 2600 nucleotide fragment. The S1-
resistant *H-DNA fraction was reassociated with
excess total sea urchin DNA (see Figure 9, solid
triangles), and as expected, it consists entirely of
repetitive sequenca. In addition, an aliquot of the
2600 nucleotide DNA which had reacted at RNA
Cot 100 was reassociated with excess sheared sea
urchin driver DNA. The kinetics of this reaction
were assayed by S1 nuclease digestion to measure
the amount of the 2600 nucleotide *H-DNA frag-
ments in duplex regions as the reaction proceeded
(Figure 9, open circles). A similar determination
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was carried out with the starting 2600 nucieotide
IH4-DNA tracer (Figure 9. closed circles). This ex-
periment demonstrates that the hyoridized and the
unselected 2600 nucleotide tracers are essentially
the same in their content of repetitive and single-
copy sequence. Thus Figura 9 shows that an aver-
age of 25-30% of each fragment is repetitive se-
quence which reacts by driver ONA Cot 100. and
approximately 70-75% is singie-copy sequence.
Since each selected tracer fragment includes a
repetitive sequence complementary to prevalent
RNA transcripts, it can be concluded that most
members of the highly expressed repeat families
are interspersed with singie-ccpy sequences in the
genome. The RNA transcripts couid conceivably
derive from only a few of the family members.
however, and this demonstration does not neces-
sarily mean that the particular family members
which are transcribed are interspersed repetitive
sequences.

Discussion

This investigation provides direct evidence that
transcripts of at least some members of many
interspersed snort repatitive sequence families are
accumulated during oogenesis. An unexpected
conclusion is that all or almost all of the short
repeat families in the genome are represented by
complementary transcripts in the oocyte. We find,
however, that different repeat families are repre-
sented to very diverse extents. Transcripts of cer-
tain repetitive sequence families are as much as
100 times more abundant than transcripts of other
repetitive sequence families. This result is sup-
ported by data obtained with both cloned repetitive
sequence tracers (Table 1) and with genomic repet-
itive ONA fractions (Figure 2), and by two inde-
pendent methods of measurement, tracer excess
titrations and RNA excess hybridization kinetics.
There can be little doubt that there are highly
prevalent transcripts in the oocyte which represent
a minor fraction, perhaps 20%, of the repetitive
sequence families in the genome, as well as other
repeat transcripts about as rare as single-copy
transcripts. Figure 6 shows that most of the differ-
ent highly represented repeat families are not
large. They typically include about 20 to about 200
copies per haploid genome. It is clear that the
differencas in repeat transcript prevalence are not
a simple consequence of the genomic reiteration
frequencies. There is, in other words, a specific set
of repetitive sequence families which ends up
being highly expressed in the maternal RNA. The
mechanism leading to the specific patterns of tran-
script accumulation which we observe could in-
clude difterences in transcription rate among di-
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Figure 9. Single-Cooy Sequence Content of 2600 Nucleotide
Long *H-ONA Hyobrdizing with Oacyte RNA at RNA Cot 100
The 2600 nucieotide *H-ONA tracer was hyondized with axcess
cocyte RNA (as in Figure 8) to ANA Cot 100 and passed over
hydroxyapatite. The dound fraction (25.6%) was eiuted without
denaturation in 0.5 M PB. A partion was (reated with RNAase
under low sait conditions (see Expenmental Procadures) to digest
the RNA from RNA-ONA hybrids and then passed over hydroxy-
apatite. The ONA wnich did not bind to this second hydroxyaoatite
column (84%. or 21.5% of the starting ONA) contans ONA se-
quences which Nad Deen 1n hyorids. plus covalently linked flank-
ing sequences. This ONA fraction retained a weignt mean frag-
ment length of 2600 n ing to sucrose
veiocity sedimentation measurements. The nyondized ONA frac-
tion (C), or the starting 2600 nucleotide tracer (@), was (easso-
ciated with excess 450 nucteotide long sea urchin ONA. Each
reaction mixture was treated with S1 nuciease (o digest single-
stranded reqgions of ONA. while spanng duplex regions, and
{ractionated by hydroxy ct graphy. The fraction of
3H-ONA bound to nhydroxyapatite at each Cot value represents the
fraction of the 2600 nucieotide long *4-ONA that was in driver
ONA-H-ONA duplex regions at that Cot. Aiso shown is he
reassociation with excess whole sea urchin ONA of 'H-ONA
1solated from the Nybnd regions formed Dy reacting the 2600
nucieotide H~ONA and oocyte ANA to RNA Cot 100 (A). This
matenal was isolated by hyondizing 2600 nucleotide tracer with
excess oocyte ANA to ANA Cot 100. digesting the mixture with S1
nuciease and binding the resistant fraction (2%) to hydroxyapa-
tite. The bound *H-ONA was eluted with 0.5 M P8, digested with
RANAsse in low salt and purified of RNAase-resistant ONA-ONA
Dy hydroxy binding. The unbound tracer fraction
was then reacted with excess whole se@ urchin DNA and assayed
by nydroxyapatite binding without S1 nuclease treatment as
shown. The dashed line, for companson, is the reaction of the
selected short repetitive H-ONA fraction with excass sea urchin
ONA, reproduced from Figure 8.

verse repeat families, differences in the number of
copies transcribed per family or differences in the
transcript turnover rate. Qogenesis is lengthy and
complex process, and little is known about the
patterns of accumulation of any of the heteroge-
neous RNA species stockpiled in the mature oo-
cyte.

It is interesting that both strands of each repeat
sequence are represented in the oocyte RNA. In
the accompanying paper, Scheller et al. (1978)
demonstrate that complementary repeat tran-
scripts also exist in nuclear RNAs. They aiso ob-
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serve a similar specificity in the pattern of repetitive
sequence representation in sea urchin nuclear
RNAs, and show that a different set of repeats is
highly represented in two different nuciear RNAs.
Thus the findings we report here are not peculiar
to the maternal RNA of the oocyte. The presence of
both compiementary strands of each repeat in the
RNA raises the possibility that sequence-specific
RNA-RNA or RNA-ONA interactions couid occur.
Since only a minor fraction of repeat families is
highly represented in the cocyte RNA, the regions
of the RNA or ONA affected by such interactions
might be restricted in an interesting way. The
possible regulatory significance of such interac-
tions is discussed by Scheller and colleagues in
the accompanying paper. and the reader is referred
to their paper for speculations on this subject. The
possibiiity that the oocyte RNA contains transcnots
which participate in regulatory interactions is. of
course, a fascinating one. The mechanism by
which stored components from oogenesis act to
set up the differential patterns of gene expression
In the early embryo remains a conceptually chal-
lenging, and unsolved, problem of developmental
biology (see review by Oavidson, 1976).

It appears probable. aithough it is not demon-
strated in this study, that the cocyte RNA molecules
containing the repetitive sequence transcripts aiso
contain interspersed single-copy sequence tran-
scripts. We know from the data shown in Figure 7
that these RNAs are at least 1000-2000 nucleotides
in length, significantly larger than the repeat se-
quences themselves. Furthermore, the experiment
of Figure 9 shows that most members of the highty
represented repeat famiiies are short sequence
elements interspersed among single-copy se-
quences in the genome. We lack direct evidence,
however, that the transcribed sequences are inter-
spersed;: as pointed out earlier, the short repeat
sequence set is represented in long repeat DNA
preparations as well. It is not known whether this is
due to homology between short and long repetitive
sequences or merely to mutual contamination of
the long and short repeat preparations. The RNA
molecules hybridizing with the short repeats couid
conceivably be transcrited from long blocks of
repetitive sequence which include one or more
members of the interspersed repeat family. In this
case, the hybridizing RNAs would consist mainly of
repetitive sequence transcript, and the single-copy
transcripts of the oocyte would exist on separate
molecules. As yet there is no evidence to exclude
this or other more compiex models. If the repeat
transcripts are linked covalently with single-copy
transcripts, they are likely to be part of the stored
matmRNA molecules. From the data of Figures 2
and 6, we estimate that the number of short repeat
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transcripts in the oocyte is roughly equivalent to
the number of singie-copy transcripts in the co-
cyte. The functional polysomai mRNAs synthesized
in the sea urchin embryo nuclei lack detectable
covalently linked repetitive sequence transcripts
(Goldberg et al.. 1973), as is also the case for other
organisms (for example. Campo and Bishop. 1974;
Klein et al., 1974; Legler and Cohen, 1976). This
raises the possibility that the matmANA undergoes
some form of processing during which repetitive
sequence transcripts are removed prior to assem-
bly of the message in embryo polysomes. Aiterna-
tively, some of the putative interspersed RNA moi-
ecules bearing both matmRANA sequences and re-
peat transcripts might perform some other function
in the embryo.

The developmental role of the repetitive se-
quence transcripts in the oocyte is now a matter of
great interest. Direct investigation of the origin.
fate and sequence organization of these transcripts
should begin to elucidate their significance.

Experimental Procedures

In Vivo Labeling and isolstion of Ses Urchin ONA
Sea urchin ONA was ladeied in vivo by a modificaton of the
maethod of Xleena and HMumpnreys (1977). Strongyiocentrotus
purpuratus emoryos were cultured at 15T in Millipore-fiitered
] ' and str Y (Hinegardner.
1987: Smuth et al.. 1974). At the 8 ceil stage (~4.5 hr after
fertilization). emoryos were sattled and resuspended at 7 x 10°
emoryos per mi with 50 uCi/mi *H=thymidine (90 Ci/mmoie), 50
wCi/mi 2+, sine (12.3 Ci/r ) and 28 uCi/mt 5 8=H=
uridine (35.4 Ci/mmole). At 12 hr aftar fertilization. the same
amount of each 130tooe was again added (0 the cuiture. Embryos
were grown to the hatched blastula stage and then harvested by
centnfugation. They were wasned onca in seawatar and once in
SEDTA (0.1 M NaCl. 0.05 M EDTA (pH 8.0)] and then resuspended
in a few milliliters of SEDTA. The resuiting siurry was dripped
from a pasteur pipette onto a bed of powdered dry ica, 30 that the
drops froze immadiatety. The embryo-dry ice mixture was biended
in a Wanng blender 10 a fine r geneous der. all ]
thaw partially and then suspended in SEDTA (~1 mi per 10*
orginal emoryos). 0.5% SOS was added with stirring to compiete
lysis, and ONA was isolated Dy standard procedures inciuding
phenot-chloroform-isoamy!l aicohol extraction, winding and
RNAase A and pronase digestions (Graham et al., 1974; Angerer,
Oavidson and Sntten, 1975). The DNA obtained had a specific
radioactivity ot 1.15 x 10° cpm/ug.

Preparation of Long and Short Repetitive ONA Fractions

Sea urchin *H-ONA in 0.2 M Na acstate was sheared in a Virtis 60
homogenmizer (Britten, Granam and Neufeid, 1974) for 20 min at
10,500 rpm, 0°C. It was then passed through Chelex 100 (Bio-Rad)
to remove any contaminating heavy metal ions. Foilowing dena-
turation with 0.1 N NaOH for 10 min at 25°C, the DNA was
reassociated in 0.41 M sodium phosphate butter (P8), | mM EDTA
(pH 6.8) at 60°C to Cot 40 (Britten et al., 1974). The DNA was
dialyzed extsnsively to remove phosphate, heated briefly to 60°C
in 0.3 M NaCl. 0.01 M PIPES (pH 6.7) and digested for 45 min at
I7°C with S1 nucleasa (Vogt. 1973) (10 ui/mg of ONA) in 0.15 M
NaCl, 0.025 M Na acetate. 0.005 M PIPES, 0.1 mM ZnSO,, 0.002
M g-mercaptoethanol (pH 4.4). The S1 nuciease conditions cor-
respond to a DIG of 0.8. as defined by Bntten et al. (1976). This
amount of digestion is sufficient to remove single-stranded re-
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gions without destroying most repetitive sequences dupiexes (Bnt-
ten et at., 1978; Eden at al., 1977). Phosonate butfer was added to
0.12 M, and the ONA was extracted once with IAC (24:1 chloro-
form-iscamyi alconol). diluted 2 fold with 0.12 M P8, 0.2% SOS
and over nydroxy at 60°C. The bound fraction was
eluted with 0.5 M P8 and constituted 21% of the input ONA.

This matanal was chromatograpned on a column of Seoharose
CL-28 (Pharmacia) in 0.12 M P8 at 80°C. Excluded and included
peak fractions were pooled. concentrated by extraction with sec-
outanol (Statford and 8ieoer, 1975), dialyzed into 0.12 M P8 and
rechromatographed as indicated in Figure |. The resuiting peak
fractions were simiiarly pooled and concentrated. The long repeat
fraction was sonicated with a 8ranson Model S125 somifier ang
microtip for 8 x 20 sec at 2 Amp in 0.12 M P8. The resuiting
fragments averaged 570 nucleotides in length. according !0
meesurements made by velocity sedimentation in alkaiine sucrose
gradients. To remove any contaminating single~copy ONA and
unreactadie ONA fragments. the ONA was denatured and rena-
tured in 0.41 M P8, 5 mM EDTA. 0.2% SDS at 60°C to Cot 60. ang

1 over hydroxy at S0°C in Q.12 M P8, 0.05% SOS. The
dound fraction (60%) was eluted with 0.5 M P8 and constitutes
the iong repetitive *H-ONA tracer used for !he nybndization
axpenments. The ONA (rom the short dupiex peak. consisting of
short repetitive sequencas averaging 305 nucteotides in iength.
was sumiarly renatured to Cot 20. and the fraction dound !0
nydroxyapatita (80%) was isolated (sinca the short regeats com-
prise about 13% of the ONA, this 1s comparable 10 a wnoie ONA
Cot of about 150). Long and short repeat ractions were 1solated
from untabeied sea urchin ONA in the same tasnion.

ONA-OMA Reassociaton
All reassociations were 1n 0.12 M P8 (pH 6.8) at 50°C. or in 0.41 M
P8 at $5°C. untess otherwise noted. Reassoctation mixtures aiso
contained 2-5 mM EDTA and 0.1-0.2% SDS. and some inciuded
calf thymus ONA as carner. The mixtures were sealed in silicon-
i28d glass capillanes, bovied at 39°C (0.12 M PS) or 104°C (0.41 M
PB8) for 30-80 sec. ncudated for the desired time and frozen in
dry ice-acetone. For assay. !he reassociation mixtures were
thawed. diluted into a 100-200 foid excess of 0.12 M P8, 0.05%
SDS and passed over nydroxyaoastits columns in 0.12 M P8,
0.05% SOS at 50°C. Bound fragments were meited rom the
column at 98°C. and fractions were counted Dy liquid scintillation
1n Handifluor (Malinckrodt) or assayed for absorbance at 280 nm.
Sio-Gel HTP ONA-grade hydroxyapatite, !ot #15535 (Bio-Rad),
was used throughout this study. All values of ONA or ANA Cot
(ONA or total RNA concentration x time, in units of moles of
) par liter x ds) citad in this paper are equivalent
Cot—that is, it a reaction is carred out at a sait concentration
other than 0.12 M PB (0.18 M Na“). the Cot 1s corrected by a
factor which takes into account the increase in the renaturation
rate constant with increasing Na“ concentration (Britten et al.
1974).

ANA-DNA Hybridizations

incubation conditions and assays for ANA-ONA nybridizations
were essentiaily the same as for DNA-ONA renaturation. When
necessary. seif-reaction of the ONA tracer was monitored, essen-
tialty by the method of Galau et ai. (1974), as follows. The
hybridization mixture. incubated o the desired RNA Cot, was
diluted into a 100 foid excess of 0.02 M P8, and this sampie was
divided into two aliquots. One aliquot was adjusted to 0.12 M P8,
0.05% SOS and fractionated on hydroxyapatite as usual. The
fraction of IH-DNA binding 10 hydroxyapatits. . is the sum of
fx, the fraction ot *H-ONA containing an RNA-ONA hybrid. and fo,
the fraction of *H-DONA containing a DNA-ONA duplex. To deter-
mine f,, the second aliquot in 0.02 M P8 was treated with 50 ug/
mi ANAase A at 37°C for 1 hr. a condition sufficient to digest the
RANA in ANA-ONA hyonds, leaving only the ONA-DNA duplexes
intact. This aliquot was adjusted to 0.12 M P8, 0.05% SOS.
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extracted once with IAC and fractionated on hydroxyapatite. The
fraction of 'H-ONA dinging to hyaroxyapaute aftar the ANAase
digestion s f,, wnich was usually derween 0.01 ang 0.1. The
fraction of *H-ONA containing a RNA-ONA nyarid. 1y, was calcu-
lated as fy = (hey = fo)/(1 = fy). wnere f,, s the fraction of tracer
vinding to hydroxyapatite at very iow Cot.

Uniabeled Whaie See Urchin ONA
Untabeied whole sea urchin ONA was extracted from saa urchin
sperm and sheared as previously descrited (8ritten et al.. 1974).

Total Oocyte ANA
Total RNA was isolated from maturs sea urchin oocytes as
previously described (Galau et al.. 1976).

Cloned >P-L ied R ftive OMA Seq:

The puntfication. iadeiing and strand separation of cioned repet
tive sea urchin ONA sequences are descrided in the accompany-
Ing paper by Schetler et ai. (1978).

RANA Fractionation of OMSO-Sucrose Gradients

Total cocyte RNA (765 .g) was dissoived in 0.6 mi of 80% (v/v)
OMSO (dimethyl sulfoxide. Sastman sgeciro grade) containing
0.1 M LiCl. 0.005 M EDTA, 0.2% SDS and 0.01 M Tris-HCI (pH
8.5). This sample was heated at S5°C tor § min, then diluted t0 0.9
mi with 0.1 M LiCl. 0.005 M EDTA. 0.01 M Trnis-~C! (pH 6.5). One
third of this sample was !ayered onto each of three sucrose
gradients (4-20%) contamning 60% (v/v) OMSQ. 0.1 M L:iC1. 0.01 M
Trig=HCl (pH 8.5), 0.008 M EDTA and 0.05% SOS. After centritu-
gation for 65 nr in the SW41 Ti rotor at 35.000 rpm. 25°C.
gradients were pumped through an ISCO recording soectropho-
tometer and fractions were P were into
RANA size classes as descridbed in Figure 7. dialyzed extensively
against 0.02 M Na acetate (pH §.8) at 4°C and concentrated dy
repeated extraction with sec-outanol. RNA fractions were further
concentrated by ethanol precioitation. resuspended in 0.005 M
Na acstate (pH 6.8) and stored at -70°C.
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Summary

Nine cloned repetitive sequences were labeled,
strand-separated and individually hybridized with
RNA extracted from the nuciei of gastrula stage
sea urchin embryos and of aduit sea urchin intes-
tine calis. The concentration of transcripts com-
plementary to each cloned sequencs was mea-
sured by RNA excess hybridization kinetics and
by a DNA excass titration method. Transcripts of
certain of the repeat families are present at over
100 times the concantration of transcripts of other
families in each RNA. The set of repetitive se-
quence families highly represented in intestine
nuciear RNA is ditferent from that highly repre-
sented in gastrula nuclear RNA. Together with
the resuits obtained with mature oocyte ARNA and
presented in the accompanying paper by Costan-
tini et al. (1978), these findings show that quanti-
tative patterns of repetitive sequence represen-
tation in RNA are specific to each cell type. Both
strands of ail of the nine cloned repeats are
represented at some level in ail the RNAs studied.
Usualily, though not aiways, the concentrations of
transcripts complementary to the two strands of
each repeat do not differ by more than a factor of
two. The cloned tracers do not react with poly-
somal messenger RNA, and the nuciear RNA
molecules with which they hybridize are many
times larger than the repatitive sequences them-
seives.

Introduction

The presence of a diverse set of repetitive se-
quence families is an ubiquitous feature of animal
genomes. In the DNA of most groups such as
mammals, amphibians, echinoderms and mol-
luscs, a majority of the individual repeat sequences
are only a few hundred nucleotides long and are
interspersed among single-copy sequencas (Dav-

* Present address: Department of Neurobiclogy, University of
California, Irvine. California 92717.

t Also a staff member of the Carnegre institution ot Washington,
Baitimore, Maryland 21210.

idson et al., 1974; Schmid and Deininger, 1975:
Goldberg et al.. 1975: Wu et al., 1977). At least in
sea urchin ONA, single-copy structural genes are
located nonrandomiy close to the interspersed re-
peats (Davidson et al., 1975). The arrangement of
repetitive sequence eiements in the genome, and
the finding that evolutionary change in these se-
quences is relatively restricted, provide indirect
arguments that they must perform some generaily
important genomic function (for example, see Brit-
ten and Davidson, 1971; Oavidson and B8ritten,
1973; Davidson et al., 1975; Harpold and Craig,
1977: Davidson, Klein and Britten, 1977; Klein et
al., 1978; Moore et al., 1978). In their sequence
length, repetition frequencies and other character-
istics, most of the repeats do not appear to resem-
ble structural genes. No general function has yet
been identified for repetitive sequencs families,
and the basic reason for their existence remains
unknown.

A key question is whether repetitive sequences
are transcribed, and if so. whether the patterns of
transcription have anything to do with the state of
cell gifferentiation. Early hyoridization studies
identified repetitive sequence transcripts and sug-
gested that the patterns of repeat transcription are
indeed tissue-specific (for reviews, see Davidson
and Britten, 1973; Davidson, 1976). Most of the
data generated in these studies. are only partially
interpretable due to the inadequacy of the methods
used for kinetic measurements. This led to diffi-
culty in distinguishing between quantitative
changes in repeat transcript sequence concentra-
tion, qualitative changes in the sets of repeats
represented in various RNAs and differences in the
genomic reiteration frequencies of the repeats that
are transcribed. These questions can be answered
in a precise way by studying the hybridization with
cellular RNAs of individuai cloned repetitive se-
quences, sach representing a specific repeat fam-
ily. This paper describes experiments which dem-
onstrate that the transcripts of cloned repetitive
sequence families are present at very different
concentrations in the nuclear RNA of sea urchin
embryos, as compared with the nuctear RNA of
adult intestine cells. The set of cloned repeats
which is highly represented in gastrula nuclear
ANA is different from the set which is highly repre-
sented in intestine nuclear RNA. The accompany-
ing report of Costantini et al. (1978) shows that
these cloned repetitive sequences display a still
distinct pattern of representation in mature oocyte
RNA. Taken together, these data lead to the gen-
eral conclusion that repetitive sequence represen-
tation in RNA is highly tissue-specific. The repeat
transcripts appear not to be associated with poly-
somal mRNA, and they differ from the latter in that
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both complementary strands of each repeat se-
quence are always represented in the RNA.

Resuits

Strand-Separated, Cloned Repatitive Sequence
Tracers

The object of the experiments described below was
to measure the concentration of transcripts com-
plementary to individual repetitive sequence fami-
ligs in the nuclear RNAs of two different tissues.
Each family was represented by a cloned ONA
fragment (Scheller et al., 1977). For the purpose of
the hybridization experiments and in order to de-
termine whether repetitive sequence representa-
tion in the RNA is symmetrical, it was necessary to
separate the two complementary strands of each
cloned DNA fragment. This was accomplished by
electrophoresis in neutral polyacrylamide gels
loaded with alkali-denatured ONA fragments (see
Experimental Procedures). Figure 1 shows that
each of the separated strands is essentially free of
its complement, since no reaction whatsoever is
observed when it is incubated alone.

Table 1 lists some characteristics of the nine
cloned repetitive sequences studied in this paper
and the repeat families to which they belong. The
data shown are reproduced from the measure-
ments of Klein et al. (1978). Table 1 indicates the
genomic reiteration frequencies, the cloned sea
urchin DNA fragment length, the approximate base
composition and an estimate of the internal se-
quence divergence for each family. The latter is the
average fraction of mispaired bases in the strand
pairs formed when complementary members of the
repeat family react with each other. It is calcuiated
by comparing the thermal stability of the native
cloned repeat with the thermal stability of hetero-
duplexes formed between a cloned DNA fragment
and the complementary sequences in the genomic
DNA. The cloned repeats chosen for the present
study are heterogeneous with respect to all of the
parameters listed in Table 1. Some, such as those
carried in clones 2007 and 2034, belong to families
displaying very little intrafamilial sequence diver-
gence. The repeat families represented by clones
2090, 2109A and 21098, on the other hand, are
relatively divergent. Although seven of the nine
repeat fragments fall in the 100-400 nucleotide
range, those carried in clones 2034 and 2007 are
longer. Reiteration frequency for this set of repeat
families varies from approximately 20 copies per
haploid genome to approximately 1000. With re-
gard to the properties considered in Table 1, the
nine cloned repeats chosen for this study are fairly
representative of the variety of repetitive sequences
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Figure 1. Compiementanty and Punty of Strand-Separated Prep-
arations of Repetitive ONA from Clones 2137 and 2108
Equal aliquots of radioactive lower and upper strand ONA from
clones 2137 and 2108 were mixed. heated at '05°C and incubated
at 60°C in 0.5 M phosonate duffer. The fraction of *P-ONA
reassociated at each time point was by hydroxy
binding. The solid iines are least-squares solutions assuming
second-order xinetics. (—)—) clone 2137, (—A—) clone 2108.
The haif-time for the reaction of the cione 2137 DNA was 24 2
min. and that for the reaction of the clone 2108 DONA was 11.2
min. From the amount of radiocactivity (2.54 x 10° cpm/mi) and
the fragment (enqgths (Table 1). the specitic activities ware caicu-
lated to be aoproximately 1.7 x 107 cpm/ ug for the 2137 fragment
and 8.2 x 10% cpm/ ug for the 2108 fragment. As a kinetic standard
for this calculation, we used the second-order renaturation of
$X174RF DNA stugied dy Galau. 8nttan anad Davidson (1977).
When either 2137 upper strand (C). 2108 uoper strand (4). 2137
lower strand (@) or 2108 lower strand (A) were incubated in the
absence of their respective compiemantary strands, no detectable
reaction occurred (—).

found in the S. purpuratus genome (Klein et al.,
1978).

Hybridization Reactions with Sea Urchin Nuclear
RNAs

The nuciear RNAs chosen for this study derive from
dissimilar sources — specifically. gastrula stage em-
bryos and adult intestine cells. Hough et al. (1975)
showed that the complexity of gastrula hnRNA is
~2 x 10°® nucleotides, or approximately a third of
the total single-copy sequence length in the ge-
nome, and that the average single-copy RNA se-
quence is present in 0.5-1 copy per nucleus. This
conclusion was confirmed recently in our labora-
tory by independent measurements of the kinetics
of reaction of a single-copy *H-DNA tracer with
whole embryo RNA. Wold et al. (1978) found that
the complexity of intestine RNA is at least equal to,
it not greater than, that of the gastrula hnRNA, but



Repetitive Sequence Representation 1n RNAs
191

Table 1. Some Charactenstics of Nine Cloned Rapetitive
Sequences and Their Genomic Famiiies

Estimated
Genomic Aopr Intraf.
Reiteration  Length Base Oivergenca*
Clone*  Frequency®> (NTP) Comoosition* (%)
2007 400 1100 7 3.8
2034 1000 580 25 37
2090 140 220 38 >20.5
2101 700 320 20 75
2108 20 190 43 5.7
2109A 900 200 32 >19.7
21098 1000 128 44 >25.3
21338 80 310
2137 s30 190

+ Clonas of this saries constructed in this lapcoratory Dy tlunt end
ligation of renatured repeats are designated CS2000-CS3999. For
conveniencs. the CS oretix 13 omitted in tms paper.

® Measured Dy the renaturation kinetics of reactions detween the
laDeied cloned tracer and excess genomic ONA (Klen et al..
1978).

“ Measured by gel electroonores:s in the presence of standards of
known length.

¢ Percentage of (G - C) caicuiated from the thermal staoiity of
the native cloned tracar. taking into account the duplex length.
Since pnmary sequence may affect this caiculation. the vaiues
shown are onty approximate. Such errors are not likely ta ce very
large. Nowever. Ind n (he case where the pnmary sequence s
known (clone 21098: u data), ag it s quite
satistactory. See Klein et at. (1978).

‘Vaiues for the mean intratamilial sequence divergence are
shown. as measured Dy Xlen et al. (1978). This parameter 's (he
mean numoer of mispaired bases per 100 nucteotides in strana
pairs como Yy s of the same repeat fam-
ily. It s cailcuiated assuming that 1% sequence mismatcn resuits
In 3 1°C decrease n heteroduplex thermal stadiiity reiative to a
perfectly matcned duplex (Britten, Granam and Neufeid. 1974).
The data used for this caiculation are the Tm of the native cioned
tragment and the Tm of the heteroduplexes ‘ormed Dy rescting
the cloned fragment with genomic DNA at 45°C in 0.12 M pnos-
phate buffer.

the steady state quantity of complex RNA per
nucleus is less. The data of Wold et al. (1978) show
that there is only about 0.1 copy of each sequence
per average intestine nucleus. This nuclear RNA
was chosen for the present experiments because
the pattern of structural gene expression in aduit
intestine is very difterent from that in the gastrula.
Galau et al. (1976) and Wold et al. (1978) showed
that the complexity of intestine polysomal mRNA is
only ~8 x 10® nucleotides as compared with 17 x
10° nucleotides for gastrula. About half of the
intestine mRNA sequence set is also represented
in gastrula or blastula polysomal mRNA.

The kinetics of reactions between excess gas-
trula and intestine nuclear RNAs and the strand-
separated, cloned tracers were measured. From
these kinetics, it is possible to caiculate the ap-
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proximate concentration in the RNA of transcripts
of those specific repetitive sequence families to
which the cloned tracers belong. This calcuiation
is carried out by comparing the rate of the hybridi-
zation reaction to the rate of the reaction of the
same RNA with single-copy ONA. The numboer of
RNA transcripts per nucleus complementary to a
given strand of a cloned repeat, T., is given dy:

K
T. = .;i’r,:t!_ (1)
'«

In this equation, T is the number of transcripts of
an average single-copy sequence per nucleus.
cited above for each nuciear RNA: f_is a correction
factor for the effect on the kinetics of disparity in
tracar and driver length (Champerlin et ai., 1978);
K. is the pseudo-first-order singie-copy hybridiza-
tion rate constant; and k. is the rate constant for
the reaction of the cloned tracer with the nuclear
RANA. Numerical values of these parameters used
in the calculation of T, are listed in the legend to
Table 2. The intratamilial sequence divergence and
the tracaer basa compasition vary for eacn (Table
1), and this could affect the hybridization rate
constants used for calculations with equation (1).
The hyoridization conditions which we used (0.5 M
phosphate buffer, 55°C) provide a reaction criterion
significantly beiow the Tm of the RNA-32P-ONA
hyorids formed in these reactions (data not shown).
We know from the small intratfamilial divergence in
most cases (Klein et al.. 1978) that the kinetic
effects of divergence within the cloned repeat fam-
ilies cannot be large (Bonner et al., 1973). For the
highly divergent cloned repeat families termed
class Il by Klein et al. (1978) (that 1s, clones 2090,
2109A and 21098), however, the hybridization ki-
netics could yield underestimates of transcript con-
centration by several fold. We might expect the
kinetic estimates of transcript number to be low for
these cases. both because of kinetic retardation
and because there may be some family members
and transcripts whose sequences are too divergent
to react at all under our conditions (Klein et al.,
1978). An additional effect on the reaction kinetics
derives from the disparity in length between the
hybridizing RNA molecuies and some of the cloned
tracer ONA fragments. As shown by Costantini et
al. (1978) and below, most of the reactive RNAs are
much longer than the tracers. A length correction
of several fold on the kinetics of the RNA hybridi-
zation reactions is indicated by the study of Cham-
beriin et al. (1978), who showed that long driver-
short tracer reactions are retarded. Where the
average length of the reacting RNA species is
known by direct measurement. we have corrected
the measured rate constant according to equation
(5) of Chamberlin and colleagues. For other cases,
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a minimum reasonable correction has been ap-
plied, as indicated in the legend to Table 2. Despite
these various uncertainties. the transcriot concen-
trations caicuiated from the rate constants using
equation (1) agree within a factor of 2-3 with
measurements of transcript concentrations made
by the totally independent titration method. as
discussed below.

Kinetic data were obtained by measuring hydrox-
yapatite binding of the cioned tracer fragments as
a function of RNA Cot. Examples are shown in
Figure 2. In each paneli of Figure 2. the two right-
hand curves are kinetic standards presented for
purposes of comparison. The rignt-hand solid line
indicates the kinetics of the reaction of a single-
copy H-DNA tracer with excess intestine nuclear
RNA under the same conditions. and the right-
hand dashed line shows the reaction of the single-
copy *H-DNA tracer with excess gastrula nuclear
RNA. Each of the cloned tracers reacts at a partic-
uiar rate with each nuclear RNA. Figure 2A shows
that the upper strand of the repeat fragment from
clone 2034 reacts much faster with intestine nu-
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clear RNA (circles) than with gastruia nuctear RNA
(triangles). The ooposite case Is seen in Figure 28.
Here the clone 2109B upper strand is found to
react more rapidly with gastruia nuciear ANA than
with intestine nuclear RNA. A third situation is
illustrated in Figure 2C. In this case. the upper
strand fragment of clone 2090 is shown to react at
about the same rate with either of the nuclear
RANAs. There is no possibility that the RNA Cot-
dependent hybridization observed could be due to
ONA contaminating the nuciear RNA preparations.
Prior treatment of hybridization samples with ribo-
nuciease under low salt conditions (in which RNA-
ONA hybrids are destroyed though ONA duplexes
are not affected) completely eliminates all hydrox-
yapatite dinding of the strand-separated tracer
fragments.

A result of major interest in these experiments is
that both strands of each cloned repetitive se-
quence react with the nuclear ANAs. Usually. but
not always, the transcript concentration is within a
factor of two for the two complementary strands.
Since both strands are more or less equally repre-
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Fiqure 2. Kinetics of Reaction between Excess Nuciear RNA and Strand-Separated Cloned Repeat Tracers

Each panel di ys the } of reaction b

a strand-separated cloned tracer and intestine (®) and gastrula (A) nuctear RNAs, The

reactions were carned out in 0.5 M phosphate dutfer at 55°C and assayed by hydroxyapatite binding. The possibie presence of DNA-ONA
duplex was routinely monitored by measuring the dinding to hydroxy of d to a low sait RNAase treatment. The
methods used are described in Experimental Procedures. Data plotted are normalized to the reactivity of the individual tracars. indicated
below. The lines drawn through these data show best least-squares solutions to the data. assuming second-order kinetics (see text). Rate
constants are listed in Table 2. The kinetics of the reactions of single-copy *H-ONA tracar with gastrula nuclear RNA (data from Hough et
al., 1975: aiso our unpublished data) and with intestine nuciear RNA (data from Wold et al., 1978) are indicated in each panel. Pssudo-tirst-
order rate constants for these reactions are: for intestine nuclear RNA, 2.5 x 10~* M~' sec™' (solid line), and for gastrula nuctear RNA, 1.1
x 10™* M~' sec™' (dashed line).

(A) Reactions with the upper strand of the sea urchin ONA insart of clone 2034. Reactivity of the clone 2034 U fragment was 77%. The
“nonreactive” 2P radioactivity in the annealing mixtures is mainly y->?P-ATP persisting from the kinase reaction used for labeling the
fragments. The intestine nuciear ANA was present at a 7 x 10° fold mass excess, and the gastrula nuclear RNA at a3 4 x 10* foid mass
excess with respect (o the tracer.

(B) Reactions with the upper strand of the sea urchin ONA insert of cione 21098. Reactivity of this tracer was 63%. The intestine nuciear
RNA was present in a 1 x 107 fold mass excess. and the gastrula nuclear RNA in a 5 x 10® foid mass excess with respect to the 32P-ONA
tracer. The lower termination with the intastine ANA is due to the fact that the sequenca excass for this RNA was only about 7 foid. due to
its reiatively low prevalence in intestine nuclear RNA and to competition for the upper strand fragment by a slight excess of RNAs of the
same compiementanty as the uoper strand.

(C) Reaction with the upper strand of the sea urchin DNA insert of cione 2090. The reactivity of this tracer was 61%. The intestine nuciear
RNA was presant in a 3 x 10% fold mass excess, and the gastrula nuclear RNA in a 2.5 x 10% foid mass excess with respect to the tracer
DNA. The siight decrease in the tarminal value in the gastruia reaction is of the same cause as indicated in (B) for the intestine RNA
reaction. .
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sented in the nuclear RNA, the kinetics of most of
the reactions with the cloned tracers are generally
closer in form to second-order than to pseudo-first-
order. The solid (intestine) and dashed (gastrula)
lines shown in Figure 2 for the cloned tracer
reactions are the least-squares solutions assuming
second-order kinetics. Second-order rate con-
stants and values of T, calculated by application of
equation (1) are shown in Table 2.

Measurements of the concentration in nuclear
RNAs of transcripts complementary to each of the
two strands are shown for several clones in Figure
3. The method here is titration of axcess strand-
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Figure 3. Titratton of Strand-Separated Cloned Repeat Frag-
ments with Gastrula and Intestine Nuctear RNAs
Strand-separated cloned tracers were reacted in excess with
varying amounts of intestine or gastrula nuciear RNA to Cot values
(with respect to the excess ™P-ONA) sufficient to terminate the
reactions. The abscissa shows RNA/DNA mass ratio x 10~ for
clone 2034; x 10~* for cione 2108. The raction (1/a) of RNA con-
sisting of transcripts complementary to each cloned tracer frag-
ment was caiculated as described in the text. Solid lines are
the functions described by equation (2). The number of com-
plementary transcripts per nucleus (T,) was caiculated from thess
data using equation (4). Values of 1/a and T, are listed in Tadle 2.
(A) The uppaer strand of the clone 2034 fragment was reacted with
varying amounts of gastrula nuclear RNA (®). The *P-ONA
concentration was measured Dy tracer renaturation kinetics. as in
Figure 1. The DNA specific activity was 6.5 x 10% cpm/ug and its
reactivity was 80%.

(8) The upper strand (C) and lower strand (@) of the clone 2108
fragment were reacted with varying amounts of intestine nuctear
RNA. The tracer specific activity was 3 x 107 cpm/ug and its
reactivity was 78%.

(C) The same tracars as in (B) were titrated with gastrula nuclear
ANA.
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separated 32P-DNA tracer with increasing amounts
of RNA. As more RNA is added. a greater amount
of the *2P-DNA is hybridized and can be bound to
hydroxyapatite. The reactions were run to Kinetic
termination (that is, =10 x Cot,..) with respect to
the excess partner—in this case. the 2P-ONA.
Calculations of transcript prevaience carried out by
this method are not subject to the particuiar uncer-
tainties which affect the kinetic estimates. Thus
titration estimates are not as sensitive to kinetic
retardation since the reactions are carried to com-
pletion. If, however, a significant number of RNA
molecules are present which are broken within the
repeat transcript sequence. the titration estimates
will yield values which are high. since all the
resuiting RNA fragments can cause binding of DNA
tracer molecules to hydroxyapatite. This shouid
not cause a severe problem. given the high average
ratio between the length of the hybridizing RNA
molecules and the cloned repeats (see Costantint
et al.. 1978; also the data presented below). Note
that the accuracy of ttration measurements de-
pends upon the accuracy of the tracer-specific
activity determinations. A practical advantage of
the titration over the kinetic method is that it
requires smaliler quantities of nuciear RNA. This is
important in the use of rare transcripts. for which it
is difficult to obtain ANA sequence excess.

When both strands of the sequence are present
equally in the unlabeled nucleic acid (here the
RNA), the form of the titration curve can be de-
scribed as follows (Wallace, Dube and Bonner,
1977; Moore et ai., 1978):

T 1
1_’:=1 +a/R @

In this equation. T/T, is the fraction of the strand-
separated *?P-DNA fragment that can be bound to
hydroxyapatite at kinetic termination in a reaction
carried out at an RNA/32P-DNA ratio of R, and 1/a
is the fraction of the RNA complementary to the
tracer fragment. For low RNA/DNA ratios —that is,
in the initial part of the titration curve when only a
small amount of the tracer can react,

T 1
¢ ( - ) R. 3
Thus 1/a is the initial slope of the titration curve. If
only the one strand which is complementary to the
cloned tracer were present in the RNA, equation (3)
would provide a description for the titration curve
which is exact beyond its early phase. In fact, the
concantration of RNAs complementary to the two
strands of the cloned fragments is usually not just
the same (see below), and for this reason equation
(2) does not always provide an exact form for our
present purposes. In the large majority of cases,
our data were obtained at sufficiently low RNA/
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DNA ratios so that the difference between the vaiue sented about equally in gastruia nuclear RNA (data
of T/T, calculated by equation (2) or equation (3) not snown). Approximately nine transcripts com-
was insignificant. The value of (a) was obtained by plementary to the 2034U fragment are present per
least-squares methods (Pearson. Davidson and gastrula nucleus. while according to the kinetic
Britten, 1977). Values of a~' are shown in Tabie 2. experiment shown in Figure 2A, there are approxi-
Given an estimate of (a), the number of comple- mately 20 transcripts per nucleus. Figures 3B and
mentary transcriots for each cloned tracer strand 3C show intestine nuclear RNA and gastrula nu-
per nucleus, T., is calcuiated in the following clear RNA ttrations carried out with the upper and
manner: lower strands of the clone 2108 fragment. There
] 1 are 10-20 times more transcripts complementary to
Te= 50 (ﬁ)N (4) both the upper and lower strands of the 2108
fragment in gastrula nuciear RNA than in intestine
In this equation. Q is the mass of RNA per nucieus nuclear RANA. The titration curves. however, show
in the RNA preparation (in grams; see legend to that concentrations of transcripts complementary
Table 2 for numerical values), a is as defined above to the upper and lower strands are only a factor of
in equations (2) and (3), N is Avogadro's number apout two apart in each nuciear RNA.
and L is the iength of the cloned fragments (from Figure 4 shows the most extreme example of
Tabie 1) in nucleotides. The values of T, calculated asymmetric strand representation which we en-
by application of equation (4) to titration data are countered. Figure 4A shows the reaction of the
listed in Table 2. where they can be compared to upper and lower strands of the clone 2109A frag-
the kinetic estimates of T,. ment with each other. and demonstrates the purity
Figure 3A illustrates the titration with gastrula of each strand by the method used in Figure 1.
nuclear ANA of the upper strand of the clone 2034 Figure 4B snows the kinetics of the reaction of
fragment. The form of the complete titration curve, these two strands with gastrula nuclear RNA. 8oth
fit with equation (2), can be seen in this panei. The strands are represented by approximately 10 com-
lower strand of the clone 2034 fragment is repre- plementary transcripts per gastrula nucleus. In
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Figure 4. Kinetics of Reactions of the Upper and Lower Strands of the Clone 2109A Fragment with Nuciear ARNAs

(A) Renaturation of the upper and lower strands of the clone 2109A fragment, as in Figure 1 (). Failure of separated strands to react with
themseives is aiso shown: 2109A U strand (C) and 2109A L strand (8). Data have been normalized for a tracer reactivity of 62%, measured
Dy reaction with excass total sea urchin ONA. The renaturation follows second-order kinetics (solid line). Specific activity of these tracers
was calculated to be 3 x 10° cpm/ ug. This experiment was carried out to ensure that the 2109A U and L tracer preparations used in (8) and
(C) behaved appropriately.

(B) Reaction of the 2109A U (A) and L {A) tracers with gastrula nuciesr RNA. Both sets of data are consistent with the same second-order
kinetic function (solid line). The rate constant obtained appears in Table 2. The mass ratio of gastrula nuclear RNA o the cloned tracers
was 9 x 10 in this expenment. The solid line indicates the kinetics of the reaction of gastrula nuclear ANA with a singie-copy *H-ONA
tracer (data from Hough et al., 1975).

(C) Reaction of the same 2109A U (&) and L (A) tracers with intestine nuciear ANA. Transcripts compiementary to the two strands differ in
concentration by at least 3 fold. The failure of termination of the L strand reaction is due mainly to competition from the excess upper
strand complement in the RNA. The mass ratio of RNA to tracer was 5 x 10*. Estimated second-order rate constants for these reactions are
listed in Table 2. Oue to the unusual strand asymmetry. however, the kinetics of these reactions should deviate from second-order form,
and the solutions are only approximate — that is. the upper strand reaction shouid tend toward pseudo-first-order kinetics. Other factors.
such as presence of small nucleic acid fragments, may be attenuating the latter portion of the reaction. thus yielding the overail second-
order form observed (solid line). The maximum difference in the number of complementary transcripts per nucleus due to uncartainties in
the form of the kinetics will not exceed a factor of two. The dashed line shows the kinetics of the reaction of intestine nuclear ANA with
single-copy *H-DNA tracer (data from Wold et al., 1978).



Cell
196

intestine nuclear RNA, however. the upper and
lower strand of the clone 2109A fragment are very
differently represented. The lower strand reaction
fails to terminate. essentially because of competi-
tion from the RNA sequence present in excess (that
is, the sequence complementary to the 2109A up-
per strand). The upper strand reacts compietely.
We estimate that thers are 16-20 transcripts com-
plementary to the upper strand of the 2109A frag-
ment per intestine nucleus, but only about 2-8
transcripts complementary to the 2109A lower
strand per nucleus.

The following qualitative conclusions can be
drawn from the series of kinetic and titration meas-
urements summarized in Table 2. First, all the
cloned repeat families are represented at some
level in both gastrula and intestine nuclear RNAs.
Second, each repetitive sequence family displays a
particular pattern of representation with regard to
the number of compiementary RNA transcripts per
nucleus —that is, some are represented preferen-
tially in intestine nuclear RNA. some in gastruia
nuclear ANA and some are about equally repre-
sented in the two RNAs. Finally, both strands of
each clone are always represented in the nuclear
RANAs and are usually, but not always. found at
similar concentrations.

Approximate Length of Nuciear RNA Molecules
Hybridizing with the Cloned Repeat Fragments

Since the cloned repetitive sequences are only a
few hundred nucleotides long, the question arises
whether they might react with nuctear RNA mole-
cules of a similar size. Figure 5 shows an experi-
ment in which the gastrula nuclear ANA prepara-
tion was separated into size classes (I, Il and Hl of
Figure 5A) by velocity sedimentation in a denatur-
ing OMSO sucrose gradient. The hnANA in the
gastrula nuclear RNA preparations is probably
slightly degraded. Thus the size distribution shown
in Figure 5A may not represent the original in vivo
size distribution. Fractions |, Il and lll were reacted
separately with the upper strand of the clone 2090
repeat fragment (Figure 58) and with the upper
strand of the clone 2137 fragment (Figure 5C).
Equal volumes of each RNA size fraction were used
to titrate excess quantities of the cloned tracer.
Thus the amount of a cloned tracer capable of
hybridizing with a given volume of each size class
solution indicates the relative concentration of
complementary transcripts in that RNA size class.
Qur results are summarized in the inset histograms
of Figures 5B and 5C. The experiment shows that
the clone 2090 fragment reacts primarily with RNAs
of the largest size class (that is, >19.5S), while the
clone 2137 fragment reacts mainly with the middle
size class (that is, 11S-19.5S). A similar result was
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Figure 5. Size of Gastrula Nuclear RNA Transcripts Hyondizing
with the Clone 2090 ana Clone 2137 Upper Strand Fragments
(A) The gastruia nuciear ANA praparation was denatured in 80%
OMSO at 60°C and fractionated by velocity sedimentation in 60%
OMSO sucrose gradients at 25°C exactly as described dy Costan-
timt ot al. (1978). Three sizs fractions were collected using (he
positions of the ridosomal ANA subunits as size markers. Fraction
1ig >19.5S. 1118 118-19.5S and il is 25-11S. These fractions were
dialyzed. precipitated and suspended in equal volumes of 0.5 mM
Na acetate (pH 6.5).
(B and C) The volume of each RNA size fraction (1. Il or ill)
indicated on the abscissa was reacted with constant quantities of
the cloned fragments: RNA fraction | (H), fraction Il (@) and
fraction iil (A). The titration curves were analyzed by least-squares
methods according to equation (2) (see text). The inset histo-
grams show the relative number of transcripts for each RNA size
class as a fraction (f) of the number in the size class with the
largest number of transcripts. (B) Upper strand of the clone 2090
tragment. (C) Upper strand of the ctone 2137 fragment.

obtained by Costantini et al. (1978) in reactions
between several cloned repeat tracers and mature
oocyte RNA. Considering that some degradation of
the RNA is probabie, these data would appear to
exclude the possibility that the complementary
transcripts exist primarily as small molecules of
about the same dimensions as the interspersed
repetitive sequences.
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Quantitative Pattern ot Representation of Cloned
Repeats

As described in the accompanying paper. Costan-
tini et al. (1978) have measured the number of
transcripts per mature oocyte which are comple-
mentary to the same nine cloned repeats as were
used in the present experiments. Measurements
are described here for two different nuclear RNAs.
The nine cloned fragments belong to repetitive
sequence families differing greatly from each other
with respect to genomic reiteration frequency. To
be able to compare the extent to which these
repeat families are represented in the diffarent
RNAs, we define a parameter termed “representa-
tion:”

% representation = L"— x 100 (5)
LT

where, as above. T, is the number of transcripts
complementary to the cloned tracer per oocyte or
per gastrula or intestine nucleus. T, is the number
of copies of a typical single-copy transcript in the
oocyte or the nuctear RNAs and F. is the genomic
reiteration frequency of the repeat family to which
a given clone belongs. The rationale for equation
(5) is that if all the members of a repeat family were
being transcribed at the same rate as the average
single-copy sequence, and the repeat transcripts
were processed. turned over and accumulated with
the same kinetics as the singie-copy transcripts,
each repeat family would produce transcripts per
cell or nucleus in proportion to its frequency in the
genome. Thus dividing T, by F. normalizes for the
different repeat families according to their size,
and dividing by T, normaiizes for the different
steady state levels of single-copy transcripts accu-
muiated in the three RNAs studied. In the cocyte
RNA, the number of copies of each typical single-
copy sequence (T,.) is approximately 1600 (Galau
et al., 1976, Hough-Evans et al., 1977). while as
stated above, in the gastrula nuclear RNA, T, is 1
or less, and in intestine nuclear RNA, T,. is about
0.1. Were the repeat transcripts which we observe
known to be interspersed among covalently linked
single-copy transcripts which are typical with re-
spect to turnover and prevalencse, the representa-
tion as calculated by equation (5) would directly
indicate the percentage of the repeat family mem-
bers being transcribed. As yet, however we have
no direct knowledge of either the sequence orga-
nization or the synthesis and turnover kinetics of
these transcripts. Thus we cannot interpret the
representation values obtained by equation (5) in a
simple or unique way. Caliculation of the represen-
tation parameter nonetheless yields an interesting
and significant set of comparisons.

. Table 2 shows that the numbers of copies of
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transcripts complementary to the cloned repeats
vary from about 3000-100.000 for the oocyte (aver-
age ~20.000), from about 1-600 for the gastrula
nucleus (average ~100) and from about 1-50 for an
intestine nucleus (average ~10). There are iwo
important conclusions to de drawn from these
vaiues. First. in each RNA, the number of tran-
scripts of individual repeat families per nucleus (or
oocyte) varies by two orders of magnitude or more.
Second, comparing the three RANAs. the average
numbers of transcricts for given repeat families per
nucleus or per oocyte are in roughly the same
proportion as the numbers of single-copy tran-
scripts. Thus there are an average of about 10
times more single-copy transcripts of each se-
quence per gastrula nucleus than per intestine
nucleus, and about 107 times more single-copy
transcripts of each sequence per oocyte than per
gastrula nucleus. This rough correspondence pro-
vides some empiricai justification for the presence
of T in the denominator of equation (5).

The representation values calculated for each
cloned sequence in the oocyte RNA, gastrula nu-
clear RNA and intestine nuclear RNA are shown in
Table 2. The lowest representation value tn each
RNA is on the order of 1%, and the highest value is
just under 100% for the intestine and gastrula
nuclear ANAs and several hundred percent for the
oocyte RNAS. In other words. even when the con-
centration of transcripts from each repeat famiiy is
normalized for the family reiteration frequency. the
striking differences in the extent to which each
family is represented in a given ANA are not de-
creased. The large variations in the representation
of different repeat families therefore demonstrate
differencas in the transcriptional expression of
these families. Transcript concentration per cell or
nucleus does not depend simply upon whether the
family is large or smalil.

The pattern of representation among the nine
repeat families is displayed in Figure 6 as a series
of histograms which show the representation of
each strand of each cloned tracer. In a given RNA,
the differences in representation between the var-
ious repeat families are generally much greater
than the differences between the complementary
strands of each family. Changes in the pattern of
representation when the different RNAs are com-
pared are best illustrated in Figure 7. Here the
representations observed for the nine clones are
normalized for comparison by setting the sum of
the three observations for each equal to unity. It is
evident that the representation of the clone 2034
fragment is high in intestine nuclear RNA and very
low in the other RNAs (Figure 7A); the clone 21098
fragment is highly represented in gastrula nuclear
RNA but relatively little represented in the other
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Figure 8. Rapresentation of Cioned Repeat Families

Representation values (ordinates) are from Tadle 2 and were
caiculated as indicated in equation (5). The too row of histograms
shows the representation of each strand of the nine ciones in
oocyte ANA. These measurements are rom Costantim at al.
(1978). The second row of histograms indicates the representa-
tion of each strand of the nine ctones n gastruia nuclear ANA,
and the third row shows their rapresentation in intestine nuclear
RNA.

RANAs (Figure 7C); the clone 2108 sequence is
represented to the greatest extent in cocyte RNA
(Figure 7B) and so forth.

To summarize. these experiments show that the
transcripts of individuai repetitive sequence fami-
lies are present to very different extents in different
cell types. The concentrations of specific repeat
transcripts within each ANA differ by as much as
two orders of magnitude. The factors which could
control representation include the rates of tran-
scription per repeat element in the genome, the
fraction of the genomic copies being transcribed
and the transcript turnover rates. It is clear that
representation is not simply determined by the
genomic reiteration frequency. Whatever the
mechanism, the data demonstrate that the concan-
tration in RNA of the specific repetitive sequence
transcripts is a function of the state of differentia-
tion of the cell.

Discussion

These experiments show that different sets of re-
petitive sequence families are highly represented
in the RNA of each of three cell types. Transcripts
of highly represented repeat families may be pres-
ent at over 100 times greater concentration than
those of relatively nonrepresented families in a
given RNA. Yet it seems important that at least
some transcripts of all nine cloned repeat families
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Figure 7. Reoresentation Patterms of Cloned Repetitive Se-
quence Families in Diftarent ANAs

Representation data for each cloned repeat family are {rom Tadle
2. The data have been normalized by dividing the percentage of
reoresentations for sach ANA Dy the sum of the percantage of
representation for ail three RNAs. Upper strand (U) represantation
was used n eacn case. excapt ‘or (d): (3) (—@—) 2007 U,
(=~Z- <) 2034 U: (D) (—e—) 2108 U, (- - A=-) 2101 U: (c) (—O—)
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were found in all the RNAs. The least prevalent
repetitive sequence transcripts are found at con-
centrations close to those of typical single-copy
transcripts (Table 2). The experiments of Costantini
et al. (1978) described in the accompanying paper
support these conclusions independently. Their
study shows that a repetitive sequence tracer pre-
pared from genomic ONA reacts aimost completely
with excess mature oocyte RNA at high RNA Cot. A
minor subfraction of this tracer reacts much more
rapidly, however, due to the high concentration of
its transcripts. Thus observations made with both
genomic and cloned repetitive sequence tracers
and relying on several independent methods of
measurement show that repeat transcripts have a
specific pattern of concentration. This complex
situation exceeds the resolving power of the early
hybridization experiments mentioned in the Intro-
duction. Nonetheless. the general import of those
experiments —that repetitive sequence representa-
tion changes with state of differentiation —seems
confirmed by our present results.

A result which is not predictable from previous
data is that both complements of every repeat
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family are represented in the RNA. No exceptions
to this rule have been discovered. and usually the
two strands are present in roughly equivalent con-
centrations. This is summarized graphicaily in Fig-
ure 6. The greatest asymmetry in strand represen-
tation which we observed is 3-10 fold. Since the
representation of different repeat families may vary
by two orders of magnitude or more, both strands
of each family seem to participate in the cell type-
specific expression of that family. The simplest.
though certainly not the oniy. explanation for the
expression of both complements is that muitiple
members of each repeat family are being tran-
scribed asymmetrically n separate transcription
units. These members are likely to be interspersed
in distant regions of the genome and would there-
fore be independently oriented. If both orientations
occur frequently with respect to the girection of
transcription. the two strands would be repre-
sented about equally in the RNA. as is generally
observed. This explanation is consistent with the
interpretation that many members of each hignly
represented repeat family are being transcribed.
An aiternative explanation which cannot at present
be excluded i1s that repetitive sequence transcrip-
tion is actuaily symmetrical at most if not all sites.
Hough et ai. (1975) showed that the single-copy
sequences of hnRNA are asymmetrically reore-
sented in gastrula nuclei. Thus symmetric repre-
sentation of repeats in the nuclear RNA could not
be explained by symmetric transcription at given
sites if the RNA repeats are covalently associated
with typical single-copy transcripts. Unfortunately,
the nature of the RNA sequences flanking the
repeat transcripts is not yet known, and this ques-
tion must remain unanswered until more informa-
tion is obtained.

Measurements made by reacting single-copy
tracers with the same RNAs as those used in these
investigations show that approximately 6% of sin-
gle-copy sequence is represented in oocyte RNA,
and perhaps 30% in the two nuclear RNAs (Hough
et al., 1975; Anderson et al., 1976: Galau et al..
1976; Kleene and Humphreys, 1977; Hough-Evans
et al., 1977). According to these studies. overiaps
in the single-copy sequence sets among cell types
are large. Thus only a minor fraction of the total
genomic single-copy sequence complement can so
far be accounted for in RNA transcripts. In con-
trast, all of the repetitive sequence families appear
to be represented at some level in each of the three
RNAs studied here (see also Costantinietal., 1978).
Furthermore, six of the nine cioned repeat families
are represented to an extent >50% in one or
another of these three RNAs. It does not seem
improbable that every middle repetitive sequence
family in the genome may be represented in RNA in
a cell type-specific way. Perhaps all the repeat
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families are used in the sense of transcription of
some members, while only a minor portion of the
single-copy sequence IS transcribed.

Repetitive sequences could be included in poly-
somal mRANA as short RNA sequence elements
covalently linked to single-copy message se-
quences, or they could be present on separate
moiecules as transcripts of repetitive structural
genes. An example of the latter i1s the histone
message set. Previous studies have shown that
repeat transcripts are not covalently assoc:ated
with single-copy sequence transcripts in polysomal
mRANAs of sea urchin embryos (Goldberg et al..
1973). HelLa cells (Klein et al.. 1974) or rodent cells
(Campo and 8ishop. 1974; Rabbitts and Milstein,
1975: Legler and Cohen. 1976). aithough Oina.
Meza and Crippa (1974) claimed such an organiza-
tion for the messenger RNAs of Xenopus embryos.
Were transcripts of the cloned repetitive sequences
covalently associated with single-copy polysomal
message. this association shouid be easily demon-
strable. The aiternative possibility that the cloned
repeats are derived from repetitive structural genes
seems somewhat improbable. a priori, given their
short length. their sequence divergence (Kiein et
al.. 1978) and the ooservation of Costantini et al.
(1978) that both strands of the cloned repeat
tracars are represented in the RNA of the mature
oocyte. Like other mRNAS, the bona fide maternal
messages of oocyte RNA are present asymmetri-
cally. This has been shown most recently in exper-
iments carried out with cloned structural genes for
sea urchin oocyte maternal messages (7. L.
Thomas. R. J. Britten and £. H. Davidson, unpub-
lisned observations).

To determine whether their transcripts are asso-
ciated to a significant extent with messenger RNA,
we reacted several of the cloned repetitive se-
quences with polysomal RNA from blastula stage
embryos. |n a representative experiment, the sepa-
rated strands of the clone 21098 repeat fragment
were reacted with a 5 x 10% fold mass excess of
polysomal RNA. Complementary transcripts proved
to be sufficiently rare in the polysomal RNA that
this RNA/DNA ratio resulted in a tracer DNA se-
quence excess for both strands. Using equations
(3) and (4), we calculated from the data obtained in
these reactions that about 2.5 transcripts compie-
mentary to the upper strand and 4.1 transcripts
complementary to the lower strand are present in
the polysomal RNA of each typical biastula cell.
These numbers are comparable to the numbers per
cell of rare or complex class mRNAs transcribed
from single-copy genes (Galau et al., 1974). al-
though the clone 21098 sequence occurs in the
DNA approximately a thousand times per haploid
genome. We believe that the smail amount of clone
21098 representation observed in polysomal RNA
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is due to contamination erther with nucliear or with
nonpolysomal maternal RNAs persisting from the
oocyte, aithough other explanations cannot be
excluded. Table 2 shows that the clone 21098
transcript appears in several hundred copies per
gastrula nucleus and in almost 83,000 cooies per
oocyte. In no case have we observed a high repre-
sentation of a cloned repeat in the blastula poly-
somal RNA compared with its representation in
oocyte RNA or gastrula nuctear RNA.

What is the biological meaning of the specific
patterns of repeat transcript concentration? It 1s
highly improbable that the short repetitive se-
quences are structural genes. given their charac-
teristics and their symmetrical representation in
oocyte RNA. Furthermore. one of the specificaily
represented cloned reoeats studied here, 21098.
contains no less than 18 transiational termination
signals. including both orientations and all possi-
ble reading frames (J. W. Posakony, R. J. Britten
and €. H. Davidson. unpublished observations on
primary sequence data). Althougn the interspersed
repeat transcripts do not seem to have the charac-
tenstics of polysomal message. they are clearly
associated with nuclear RNA, as shown by this and
earlier work (for axample, Darnell and Balint, 1970;
Jelinek et al., 1973; Smuth at ai., 1974). A hypothe-
sis which may be relevant to our present results is
that hnRNA has an intranucl!ear reguiatory function
mediated by the interspersed repetitive sequence
transcripts. in this extension of our earlier gene
reguiation models (Davidson et al.. 1977). we ar-
gued that the concentration of transcripts of differ-
ent repeat families couid control the sequence-
specific interactions required for each cell to ex-
press an appropriate set of structural genes. We
predicted that repeat transcript concentrations
should vary greatly in nuclear RNAs, comparing
different repetitive sequence families and different
call types. This proposition, in fact, led us to
undertake the present experiments, and as far as
they go. the prediction is confirmed. We remain
completely ignorant of the way in which the RNA
repeat transcripts are actually used, if at all. None-
theless, it is interesting to consider the observa-
tions summarized in Table 2 and Figure 6 from the
point of view of these regulatory hypotheses. The
repeat transcripts of the hnRANA could perform
sequence-specific regulatory interactions in any of
several ways. One possibility is that they interact
with complementary repetitive sequences in the
DNA and, as previously proposed, mediate struc-
tural gene transcription (Britten and Davidson,
1969; Davidson et al., 1977). In this case, the
presence of transcripts of both strands would sug-
gest that promoters of both orientations are used.
A closely reiated alternative proposition is that
sequence-specific regulatory interactions take
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place between complementary hnRNA molecules
rather than with the genomic ONA. Federoff and
Wall (1976) and Federoff. Wallauer and Wall (1977)
showed that hnRNA of Hela ceils can partiaily
renature to form RNA-RNA duplexes. Their experi-
ments also indicated that at least a large part of
these duplexes hybridize with repetitive ONA se-
quences. Our present findings demonstrate that
the set of such duplexes which could be formed in
a given hnRNA would be cell type-specific. since
this process. like any renaturation. should depend
upon the sequence concentration of the reacting
strands. ANA-RNA duplexes could serve as proc-
essing sites for mRNA precursors. as also sug-
gested by other investigators (for example. Feder-
off et al., 1977). In terms of the kinetics of the
putative repetitive sequence reactions. the gen-
omic and hnRNA sequence organizations required
and the cell type specificity of repeat transcript
concentrations, the RNA-ONA and RNA-RNA regu-
lation models are very similar. This is shown dia-
gramatically in Figure 8. There is, of course. no
evidence that either ANA-RNA or RNA-ONA com-
plexes exist in the nucleus. nor is there any con-
vincing reason to rule out the possibility of either.
It is interesting o consider a purely hypothetical
calcuiation in which the real ime for compietion of
either type of reaction is estimated from the tran-

Cerat Garw 2
1 B < a 4
(A)
a3 Cem: o ¢ a1 Gere2
Lo -
/ 3 O AL q ey RNA — A |
e TANA 2
(8)
E] ! 3 ¢ e 2 nosw R
=
/f\wm 3\ ruceer RNA .\Q
£ AL
mRNA 2

Figure 8. Simplified Reguiation Models Requiring Cell Type-Spe-
citic Concentration of Particular Repetitive Sequence Transcnpts
The top line represents a region of genomic ONA containing two
structural genes and various short repetitive sequences (a—d).
indicated by double wavy lines. interspersed with single-copy
sequences. indicated by doubiae straignt lines. in (A), an RNA-ONA
interaction scheme is indicated. Transcription of genes (1) and (2)
on the ONA occurs when the contiguous repetitive sequence "a”
reacts with an hnRNA molecule containing an homologous repeat
element, 3" (single wavy line). An R loop-like tripiex or some
other sequance-specitic structure could be formed. The tailed
solid circle indicates a polymerase transcription complex. In (8).
the sequence-specific interaction is at the nuclear RNA level. Key
as above. The RNA-RNA duplexes at “a”" would serve as process-
ing sites for excision of the same mRNA sequences as formed in
(A). Either the (A) or (B) type of interaction wouid be mediated by
the concentration of the “a” repeat transcript in the hnRNA. These
models both require that specific repeats be adjacent to structural
genes, as shown in the top line. For discussion, see the text and
Britten and Davidson (1969), Davidson and 8ntten (1973) and
Davidson et al. (1977).
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script concentration listed in Table 2. To carry out
such a calculation, we suppose arbitrarily that the
RNA-driven rates of reaction in the milieu within a
gastruia nucleus are those observed under stan-
dard conditions in vitro. The hignly represented
clone 21098 repeat provides an example. Table 2
shows that there are 640 copies of each strand of
this transcript per gastrula nucleus, and the volume
of each nucleus is approximately 4 u'. At the
resulting transcript concentration, the reaction of
transcripts of the 21098 families with complemen-
tary ONA or RNA targets would be 30% complete in
only 30 sec. In comparison, the reaction of tran-
scripts presant at <1% of this concentration — for
example, those complementary tc the clone 21338
fragment—would require about twice the hnRNA
half-life to reach completion.

Whatever its functional significance, cell type
specificity in the representation of specific repeat
families appears to have important implications for
the study of genomic sequence organization. If the
differences n repeat family representation in
hnRNA result from differences in the extent to
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Figure 9. Strand Seoaration of Cloned Repetitive Sequences by
Potyacrylamide Get Electropnoresis

Supercoiled ONA was cleaved with Eco Rl to release the repetitive
ONA insert and then treated with bactenal alkaline phosphatase
as described in the text. The 5'-hydroxyi termini of the fragments
ware labeled with y=1P-ATP, and the ONA was concentrated and
loaded in the denatured state on polyacrylamide geis. (A and 8)
show athidium bromide staining of the strand-separated clone
2090 and clone 2101 fragments, respectively. The clone 2080
repeat fragment in (A) is 190 nucleotides long (Table 1). This ge!
was 6% polyacrylamide. The clone 2101 fragment of (B) is 320
nuclectides long and was run on a 4% gel. The slower moving
band of the doublet is raferred to as uoper strand and the fast
moving complement is referred to as lower strand. The renatured,
double-stranded DNA moves more rapidly than the separated
single strands, in agreement with previous observations on frag-
ments of this length (Maniatis. Jetfrey and van de Sande, 1975).
(C. D and E) demonstrate autoradiography of other strand-sepa-
rating gelis. (C) contains the 2007 fragment. whicn is 1100 nucleo-
tides long and was run on a 2.5% gel. (D and E) contain the
repetitive sequence fragments of ciones 2034 and 2090. These are
560 and 190 nucleotides long. respectively. The 560 nucleotide
fragment was strand-separated on a 4.0% gel and the 190 nucleo-
tide fragment on a 6% gel. as above.
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which they are transcribed. there must exist an
organized relation between the location of tran-
scription units and the location of the memoers of
each repetitive sequence family in the genome.

Experimental Procsdures

Preparation, Labeling and Strand Separation of Cloned Repeti-
tive Sequence Fragments

Supernelical piasmid ONA was solated on CsCl! gradients
(Scheller at al.. 1977). The ONA was dialyzed into 5 mM Tnis (pH
7.5) and stored frozen at -20°C. Plasmid ONA was cleaved with 1
wul Eco Rl (Eco Rl was a gift from P Green and H. Boyer) per 20
ug of ONA at 37°C for 30 min in 100 mM Tris-HCl (pH 7.8), 100
mM NaCl! and § mM MqCl,. The reaction mixtures were Drecipi-
tated with 1 vol of isopropanol at -20°C for at least 2 hr. followed
by centnfugation. The precipitated ONA was redissoived in 10 mM
Tns at a concentration <S50 ug/mit. and 10 ui of bactanai alkaline
phosphatase (Worthington. Code 8APF) were added per 40 ug of
nucleic acid. The reaction mixture was ncupated at 37°C for 30
min, then extracted twice with an equal volumae of ohenoi-Sevag
1:1 (Sevag '3 a 24'! chloroform-isoamyl alconol solution) and
once with ether. The ONA was precipitated with isopropanol as
apove. ONA fragments were iabeied Dy the polynucieotide kinase
reaction, essentially as described by Maxam and Gilbert (1977).
The ONA peilet was dissoived in 5 mM Tns {pH 9.5), 0.01 mM
EDTA. 0.1 mM spermidine at 3 ONA concentration of 50 ug/mi
and heated at 100°C for 3 min. The sofution was tnen orought (@
50 mM Tns (pH 9 5), 10 mM MgCl, and 5 mM OTT. y=1P-ATP,
synthesized by the exchange procedure (Maxam and Gulbert.
1977). was dried down. dissolved in H,0 and added (o the reaction
mixture at a concentration not lower than 3 uM. 3-5 ui of
polynucieotide kinase soiution (PL Siochermicais) were added.
and the reaction was incubated for 45 min at 37°C and then
axtracted with phenol-Sevag !:1 and with ether. as above. The
nuclerc acid was precipitated with 2 vol of ethanal for at least § hr
at -20°C and then centnfuged. The ceilet was dissoived in 0.3 M
NaQH. 10% glycerol and ' mM EDTA. and heated to 37°C for 10
min. Samples were strand-seoarated dy electropnaresison 1 x 20
cm cylindrical polyacrylamide geis. The polyacrylamide concan-
tration used depended upon the size of the fragment: ail gels
contained 0.27% dis-acrylamide. Electrophoresis was in 50 mM
Tris borate (pH 8.3). 1 mM EDTA at 15°C for 18 hr at 60 V. Gels
were stained with ethidium bromide and autoragiographed, and
Individual bands were excised with a razor olade.

Typical examples of the strand separation geis are shown in
Figure 9. Gel slices were crushed with a siliconized glass rod in a
1.5 mi Ependorf! tube. 1 mi ot 0.12 M sodium ghosphate duffer
(PB). 0.05% SOS ana 10 ug of puntied calf thymus ONA carmer
were added !0 each sample, and the mixture was incubated
overnight at 37°C. The acrylamide was removed Dby liitering
through siliconized glass woal and rinsing with an additional 1 m|
ot 0.12 M PB. 0.05% SOS. The eivate contained from 80-35% of
the radioactivity in the gel band. The 2-2.5 mi sample was
concantrated 4 foid By extraction with sec-dbutanol, resulting in a
saft concentration of ~0.5 M PB. DNA was then incubated for 10
hr at $5°C to renature any contaminating compiementary strands.

The reaction mixtures were subsequently diluted to 0.12 M P8
and passed over a 1 ml column of hydroxyapatite at S0°C. The
unbound fraction contained the purified strand-separated repati-
tive sequence. P specific activities of these matenals ranged
from 3 x 1Q% to 3 x 107 com/ g, depending upon the size of the
fragment and the extent of the various reactions. Tha final strand-
saparated preparations were contaminated 0-4% with their com-
plementary strands. Reactivity of these DNA preparations with
axcess total sea urchin ONA ranged from 55-95%. The “nonreac-
tive’ radioactivity was shown to be of low molecular weight and 1s
almost certainly y~*?P-ATP paersisting from the kinase reaction.
The *2P-ONA was stored in 0.12 M P8 at —20°C. DNA reactivities
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decreased slowly with lime dut were usually acceptable for at
least 3 weeks.

The following expenment was carmed out for each ONA orepa-
ration !o determine ihe punty of the separated strands efuted
from the polyacrylamide gets. Equal quantities of 2P-ONA from
the upper (U) ana lowaer (L) strands of each clone were renatured.
or the U and L strands were incucated aione. The kinetics of the
reactions were measured. Since tha two comolementary strands
had been enzymatically labeled together. their specific activities
are expected to be equal and were found to be 30 (see Figure 4C
of the accompanying oaper dy Costanunt 8t al., 1978). The
absolute specific activity could be calcuiated from the xineucs of
the reactions between each pair of comolementary strands. given
the cloned repeat fragmaent length (that :s. the fragment complex-
ity). The extent of this reaction or the reaction with total sea
urchin ONA determines (he reactivity of the cloned tracars, and
the amount of reaction ootained when each strand s incudated
alone indicates s punty with raspect !0 the complementary
strand. Representative data for clones 2137 and 2108 are shown
n Figure 1 The ni b ) cor tary strands terme
nate at about 30% and ‘ollow second-order xinetics. The same
termination values are observed when tha cloned fragments are
reactad with excess sea urchin ONA (Klew et al.. 1978). The
incomoplete (100%) reaction of the tracer 's due to the oersistencs
of a minute !raction of tne y=*P-ATP onginally present in the
kinase lapeding reactions.

ANA Preparations
Gastrula Nuciear ANA
1.3 x 10° Strongytocentrotus purouratus eggs were suspended in
three 4 iiter |ars of (1] g ¢ lin ang streptomy-
cin (Smuth et al.. 1974) and fartilized. Altar 2.5 nr, 95.3% of the
6gQs were at !irst cleavage. 0. 8% were at second cleavage and
3.7% were unferniized. Atter 38 hr (earty gastrula stage), the
emMOryos were wasnhed :n cold Ca~-Mg-free seawater (pH J) and
I by csntrifug at 3000 rom for 5 min. The emoryo
pellet was resusoended in 200 mi of coid 2 mM MgCl;, 10 mM
PIPES, 10 .g/mi polywinyl suifate. and sneared n a Wanng
blender until most of (he cells were disruoted. as assayed Dy
phase-contrast microscopy. Glucose was added 10 a concantra-
tion of 1 M. and the nucle: were peileted by centnfugation at SCO0
rpm for 10 min. The nucier were lysed with 7 M urea and extracted
with phenoi-cresol-Sevag solution (0.15/0.85/1.0). The interface
was reextracted and comoined with the aqueous phase. which
was reextracted twice with an equal volume of Sevag sofution.
The ANA was precipitated with 2 vol of 100% ethanot at -20°C
and then coll by centritug at 10.000 rpm for 1 hr. The
pellet was resuspended and treated with pancreatic ONAase (100
ug/ml) tor 2 nr at room temperature with siow stirring. The
solution was then brought to 50 ug/mi proteinase K and incu-
bated at 37°C for 1 hr. The ANA was axtracted and precipitated as
above. The resuiting matenal was chromatographed on Seohadex
G-100. and the exciusion peak fractions were pooled and precipi-
tated. The ONAase and proteinase K treatment followed by extrac-
tion and pracigitation were then repeated. The RNA was stored in
5 mM sodium acetate (pH 6.8) at -20°C. Yields from a preparation
this size ranged from 25-35 mg. The complexity and pseudo-lirst-
order rate constants obtained in reactions of the nuclear RNA
with single-copy ONA tracer were always very close !0 those
measured by Hough et ai. (1975).

Iintestine Nuciear RNA

The intestine nuciear RNA preparation is described eisewnere by
Woid et al. (1978). Briefly, the intestinal tissue was rinsed in EGTA
containing seawater and lysed in a Tnton X-100 buffer. The nucies
were peileted through a 0.5 M sucrose cushion and the RNA was
extracted as apove.

Blastuia Pofysomal RNA
Blastula polysomal RNA was prepared from 24 hr swimming
blastulae as descnbed by Galau et al. (1976).

67

RNA-ONA Hybridization
All hyoridization reactions were carried out in 0.12 M P8 at 30°C
or:n 0.5 M P8 at S5°C. All Cot values referred to in this work are
equivalent Cots (that is, the Cot of the reaction corrected ‘or the
ralative increase 'n rate due to sait concentrations acove Q.18 M
Na“). The mixtures contained | mM EDTA. 0.05% SDS ang caif
thymus ONA carrier. ANA-ONA ratios were 5 < !0%to | x 107 for
reactions in whicn RNA excess xinetics were !0 De measured.
Titrations were carried out in *P-ONA sequence excess—(nat s,
at lower ANA/ONA ratios. Reaction mixtures were sealed in 5-50
ul capillanes and boiied at 105°C for 2 min pnor to 'ncucation.
The reactions were erminated at appropriate times oy instant
freezing 1n dry ica acetone. The possibility of ONA-ONA reaction
was monitored Dy the low sait ANAase method of Hougn and
Oawvigson (1972) and Gaiau. Bntten and Qavidson (1974). The
reaction mixtures were diluted into 2 mi ot 0.02 M P8 and divided
into two equal aliquots. One sample was drougnt to 30 ug/mi
RANAase A, ncubated for 1 hr at J7°C. extracted with Savag
solution and adjusted to 0.12 M PB. The other was drougnt to
0.12 M P8 without treatment with ANAase. Soth sampiles were
chromatographed on Nydroxyapatte columns at concentrations
not greater than 30 .q/mi nucieic acid per milhliter of hydroxy-
apatite. Six 2 Ml washes were collected at 30°C ang three 2 mi
washes were collected at 39°C. The fractions were counted by
liquid scinuillation. and the fraction of radioactivity eiuted at 99°C
represented the (raction of ONA in hyond structures. The ONA-
ONA duolex content was always very small (<5%) comoared with
the ONA-RANA hyond partion of the reaction.

Titration reactions anad OMSQ sucrose gradient centnfugation
were carned qut exactly as described in the accompanying paper
by Costantint et al. (1978).
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ABSTRACT

Most of the single copy maternal mRNA sequences in the sea urchin egg are
covalently associated with transeripts of short repetitive sequences, belonging
to a restricted group of the diverse genomic repeat families. The messages fall
into several hundred sets, each containing transcripts from a different repeat

family.
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The sea urchin genome includes over 105 short repetitive sequence elements
interspersed among the single copy DNA regionsl. Renaturation kineticsl’z, as
well as primary sequence data3, indicate that the genomic repeats belong to several
thousand distinct sequence families, which in general share little or no homology.
Though the biological role of these sequences is unknown, recent studies have
shown that almost all of the diverse repeat families are represented in a tissue
specific manner in sea urchin nuclear RNAs4, and in unfertilized egg RNAS. The
work described here was undertaken to determine the nature of those repeat tran-
seripts stored in the egg. We found that many of these transcripts are covalently
associated with RNAs which have the characteristics of egg maternal messengers.
Thus, repetitive sequences are interspersed in egg poly(A)+ RNA (p(A)+ RNA) and
they are included in a large majority of the diverse species of egg message. This

finding has basic implications for the general problem of interpreting repetitive

sequence interspersion in the genomes of higher organisms.
Repeated sequence transeripts are included on many egg poly(A) mRNA molecules

According to earlier s'cudies5 most of the transeripts of short interspersed repetitive
DNA sequences in the sea urchin egg are present on RNA molecules several thou-
sand nucleotides (nt) long. The possibility thus arose that the repeat sequence
transcripts are located on maternal message molecules. The egg of Strongylo-

centrotus purpuratus contains about 50 pg of maternal mRNA (about 1.5% of

the total egg RNA) bearing poly(A) tails sufficiently long to promote binding to

oligo(dT) cellulose columns®7+8,

We refer to the egg RNA collected on such
columns as the "p(A)+ RNA", though the flow-through or "p(A)- RNA" fraction

apparently includes an approximately equal mass of maternal message, much of
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whieh is terminated by short 3' oligo(A) tails which bind to poly(U) Sepharose and

not to oligo(dT) cellulose® 7789

. Isolation of the p(A)+ fraction of the egg RNA
provides a convenient experimental enrichment for at least a large subelass of

the maternal message. In addition, use of this fraction minimizes the contribution
of known repetitive gene transeripts such as the histone mRNAs, which in the sea
urchin do not copurify with p(A)+ RNAIO.

The p(A)+ RNA of the egg was isolated and purified by successive rounds
of oligo(dT) cellulose chromatography. Determinations of the denatured size of
this RNA fraction by gel electrophoresis and electron microscopy, are shown in
Figs. 1A and B. The weight average length of the p(A)+ RNA was about 5000 nt,
in general agreement with previous measurements7’11.

The concentration of repetitive sequence transcripts was examined in
the p(A)+ RNA and the p(A)- RNA fractions. Figs. 2A and B display titration
reactions with two cloned repetitive sequences, CS2109B and CS2108, shown
earlier to be represented by prevalent egg transcriptss. The cloned probes were
labeled and strand separated, and one strand of each was reacted with increasing
amounts of egg p(A)+ RNA or p(A)- RNA4. Transcripts complementary to the
CS2109B sequence (Fig. 2A) are 32-fold more concentrated in p(A)+ RNA than
in p(A)- RNA, and a similar degree of concentration, 38-fold, is observed for
the CS2108 sequence (Fig. 2B). Given that 1.5% of egg RNA is included in the
p(A)+ RNA fraction, these results require that at least a third of the RNA mole-
cules reacting with the two cloned repeats contain long p(A) tracts. It is inter-
esting that members of both the 2109B and 2108 repeat families which have been

sequenced contain translation stop signals in every possible reading frame3. This

suggests that if repeat sequences such as these were generally present in the egg
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p(A) mRNA molecules, they would be located elsewhere than in codogenic portions
of the sequence.

To determine whether these two cloned repeats are representative, we
measured the kinetics of the reaction of a 3H—DNA genomic repetitive sequence
tracer with excess egg p(A)+ RNA, p(A)- RNA, and total egg RNA. As shown in
Fig. 2C, all three reactions were heterogeneous in rate, due to variation in the
prevalence of different repeat transcriptss. However, it is clear that transeripts
of most repeat families significantly represented in egg RNA are concentrated
in the p(A)+ RNA fraction. Considering the initial 30% of each reaction, i.e., the
more prevalent repeat transeripts, the reaction with p(A)+ RNA oceurs about 33
times more rapidly than with unfractionated egg RNA. Hybridization with p(A)-
RNA is not detectably slower than with total egg RNA, so not all repeat-containing
molecules are included in the p(A)+ RNA fraction. As calculated in the legend to
Fig. 2, this set of measurements indicates that about 50% of the transeripts of
each average prevalent repeat species copurifies with the p(A)+ RNA fraction.

For comparison, the distribution of single copy sequence transeripts in the p(A)+
RNA and p(A)- RNA of the egg is shown in Fig. 2D. The tracer in this experiment
is a fraction of single copy 3H-DNA selected by prior reaction with egg RNA

("egg DNA" or "eDNA")zg. Analysis of the kinetics (see legend), shows that roughly
half of the diverse species of single copy sequence transeript present in the egg

are heavily represented in the p(A)+ RNA fraction. That is, an average of about
75% of the molecules of each RNA species in this class is recovered as p(A)+ RNA.
The other half of the mRNA species is mainly found in the p(A)- RNA fraction,
though a small percentage of these molecules as well is included in the p(A)+ RNA

fraction, so that the two reactions ultimately terminate together. These classes
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may not be clearly separable, since many RNA species may have intermediate
degrees of polyadenylation. Additional evidence has been obtained with cloned
single copy DNA probes. As reported elsewherelz, about 50% of the prevalent
transeripts of cDNA clone SpG30 are found in the egg p(A)+ RNA fraction.
Similarly, about 35% of the rare transeripts of the cloned Sp88 single copy
sequence are recovered as p(A)+ egg RN Asts,

The distribution of repeat sequence transcripts in p(A)+ and p(A)- mRNA
fractions is consistent with the view that the repeats are found on p(A)+ mRNA
molecules. Thus, at least for those repeat families which are represented by preva-
lent egg RNA transcripts, about half of the molecules bearing ‘each repeat sequence
are recovered in the p(A)+ RNA fraction. Furthermore, note that all the diverse
repeat transcripts appear to be relatively concentrated in the p(A)+ RNA fraction,

while only about half of the different species of single copy sequence transcript

are recovered to a large extent as p(A)+ RNAs.
Electron microscopy of renatured egg p{AH+ RNA

A dramatic visualisation of the interspersed sequence organization of egg p(A)+
RNA is presented in Fig. 3. These electron micrographs illustrate the multistranded
branched structures formed when p(A)+ RNA molecules are renatured. The RNA
was first fully denatured, then incubated to an equivalent Cot of 600 M sec in

a buffered formamide medium and spread for electron microscopy, as described.

in the legend to Fig. 3. Almost no complicated structures, such as those shown,
were observed in control samples spread immediately after denaturation (Cot

3

< v2x10°° M see).

Interpretation of the structures shown in Fig. 3 is greatly assisted by
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the previous observa'cion5 that both complements of each repeat sequence are
represented in sea urchin egg RNA, as in nuclear RN As4. This is almost certainly
not due to symmetriecal transeription but to the presence of RNA molecules
deriving from different transeription units oriented oppositely with respect to

the repeat sequence. In contrast, all single copy sequences so far analyzed in

sea urchin egg or nuclear RNAs are asymmetrically represented. This includes

14,15

a number of specific sequences complementary to cloned probes , as well as

the total single copy sequence sets of nuclear RN A16

. With this background, it

is clear that the multistranded structures shown in Fig. 3 are networks consisting
of several individual p(A)+ RNA molecules held together by renatured complemen-
tary repeat duplexes. The structures shown bear a strong resemblance to the
structures formed when DNA from an animal displaying short period repetitive

sequence interspersion is renatured at low C0t17. RNA networks held together

by renatured interspersed repeats were described previously by Federoff et _a_l.ls,
who observed them in HeLa cell nuclear RNA.

As detailed in the legend to Fig. 3, about 65% of the total contour length
of the p(A)+ RNA in the sample studied ( 1.2 x 108 nt) is included in branched
structures displaying 4 or more ends, and apparently composed of 2 or more
molecules. This should approximately estimate the mass fraction of p(A)+ RNA
bearing repeats, since most of the RNA contour length appears to consist of
single stranded regions. Though it is impossible to unambiguously interpret most
of the RNA complexes, some qualitative implications follow from their general
structure. The presence of complementary repeat sequence transcripts previously

observed in total egg RNA is seen to be a property of the p(A)+ RNA. Over 2/3

of the molecules participating in intermolecular duplexes were present in structures
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displaying 6 or more ends, and therefore consisting of at least 3 or more molecules.
It follows that many p(A)+ RNA molecules bear more than one repeat sequence
element. Otherwise almost all renatured structures would include only two
molecules and very large networks such as some of those shown in Fig. 3 would
never have formed. Another general implication is that most of the length of
those p(A)+ RNA molecules which contain repetitive sequence elements consists

of single copy sequence transcript. This is demonstrated directly in the next

section.
Interspersion of repetitive and single copy sequences in egg p{(A)+ RNA

To examine the sequence organization of p(A)+ RNA molecules containing repeat
transeripts, it was necessary to purify these molecules with respect to the remainder

of the RNA. The following strategy proved effective. Egg p(A)+ RNA was labeled

e oo 125019,20-21 o . L .
in vitro with I , and hybridized with excess repetitive DNA which had

22,23 (e DNA).

previously been mercurated by the procedure of Dale and Ward
After denaturation in 67% formamide, 0.3 M NaCl at 75-80°C, the reaction
mixtures were incubated to Hg-DNA Cot 50 and fractionated on a sulfhydryl
agarose (SH-agarose) column, as described in the legend to Fig. 4. RNA molecules
hybridized to the repetitive DNA are bound to this column, while nonhybridized
RNA flows through. When mixed with the Hg DNA (denatured or native) but not

125I—p(A)+ RNA bound to the SH-agarose column.

1

permitted to anneal, <1% of the

The kinetics of the hybridization reaction between the 25I-p(A)+ RNA

and the repetitive Hg DNA are illustrated in Fig. 4. To provide relative kinetic

standards, Fig. 4 includes reactions with the same Hg DNA driver of a genomic

3 32

H-DNA repeat tracer and of a single copy ““P DNA tracer. The reaction of
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the 125I—p(A)+ RNA occurs at approximately the same rate as the reaction of

the repeat tracer. As expected, single copy sequences are more than 10-fold

reduced in concentration in the repetitive driver DNA compared to whole DNA.

There is no reaction whatsoever of the 32

12

P-DNA single copy tracer until COt >
100. Therefore, the 5I-p(A)+ RNA molecules which hybridize with the Hg DNA
at Cyt 10-2 - Cyt 102 (Fig. 4) must contain repeat sequences. The kineties exclude
the possibility that the trapped RN A molecules were bound by virtue of hybridiza-
tion with residual single copy sequences contaminating the repetitive Hg DNA
driver. Furthermore, when the bound RNA is eluted with mercaptoethanol and
again reacted with the repetitive Hg DNA driver, the same kinetics are observed
as in the initial reaction.

While binding the p(A)+ RNA - Hg DNA hybrids to SH-agarose effectively
isolates molecules which include repeat transeripts, the yield of the procedure is

125;_(A)+ RNA binds to the SH-

25I

low. After hybridization, only 16-19% of the
agarose column. In the presence of excess sea urchin rDNA, the fraction of 139.,
RNA bound falls slightly, to 11-16%. There are a number of reasons to believe
that this value seriously underestimates the true fraction of p(A)+ RNA molecules
which include repeat sequence elements: a) The repetitive DNA driver was
prepared by incubation of the starting DNA to COt 50, resulting in underrepresen-
tation of repeat sequences whose frequency of occurrence is less than 10-20 copies
per genome. b) The reaction criterion (50% formamide, 0.75 M NaCl at 30°C)
probably precludes duplex formation within the less closely related classes of
repeat sequences found in the sea urchin genome24. e¢) The p(A)+ RNA was

unavoidably subjected to some strand secission during iodination. The length of

the total iodinated p(A)+ RNA is shown in Fig. 1C, compared with the length of
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125I-p(A)+ RNA which had been hybridized with Hg DNA, bound to SH-agarose,
and eluted. While it is clear that these hybridization procedures result in no further
strand secission, the weight average fragment length of the p(A)+ RNA after iodina-
tion is only 1400 nt, less than 1/3 its starting length. Unless the repeat sequences
in the RNA are distributed less than 1400 nt apart, on the average, this amount
of breakage would have resulted in a decrease in the fraction of p(A)+ RNA
bound after hybridization with the repetitive Hg DNA. d) The SH-agarose
column binds only about 40% of the available repetitive RNA-DNA duplexes.

As shown in Table 1, when RNA that fails to bind after reaction with Hg DNA is
rehybridized, another 8-13% can be bound. When once bound RNA molecules,
all of which must contain a hybridizable repeat sequence, are eluted and rehybrid-
ized, only 40% bind to a second SH-agarose column. A probable explanation,
according to experiments not shown here, is that duplexes between mercurated
and nonmercurated nucleic acids bind with less than 50% efficiency to SH-agarose.
This phenomenon was also reported earlier by Nguyen-Huu et a_125. Using the data
of Table 1, we estimate that about 35% of 1400 nt p(A)+ RNA fragments actually
contained recognizable RNA-DNA hybrids (i.e., 15% initial binding normalized
for a 40% SH-agarose binding efficiency). This estimate is still twofold below
that obtained from our electron microscopic observations. The most likely expla-
nation is the >3-fold difference in RNA fragment length in the two experiments.
In addition, more repeat duplexes may have survived the conditions of the electron
microscope experiment than could be recovered as Hg DNA-RNA hybrids, due to
the relatively high stability of RNA-RNA duplexes in formamide media.

The repetitive and single copy sequence content was measured in a sample

1

of 25I—p(A)+ RNA which had been twice reacted with the repeat Hg DNA driver,
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in the presence of rDNA competitor, and bound to SH-agarose (preparative data
are shown in Table 1). After elution, the RNA was hybridized with excess sea

urchin DN A, and the ribonuclease resistance of the 125I—RN A was determined

as a function of DNA Cot26’27. Data are shown in Fig. 5. Least squares analysis

of this reaction indicates that 85-90% of the mass of the 125I—RNA is single copy
sequence transcript, which becomes resistant to ribonuclease at high DNA Cot.
However, these single copy sequences must be linked to repetitive sequences,
since every RNA molecule in the selected 125I—RN A fraction contains at least
one repeat sequence element.

The repetitive sequences in the bound p(A)+ RNA are in general short,
though a small fraction of the RNA could consist entirely of repeat transecripts.

Fig. 5 suggests that the average 1400 nt Li

I-RNA fragment bound to SH-agarose
includes less than 200 nt of repetitive sequence. In other experiments 1251 p(A)+
RNA was reacted with the Hg DNA, bound to SH-agarose and the hybrid molecules

125, rNA

were eluted and digested directly with ribonuclease. Only 8-12% of the
was resistant, again indicating that there is < 170 nt of repeat sequence on the
average bound RNA fragment.

We conclude that at least 35% (and perhaps twice this fraction) of sea
urchin egg p(A)+ RNA has an interspersed sequence organization, in which short
repetitive sequences are covalently associated with longer single copy sequence
transeripts. This conclusion is consistent with the structure of the renatured
p(A)+ RNA molecules shown in Fig. 3. The remainder of the egg p(A)+ RNA
probably contains only single copy sequence transcript, since Fig. 5 also shows

that only 5-10% of unfractionated p(A)+ RNA is repetitive by mass. The latter

result is expected on the basis of earlier data, which had indicated that 90-95%
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of later sea urchin embryo mRNA is transcribed from single copy DNA sequences 27’28.

Complexity of single copy sequences linked to repeats in egg RNA

In this section, we demonstrate that the interspersed egg RN As include most of
the diverse species of single copy sequence transeript found in the egg, and there-
fore, most of the diverse maternal mRNAs. This result is not required by the data
so far presented, since a relatively small number of different single copy sequences

appears to account for 20-40% of the egg p(A)+ RNA7’14

. The possibility existed
that only these few prevalent species of egg RNA have an interspersed sequence
organization, while the vast majority of maternal mRNA species does not. To
test this proposal, we measured the complexity of the single copy sequence tran-
seripts associated with repeats in the egg RNA. Thus, a selected fraction of total
egg RNA was prepared in which the interspersed RNA molecules were relatively
concentrated, and this fraction was hybridized with an eDNA tracer. Hough-Evans
et gl.zg showed earlier that at least 75% of the single copy sequence represented
in total egg RNA is included in the mRNA of early embryo polysomes. The eDNA
tracer is therefore a probe for the complex assemblage of single copy sequences
comprising the maternal message set stored in the sea urchin egg.

The RNA fraction required for this complexity measurement was
obtained by hybridizing total egg RNA with repetitive Hg DNA, followed by
chromatography on SH-agarose. The egg RNA/Hg DNA mass ratio was sufficient
to permit hybridization of most of the diverse repeat transeripts, but very little
of the egg ribosomal RNAs or tRNAs (see legend to Fig. 6). After hybridization,
2.2% of the total egg RNA bound to the SH-agarose column. The Hg DNA was

eliminated by DNase treatment, and a measurement was made of the enrichment
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for repeated sequence transeripts actually obtained in the fractionation. Thus,
the concentration of transcripts complementary to two cloned repetitive sequences
was determined by titration with the selected RNA fraction. Fig. 6 shows that
transeripts complementary to the repeat sequence of clone CS2109B are present
at an 11-fold higher concentration in this RNA fraction than in total egg RNA.
Similarly, the repeat sequence of clone 2111 is 9 times more concentrated in the
selected RNA fraction. We expect, therefore, that single copy sequence transeripts
linked to repeats will also be concentrated in the selected RNA fraction by a
factor of about 10, with respect to total egg RNA.

In Fig. 7a are shown the kineties of reactions between a 32P-eDNA
tracer and the selected RNA fraction, as well as reaction of the 32P—eDNA
with total egg RNA. This tracer contained no detectable repetitive sequence
component (data not shown). Both of the eDNA hybridization reactions in Fig. 7a
terminate at about 85% of the tracer bound. Therefore, the selected RNA fraction
includes essentially all the diverse single copy sequences in total egg RNA. The
experiment clearly shows that the single copy sequence transeripts driving the
eDNA reaction are concentrated in the selected RNA fraction. Least squares
solutions to the kinetic data indicate that 70-80% of the reaction is accelerated
10-fold compared to total egg RNA, while the remaining 20-30% is accelerated
2-fold. It follows that at least 70-80% of the diverse single copy sequences in
egg RNA exist on transcripts also containing repeated sequences. Since the
large majority of the same single copy sequences are represented in polysomal
mRNA after fertilization, most if not all, of the interspersed egg RNAs are
maternal messages. Furthermore, interspersed transeripts are the major form

of these maternal mRNA species, rather than a minor variant. If, for example,
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only 25% of the transcripts of a particular single copy sequence contained a
repeat sequence, a 10-fold enrichment for that repeat would result in only a 2.5~
fold enrichment for the single copy sequence. It is possible that the 20-30% of
single copy sequences that appear to be less enriched in the selected egg RNA
fraction reside on transcripts which lack repeats. Alternatively, these sequences
might simply represent regions of transcripts that are relatively distant from
repeats and are often separated from them by a strand scission.

Interspersed repetitive sequences are apparently not an exclusive property
of rare or complex class maternal messages. This was shown by titration experi-
ments with a cloned ¢cDNA fragment, SpG30, which represents a highly prevalent
egg p(A)+ mRNA. There are about 2 x 105 molecules of this RNA per egg. The
cloned SpG30 fragment is about 700 nt long and consists entirely of single copy
sequencelz. Fig. 7b illustrates titration measurements of the sequence concentra-
tion of transcripts complementary to the strand separated SpG30 probe in total
egg RNA, and in the repeat-enriched selected RNA fraction. Like most rare
single copy transcripts, this highly prevalent single copy sequence is also about
10-fold more concentrated in the repeat-enriched RNA fraction. A repetitive

sequence therefore must be located somewhere on the SpG30 transcript.
Discussion

We show here that a substantial fraction of sea urchin maternal mRNA consists
of short repetitive sequence transcripts covalently linked to longer single copy
message sequences. Most of the diverse message species in the egg display this

interspersed sequence organization. Essentially all of the mass of the heterogeneous

repeat sequence transcripts in the egg5 can be accounted for as interspersed RNA
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molecules. The precise physical organization of these maternal mRNAs is not
yet apparent. This will require further analysis of individual transcripts using
cloned DNA probes. We know, however, that the repetitive sequence elements
or the mRNA are relatively short, averaging only 150-200 nt. According to
primary sequence data, 6 out of 8 cloned repeat elements contain translation
stop codons in all reading framesB, and as noted earlier, this observation suggests
that the repeats may be located elsewhere than in translated regions of the message.
It is also likely that more than one repeat sequence element appears to exist on
many of the mRNA molecules. A possibility not yet excluded is that the repeat
sequence elements are excised or otherwise removed by cytoplasmic processing
events prior to polysomal translation.

Is interspersed sequence organization a feature peculiar to sea urchin
maternal mRNA ? Earlier studies on the newly synthesized polysomal mRNA of
gastrula stage sea urchin embryos failed to reveal a significant fraction of message

27’28. The literature includes

containing linked repetitive and single copy sequences
various reports with respect to the sequence organization of messages from other
animal cell types (e.g., refs. 30-32). With the aid of cloned probes, Firtel and his
associates recently achieved a clear demonstration that short repeat sequence

elements exist on certain predominantly single copy Dictyostelium mRNAs33’34.

Reexamination of sea urchin gastrula mRNA by the methods described in this

paper, as well as those previously used reveals a small fraction of polysomal mRNAs
which contain interspersed repeats (unpublished data). However, a major distinction
exists in the amount of repetitive sequence transeript in egg maternal mRNA as
opposed to gastrula polysomal mRNA. While the egg contains many highly prevalent

repeat transcripts 5, which we now know to be interspersed in maternal mRNA
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molecules, the gastrula mRNA seems to contain few if any repeat sequence tran-
seripts of equally high prevalence. The only highly prevalent interspersed repeat
transeripts observable in the sea urchin gastrula are found in the nucleus, as con-
cluded earlier by Scheller et _&Q.4 . The process by which this remarkable intracellular
distribution of repeat transcripts is achieved during development is unknown, as

is its functional significance.

The most important conclusion to be drawn from this work pertains to the
basic functional organization of the sea urchin genome. We found earlier 28that
the single copy sequences represented in embryo mRNA tend to be located non-
randomly close to interspersed repetitive sequences in the genome. Our present
data require the further conclusion that most of the structural genes represented
in egg RNA belong to sets, each of which is defined by the presence of homologous
sequences of a given repeat family. This can be seen as follows: According to
previous measurements, transcripts of 10-20% of the diverse repetitive sequence
families in the genome, or 500-1000 different sequence families, are prevalent
in the egg RNAS. There are about 105 transcripts representing each of these
prevalent repetitive sequence families per egg, and together these account for
> 90% of the mass of interspersed repeat transcripts. No more than a few percent
of the mass of the repeat transcripts are accounted for by rare repeat sequences,
i.e., those represented in only 103 - 104 copies per eggs. On the other hand, over
half the maternal mRNA of the egg consists of the complex set of single copy

7,29

sequence transcripts studied in the experiments of Fig. TA . At least 70-80%

of these single copy transcripts are covalently linked to the prevalent RNA repeats.

7 ,29,35

Since the complexity of the egg single copy sequence set is 3.7 x 10" nt , while

there are only a few hundred kinds of prevalent repeat transeripts, each of these
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repetitive sequence families must be represented on many (probably between 10
and 50) different rare messages. It follows that the prevalent repeat transcripts
belonging to each family must have derived from many distinct transeription units,
each ineluding a different single copy gene (or a few such genes). Thus, both the
structural genes expressed during oogenesis and the many thousands of mRNA
species produced by their transcription are distributed among several hundred
sets, according to the particular repetitive sequence family represented on each

mRNA molecule. A similar organization has been observed in Diciyostelium33’34,

where two prevalent repeat transcripts each appear to be associated with 50-100
different rare mRNAs.

The organization of structural genes in sets, each associated with a specific
repeat family (or families) was specifically postulated for the "gene batteries" of
the Britten-Davidson regulation mode1536’37. It was proposed that the shared repeats
of each battery provide the physical basis for coordinate control of its expression.

It is easy to see that the distribution of only 10-20% of the different repeat se-
quences in the genome among the more than 104 single copy message species

in the egg implies a nonrandom arrangement of certain repetitive sequences
among those genes which are expressed during oogenesis. However, there is no
evidence whatsoever regarding the actual function, if any, of the transcribed
interspersed repeats. Their presence in the maternal RNA provides an unexpected
opportunity for further examination of the physiological meaning of genomic
sequence interspersion. A number of possible functions might be envisioned for
these repeat transcripts, including: suppression of mRNA utilization prior to fer-

tilization; translational control affecting the timing of utilization of specific mRNA

sets following fertilization; control of the differential distribution of maternal
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mRNAs to various regions of the early embryo; or sites for specific RNA processing
events prior to translation. Alternatively, they might be remnants of transerip-
tional or post-transcriptional regulatory signals36’37, incompletely removed from
germinal vesicle precursors. A different possibility is that some of the maternal
repeat transcripts could serve in a regulatory capacity in early embryo nuclei,
where they might be involved in imposing initial patterns of gene expression which

are similar to those in effect during oogenesiszg’ss’sz.
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Table 1 Fraction of 125I--;_:)(A)** RNA binding to sulfhydryl-agarose

after hybridization with excess mercurated repetitive DNA

% bound
Re-reaction of Re-reaction of
First reaction bound fraction unbound fraction
Experiment +rDNA +irDNA -rDNA +rDNA
1 15 42 40 8
2 16 30,35 40 13

Hybridization and assay conditions are described in the legend to Fig. 4. All
hybridizations were carried out at DNA Cot 50. In each experiment, egg
125I--p(A)+ RNA was hybridized with a 100-fold mass excess of mercurated
repetitive DNA, in the presence of a large sequence excess of non-mercurated

ribosomal DNA prepared from the cloned ribosomal RNA genes of the sea urchin

Lytechinus variegatus38. The reaction mixtures were then chromatographed on

an SH-agarose column. Aliquots of the bound fraction were denatured and re-
reacted with additional mercurated repetitive DNA, plus or minus ribosomal
DNA competitor, as indicated. The unbound fraction was similarly re-reacted

in the presence of ribosomal DNA competitor.
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Fig. 1. Size of p(A)+ RNA of sea urchin eggs. Total RNA was isolated from sea
urchin eggs as previously described35, and fractionated by oligo(dT) cellulose
chromatographysg. The RNA which bound on three successive passes was the
p(A)+ RNA fraction (about 1.5% of total egg RNA). RNA which failed to bind in
three successive passes was the p(A)- RNA fraction (98%). a, Agarose gel electro-
phoresis of egg RNA fractions denatured with methly mercuric hydroxide. RNA
was denatured with 10 mM methyl mercuric hydroxide and subjected to electro-
phoresis in a 1.5% agarose gel containing 10 mM methyl mercuric hydroxide40, and
stained with ethidium bromide. Lane 1, p(A)- RNA. Lane 2, RNA bound once to
oligo(dT) cellulose. Lane 3, 3X bound p(A)+ RNA. Electrophoresis is from top to
bottom. The two prominent high molecular weight bands in the p(A)- RNA are 18S
and 26S rRNAs, as indicated. These are still visible in the partially purified p(A)+
RNA (lane 2) but not in the final p(A)+ fraction (lane 3). The band at about 15S in
the p(A)+ RNA may be a mitochondrial RNA species. b, Size distribution of p(A)+
RNA measured by electron microscopy. Poly(A)+ RNA was heated at 55°C in 80%
formamide, 0.1 M Tris, pH 8, for 3 min to denature any duplexes, then spread for
electron micx'oscopy41 from a hyperphase containing 80% formamide, 0.1 M Tris,
pH 8, 5 mM EDTA and 100 ug ml-1 cytochrome C at 24°C. The lengths of 183
randomly selected molecules were measured, using as a length standard circular,
single-stranded ¢ X174 DNA molecules included on the same grids. A correction
for the approximately 10% difference in the linear densities of RNA and single-
stranded DN A under these spreading conditions has been apph'ed42. The RNA

had little visible secondary structure, and no intermolecular duplexes were observed
in this sample. To display the mass distribution of the RNA, the fraction of mole-

cules, F, in each size class of the histogram has been multiplied by the average
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length in nucleotides, L, of the size class (ordinate). The molecules measured

had a number average length of 3400 nucleotides and a weight average length

1251 Jabeled p(A)+ RNA. Poly(A)+ RNA was labeled

19,20,21

of 5000 nucleotides. ¢, Size of

125

with I by a modified Commerford method

1

to a specific activity of 2-5
6 -1 25 : 125

x 10° epm ug ~. Total ~““I-p(A)+ RNA (@) and the fraction of ~““I-p(A)+ RNA

that bound to SH-agarose after hybridization to Hg repetitive DNA (O) were

denatured with 6% formaldehyde at 37°C and sedimented in formaldehyde sucrose

gradients43. The arrows show the positions of internal 5S, 18S and 26S rRNA

markers.
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Fig. 2. Distribution of repetitive and single-copy sequences in egg p(A)+ RNA
and p(A)- RNA fractions. g, Titration of p(A)+ and p(A)- RNA with the cloned

4,24

repetitive sequence, CS2109B . The repetitive sequence cloned in plasmid

CS2109B was excised with EcoRlI, 5' end-labeled with 2P and strand separated

as previously described4. Excess lower strand e

P-DNA tracer was hybridized to
termination with inereasing amounts of p(A)+ (O) or p(A)- (@) RNA. All hybrid-
ization reactions in this paper were assayed by hydroxyapatite binding, unless
otherwise noted. The curves represent least squares solutions to the form for
the titration reactions given in eq 2 of Scheller et Q.‘i The specific fraction of
p(A)+ RNA, f,, and the specific fraction of p(A)- RNA, f,, consisting of CS2109B
transcripts were thus determined. The values obtained are f 1= 1.8 x 10—4; f2 =
4.1 x 10-6. The fraction of transeripts complementary to the CS2109B lower
strand that are polyadenylated, C, was calculated as

C=1, xl/(flx1 + £5Xo) Eq 1l
where x, is the fraction of total egg RNA in the p(A)+ RNA preparation (x; =
0.015), and X, is the fraction of total egg RNA in the p(A)- RNA preparation
(x2 = 0.985). The value of C is thus 0.33, indicating that one-third of the tran-
scripts complementary to the CS2109B lower strand are polyadenylated, that is,
by the criterion of oligo(dT) cellulose binding. b, Hybridization of p(A)+ RNA and
p(A)- RNA with the upper strand of the cloned repetitive sequence CS21084’24.
Procedures used and data presentation are as in a. The specific RNA fractions

3, fy=4.7Tx 10_5, and the calculated value of C is

measured are f; = 1.8 107
0.37. ¢, Hybridization of excess p(A)+ RNA (O), p(A)- RNA (@) or total egg RNA
(A) with repetitive 3H—DN A tracer representing most of the short repeats in the

genome. This tracer was prepared, as previously describeds, by reassociating
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Figure 2 continued

sea urchin 3H-DNA fragments which had been sheared to a weight average frag-
ment length of 3300 nucleotides to Cot 40, digestion with S1 nuclease, binding to
hydroxyapatite, and fractionation according to molecular size on a Sepharose CL-
2B column. The "short repeat™ tracer resulting from those procedures displayed

a weight average length of 300 nucleotides. Hybridization was at 50°C in 0.12 M
phosphate buffer. The data were fit assuming second order kinetics4’5 with two
kinetic components, but since the reactions are not terminated only the faster
component of each reaction, representing the more prevalent repeat transcripts,
is meaningful. A fast component terminating at 30% hybridization was arbitrarily
selected for analysis. The observed rate constants for this component are: p(A)+
RNA, k = 1.54 x 1072 ML see™}; total egg RNA or p(A)- RNA, k = 4.6 x 107> M1
see™ L. The distribution of these repeat sequence transcripts between the p(A)+
and p(A)- fractions was calculated as

C = Rx Eq 2

1
where R is the ratio of the rate constants observed for the reactions with p(A)+

RNA and total egg RNA, and x, is as above (a). R is equal to 33 for these reactions,

1
and C, the average fraction of transecripts of each prevalent repeat sequence that

is included in the p(A)+ RNA preparation, is thus 0.5. d, Hybridization of excess
p(A)+ RNA (O) or p(A)- RNA (@) with 3H—labeled "eDNA" tracer. The eDNA tracer
was prepared by enriching for the fraction of total single-copy 3H—DNA that hybrid-
izes with total egg RNA (about 3%). This particular eDNA tracer hybridized to an
extent of 45% with total egg RNA and was thus about 15-fold purified relative to
the starting single-copy DNA. Reactions with p(A)+ and p(A)- egg RNAs have

been normalised to the 45% terminal value. All RNAs were sheared with alkali

to about 1000 nucleotides before hybridization. Total and p(A)- egg RNAs were
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Figure 2 continued

treated with DNase. The dashed line indicates the kinetics of the reaction of
eDNA with total egg RNA, i.e., a single pseudo-first order kinetic component with
a rate constant of 2.3 x 1074 M1 see™l. This rate was previously determined with
several eDNA preparation529 (see also Fig. 7a). The reaction with p(A)+ RNA is
heterogeneous and is fit with two components (solid line), a fast component repre-
senting 41% of the tracer, with a rate constant of 1.2 x 1072 y1 sec—l, and a
slow component representing 43% of the tracer, with a rate constant fixed at
2.3x 1074 ML seeL. Comparing these rate constants to the rate constant for
total egg RNA, and applying eq 2, we calculate that the fast component represents
sequences 75% of whose transcripts are recovered in the p(A)+ RNA fraction,
while the slow component represents sequences that are mainly (>95%), though
not exclusively, confined to the p(A)- RNA fraction. Note that the sequence
concentration of almost half of the single-copy species is lower in the p(A)- RNA

than in total egg RNA. These are presumably the species predominantly found

in the p(A)+ RNA fraction.
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Fig. 3. Electron microscopy of multimolecular structures formed by renaturation
of egg p(A)+ RNA. Total p(A)+ egg RNA (same preparation used for Fig. 1b) was
denatured by heating at 70°C in 67% formamide, 0.3 M NaCl, 0.01 M PIPES, pH 6.6,

-4

10 * M EDTA for 1 min, then incubated at 30°C in 58% formamide, 0.75 M NacCl,

0.025 M PIPES, pH 6.5, 10-4 M EDTA, to an equivalent COt of about 600. The RNA
was then diluted and spread for electron micx'oscopy41 from a hyperphase of 80%
formamide, 0.1 M Tris, pH 8, 5 mM EDTA and 100 ug ml_1 eytochrome C, at 24°C.
Many multimolecular RNA structures, including large networks, were observed.

The montage shown includes several relatively simple examples, which appear to
consist of long single-stranded RNA regions joined by short (several hundred nucleo-
tide) intermolecular duplex regions. The bar represents a single-strand RNA length
of 1000 nucleotides, estimated as in Fig. 1 from circular single-stranded ¢ X174 DNA
included on the same grids.

To estimate the fraction of RNA in multimolecular structures, random
areas of the grid were photographed, and the total contour length of each structure
was measured using a Hewlett-Packard digitizer. Since single- and double-stranded
regions could not be clearly differentiated, all regions were scored as single-stranded
and this could result in & minor underestimate of total RNA mass in the partially
duplex structures. The structures measured had a total contour length of 1197 kb,
of which 65% was contained in structures having four or more discernible ends and
judged to consist of two or more RNA molecules. When the RNA was spread under
the same conditions almost immediately following denaturation (Cot <2x 10—3)
no networks were observed, and less than 4% of the RNA length was in structures
containing possible intermolecular duplexes. Sea urchin rRNA did not form net-

works when incubated to the same Cot and spread under identical conditions.
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Fig. 4. Kinetics of hybridization of 12SI—p(A)+ RNA with excess mercurated
repetitive DNA. 12%1-p(A)+ egg RNA was hybridized with a 100~ to 1000~fold
excess of mercurated repetitive sea urchin DNA and hybridization was assayed

by binding to sulfhydryl agarose at the indicated Cot values. To facilitate kinetic
comparisons between the various experiments shown, hybridization values are
normalized to the maximal extent of reaction in each curve. All reaction mixtures
were denatured in 65-75% formamide, 0.3 M NaCl at 75-80°C, then incubated in

4

50% formamide, 0.75 M NaCl, 0.025 M PIPES (pH 6.5), 10~ M EDTA, 0.1% SDS

and 5 x 10—5 M NaCN, at 30°C. Binding to SH-agarose, prepared as described by
Dale and Ward?2, was performed in 0.5 M NaCl, 0.01 M Tris (pH 7.5), 10™° M

EDTA, 0.05% SDS, and the bound nucleic acids were eluted with the same buffer
containing 0.1 M B -mercaptoethanol. Repetitive sea urchin DNA was prepared

44,45

by S1 digestion of total DNA after reassociation to COt 50 , and the repetitive

DNA was covalently mercurated23. 85-90% of native or denatured mercurated

DNA could be bound to SH-agarose. The abscissa indicates equivalent COt values44,
including an estimated 2.5-fold rate retardation due to hybridization in 50% forma-
mide®6. m , hybridization of 12s'I--p(A)'*- RNA in the presence of excess nonmer-
curated rDNA competitor (normalized from a 13% terminal value); ®, same, but
without rDNA competitor (normalized from a 20% terminal value); +, re-reaction

of hybridized 125I-p(A)+ RNA with more repetitive Hg-DNA driver, plus rDNA
competitor (normalized from a 35% terminal value). For comparison are shown

the hybridization kineties of short repetitive SH-DNA (O) (normalized from a 90%
terminal value), and single copy 32p_DNA tracer (A) (normalized from a 95%

terminal value obtained with unfractionated DNA driver), with the same repetitive

Hg-DNA driver. The latter two reactions were assayed by binding to HAP.
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Fig. 5. Repetitive and single copy sequence content of repeat-containing egg
p(A)+ RNA. A fraction of p(A)+ RNA, consisting of transcripts containing repeated
sequences, was selected by hybridization with mercurated repetitive DNA and
chromatography on sulfhydryl agarose (see text). Hybridization of contaminating
125I-ribosomal RNA was blocked by competition with non-mercurated cloned

sea urchin ribosomal DNA. This selection procedure was then repeated to assure

125 1251 (A)+ egg

purity (see Table 1). The final selected ~““I-RNA(®), or total
RNA (O), was then reacted with a 105 - 106-fold excess of total sea urchin DNA
to the indicated DNA Cot values. Hybridization was assayed by digestion with 10

ug/ml ribonuclease A for 1 hr at 37°C in 0.24 M PB, 1072

M EDTA, followed by
precipitation with cold 10% trichloroacetic acid and collection on Whatman GF/C
filters. Hybridized RNA sequences are resistant to digestion under these condi-
tions, while single strand regions are hydrolyzed. To estimate the fractions of
125I-RN A hybridizing with repetitive or with single copy sequences in the driver
DNA the data were fit using a function that takes into account the retarded
hybridization of RNA tracers47, as well as the effects of a nuclease-resistance

48'50. The fraction of the selected 125I—RNA

assay on the observed kinetics
hybridizing as a repetitive component appears to be between 10% and 15%, de-
pending on the allowed average repetition frequency. A reasonable estimate,
assuming an average frequency of 100 copies per genome, suggests that 89% of

the selected RNA fraction consists of single copy sequence transeript, and 11%

of repeated sequence transcript, while the total p(A)+ RNA is 93% single copy
sequence transcript and 7% repeated sequence transeript. These solutions are
indicated by the solid lines shown. The total 125I-p(A)+ RNA preparation contained

about 1% ribosomal RNA measured by hybridization with cloned ribosomal DNA.
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Fig. 6. Concentration of repetitive sequence transcripts in a selected fraction

of egg RNA. To yield a fraction enriched for transcripts containing repeated
sequences, 1 mg of unlabeled total egg RNA plus 8 ug of 125I—labeled total egg
RNA was hybridized with 1 mg of mercurated repetitive DNA. This is a sufficient
DNA/RNA ratio to provide a DNA sequence excess for any repeat present in more
than 20 copies per genome and contained on fewer than 2 x 105 transeripts per

egg. The reaction mixture was incubated to Hg-DNA C_t 50, then chromato-

0
graphed on a sulfhydryl agarose column, as described in Fig. 4. The bound frac-

tion, 2.2% of the input RNA, was eluted with 0.1 M B -mercaptoethanol, and the

mercurated repetitive DNA was completely removed by DNase digestion. Two

32P—labeled cloned repetitive sequences were then titrated with total egg RNA

and with the selected RNA fraction. g, Titration of the repeat sequences from
clone CS2109B, lower strand (@), and clone CS2111, lower strand (®) with total

egg RNA. b, Titration of the same two repeat sequences with the selected repeat-

enriched RNA. The complementary RNA fractions are: CS2109B, 2.1 x 10—6

5

of total egg RNA and 2.3 x 107° of repeat-enriched RNA; CS2111, 1.5 x 10™ ° of

total egg RNA and 1.4 x 1074 of repeat-enriched RNA.
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Fig. 7. Complexity of single copy sequence transcripts included in the selected

32

repeat-enriched RNA fraction. a, Hybridization of an "egg DNA" "“P-labeled

tracer containing all the single copy sequences represented in total egg transcripts

with excess total egg RNA (®) or with the selected repeat-enriched egg RNA

fraction (O) described in Fig. 6. The 32p_labeled eDNA tracer was prepared, as

previously described29, by hybridizing total single copy 32P—DNA with total egg

RNA and purifying the hybridized fraction. The eDNA preparation used in this
experiment was about 30-fold enriched for egg RNA sequences relative to the

starting single copy 32P-DNA preparation. Hybridization was dependent on added

RNA, and hybrids were sensitive to RNase digestion in low salt 51. The curve shown

for the total egg RNA reaction describes a single pseudo-first order kinetic com-

ponent with a rate constant of 2.3 x 1074 ML see™L. In the kinetic solution shown

here for the reaction with the repeat-enriched RNA fraction two components were

assumed. The rate constant for the faster component was fixed at 2.3 x 10-3 M-l

sec_1 or 10 times the rate constant obtained with total egg RNA in order to estimate
the fraction of simple copy sequences enriched to the same extent as repeats. This

component included 70% of the reaction, while 30% displays a rate constant of

41x107 4 ML see”l. b, Titration of the 32p_1abeled single copy DNA sequence

of clone SpG30, upper strand, with total egg RNA (®) or with the repeat-enriched

egg RNA fraction (O). The complementary fraction of total egg RNA was 3.0 x 10-5,

while the complementary fraction of repeat-enriched RNA was 2.9 x 10—4.



110

(c_Olx)oupy sso YNA/VNY
9 % [4

T | |

{010

010

Gl1'0O

020

P3ZIpligAH 482D4| UOI4ODU



