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Abstract

The sequence organization, evolution, and transcription of cloned
repetitive DNA elements in sea urchin were studied.

Total S. purpuratus DNA was reassociated such that only the reiterated
sequences were duplex. The flanking single-stranded DNA was digested with S1
nuclease and synthetic Eco RI sites were ligated to the ends. These molecules
weré cloned in RSF2124 and recombinants were selected by their Amp+Col‘ pheno-
type. These clones ranged in reiteration frequency from 3 to 12,000 copies per
haploid genome. The mean intrafamilial divergence was as low as 4°C for some
families which could be attributed entirely to polymorphism. Other families
contained members that showed greater divergence, some as high as 25°C.

Nine randomly selected sequences were found to be transcribed in oocyte
RNA, gastrula hnRNA, and intestine hnRNA. The concentrations of these tran-
scripts are tissue specific and unlike single copy sequences both strands were
represented in the RNAs. The transeripts were longer than the repetitive elements
themselves indicating linkage to single copy sequences.

The number of copies per haploid genome was determined in S. franciscanus
and L. pictus in addition to the parent species. The ratio of the reiteration frequency
in S. purpuratus to S. franciscanus ranged from about 20 to 1. The copies remaining
in 8. franciscanus and L. pictus genomes were, however, conserved relative to
average single copy DNA sequence.

The plasmid clones were used to select individual family members from
total genomic A libraries and their characteristics were investigated. Families
2034 and 2108 were found to be members of the long repetitive sequence class.

The 2034 elements exist in clustered arrays while the 2108 family is dispersed. The
2109 elements were shown to be largely of the short repetitive class, however,

about 10% of the members occur in long repetitive regions.
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The interspersed elements were found to be flanked by low reiteration
frequency or single copy sequences. Thus, a large number of genomic regions
are physically linked via the 2109 repetitive sequences. The implications of these
findings with respect to evolution and gene regulation are many-fold and are dis-

cussed in detail in the following chapters.



iv

Table of Contents

Page

Acknowledgements . . . . . . . . 4t 4 v e o b e b e e e e e e e e i
ADStract. . & & ¢ ¢ i i i et h e e e e e e e e e e e e e e e e ii
Tableof Contents . . . . . . « . « ¢« ¢« o o « & e s e s e e e . iv
Chapter 1 Introduction . . . . . .« ¢ ¢ o L 0 h e e e e s e e e e 1
Chapter 2 Chemical Synthesis of Restriction Enzyme Recognition

Sites Useful forCloning . . . . . . . « « v ¢ ¢ « & ¢« + & 19
Chapter 3 Clones of Individual Repetitive Sequences from

Sea Urchin DNA Constructed with Synthetic Eco RI Sites. . . 24
Chapter 4 Characteristies of Individual Repetitive Sequence Families

in the Sea Urchin Genome Studied with Cloned Repeats . . . 29
Chapter 5 Repetitive Sequence Transeripts in the Mature

Sea UrchinOocyte . . . & & ¢« v ¢« ¢ 4 v ¢ ¢ 4 ¢ o o o 42
Chapter 6 Specific Representation of Cloned Repetitive DNA

SequencesinSea Urchin RNAs . . . . . . . . .. .. . .98
Chapter 7 Evolutionary Change in Repetition Frequency

of Sea Urchin DNA Sequences . . . . . . . . P £
Chapter 8 Repetitive Sequences of the Sea Urchin Genome

I.  Distribution of Members of Specific
Repetitive Families . . . . . . . « ¢« « ¢« v « + . . .87



CHAPTER 1



Introduction

The reassociation kinetics of animal DNAs show large fractions which
react faster than would be expected on the basis of the cellular DNA content
(Britten and Kohne, 1968). This ubiquitous feature of animal genomes not found
in bacteria or viruses indicates that a certain fraction of the DNA is present in
multiple copies. This dissertation is a characterization of the sequence organization,
evolution and transcription of repetitive sequences in the sea urchin S. purpuratus.
Two rounds of recombinant DNA molecular cloning in plasmids and bacterophage
allowed the isolation of repetitive sequence family members as outlined in Fig. 1.

S. purpuratus provides an excellent model system for investigating repeti-
tive sequence function. This species is of intermediate evolutionary complexity
and has a genome size of .8 pg. 25% of the DNA is repetitive and the unique DNA
represents 8.3 x 108 nucleotide pairs (Graham et al., 1974). This information is
complemented by the vast amount of knowledge regarding sea urchin embryogenesis
(for review see Davidson, 1976). Early workers characterized the morphological
events of early development and demonstrated that blastomeres from the four
cell stage could give rise to adults.

Development actually begins with maturation of the cocyte which contains

RNA transeribed from about 6% of the genome or 3.7 x 107

nucleotide pairs of

RNA (Galau et al., 1976; Hough-Evans et al., 1977). This RNA is known as a maternal
messenger RNA as it is stored in the egg until needed soon after fertilization

(Hough et al., 1975). The fourth cell division produces 4 large macromeres and

4 small micromeres which are positioned at the vegetal pole. The micromeres
contain a distinet subset of the RNA molecules representing 75% of the complexity

of the total embryo (Ernst et al., 1980). Protein synthesis increases 10-20 fold

after fertilization; however, the pattern of prevalent protein molecules remains
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qualitatively the same until gastrulation where the 600 cell embryo shows minor
changes in the corhplex pattern (Epel, 1967; Brandhorst, 1976). The feeding pleutus
consists of about 1200 cells and is the culmination of 90 hr of development during
which there has been little or no increase in embryo mass. Many differentiated
tissues exist including skeletal, digestive and motility systems. Subsets of the
maternal messenger RNA molecules are the only detectable sequences on the
polysomes until the gastrula stage where an additional complexity of 2.6 x 1()6
nucleotide pairs is observed. Adult tissues are characterized by relatively small
messager RNA complexities of about 6 x 106 nucleotide pairs (Galau, 1974, 1976).

RNA from the nuclei of cells is of larger complexity than the cytoplasm
and represents transcription from one-third of the genome or 1.7 x 108 nucleotide
pairs (Hough et al., 1975). Furthermore, genes which are not represented on poly-
somes actively making proteins in a particular tissue are transeribed into nuclear
RNA of that tissue (Wold et al., 1978). The size of the nuclear RNA transeript
is longer than the polysomal messenger RNA and the turnover rate is about 25 min,
about 20 times faster than message. These data indicate processing of the primary
transcript molecules. While the nuclear RNAs of gastrula embryos and adult intestine
share most of their complexity, 3.5 x 107 nucleotides were found specifie to the
intestine heterogeneous nuclear RNA (Ernst, 1979). These sequences may be of
a regulatory nature, since as mentioned previously, the bulk structural genes are
transcribed in all nuclear RNAs. These results with whole cell probes have been
confirmed and expanded upon using cloned tracers specific to messenger RNA
sequences (Lev et al., 1980; Lee et al., 1980).

The above presentation is merely a description of a few of the processes
involved in sea urchin development. A central theme is lacking. What is the link

between the information in the genome and the morphogenesis of an organism?



It is the purpose of the remainder of this discussion to review the data concerning
the possible role of repetitive sequence in this process.

Tﬁere are about 5000 repetitive sequence families in the sea urchin genome
with an average reiteration frequency of 100 (Eden et al., 1977). Long DNA can
be denatured and allowed to renature to a point where only reiterated sequences
are in duplexes. If this reaction mixture is treated with S1 nuclease, the single
stranded DNA will be specifically degraded. The size distribution of the spared
molecules can be resolved by passing the mixture over a Sepharose CL-2B Column
providing effective separation due to differences in molecular weights. An inter-
esting elution pattern is observed. About half of the molecules are exeluded indi-
cating a mean length of about 2000-3000 nucleotides, while the rest of the repetitive
elements are retarded by the Sepharose chromatography indicating a mean length
of 300 nucleotide pairs (Britten et al., 1976). These repetitive sequences are found
in all higher eucaryotes; however, the ratio of long to short elements has been
found to vary (Crain et al., 1976a,b; Manning et al., 1975).

A typical region of the sea urchin genome contains repetitive sequences
interspersed with single copy DNA at an average distance of 2000 nucleotides
(Graham et al., 1974). Repetitive sequences do however exist in other modes of
organization as well, some of which will be discussed later. The interspersed
repetitive sequences are represented in nuclear RNA of higher organisms reflecting
the pattern of the genome (Federoff et al., 1977; Smith et al., 1974). In addition
to this observation, Davidson et al. (1975b) showed that mRNA molecules in sea
urchin embryos are transeribed from DNA sequences adjacent to repetitive regions.
These observations are strong support for the Britten and Davidson model of

coordinate gene regulation (Britten and Davidson, 1969).



The concept behind this model is that genes are organized into groups
called batteries. The products of these genes are presumed to be proteins which
perform related functions. A battery could, for example, consist of a set of enzymes
required in a particular metabolic pathway. It was further proposed that what
physically links the component genes of a battery are the members of a repetitive
sequence family. These authors also pointed out that much of eucaryotic evolution
may have occured by changing battery composition, rather than developing com-
pletely new enzymatie activities or structural components (Britten and Davidson,
1971). To further test these hypotheses, individual repetitive sequence families
and individual family members were isolated using recombinant DNA techniques.

S1 treated repetitive elements are not flanked by naturally occurring
restriction enzyme sites. In order to clone these molecules, we synthesized DNA
molecules containing restriction enzyme recognition sites for Eco RI Bam I, and
Hind III (Chapter 2). These self-complementary molecules, in addition to the 6
base recognition sites, were flanked by CC on the 5' end and GG on the 3' end.
This stabilized the 10 base pair duplexes resulting in a Trn of 42°C in .1 M NaCL
Sea urchin DNA greater than 2000 nucleotides in length was denatured and re-
natured, so that only the repetitive sequences had time to nucleate and form
duplexes. Digestion of this reaction mix with S1 nuclease cleaved the single
stranded DNA which consisted of unreacted repetitive sequences and single copy
DNA. The synthetic Eco RIrestriction enzyme recognition site was ligated to
the 81 resistant duplexes using T4 DNA ligase. After cleavage with Eco RI, the
repeated sequences were ligated to the plasmid RSF2124 which contains a gene
for resistance to the antibiotic, ampieillin. These chimeriec molecules were used
to transform E. coli, providing clones of individual repetitive sequence elements

could be propagated in large amounts for further studies.



The overall characteristies of these families were found to be represen-
tative of the genorﬁic repetitive elements. The reiteration frequencies varied
from 3 to 12,000 copies per haploid genome while the lengths of these cloned
fragments ranged from as short as 125 nucleotides to as long as 1100 nucleotides.
Shorter clones may have been missed, due to the difficulty in detecting very short
fragments. It had been known since the early measurements of Eden et al. (1877)
that the members of a repetitive sequence family were not identically homologous.
To further investigate this issue, hybrids were formed between sea urchin genomic
DNA and the cloned repetitive element. The thermal stability of these hybrids
was determined and used as a measure of sequence divergence within the family.
Thirteen of these families lacked any detectable highly divergent family members
while five families were found to contain many, and in some cases, almost all
divergent members. The functional significance of the intra-family divergence
is not understood. It is possible that many sequences of a nondivergent family
are constrained within the family structure by selective pressure within the 8.
purpuratus species (Chapter 3).

The evolution of these families was studied by determining the thermal
stability and reiteration frequency of the cloned fragments in two other species,
S. franciscanus and L. pietus. The ratio of the repetition frequency in S. purpuratus
to S. franeiseanus ranged from 20 for clone 2133A to about 1 for clone 2108. S.
franciscanus hybrids of two clones, 2109B and 2090, have thermal stabilities within
1°C of the purpuratus hybrids compared to a AT m ©f 10°C for the average single
copy DNA. The repetitive sequences have therefore diverged in general less than
the average single copy DNA sequence and must have a selective constraint main-
taining the sequence between species.

Yet while constraint on the sequence exists, the size of the family was

found to vary between species. This observation can be understood if different



families have the same functions in related genomes. Repetitive families ecould
be substituting for each other effecting an evolutionary change at many different
genomic loéations simultaneously (Chapter 7).

The repetitive sequence clones were radioactively labeled at their 5
ends, strand separated on polyacrylamide gels and stripped of contaminating
complementary strands. These labeled fragments were found to hybridize with
RNA proving that the repetitive elements are transeribed. Unlike single copy
sequences, however, both strands were found represented in the RNAs. This is
most likely the result of asymmetric transeription from several different loeations
where the repeat has either orientation with respect to the transeription unit.
The repeat transcripts were found to be much longer than the repetitive sequence
(i.e., several thousand nucleotides) indieating that they probably contain single
copy sequences as well. The pattern of representation for the cloned repetitive
elements was found to be tissue specific. For instance, the representation of
repeat A might be 10 times higher than repeat B in oocyte RNA, and the opposite
true for intestine RNA. This is consistent with the idea that different regions
of the genome are expressed coordinately with the physical link between regions
the repetitive element.

Viewing these results in terms of the regulatory hypothesis presented
earlier and the representation of embryonic messenger RNAs in adult nuclear
RNA led to further ideas on the possible function of repetitive sequences (Davidson
and Britten, 1979; and Chapter 6). It was proposed that the concentration of
the repetitive sequences in nuclear RNA serves to regulate which genes become
represented on the polysomes. The RNA transecript itself may be a diffusible
regulatory element and act either through DNA-RNA or RNA-RNA interactions
(Chapters 5 & 6).



Costantini et al. (1980) have isolated repeat containing RNA and shown
that at least about half and possibly all of the maternal messenger RNA stored
in the mature sea urchin oocyte contains repetitive elements covalendy linked
to single copy sequences. Their analysis coneluded that the few hundred kinds of
prevalent repeat transcripts are each associated with between 10 and 50 different
rare messages physically defining batteries. Moore et al. (1980) showed that while
the reiteration frequency of the cloned fragments has changed the prevelance
in ooeyte, RNA has remained the same. These results lead one to believe that
the transeribed repeats are conserved and that possibly their concentration in
the oocyte is important.

The next level of understanding would involve the isolation of manyindividual membe
sea urchin DNA from several species were inserted into the A bacterophage
Charon 4 (Maniatis et al., 1978). The average insert size was approximately 15 kb
and a total of about 1 million S. purpuratus recombinants have been obtained over
the last 2 years. The libraries, as they are called, contain enough recombinants
such that there is a greater than 90% chance that any single copy sequence will
be represented. The plasmid repetitive sequence clones were radioactively labeled
and used to sereen the libraries for individual family members. The genome screen-
ing showed immediately that the repetitive elements were dispersed throughout
the genome in that the number of positive spots obtained was consistent with
there being one or few copies of the repeat per recombinant.

The 2109 family was usually found to be flanked by single copy DNA,
although some members were in long repetitive regions. These elements usually
occurred singly on a A clone; however, 4 of the 30 clones investigated contained
two copies of the repeat. Even these few occurrences of greater than one copy
per clone are above the random expectation indicating an interesting organization

of the family members with respect to each other. The 2108 and 2034 repetitive
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elements were found to be flanked by repetitive DNA of the same reiteration
frequency. However while the 2034 family often contained many copies on a
given clone; 2108 was to a large extent dispersed (Chapter 8). While both of these
elements are long, they have a very different sequence organization and, as will
be seen in the following paragraphs, the intra-family sequence relationships differ
as well,
To generate a more detailed picture of the sequence relationships between
family members, the thermal stabilities of hybrids between the plasmid clone
and individual A clones were determined. The 2034 hybrids all melted < 6°C below
the self T m* Clone 12034-4 which contains elements from the 1.7 kb prominent
genomic land (Moore et al., 1980b), and melts only 2°C below the self T, indicating
polymorphism less than the 4°C observed for the average single copy sequence
(Britten et al., 1978). The 2108 A clones, however, show a different organization.
There are two types of hybrids formed, those with stability < 6°C below the self
T m’ and those with ATms > 20°C. No intermediate stability fragments were found.
The clones that showed (high) ATms with the 2108 tracer were found
to contain well-matched members in the genome. These observations defined
the structure of this family as one of several subfamilies containing closely related
members that are all distantly related to each other. When restriction enzyme
fragments from bands flanking the region of 2108 homology were reacted with
digests of the set of 2108 clones bound to nitrocellulose, an interesting phenomenon
arose. Closely related sequences were found to be colinear for a long distance
> 5 kb. In contrast, the order of the components between subfamilies was different.
For example, if the order of elements within a subfamily is ABC, these same
sequences might be found in the order BAC in a different subfamily. The size
of the 2108 superfamily was estimated to be about 500 copies, while we believe

the average size of a subfamily to be 20 copies/haploid genome.
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The 2109 family was found to have a similar organization, although it
was even more inv‘olved. Hybrids between these elements were found to have
clustered T‘mS' This was interpreted as defining increasingly longer homologous
regions. For example, clones of type I might have a single colinear element A,
type II AB, and type Il ABC. Heteroduplexes of clones of type I with clones of
type I, II, or III would have the same Tm call it Tm (1). It follows that T m (1) <
T (Ip < Tn (IID) and the reason for this arrangement is the increasing length
of the homologous region (Scheller et al., 1980a). The long repetitive sequences
in sea urchin are less divergent (Moore et al., 1980b) indicating that they are per-
haps of recient origin. As a family evolved, it would then accumulate base changes
while it also scrambled its organization with other repetitive elements.

Wensink et al. (1980) have shown this type of sequence arrangement
in Drosophila using cloned long repetitive regions. Fragments from these clones
reacted in different orders with fragments from other genomic regions. Other
studies on sea urchin long repeat sequences are also consistent with these ideas.

These data show that repetitive sequence families have a complex
structure that is certainly not completely understood in terms of the evolution
and function of these elements. It should be pointed out that in considering these
questions, the blocks that are seen to be the elements used to build repeat families
may also be the units of functional significance.

The nucleotide sequences_of the plasmid clones have demonstrated that
the interspersed elements form discrete families (Posakony et al., 1980). The
presence of stop codons in most of the elements in all reading frames is further
evidence that these sequences do not code for proteins. The interesting observation
was made that there exist a large number of 6-15 nucleotide inverse repeats
centered on what is also a direct repeat. These structures arise from the duplication

(either direct or inverse) of what is already an inverse repeat. The intra-family
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block relationships were demonstrated to be correcet with primary sequence data.
The blocks themselves were as small as 18 NTP and ranged in divergence from
2.5~15.5%. The meaning of these arrangements and how they were generated
~ is unknown. It seems, however, that the intricate network of interactions physically
linking different regions of the genome has a new dimension added to it. A region
containing elements ABC is linked to all regions containing either element. Another
occurrence of B may be in the econtext of BD linking A to D through B, and so on.
These relationships may be important in defining gene batteries and could encode
the information needed direct to the pathway of ontogeny.

The organization of repetitive sequences in the vicinity of gene regions
has been investigated. These studies place repetitive elements in several positions
with respect to the protein coding region and probable transeription unit. In

Dictyostelium, a repetitive family has been shown to occur at the 5' ends of mes-

senger RNA sequences (Kimmel and Firtel, 1979; Kindle and Firtel, 1979). The
initiation of transeription probably occurs midway through the repetitive element.
These sequences are asymmetrically transeribed, unlike the sea urchin repeats
discussed earlier. The rabbit globin gene cluster consists of 44 kb and contains

4 linked genes. At least 5 tr>rsy families are present in no fewer than 20 elements
ranging in size from 140-1400 nucleotides. These sequences are present in the
regions between the genes and are represented many times in the genome outside
the cluster (Shen and Maniatis, 1980). The rat albumin gene has 13 introns, 2

of which contain repetitive sequences and are therefore almost certainly tran-
scribed repeats that are spliced out of the primary transeript (Sargent et al., 1979).
In addition to this information, a cloned sea urchin polysomal poly(A)+ RNA has
been found to contain a repetitive sequence on the 3' end of the message. In con-

trast to the Dictyostelium family transeription may end rather than initiate midway

through these repeats (Scheller et al., 1980b).
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At least 2 families of repetitive sequences have been found to give rise
to short transeripts. These families have been implicated in RNA splicing and
DNA replicétion (Rubin et al., 1980; Jelinek et al., 1980). Some of these RNAs
have been shown to be hydrogen bonded to hnRNA and eytoplasmic message (Jelinek
et al., 1978a,b). The transeription of these families, however, differs from the
repetitive families discussed earlier in that the transeribed repetitive elements
are thought not be be parts of larger transeription units. If repetitive elements
as a class have a generalized function, it is possible that the pattern of interspersion
is superimposed upon the transeription unit intron exon pattern of the genome.

In other words, repetitive elements in all these different locations would funetion
in similar ways. On the other hand, the existence of 5' or 3' families and short
RNAs would argue that the position of the element was important for the funetion
and that the function or at least the mechanisms of action of different families
may be different. Transeribed repeats that are parts of introns may function

at the level of processing of the primary transeript (Davidson, et al., 1977). While
the 5' repeats may function at the level of initiation of transeription, it seems

as though these and the 3' families leave at least remnants of the repeat on the
fully processed polysomal message. The presence of the repetitive element in

the cytoplasm is probably important for the ultimate function, perhaps via a
subcellular localization process or translational regulation.

While the mechanism of amplification and dispersal of all families may
be similar different families probably have very different functions. These fune-
tions remain to date unknown. The transeription, evolutionary conservation and
intricate pattern of organization seem to require a central role in the biologieal

processes of higher organisms for repetitive elements.
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SCIENCE

Chemical Synthesis of Restriction Enzyme
Recognition Sites Useful for Cloning

Abstract. By a triester chemical svnthesis method, three decameric DNA's have
been made: these act us substrates for several restriction endonucleases, including
Eco R1, Bam [, und Hind 111. These homogeneous decamers form duplexes that can
be efficiently blunt-end ligated 10 themseives or to other DNA molecules by the uction
of T4 DNA ligase and thus ure useful tools for molecular cloning experiments.

Restriction endonucleases recognize
specific sequences in double-stranded
DNA. Many of these endonucleases
cleave their recognition sites to produce
blunt ends, while others such as Eco RI,
Bam I, and Hind II1, leave cohesive or
“'sticky” ends (/-3). DNA fragments
with these cohesive ends can be inserted
easily into, and subsequently excised
from, a suitable cloning vehicle such as
the plasmid pMB9 (¢}, which has one site
each for Eco RI, Bam I, and Hind III.

Unfortunately, cohesive ends are lack-
ing in many DNA fragments of interest,
such as randomly cleaved DNA, com-
plementary DNA (cDNA), and many re-
striction endonuciease fragments. We
have recently introduced a new generai
procedure suitable for cloning almost any
DNA molecufe (5). This method (Fig. 1)
involives the addition by blunt-end liga-
tion of short DNA segments to both ends
of the DNA to be cloned. The added seg-
ments contain restriction endonuciease
cleavage sites, and treatment with the
corresponding  endonuclease  leaves
cohesive ends on the subject DNA. This
DNA then can be cloned by incorporating

it into a plasmid or other vector that has
been opened with the same restriction en-
zyme. The feasibility of this new method
was demonstrated by adding an octade-
oxyribonucleotide containing the Eco RI
recognition sequence to a 21-base-pair
duplex bearing the /ac operator se-
quence. A clonable, excisable DNA frag-
ment was obtained, and was shown to
function as /ac operator shouid, both in
vitro and in vivo (5).

We report here the chemical synthesis
by the improved triester method of Ita-
kura er al. (6) of three new decameric
“linker’* molecules (see Fig. 1), which to~
gether contain sevendifferent recognition
sites cleavable by 23 different restriction
endonucleases including Eco RI, Bam |,
and Hind 111 <2). These linker molecules
should add great flexibility to cloning
methodology, and also provide sub-
strates for physicochemical studies on re-
striction enzyme recognition, methyla-
tion, and cleavage mechanisms.

The synthetic scheme in Fig. 2 outlines
the strategy used in the convergent syn-
thesis of the Bam [ decamer by the tri-
ester method, using 2.4,5-triisopro-
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pyibenzenesulfonyl tetrazolide (TPST) as
a condensing reagent (7). The other two
decamers were made similarly. Proce-
dures and reaction conditions are given in
the tegend of Fig. 2. Two milligrams of
fully debiocked Eco Rldecamer wereob-
tained, whereas for the Bam{ and
Hind (1l decamers the yieids were 26 mg
and 80 mg, respectively. The lower yieid
of synthesis of the Eco Rl decamer may
be attributable to the particular deblock-
ing conditions used for the removal of the
B-cyanoethyl group on the 3’ ends. These
conditions subsequently were changed
for the Hind {1l and Bam ! decamer syn-
theses (see legend of Fig. 2). The pyri-
dine-ethanol mixture provided a faster,
more efficient removal of S-cyanoethyl
protecting groups than tetrahydrofuran
did. The use of pressure silica get chroma-
tography for separation of protected oli-
gonucieotides greatly aids the triester
synthesis. Chromatography under pres-
sure leads 10 improved and faster separa-
tion (4 hours). it also produces 5 to 10
percent higher yields ut each step. result-
ing in significant increases in yields of the
final product. Moreover, use of NH,OH
rather than NaOH in organic solvents for
removing protecting groups also increas-
es the yield and purity. The three deca-
mers travel as a single band on 20 percent
polyacrylamide~7M urea gei electro-
phoresis, with the same R, value as
bromphenol biue (Fig. ).

Because the DNA strands synthesized
are seif-complementary, they form the
duplexes shown in Fig. |. These duplexes
are relatively stable, having a T, of about
48°C in 0.3M NaCl, 0.1 mM EDTA.
10 mAf tris-HC!, pH 7.5, at a DNA con-
centration of 50 ug/ml. These dupiexes
are homogeneous and act as restriction
enzyme substrates (Fig. 3). The Eco R}
decamer is totally cleaved by its endonu-
clease to produce the labeled trimer as
shown in Fig. 3, lanes i and 2. The Bam |
decameris also completely digested by its
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endonuclease to a labeled trimer and a
second band running close to the [y
3PJATP marker (lanes 3 to 6). Since this
second band does not appear in the deca-
mer without enzyme, it most likely can be
ascribed to a nuclease contamination of
the enzyme preparation. The Hind IlI
decamer is cleaved to two identical five-
base-pair pieces by Alu [, which recog-
nizes adenine-guanine-cytosine-thymine
(AGCT), but is not affected by Hsu I en-
donuciease, which recognizes AAGCTT
(lanes 12 1o 14). (Hsu [ and Hind {1 rec-
ognize the same base sequence.) How-
ever, if the decamer is first polymerized
with T4 DNA ligase under blunt-end join-
ing conditions (legend of Fig. 3), then the
polymer is cleaved by Hsu [ endonu-
clease to pieces of approximately 30 base
pairs in length, with no further degrada-
tion of these pieces (lanes 15 and i6).
Thus it appears that Hsul. unlike
Eco RI. Bam [, or Alu I, requires a DNA
strand of 30 base pairs or more as a sub-
strate.

A comparable story is found with the
Bam [ decamer. [t has two Hpa (] »ites
per decamer (Fig. |). In spite of this,
Hpa H will not digest the decamer. appar-
ently because the sites are too near the
ends. However, if the decamers are po-
lymerized with the T4 DNA ligase, then
the polymer is quantitatively cleaved to
smaller fragments by Hpa Il endonu-
clease (lanes 8 to 10). The specific recog-
nition by the Hpa Il enzyme of the outer
four base pairs of the Bam [ decamer af-
ter polymerization is a confirmation of the
sequence of the ends.

All three of these decameric linker
molecuies have CC at the S’ end and GG
at the 3° end. Hence, blunt-end ligation
produces a new Hae III restriction en-
donuglease site (GGCC). Polymers of the
three linkers are cleaved back to deca-
mers by Hae [il enzyme (lane {9and data
not shown). Recognition of the central
portion of each decamer by its proper en-

Fig. 1. {Top) A decameric linker { L0 mer)} bearing a restriction enzyme
site i3 joined by T4 DNA ligase to both ends of the DNA to be cloned,
and cohesive ends are then produced by treatment with restriction
endonuclease. This sticky-¢nded™” DNA then can be incorporated
into a vector that has been cut open with the same restriction endonu-
clease. (Bottom) The three chemically synthesized decameric linker
molecules investigated in this study. The ends of the decamer se-
quences are designed so that, after blunt-end ligation with T4 DNA
ligase, a site recognized by the Hae [l restriction enzyme is produced.

donuclease, and recognition of the outer
two base pairs by Hae III, confirm the
sequences as synthesized. The complete
cleavage of the molecules as judged by
the appearance of the gels allows one to
assess the overall purity in terms of length
and sequence homology as 90 percent or
better.

For cloning DNA fragments, three
methods for joining to the vector are in
common use: (i) restriction enzyme
“sticky ends’ (8): (i) tailing, either with
polydeoxyadenylate [polyidA)}] or pol-
ydeoxythymidylate [poiytdT)] (9) or,
more recently, with polydeoxyguanylate
and polydeoxycytidylate {(//); and A, Ot-
suka. personal communication]; and (iii)
biunt-end ligation by T4 ligase (/2). This
latter method is based on the ability of T4
ligase to rather efficiently join even or
blunt-ended DN A duplexes under the ap-
propriate conditions (/3). All of these
methods are useful, but none is complete-
iy general,

Thethree “linkers’' described here and
the procedure outlined in Fig. | should
allow almost any DNA fragment to be
¢cloned in an existing vector and alsoaid in
the construction of new cloning vectors.
Eco RI, Bam I, or Hind IIl cohesive
ends can be added at will to any DNA
bearing §'-phosphates3‘-hydroxyl flush
ends. If not already blunt-ended. most
DNA's can be made so, either by repair
with DNA polymerase {see (/2)] or treat-
ment with Si nuclease (/4).

Suitable plasmid vectors are known for
insertions at all three restriction sites:
Eco RI. Bam {. and Hind I[I. The plas-
mid pMB9, mentioned carlier, has been
described (4). The plasmid RSF2124 has
an Eco Rl site within its colicin gene (10),
and therefore one can screen for insertion
by looking for disruption of colicin pro-
duction after recombination. The plas-
mids pBR316 and pBR313 have both am-
picillin and tetracycline resistance genes.
witha Bam | and Hind {Ilsite in the latter
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thesis scheme used in preparing the Bam{ - o 3 o =Hinalll ONA + T4 Ligose
decamer is shown. The other two decamers " .
were made similarly. Most procedures. chem- = ‘—::::g g::: :: t::::: .
icals, and solvents have been described (6, 7): @ -— Hsul Endo
only new improvements are given here. Purifi- a—Hing[I ONA + T4 Ligase
cation of the protected polynucieotide frag- = . s
ments was aided by the use of medium-pres- 4 - Hing I ONA + Alul Endo
sure sifica gel chromatography. Chromatronix HindT ONA + Haul End
glass columns with Fluid Metric RPG-%0 = - Hindl ¢ °
solvent pumps were used [0 purify the inter- o *—Hinddl ONA

mediate and decameric products. The 2-inch
columns were run at 2§ pounds per square
inch, I-inch columns at 100 pounds per square
inch, and Yi-inch columns were run at 175
pounds per square inch in chloroform. with §
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to 10 percent methanol. depending on the po- «—goml ONA

larity of the moiecule being eluted. Removal of

the B-cyanoethyl phosphite protecting groups ~ -—3sml ONA T4 Ligase

at intermediate stages of the synthesis was car-

ried out in a solution of 0.IM NaOH and tet- @ <—8omI ONA + 8aml Endo
rahydrofuran tor preparation of Eco Rl deca-

mers. and in a solution of 0.0 M NaOH anda  © <—8amI ONA

mixture of pyridine and ethanol (! : 1) for the - «-=B8am] ONA + Baml Engo

Bam [ and Hind 111 decamers. All reactions

were monitared on thin-layer silica gel plates -
(6). Final deblockinz of the decameric prod-

ucts was doneina | @ 2 mixture of pyridine and ~
30 percent NH,OH at room temperature for 2
days, or at 70°C for 3 hours, foilowed by treat-
ment with 80 percent acetic acid for 15 minutes. The deblocked products then were run on ceilulose thin-layer chromatography plates in a mixture of
100 mi H,0 and 60 mi of isobutyric acid for 16 hours. The plates were dried. and the stowest moving band was recovered from the celluiose in 3
percent NH,OH. Evaporation of soivent gave a white residue, which was dissolved in 70 mM phosphate buffer at pH 7, heated 10 80°C, and then -
allowed to cool slowly at 4°C. The DNA dupiex was then chromatographed on a Sephadex G-75 column (1 by 100 cm) at 4°C, eluted with 0. 1M
ammonium bicarbonate buffer, pH 7.5. Abbreviations: DMT, 4 4-dimethoxytrytyl protecting group for the 5’ end; CCCN, g-cyanoethyl protecting
group for the 3' phosph Ac, pr ing group for the hydroxyl end. For details about TPST, see (7). Fig. 3 (right). Accumulated
electrophoretograms showing restriction enzyme reactions and blunt-end ligation. An explanation of each lane is in the text. The DNA’s were
phosphorylated and *P-labeled with T4 polynucieotide kinase (5). then treated as indicated. Conditions for T4 DNA ligase (blunt-end ligation) were
66 mM tris, pH 7.6, 6.6 mM MgCl,, 10 mM dithiothreitol. 0.4 mM adenosine triphosphate (ATP), 1 uM [5'-2PIDNA. approximately 3.0 units of T4
ligase, 27°C, 16 hours, 15-ul volume. Conditions for Eco Rl were 100 mAMf tris. pH 7.5, 5 mM MgCl,. 100 mM NaCl, 0.02 percent Triton X100, 1 ug
of [$'-*PIDNA, 20°C. 5 hours, 10-xi voiume. Conditions for Bam { were [00 mM tris.pH 7.5. 5 mM MgCl,, | ug of [§'-PIDNA, 27°C, 5 hours, 10-
ul volume. Conditions for Hsu 1. Hpa 11, and Hae [I1 were T4 DNA ligase buffer. | wM T4 ligated {§'-®P]DNA, 37°C, 4 hours. Alu [: 6.0 mM tris,
pH3.0,6.0 mM MgCl,, 6.0 mM S-mercaptoethanol, | ug of ($'-PPIDNA, 27°C, § hours, 10-ul volume. The enzymes Eco RI.Bam . Hsu [, Alu I,
Hae 11, T3 DNA ligase, and T4 polynucieotide kinase were the gifts of Drs. H. Heyneker and P. J. Greene of the University of California, San
Francisco. Hpa [l was purchased from New England Bio-Labs. Gel electrophoresis was conducted in 20 percent acrylamide with 1.5 percent bis,
7M urea. at 15 volt/cm for various times in 0.05M tris-borate, pH 8.3,
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(R. Rodriguez, F. Bolivar, H. Good-
man, H. Boyer. and M. Betlach, personal
communication).  Hence, incorporation
of DNA into a Bam [ site can be moni-
tored by iooking for ampicillin resistance
and tetracycline sensitivity in these two
plasmid strains.

The linkers reported here have been
used to clone eukaryotic DNA and com-
plementary DNA (cDNA). As described
{15), the Eco [ decamer has been ligated
to repetitive DN A from sea urchin sperm,
and the resuitant cohesive-ended frag-
ments were cloned in RSF2124 plasmids.
These clones will provide a source of re-
petitive DNA in quantity. heiping to de-
termine new features of the eukaryotic
genome. The Bam | decamer has been
added 1a ¢cDNA's and cloned (o the tet-
racycline gene of the pB313 plasmid (J.
Shine and H. Goodman, personal com-
munication). The decamers have also
been shown to be useful for constructing
new cloning vehicles by conveniing one
restriction site to another, for example,
Hind IIl to Eco Rl (H. Heyneker, per-
sonal communication), and Eco RI to
Bam [ (A. Riggs. unpublished data).
Therefore. the chemically synthesized
decameric linkers reported here are gen-
erally applicable tools for molecuiar clon-
ing experiments.

The three decameric linkers them-
seives were constructed with CC
........ GG at the ends for stability
(T = 48°C), resuiting in efficient blunt-
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end ligation. and so that polymerized
decamers could be cloned and cut apart
again by Hae Il restnction enzyme.
Cloning would provide a means of obtain-
ing a steady supply of more linkers. How-
ever, “"polylinker” clones have not yer
been obtained. perhaps because of in vivo
instabilities. Therefore, triester chemical
synthesis may prove easier than cloning
for moderate scale production of DNA
molecules as small as decamers. At pres-
ent. 15-mg amounts of greater than 90
percent pure material can be made in a
reiatively short time.

Note added in proof: The linker syn-
thesis has also been pursued in parallei
with this work by Bahl er al. (/6).
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Clones of Individual Repetitive Sequences from Sea
Urchin DNA Constructed with Synthetic Eco RI Sites

Abstract. Interspersed repetitive sequences were isolated from seq urchin DNA by
renaturing to low Cgt fullowed by treatment with nucleuse Si. Synthetic Eco Ri sitey
were ligated onto the repetitive requence elements, which were then inserted at the
Eco Rl site of plasmid RSF2124 and cluned. The repetitive sequences cun be excised
Jfram the plusmid with Eco Rf for further study.

To facilitate studies of individual re-
petitive DN A sequence families, we have
constructed recombinant DNA plasmids
containing repetitive DNA from Srrong-
Ylocentrotus purpurutus ). Qur object
was o obtain cloned sequences termi.
nated at the ends of interspersed repeti-
tive sequence eiements (2), ruther than
where restriction enzyme sites happen to
fall. This was uccomplished through the
use of syntheticaily prepared Eco RI re-
striction sites that were ligated to the re-
petitive DNA fragments. The product of
the ligation reactions was cloned to pro-
vide a source of plusmids from which in-
dividual repetitive DNA sequences could
be reisolated in relatively large amounts.

Repetitive DNA duplex was prepared
as follows (details may be found in the
legend 10 Fig. 1). Sea urchin DNA
sheared to a single-strand weight mean
length of about 2000 nucieotides was
renatured to Cof 40 (C, is the initial con-
centration of nucleotides in moles per liter.
and ¢ is the time in seconds) and then
treated with single-strand specific S1 nu-
clease. Previous studies (2, J) have shown
that by this point most repetitive se-
quences in the sea urchin genome are fully
renatured. The nucleuse digestion removes

the nonrepetitive regions Hunking the in-
terspersed repetitive sequences. since
these remain single-~strunded at C 30
2). The resistant DN A sequence consists
almost entirely of repetitive duplexes.
We have shown earlier that a muajority of
the Sl nuciease resistant duplexes are 300
to 400 nucleotides in length. and that this
isthe characteristic length uf interspersed
repeats in the sea urchin genome (2, J).
The resistant repetitive duplexes ure ex-
pected to have 3-hydroxyl and §'-
phosphory! termini «f).

A symmetrical decamer containing the
Eco RI restriction site was synthesized
by a triester chemical synthesis method
U). The structure of this decamer is
shown in Fig. 1. The 5°-hydroxyl termini
of the Eco Rl decamers were lubeled with
P, using T4 polynucleotide kinase. The
decamer was covalently linked to the re-
petitive sea urchin DNA duplexes by
blunt-end ligation with T4 DN A ligase 16},
The expected products of the blunt-end
ligation are the repetitive sea urchin DNA
fragments bearing covalently linked Eco
RI decamers, plus polymerized Eco R!
decamers. The ligated mixture was next
digested with Eco Rl endonuclease.
Eco Rl treatment should yield the repeti-



tive sea urchin DNA with covalently
linked Eco R1 sticky ends labeled with
32P, plus Eco Rlcleavage products of po-
lymerized and monomeric decamer. Sea
urchin DNA containing covalently at-
tached **P-labeled Eco RI cohesive ends
was separated from the other cleavage
products by gel filtration. From the
amount of 3*P associated with the sea ur-
chin DNA in the exclusion peak. the spe-
cific activity of the Eco RI decamer. and
the DN A mass recovered, we calcuiated
that 30 percent of the ends of the sea ur-
chin DNA molecules were covalently
linked to an Eco RI site. Thus about 10
percent of the repetitive DNA duplexes
could be expected to carry Eco RI sites
on both ends. This preparation was react-
ed with Eco Ri-cleaved DNA isolated
from the piasmid RSF2124, with T4 DNA
ligase included to seal the duplexes
formed from the Eco RI cohesive ends.
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The procedures used to prepare the re-
petitive DNA and to construct the clones
is illustrated in Fig. 1.

RSF2124 is a colicinogenic (E1) pias-
mid carrying a locus for ampicillin resis-
tance tamp™) and a single Eco Rl site (7).
Transfection of Escherichia coli strain
C600 with the recombinant piasmids was
accomplished essentially according to
Cohen et ai. i8). Transformation efficien-
¢y was from 10-7 to 10~* Amp® colonies
per moiecuie of plasmid DNA. The single
Eco Rl site in the RSF2124 genome lies
within the colicin structurai gene or in a
control region for colicin E1 production
(7). Insertion of a segment of DNA into
the plasmid genome with the use of the
Eco Rl cohesive ends thus results in dys-
function of the colicin El locus. This
property was exploited to assay the Amp®
colonies for insertion of the sea urchin
DNA fragments into the piasmid genome.

RI DECAMER SEA URCHIN ONA RSF2124
CCGAATTCGG e A A —— A A *
A\ fmmssmmrmm——" N\ at——
GGCTTAAGCC GATA‘_TT
‘ denature, renature Cot 40 < “f
Y
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5
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GGCTTAAGCCp* VA AAAD
interspersad repeqts
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V. !
AATTCGGYWWCCG AATT G
g GCCVYWWGGCTTAAp E CTTAAp
»
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.
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A double-layer technique (9) was used to
detect colicin-producing clones, as de-
scribed in the legend to Fig. 1. The (re-
quency of Amp® clones which were col™
was about 10 percent.

Insertion of the Eco Rl-sea urchin
DNA fragments in the RSF2124 genome
should introduce a second Eco Rl site in-
to the hybrid plasmid genome. Eco RI
cleavage of hybrd plasmid DNA should
thus result in unit length linear plasmid
DNA molecules plus repetitive DNA
fragments. We examined a number of
ampfcol™ clones and found that more
than 65 percent contain short DNA du-
plexes which can be excised from the
plasmid genome with Eco RI. We consid-
erthis a minimum estimate because of oc-
casional difficuities encountered in de-
tecting small inserted fragments repre-
senting 3 percent or less of the DNA
mass. inother experiments in which long-

Fig. 1. Enzymatic steps in the construction of
recombinant piasmids containing repettive
sen urchin DNA, Repetitive sea urchin DNA
(double wavy lines), Eco RI decamer (shown
in its entirety), and RSF2124 DNA (double
straight lines) were ligated and cloned as fol-
tows. The vertical arrows ( 1) )indicate sites of
Eco RIcleavage. The star { ¥} indicates the P
tabed at the 5' termini. Repetitive sea urchin
DNA was isolated by renaturing 2000-nucle-
otide long sperm DNA 10 C 40, followed by
digestion of the singie-strand tails with 200 ui
of 51 nuclease per milligram of DNA at 37°C
for 45 minutes ¢3). Ten nanomoies of Eco R
decamer were 5' phosphorylated with 7 units
of T4 polynucieotide kinase and 50 nanomoles
of [y-3PIATP (adenosine triphosphate) for 1
hourat 37°C in 0.05M tris-HCl (pH 9.0), 0.01M
MgCl,. 0.005M dithiothreitol {DTT). A 60-fold

of ¥P-labeled Eco Rl d (16 ug)
was ligated for | 7 hours atroom temperature to
the repetitive DNA fragments 18 ug) with 10 ul
of T4 DNA ligase in 0.04 mi, 66 mM tns-HC!
PH 7.6). 6.6 mM MgCl,. 10 mM DTT, 0.0t
percent NP40, and 0.4 mM ATP. This reaction
mixture was adjusted with 100 mM tns-HCl
{pH 7.6), 50 mM NaCl. 10 mM MgCl,, and
0.02 percent NP40 and digested with 15 ul
Eco RI endonuclease for 3 hours at 37°C. The
Eco Rl digest was deproteinized with an equal
volume of CHCI, and iscamyl alcohol (24 : 1).
The cleavage products were resolved on a
Sephadex G-200 column. Supercoil RSF2123
plasmid DNA, cleaved with Eco Rl essential-
ly as described above. was mixed with a 40-
fold molar excess of G-200-exciuded sea
urchin DNA in 66 mM tris-HCl H 7.6), 20
mM NaCl, | mM EDTA, 10 mAf MgCly, 10
mM DTT. and 66 uM ATP in a total volume
of 30 ul. One unit of T4 DNA ligase (Miles
Laboratories) was added, and the reaction mix-
tures were incubated at 15°C for 18 hours. Five
microliters of this reaction mixture, diluted 200~

fold with 0.05M CaCl,, was used to transform E. caii strain C600 (RecA*r-m™) to ampici]ﬂn resistance esseruially. af.cording to Cohen er al. (8). Trans-

formed ceils were plated on agar piates containing ampicillin (15 pg/mi). Amp*

were

for production by a double-overlay

method ¢9). Colonies were transferred 1o duplicate plates and grown overnight. One plate was retained as 2 master, and the ceils on the second plate
were killed with CHCY,. The latter plates were overiaid with top agar containing | x 10° colicin-sensitive bacteria (€. coli HB101). The plates were
incubated overnight and then scored for the ab of colicin production (col-). Col* colonies are surrounded by a clear halo, indicating lack of
bacterial growth, while coi™ colonies are overgrown by the colicin-sensitive cells. Col~ colonies were stored in stab cuitures and assayed for the
presence of an inserted sea urchin fragment.




er sea urchin DNA fragments derived
from an Eco Rl digest of sea urchin DNA
were inserted into the same plasmid vec-
tor, about 80 percent of the ampFfcof~
clones were found o contain sea urchin
DNA.

The lengths of the inserted repetitive
DNA fragments were estimated by gel
electrophoresis, with the use of an Hae
[1I digest of the parent plasmid as a size
standard. The lengths of the inseried
DNA sequences from 20 clones have now
been measured. Of these. 17 are less than
1000 nucleotides. The mode value of their
length distribution is 300 to 400 base
pairs. Two insens are in the range of 1000
to 1200 nucleotides. and one is about 2000
nucieotides. Although the sample is
small. this distribution is in excelient
agreement with the distnbution of frag-
ment lengths in the original nuclease S|
digest and with the range of repetitive se-
quence lengths in the sea urchin genome.
More than 90 percent of the repetitive se-
quence elements in this genome are 300 to
400 nucleotides iong, with less than a few
percent = 2000 nucleotides. Our data
thus suggest that the population of repeti-
tive sea urchin DNA duplexes inserted
into the RSF2124 vector is reasonably
representative of the repetitive DNA se-
quences in the sea urchin genome.

To verify that the DNA sequences in-
serted into the plasmid genome in fact
consist of repetitive sea urchin DNA, the
cloned inserts were reassociated with
sheared sea urchin DNA. The following
procedure was used. The cloned DNA
fragments were excised with Eco Rl and
labeled at the 5° termini with 2P by the T4
kinase method (/0) (Fig. 2). The DNA
was renatured after labeling and placed
on 3 percent agarose gels along with an
Hae (1l digest of RSF2124. An exampleis
shown in Fig. 2A. which illustrates the
preparation of the repetitive DNA insent
from clone CS2108. After renaturation,
the labeled DNA insert from this cione
migrates to-a position corresponding to a
190 base pair fragment, where it can be
detected ecither by ethidium bromide
staining or by autoradiography. The la-
beled DNA was eluted from the gel and
reassociated with excess sheared sea ur-
chin DN A approximately 500 nucieotides
in length. The fraction of DNA reasso-
ciated was determined by hydroxyapatite
chromatography and is plotted as a func-
tion of the driver DNA C in Fig. 28. The
seif-reaction of the labeled CS2108 {rag-
ment was monitored in separate reactions
{not shown). At the tracer concentration
used, the rate of the self-reaction was less
than 10 percent of the driver reaction and
thus does not affect the results. A least-
squares soiution to the kinetic data repro-
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duced in Fig. 2B vieids a rate constant of
316 x 1073M " sec”! for the reassocia-
tion of the CS2108 frugment with sea ur-
chin DNA. The rate constant for the reas-
sociation of single-copy sea urchin DNA
of similar fragment length with whole
DNA s 1.13 x10°*4 ' sec™'. Thus clone
CS2108 contains a DNA sequence which
is repeated approximately 25 times per

iteration frequency of the CS2108 se-
quence could differ from this number by
more than a factor of two or three, taking
into account the limited kinetic data and
uncertainties in correcting the observed
rate coastants for minor length dif-
ferences and the effect of base pair mis-
match.

The repetitive sea urchin DNA clones

haploid genome. Itis unlikely that the re-  constructed by the blunt-end ligation
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Fig. 2. Analysis of a recombinant plasmid clone constructed by blunt-end tigation. (A) Detection
and end labeting of inserted sea urchin fragment. Amp”col - clone CS2108 was grown in 40miof L
broth plus ampiciilin ¢ 1S ugmilto 4 x 10106 x 10" cells per mulliliter. and the plasmid content
was ampiified by \ncubation overnight in chioramphenicol (200 ug/mi). The cells were harvested
by centrifugation and washed with a solution of {0 mM tns-HCl pH 7.9 and | mM EDTA, They
were again centnfuged and resuspended in 3 mi of 25 percent sucrose. 50 mM tris-HCl (pH 8.0y,
and 40 mM EDTA a1 0°C. Lysozyme 1§ mg: Sigma) was added. and the solution was muintained at
0°C for 5 minutes. Then 0.5 mi of 0.5W EDTA and 0.375M EGTA ipH 8.0) was added for §
minutes at 0°C. Four mi of Brij lyung buffer (1 percent Brij 38, 0. 4p di
0.063M EDTA, 0.05M tns-HCl (o H 8.0)] was added and mixed vig . Ch
was removed from the lysate by centnfugatron at 50.000 rev/min for 45 mmules (Beckman Spinco
50 Ti rotor). Superhelical plasrmd DNA was isolated from the cleared supernatant by CsCl-
ethudium bromide density gradient centrifugation tethidium bromide at 250 ugiml: py = [.669 g/
em®) in a 50 Ti rotor at 39,000 rev/min. Superhelical DNA was removed from the gradient by side
P Ethidium b de was removed by extraction wath isopropancl. Plasmid DNA was
dialyzed aguinst 100 mAMf tris-HCI (pH 7.5, 100 mM NaCl. § mM MgCl, at 4*C. Recombinant
plasmid DNA ({5 ug) was digested with 2 4l of Eco Rl at 37°C for 30 minutes. This digest was
concentrated by flash evaporution 10 0.5 mi and passed over a 0.5-mi Chelex 100 (BioRad)
column. The DNA was precipitated at —70°C for 2 hours with | volume of isopropanol. The
precipitate was collected by centrifugation at 10.000¢ for 30 mi The dried precipi was
resuspended in {0 mM tis-HCl (,pH 8.0) and reacted with | ul of bacterial alkaline phosphatase
(Worthington) at 37°C for 30 minutes. Ten micrograms of superhelical plusmid DN A carnierand |
volume of 0.JM sodium acetate (pH 6.8) was added. This solution was extracted twice with a
mixture of 8 percent phenol (pH 8.0) and 20 pe: chloroform: isoamyl alcohot (24 : 1), and
once with ether, then precipitated as described above. Labeling at 3* termini was done according
to Maxam and Gilbert (/) with {y-3P)ATP. specific activity 1200 c/immole (Winston Salser’s
laboratory, University of Califoria. Los Angeies). Kinase reactions were deproteinized as de-
scribed above, and precipitated with 2.5 volumes of 100 percent ethanol at =70°C as described
above. The dried precipitate was resuspended in a volume of 200 il of 0.1 M NaCl, 0.05M tris-HC!
(pH 7.2). The concentration of the end-labeled CS2108 DN A fragment was determined by its rate
of renaturation, and from this the specific activity was calculated to be about | x {0®t0 2 x 10°
count/min per microgram. A portion of the labeled DNA was heat denatured and renatured at
60°C overmight. The renatured DNA fragment was loaded on a J percent agarose gel and sub-
jected to electrophoresis (gel 1) along with an Hae [1 digest of RSF2124 DNA (gel 2) at 60 volts
for 3.5 hours. Gels were stained with cthidium bromide (1 ug/ml). Lengths of the Hae 11 frag-
ments of RSF2124 are indicated in the figure. (B) R iation of end-labeled Eco RI fragment
from a blunt-end repeat clone with excess sea urchin DNA, The 190 bn.se pair end-labeled C52108
fragment from (A) was eluted from the gel by dissolving in SM NaClO, and binding the DNA to
hydroxyapatite in 0.12M phosphate buffer (PB), followed by thermal elution of the #*P.labeled
DNA. This DNA was reassociated with excess 500 nucieotide long (5 x 10® mass ratio) sheared
sea urchin DNA in 0.124 PB at §5°C. The (raction ¥*P-tabeled DNA (@) and driver DNA (a)
reassociated was determined by hydroxyapatite chromatography in 0.124 PB at 55°C. The solid
line is the least-squares solution for the reaction of ¥P-tabeled DN A driven by total sea urchin
DNA. The rate constant determined for this reaction is 3.16 x 10-?M~! sec~*. The dashed line
illustrates the reassociation of nonrepetitive sea urchin DNA with whole DNA (data aot shown).
The rate constant for this reaction is 1.13 x 10°3W~* sec~'. The dotted line shows the renatura-
tion of total sea urchin DNA (2).
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method described here provide a source
from which we are able to obtain relative-
ly large quantities of individuai repetitive
DNA sequences. Such sequences can be
used to isolate all the related members of
given repeiitive sequence families from
the genome. The method descnbed can.
of course. be used for cloning any DNA
sequence without the requirement that it
be terminated by specific restriction en-
zyme sites (6). and without the addition of
substantial homopolymer sequences 1o
the cloned fragment.
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Summary

Cloned repetitive sequences from the S. purpur-
atus genome a few hundred to approximately
1000 nuciectides long were used to investigate
the characteristics of individual repetitive se-
quence families. They were terminaily iabsled by
the kinase procedure and reacted with sheared
8. purpuratus DNA. Repetition frequencies were
measured for 26 individual familles and were
found to vary from a few to seversi thousend
copies per genome. Estimates of sequence diver-
gence were made for 18 cloned repeat families by
messuring thermal stability of the heterodupiexes
formaed betwesen the genomic DNA and the cloned
fragments, compared with that of the renatured
cioned fragments. The difterence was <4°C for
three of the 18 families, and <10°C for 13 of the 18
families. These 13 repetitive seguence families
lack any detsctsbie highly divergent sequence
relatives, and the resuits reported are shown not
to change when the renaturation criterion is low-
ered below 55°C in 0.18 M Na-. Five of the 18
cioned families displayed greater sequence di-
vergence. The average sequence divergence of
the totai short repetitive sequence fraction of S.
purpuratus DNA was found to match ciosely the
average of the divergences of the cloned repeat
sequences.

Introduction

The renaturation kinetics of animai DNAs show that
a large variety of different repetitive sequences
exist within each genome. It follows that each
genome inciudes many individual rapetitive se-
quence {amilies. The repetitive ssgquence family is
detined ampirically as that sat of repeat sequence
siements sufficiently homologous to renature and
form stable base-paired dupiexes. in application,
this simpie detinition proves to be far from elemen-
tary. It has been known since the initial studies of
Britten and Kohne (1967, 1968) that the sequences
of homologous repeats are often not identical.

* Present sddress: Departmaent of Biology, University of Califor-
nia, San Diego, La Jolia, Califorma 92093

t Division of Ch y and C Engi ing, California
ingtitute of T L P Cati i 91125.
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Thus when repetitive sequences are renatured, the
thermat stability of the reaction products is typi-
cally lower than axpected for native DNA duplexes
of aqual length. The question arises whether it is
corract 10 count rapeat families as discrete sets of
repetitive sequence elements gach containing a
certain number of members. and each clearly de-
limited {from single-copy sequence. Suppose. for
example, that additional, more gistantly retated
family members were continuousty included as the
renaturation criterion is {owered to the level where
base pair specificity is lost. In this case. the true
repatition frequency and the amount of sequence
divergence within repeat families. as well as the
number of such families in a given genome, could
be defined only in the relative tarms of an arbitrary
set of renaturation conditions. Fortunately. studies
on various repetitive sequence fractions indicate
that very highly divergent rapeat tamilies are not a
dominant feature of most animal genomes. al-
though such families certainly exist (Weinblum et
al., 1973; Mizuno and Macgregor, 1974; for a re-
view of aarlier investigations see, for example,
Davidson and Britten, 1973).

The genome of the sea urchin Strongiyocentro-

tus purpuratus provides a typical example of repeat
sequence divergence. Graham et ai. (1974) showed
that the low Cot renaturation kinetics of S. purpur-
atus DNA measured at 50°C. 0.21 M Na* are bareiy
distinguishable from the kinetics obtained at €0C
in 0.18 M Na*. Furthermore. the mean thermal
stability of renatured sea urchin repetitive ONA has
been reported in previous work to be at least 73-
75°C (0.18 M Na°), weil above the standard reaction
criterion. Some repeat fractions disptay an aven
higher thermai stability which approaches that of
renatured single-copy ONA (Graham et al., 1974;
Brittan et al., 1976; Eden et ai., 1977). Sea urchin
DNA appears to contain severai thousand different
families of repetitive saquences, as do most ge-
nomes which have been examined. The fractiona-
tion methods so far appiied do not separate individ-
ual rapstitive sequence families. it has been possi-
ble to measure guantitatively only the average
characteristics of large classes of repetitive se-
quences, and our knowledge has consequently
ramained imprecise.
. The availability of cloned repetitive sequences
now makes it possible to investigate the nature of
individual repeat families. The set of genomic DNA
sequences which react with a given cloned repeat
provides an objective definition of its repetitive
sequence family. The object of the experiments
described in this paper is to measure the number
of members and sequence divergence of a series
of individual repetitive sequence families.
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Resuits

Cloned Repetitive Sequencss

Construction of the recombinant ONAs used for
thesa experiments was described in detail by
Scheller et al. (1977). The repetitive sequence
clones were assembied from S. purpuratus DNA
fragments as follows. The DNA was sheared to
~2000 nucleotides and renatured to Cot 40. The
reaction mixture was then digested with St nu-
clease. The conditions used were such as to spare
most of the renatured repetitive sequence duplex
which can be detected by hydroxyapatite binding
or by optical methods. even though this dupiex
fraction includes many internal mismatch gites
(Chamberiin, Britten and Davidson, 1975; Britten et
al., 1976). 1t is possible that the S1 nuclease-resist-
ant fraction could lack severely mismatched bass
pairs, if they exist. it is also possible that some of
the nuclease-resistant repeat dupiexes terminate
within the original sequence. due to strand scis-
sions, rather than at the natural boundaries be-
tween the repaetitive sequence and the flanking
single-copy regions. Soms of the cloned repeats
couid have terminated artificiaily at naturaily oc-
curring intarnal Eco R sites, aithough this wouid
be an infrequent occurrencs. Finally, it should be
noted that the cioning procedure itssif couid have
selected a bizarre subfraction of the St nuclease-
rasistant duplex fragments, although there is no
evidence that it did so.

To amplify the repetitive sequence fragments,
syntheticaily constructed double-stranded DNA de-
camoers including the Eco Rl endonuciease recog-
nition site were ligated to the termini of the repeat
duplexes (Scheller et al., 1977, 1978). This prepara-
tion was treated with Eco Rl endonuciease to free
the sticky ends within the decamer, and cloned by
ligation to the complementary €co Rl sites of the
plasmid vactor ASF2124 (So et al., 1975). An im-
portant point is that since the original renatured
repetitive sequence duplexes included mismatched
base pairs, the exact cloned sequences derived
from them may never have existed in the sea urchin
genome —that is, repair processes in the bacterial
hosts would be expected to have genarated daugh-
ter sequences which are most likely to represent a
compromise between the two parental sequences.
A repaired sequence of this nature, however, can-
not be more divergent compared with ali other
sequences of its repeat family than were the par-
ental sequences considered together. The cloned
repeat fragments are therafore appropriate for use
as probes for that rapetitive sequence family in the
genome to which the parental sequences be-
longed. Cloned repeat fragments were separated
from plasmid vector DNA by Eco Ri endonuclease
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cleavage followed by gel electrophoresis.

Lengths were determined for 26 repeat frag-
ments excised from clones picked at random from
plates. The data are listed in Table 1. The length
distribution is close to that expected from the
known sequence organization of sea urchin DNA.
Twenty three of the 26 cloned saquences are only
a few hundred nucleotides long. and the weight
mean of these is ~300 nucieotides. Graham et ai.
(1974) and Eden et al. (1977) showed that the short
interspersed repeats of the sea urchin genome
average ~300 nucieotides. The three longer cioned
repeats are ~1000 nucleotides in length. The ge-
nome of S. purpuratus is known to include approx-
imately 30-40% of the repaetitive sequence mass in
S1 nuciease-resistant “long repeats.”” Clones 2097,
2100 and 2007 are apparently of this class. To-
gether they constitute 34% of the sequencs length
of the 26 ciones studied. These cloned sequences
could have been terminated artificially, either by
S1 nuclease cieavage or by the presence of an
internal Eco Rl site. Thus we do not know whather
the genomic sequence elements from which the
long clones were derived originaily exceeded 1000
nucleotides. Some of the shorter cfones could also
have been derived from genomic sequences which
wers much longer than the cloned sequences.
Such changes in length are probably not frequent,
since the distribution of cloned insert lengths is
consistent with the length distribution of S1 nu-
clease-treated repetitive DNA trom the S. purpura-
tus genome.

Reiteration Frequency of the Cloned Repetitive
Sequence Families

The number of occurrences in the genome of
sequences homologous to each cloned repeat was
next estimated from the kinetics of reactions be-
tween the cioned repeats, labeied with 3P at the §'
termini, and the genomic DNA. This number is
taken to be the repeat family size, in those cases
for which lowering the reaction criterion does not
produce additional reaction. As shown in the fol-
lowing section, for five of the 26 determinations
listed in Table 1. the number of family members is
probabiy greater than our measurements indicate,
since thess five families include highly divergent
relatives whose reaction was inhibited under the
ranaturation conditions used for the kinetic meas-
urements. For saven other clones (see footnote ¢
to Table 1), the resuit of lowering the criterion was
not investigated, aithough the resuits presented
below show that in about threefourths of these
cases, no effect is to be expected. For the remain-
ing 14 clones, additional family members cannot
be detected when the reactions are carried out ata
criterion lower than that used for the kinetic meas-
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Table 1. Length of Cloned Frag and A F y of Their Repatitive S F
Length Rate Constant* Am-mn Reteration

Clone {Nucleotide Pairs) (M~ sec-') F y* (Capms oer G
2005 - 240 152010 2,100
2007 1100 0.49 = 0.038 400
2034 560 122012 1,000
2057A 28 1.1 =20.13 900
20578 290 0.11 =0.013 L ]
2085 165 0.15 = 0.028 130°
2080 420 0.004t = 0.00034 3
2090 20 0.17 = 0.027 140°
2008 380 0.0073 = 0.00060 []
087 990 0.044 = 0.0047 40
2009 238 0.10 = 0.021 %0
2100 1000 372054 3.100
bals)) k-] 083 £0.12 ™0
21103 20 0.63 = 0.19 530
2104 388 21=018 1.800
2108 1% 0.028 = 0.0034 2
21084 200 t1z01 900
21008 128 0.2¢ = 0.028 200"
2110 200 1.9:023 1.000
21 153 15221 12,500
12 20 0.54 = 0.087 450
Fat--] 180 0.082 = 0.0008 20
NN 210 0.97 = 0.11 ’ 1,400
232 3o 185=02t 2,100
21338 310 0.042 = 0.013 0
2 190 937 = 0.0 50

* Sacond-order rate CONSIANTS wave By a lsast (Pearson et al., 1977). Tho errors shown are standard deviations
calculated on the bass of the scatter of the dets. Thess errors do nat take Into sny which could have atiectad
the determinations. Factors such as the mnor differences in singie-copy DNA. driver ONA and ciomd DNA fragment lsngths, thermal
stabitity of tha h 18, sait trations and othar unknown varadbles can atfect the sbsolute rate of the reactions (see
Bonner et al., 1973). mmwnﬂummmwylccmmmmmumrofsz taiting nto the o
arrory. Generally, the fragment lengiha of the cioned tracers are comparabie to those of the driver, and thus no length cemcnom are
made on the obsarved rate constants. except for the three Cises where the cloned fragment was z 1000 The correction in

these cases was oOtaIned a8 follows: Ko = Kolo/Le). where Ko, is the length-corrected rate constant. K is the cbserved rate constant. L
u\tnimomucwmmwL.hmowmo!mmurcnmwmmr(cnmmln«n 1978).

S.s 28 8 & Ko/Ky . wharg Ky is the second-order rate constant for the reaction of the *H-ONA single-
COpY tracer with the same sea urchin DNA driver. The mean length of the singie-copy traces. 320 nucleotides. was too similar to that of the
driver t0 a lengtn cor For sil P clones 2008, 2137, 2130A. 21338, 2131 and 2125, the singie-copy rate

constant measured was ~1.2 x 10~3 M=' seq0~". For the latter clonas, the rate constant was 0.7 x 10°* M- sec™'. probably due to & minor
diff in sait

*The retteration f y for thess ck SNQUENCES rHrEReNty MINmum values caiculated from S8°C reactions. Thermal stability
MEssUrements presentad beiow show that {or thess families, the Ts are upon the cnterion. Thus as the reaction
tampersiure is lowered to 45°C, the tamily 10 exp. by q more diverge mombm (soe toxt). For axampie, when cione
23008 is reactad with 3aa urchin DNA driver st 4S°C, the rata conatant | oy a factor of S, mplying a reiteration
frequency af st least 1000 for this repetitive family.

urements (see the foliowing section). in thess 14  yapatite binding, and as expected, their kinetics
cases, the renaturation kinetics should provide a closely approach second-order form. Reitaration
reasonably compiste estimate of copy number. The frequencies for the 26 repeat tamilies studied were
kinatics of some typical reactions are reproduced caiculated from the rate constants listed in Table 1.

in Figure 1. The reactions were assayed by hydrox- The number of members in the families inctuded
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Table 2. Renteration Frequencies for Sea Urchin Repatitive ONA Fractions and for the 26 Famuy Cloned Sample

Calculated
Rate Constant Component Ruterstion
Repetitive ONA* Camponent iM"'sec Size Frequency
“Total” Repeats® 1 33 0.38 2800
2 0.097 0.84 a0
“Short” Repeats’ 1 28 0.48 2000
2 0.048 0.54 40
26 Cloned Repeats 1 - 0.4 1800
] - 0.8 L
* Reactions with the “1otal” and “short™ receat *M-DNA preparations were carred out in the of s large of mm sea urchin
ONA at S0°C in 0.12 M ghasphate butfer. 0.05% SOS or the equivalent critericn. The were by q at

50°C. Rats constants and camponent si12es for these resctions were denved from a least-squares analysis ot‘ the d:h {Psarson etal., 19771

ot al. (1975). 1800 Wld. long *H~ONA labeied in vivo was reactad to

'T‘hoonmnonolmuoﬂk ] d by O:
coto:ur'am:m. gk was after
ion wae L on hy

hydroxyapatite. This DNA was sh to 300 and
on hydroxyapatite.

The ONA was reacted to Cot 40: tha

umwmmmwmmm The dupiex frachon was coilected on
d 10 Cot 100, and the 1 (“total

peats’) was

< The pregaration of this DNA fraction 18 ducnm by Coct.mm ot al. (1978). 2700 nucieotde long H-ONA tabeied in vivo was reacted 1o
The S

Couommmu with S end

was on a S ose CL 2B ana the ONA in

~300 nucleotides in length) was 1sciated. This ONA was agan rescted to Cot 60, snd the dupiex

the i of the

fraction (“short ") was

'cncuulcuulog! = (X Llog LW/E L., wn-fu. 18 the
y of the

o y of an i ual repe tamity, and t is the

ranatured tracer. Finally. the tracer was reacted
with the driver DNA at 45°C in 0.12 M phosphate
buffar, and the heterodupiex thermali stability was
measured as above.

Thermai Stability of the Renatured or Native
Cloned Tracer

The thermal stability of the doubie-stranded tracers
is affected by duplex length. bass composition and
perhaps the primary sequence. The T, varied from
as low as 72.6C for clone 2007 to as high as 86.8°C
for cioned repeat 2133A. Thess T,.s were caiculated
as the temperaturs at which the interpalated meit-
ing curve achiaved S0% of its terminat value (details
of the procedures used for data reduction are given
in Experimentai Procedures). The T.s for the
cloned tracers are listed in column 2 ot Table 3.
The major sources of difference in the T,s of the
native cloned fragments appear to be their diverse
base composition and possibly their primary se-
quence. Thus as comparison with Table 1 shows,
many of the fragments meited are approximately
the same length. aithough they display quite ditfer-
ent thermal stabilities. The lowest melting frag-
ment, clone 2007, is aiso one of the longest, 1100
nucleotides; and the shortest fragment, clone
21098, has a T, which is among the highast ob-
served, 83.4°C. Except for the lew longer frag-
ments. the differences in length among the ctoned
repeats could account for only a faw degrees in
thermai stability (see review by Britten, Graham
and Neuteid, 1974). It follows that the cloned re-

peats are diverse with regard to base compaositions.
An approximate vaiue for the overall base compo-
sition ot each fragment can be calculated. and we
estimate values ranging from as low as 7% G + C
{clone 2007) to 48% G + C (clone 2108).

Divergence in the Totai Short Repetitive
Sequence Fraction of the Ses Urchin Genome
For purposes of comparison, we renatured and
meited a short repstitive sequence fraction pre-
pared by S1 nuclease digestion of partially reasso-
ciated sea urchin DNA, followed by criterion gel
filtration to isolate repeat duplexes ~300 nucieo-
tides long (Costantini et al., 1978). The derivative
maeiting profiles of the repeat fractions renatured
at 45 and 55°C are shown in Figure 3a. Very little
differance is evident detween these two samples —
that is, only a mingr fraction of the repetitive se-
quences is so divergent that it is unabie to renature
axcept at the lower criterion temperature. The
overall mean divergence measured in this experi-
ment is estimated by comparing the T, of the total
repeat fraction with that of the perfectly matched
(that is. native) duplexes of aqual length. As Table
3 shows, the T, of the 45°C sample is 71.8°C, while
the T, of native 300 nucleotide fragments mea-
sured in the same manner is ~11°C higher. The
difference, called ATy, is coOnverted to percentage
of sequence divergence by assuming that 1% se-
quence mismatch in the renatured strand pairs
causes one degree decrease in T, (reviewed by
Britten ot al., 1974). Thus the experimant of Figura
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in our sample rangsd from approximately 3-12,500
copies per haptoid genome. The distribution of
reiteration frequencies for these 26 tamilies is plot-
ted as a histogram in Figure 2. This sampie dispiays
a continuous unirmodat distribution with a broad
maximum around. 10*-10° copies per family. No
evidence for discrete {requency components is to
be found, at least in this small sample.

is the reiteration frequency distribution for the 26
cloned tamilies a reprasentative sampis? A reason-
abte statistical comparison is given in Table 2. A
repetitive DNA tracer was prepared (Table 2, line 1)
and further fractionated after S1 nuciesase diges-
tion on a cross-linked Sepharose column. The
short repeat fraction (mean fragment length 300
nucleotides) was harvested (Table 2. iing 2). Both
tracers were then reacted with sea urchin ONA
dniver. The kinetics of these reactions were sach
resolved into the best combination of two kinetic
components by means o a nontinear ieast-squares
analysis. Table 2 lists the rate constants and the
caiculated family sizes. Since the aata in this paper
show that there is 2 wide distribution of reiteration
frequencies, the kinetic components shown in Ta-
ble 2 represent the reassociation of many individual
families. The solutions shown in Table 2 are a
convenient and famiiiar way of descnbing the dis-
tnbution of repetition frequencies in DNA. For sea
urchin ONA. two components form an adequate

,,
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Figure 1. Reaction ot Clonsd Tracers with Genomic Ses Urchin
DNA

Details of the manmuistions and conditions used for the kinatic
messurements e given in Expenmental Procedures. Fatlure of
of the cionad tracer 1% probably due to minor
contaminstion with tree y-3P-ATP from the labsiing resct:on.
Closed circtes (@) show the resctions of the clonad *P-DNA with
the driver DNA (the reassocistion of which is not shown), closed
triangies {A) show the reactions of the single-copy *H-DNA tracer
wiih the driver DNA. Pomis teken at Cot 25.000 and 45.000
inchcate termnal reactions of the H-DNA with the driver. Thess
POoINts were obtained in separats resctions. The curves show the
least-sq C 9 a-ord The rate
for the shown are iisted in Teble 1. (a) Clone

2057A: (0) cione 2085; (¢) clone 20578 (d) clone 2100.

description. The frequencies of the kinetic compo-
nents are weighted geometric means of the fre-
quencies of many individual repeat families.

Line 3 of Table 2 shows the two kinetic frequency
components which have been calcuiated from the
data for the 26 cloned repeat famiiies shown in
Table 1. To obtain these components, the set of
ctoned repeats was divided into two frequency
classas on the assumption that the more highly
repetitive component includes ~40% of the repeti-
tive ONA while the other contains ~60%-—that s,
we assume the same mean component 5izes as
observed for the totai repeats. The geometric
means of the ten most repetitive families (~40%)
and the 16 Isast repetitive families (~60%) are
shown on the last line of Table 2. We conciude that
tha reiteration frequency distribution for the 26
cioned repeat families is quite similar to that of the
total repetitive sequences of S. purpuratus DNA.

Divergence within Repatitive Sequence Families
Three separate thermal stability measurements
were made with each of 15 cloned repetitive se-
quences, and partial measurements were carriegd
out with sevaral additional clones. First, the cloned
tracer was renatured. and the thermai stability of
the pertectly matched dupiex fraction obtained was
* measured Dy stepwise thermai elution from hydrox-
yapatite. Second. the tracer was reacted at 55C.
0.12 M phosphate bufler with sea urchin DNA
dnver. The reactions ware routinety carried 10 ter-
mination. The stability of the driver-tracer hetero-
duplex popuiation tormed in tha reaction was mea-
sured in exactly the same way as that of the

10+

OCCURRENCE
I
L

) .
w0° 1! 102 10* 10* 0°
REITERATION FREQUENCY

Figure 2. Number Di

Clonsd Rep S F
Oata ere from Table 1. and details can de found in the fooinotes
10 Tabie 1. the legend to Figure 1 and Experiments) Procedures.
The five tamities of Tabls 1 whose size is Indeterminata (see text)
are included in this snalysis By using the mimmum family size
vhiues shown in Table 1. The error invoived 1s probably smali on
the scale shown hare.

ot Aei Fr of 26
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Table 3. Thermat Stabiity Cata for the Cioned Rep S
Clone Native T, {C) Tu (45C) To (55T) aT, (Tq Native ~ T, 45C)
2008 823 73.2 748 9.1
2007 .7 0:9.1 70.1 38
2034 79.4 8.7 760 arTm
2057A - - 3.3 - dariy
20578 - - 5.8 - {lory*
2085 hy X | 5.7 84.5 >19.9 ()
2008 0.7 - - -
2090 3.1 828 843 >20.5 {0
2100 - (AR} 824 - (lor)*
210 768 " hAN ] 7.5y
2104 [ %] 743 ™2 2301
2108 8.7 "o ne $.7 00
21094 [ X 60.8 8.3 >19.7 (i)
21098 3.4 58.1 - >28.30M)
210 e X ns n3 8.1 (n
™12 2.3 s 818 5.7(n
2125 a7 a0.2 848 »21.5 (i)
Fak)] 88.2 754 no 10.8 (0
2133A s8.8 830 s s
Average a7, 10.2°
Ta (45C) Ta (56T) ATuee?
Short Repetitive )
ONA Fraction ns 7 10
* Native, 45T and 55T T.s are caiculated from 910graphy exp such as those shown in Figure 3. The procadure

used for denving T.g from the thermal eiution profiles is di

Exp ta) Pry

* For cione 2110. the reactions with totai ses urchin DNA were periarmed at 48 and 80°C. rather than at 48 and 55°C.

¢ Catculated as Z{{L. AT, 1/5(L,). AB o tor which T, was determingd. except cione 2007, snould be
represantsd i1t the short rep DNA o d 1n the inclusion peak of the CL-Seol | after 31
digestion. For purposes of companson o .\T... clone 2007 was o from this Roman the
gree of i 1 G rding to the al vy # in the text.
¢ 3T, fOr the short repatitive DNA i el from the T, (singie~copy) corrected far length and for 4°C polymorphism of singie-
copy ONA ssquence among ses urchin genomes (R.J. Bnttan st al.. d}. The sk 0y H-ONA was 320 nucleotides

long and the sea urchin DNA driver was ~450 nucisotides iong; the average dupiex lengii 1s ihus taken 1o be ~200 nucieotides. A pertect
single-copy duplex of infinke length will have a T, [/ oy Qtaphy) of 77.8° + 4° + 600/200 = 84 8°C. This number
is 1 good agreement with the T, by th i on i v far iong native ONA. The 45°C T, of the short repatitive
ONA (300 nucieotide dupiex fengthl, when corrected ta infinite mmn yieids 71.8° + 8007300 » 73.8°C. Thus dTey, = 84.8° ~ 73.8° =
11.0C.

* Clones 2057A and 8 were not compistely anatyzed. From the sbeence of any low thermal stabiity fraction in the thermal elution profiles
(data not shown), howewar, it is cisar that the T,3 are not dent upon the cntenon. Thus they must fa into class | or il. The
natve T, was not determmed for clone 2110, 30 AT, could not be calcuiatad. The high T.s cbesrved in the heterodupiex thermat stability
messurements on this cione, however, and the correspondencs detween the 45C T, and the 55T T,, clearty demonstrate the iack of

dependence of reaction critenon beiow 55°C for this family. Thus it also beiongs to class i or il

3a indicates that for the totai short repeat fraction
an average of 11 nucleotides are mismatched per
100 nucieotides of paired sequencs.

Reactions of Cloned Tracers with Genomic DNA

When the cioned tracers are reacted with sea
urchin DNA driver, the heterodupiex popuiation
formed shouid sampie aii the possible strand pairs
between tha cloned sequence and the homologous

members of the repeat family in the genome. T,
values for the 45 and 55°C hetaroduplex samples
formed in reactions of 18 cioned repeats with sea
urchin DNA are listed in columns 3 and 4 of Table
3, and represantative exampiles of the thermal sta-
bility profiles are shown in Figure 3. These data are
presented as elution histograms in Figures 3a and
3b, and as interpolated derivative meiting curves in
Figures 3c-3t. The melting profile of the renatured
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F‘guro 3. Thermat smmmy Profiles iov a Tom Hmmn DNA
and for lndi

A short mpentive M-DNA fraction was isoisted from the S.
an b by C o al. {1970).
F\nﬁlommumnouttokwcmmm at 48 or 553°C.
and the d wal ih iy sluted n 4°C interveia trom
hydroxyanatile columns. Shaded areas repressnt thermal elution
of nattve or reannsaied cloned “P.DNA. Salid ines represent

wution profiles of P n
41 45°C. Deshed lines the of the
formed at $5°C. (a) Th profile o -
nistogram for the Short repatitive SH-ONA tracer rescted with ses
urchin DNA. (b) Th dution profile P as ol

for o clone 2104 ONA and lor clone
210‘-«- urchin  ONA {e=f) ™

profiles presented as sMooth interpolated curves. (¢) Doubler
stranded ses urchin DNA fragment trom clone 2104 sng clone
2104-s08 urchun ONA hetsrodupiexes. Thess are m- same gats as
those shown 1n (D). (d) Corresp tor
he repetitive DNA of clone 2133; lo):ﬂnﬂud«n:ﬁ!ﬁ (1) same
for cione 2101.

or native cloned tracers is indicated as a shaded
area in each of these figures.

Any diffarences between heteroduplex thermal
stability profiles and that of the renatured cloned
tracer depend upon the intrafamilial divergence
within each repeat family. We first consider the
case of tamilies which contain very little sequence
divergence. The thermal stability profiles ot the 45
and 55°C heteroduplexes should be identical for
such families, since in order for thess meiting
profilas to differ, there must be sufficient intratam-
ilial divergence so that a measurable amount of
heteraduplex forms at 45°C which cannot form at
55°C. Were there no sequence divergence at all
within the repeat family, the heterodupiex meiting
profile could completely overlap the renatured

tracer meiting profile. it is possibie. howsever, that
sequence polymorphism could be present among
individual sea urchin genomes—that is, thase from
which the driver DNA was prepared. R. J. Britten,
A. Cetta and E. H. Davidson {(manuscript submitted)
have shown that the single-copy ONA of individual
S. purpuratus genomes differs by ~4%. It is not
known whether this is true of the repetitive se-
quences as well. If so (as seems probabie). a
repetitive sequence tamily with no divergence
within a given genome could stilt proguce a meiting
profile which, though partiaily overiapping that ot
the renatured cloned tracer, wouid peak 4°C below
the latter. Families in which the observed sequsnce
divergence is 4% or less—that is, in which the
divergenca cou/d be accounted for compieteiy by
the known amount of (singls-copy) sequence poly-
morphism - are referred to in the following discus-
sion as class / families. An example is the repeat
family to which clone 2133A belongs. Thermal
stability measurements for this clone are shown in
Figure 3d. Three of the 15 clones for which there
are complete data fail into the low divargence class
i category.

Those repeat families displaying moderate intra-
tamilial divergenca ars termed class /I families.
These are arbitranly defined for purposes of dis-
cussion as families in which the T, of the hetero-
dupiexes between the cloned tracer and the gen-
omic ONA is more than 4°C below that of the
renatured tracer, and no significant difference is
observed batween the 45 and 55°C meiting profiles.
Qf the 15 rapeat families listed in Table 3 for which
thers are compiete data, seven belong to ctass ii.
Examples are shown in Figures 3b and 3¢ (clone
2104) and 3f (cione 2101). The valus of A T., the
diffarence between the T, of the heteroduplex
popuiation and the T, of the double-stranded
cloned fragment, lies between 5.7 ang 10.8°C for
the saven class Il familias (Table 3). The weight
mean vaiue of AT, for these familias is ~3C.

Repetitive sequence families in which some
members are too divergant to have formed stable
strand pairs at 55°C in .12 M phosphate buffer are
termed class (/! families. These families are char-
acterized by a lower tharmal stability profile when
the cloned tracer is reacted with sea urchin DNA at
45°C rather than at 55°C. Since there is no reason
to betieve that all the family members are included
aven at 45°C, we assume the existence of non-
reacted, more divergent refated sequencas in the
genome. In other words, our measurements on
ciass Il families are criterion-limited. We can there-
fore, only estimate a minimum value for AT.. Five
examples are listed in Table 3, and Figure 3e
illustrates the thermal stability profiles of a typicai
class 1l repeat family (clone 2085).



Further Analysis of Thermal Stability
Measurements and Comparison of the Set of
Cloned Families with Total Short Repeats

Qur problem is to interpret the observed heterodu-
plex T, in terms of the sequence divergence within
the repeat family. To approach this question, we
tirst consider a simple modei in which the repetitive
saquence family has diverged during evolution by
accumuiating substitutions in the different family
mambers, all of which begin as the same ancestral
or type sequence. A heuristic diagram is shown in
Figure 4. Here the type sequence is at the arigin,
and each radiai unit indicates an additional unit of
divergence from the type sequence (for exampie,
one nucleotide changed per sequence siement).
This diagram is an elementary representation of a
very large number of possible base substitutions.
Thus only radial displacements are significant.
These displacements are ail independent because
there ars only smail numbers of substitutions. Each
family membar (symbofized by solid circles) is
indicated by its own radius since its divergence, in
this simple case. has occurred independently. The
langth of any radius, a,. gives the number of devia-
tions from the type sequence which exists in the i
family member. The divergence between any two
family membars is the sum of their radii. The mean
radius, 4. is the average amount of change between
the type sequence and the family members. Thus
in comparing ail the family members with each
other, the divergence measured would be 24. Fora
total repeat fraction such as that shown in Figure
3a. ATnqe gives the waight average of the individ-
ual valuss of 24 for the repeat tamilies included in
the preparation. We now consider the case of
measurements with a clone fragment, as in Figures
3b-3f and Tabie 3. A cioned sequence couid have
any radius, C, and an example is indicated in
Figure 4 by the diamond. The ditference in T,
between the renatured, cloned fragment and the
clone-genomic DNA heterodupiex populations is
AT, = C + 4. When many different clones are
studied, the average vaiue of AT, should. of course,
approach the weight average value of 23 for the
population of repeat families.

Figure 4 considers a repeat family with a simple
history ~that is, a single muitiplication svent fol-
lowed by divergence. it is also possible that several
avents of muitiplication have occurred at ditferent
stages. If the most recent of these has provided
virtuaily ail the current family members, the earlier
ones are, of course, irreievant. it is also possibie,
howevar, that the current family consists of saveral
more recently created subfamilies which occurred
as the result of muitiplication of aiready divergent
descendants of an originat type sequence. Here the
mean divergence within the family includes ail the
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Figurs 4. Simpiest Case Heunstic Model for Divergence of a
Repetitive Sequence Family
It is assumed that the present-day repeat family arose n the

fotlowmng way. A founder or "type'” sa T.was ind in
the ¢ and the copies of this hen
diverged independantly and randomly. Each radial unit or arg in
the diagram represents a unit of divergence from the type se-
quence. which 18 Shown at the ongin. The dimensions ot these
units are ges in per seq The soiid
circios rep ! fammly The mean diver-
gence from the type sequence i3 sigmified by the thick arc. The
dashed lines or radi represent the distance int unite of divergence
from a particutar famity member to the type sequencs (for exam-
ple. 3, and ay). The divergencs Detween any two famity members
13 the sum of ther radii. The mean divergencs 18 thus grven by 4
{thickk arrows). A Q is by the

and its divergencs by the radius C.

The fact that the cloned sequance 18 itseif derived as a hybrd
of two ditferent sequences does not atfect 1his analysis. since the
equal probability of either strand bewng cormecied at mismatch
sites means thet in genersl. C = 'is{a,., ~ 8.}, where &,.. and &,
are the divargencas from the type sequence ¢f the two strands
constituting the ¢l The i tamity
are arditranly piscad on a given arc. and there 18 no snificancs
{0 the iateral distance it (sew text for
discussion).

inter-subfamily as well as intra-subfamily combina-
tions. For this case, however, and in general for
any given clone. 2 XT, as measured in our experi-
ments would provide a maximum limit for the vaiue
of the mean divergence within that repetitive se-
quence family. it follows that the weight average of
the values of AT, listed in the last coiumn of Tabie
3 shoulid approximate the mean intrafamiiial diver-
gence in the genome if the ciones studied are a
representative set.

We can now compare the totai set of cloned
repeat families for which data have been obtained
to the genomic short repetitive sequence fraction
whose thermal stability profile is shown in Figure
3a. Although the T,, of the DNA reacting at 45 and
55°C is approximately the same (Tabie 3), thereisa
small low thermal stability component visible in the
45°C sample. This could represent the lower por-
tion of the thermat stability profiles of ctass il
repaat families in the genome. Just as in the cloned
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sampie, these appear to inciude only a minority of
the repetitive ONA. Table 3 shows that the average
of the AT, values for the cloned repeat families is
10.2°C. As shown above. the weight mean for AT,
should approximate the measured value of 3T,
which is 11.0°C. From the standpoint of their inter-
nal divergence. this agreement ndicates that the
18 cloned repeat families are a reasonable sampile
of the total short repetitive sequenca ciass. just as
they appear to constitute a typical sample with
raspect to length and repetition frequency.

Discuasion

The avaiiabulity of cloned repatitive sequences has,
for the first time, made it possible to examine the
characteristics of ingividual repeat families. We
show here that the sequence !ength. repetition
frequency and intrafamilial divergence of the sam-
ple of cioned sea urchin DNA repeats which we
have studied is fairly typical of the genomic repeti-
tive sequence taken as a whole. Nonestheless, it
remains possible that there are features of certain
repetitive sequences which increase the probability
of their being successtully cloned by the method
which we have used. Were this true, the set of
repeat familias which we have investigated would
be in some unknown respect nonrepresentative.
The most probabie problsm a priori is the possibil-
ity that nighly divergent repeat families ware se-
lected against. The close agreement between the
mean intrafamilial divergence of the total ganomic
rapeat fraction and the average intrafamiliat diver-
gence of the cioned famulies specificaily argues
against this. Both the cloned DNA, however, and
the repeat fraction which was meited in the axperi-
ment of Figure 3a were exposed to S1 nuclease.
We rely on our earlier studies which show that
under appropriate conditions, S1 nuclease spares
almost all ot the mismatched duplexes formed
when repetitive DNA is renatured (Britten et al.,
1976). No expearimants which have basn carried out
to date can eliminate the possibility that another
class ot very poorly reiated repeats axists in the
genome, one so divergent that it can be detected
only under lower criterion conditions not yet ex-
pilored. Thus the properties of the cioned. repeat
families which we have studied are certainly not
overtly bizarre and some of them are of special
interast for other reasons. A randomiy selected
subsaet of ning of the cloned repeats included in the
present study has been examined to determine
whether numbers of their families are transcribed
(Costantini et al., 1978; Scheller ot al., 1978). Thess
rasults (presented eisewhera) showed that hy-
bridizing transcripts were found in every case, and
that there is a wide range in the concentration of
thess transcripts in RNAs from different cell types.

One purpose of this investigation was to examine
the frequency distribution of the repeat famiiies in
the S. purpuratus genome. The measurements re-
ported in Table 1 provide the first unequivocat and
precise demonstration that there is a broad range
of rapetition fraquencies in the genome. The famiiy
size distribution is continuous. and dispiays no
forbidden areas or discontinuities other than those
axpected from the relatively smail sampte size. it is
clear that the data reduction methods used for
analysis of DNA reassociation are indeed averaging
procedures. The smooth shape of the frequency
distribution contributes an important simplification
for tuture caiculations of complexity, family mem-
ber. family size and other parameters uitimately
needed for understanding the role and evoiution of
rapeatitive DNA.

A major focus of this investigation i measure-
ment of the intrafamilial sequence divergence. Pre-
viously, divergence couid be measured only as an
average caiculated over huge numbers of individ-
ual repeat families in experiments such as that
shown in Figure Ja. We now see that individual
repeat tamiiies differ sharply in the extent to which
their members diverge from each other in se-
quence. Of the 18 cloned families for which we
presant data, 13 display a limited measurable diver-
gence (class | + class H of Tabie 3). We have shown
that these families lack detectabie, distantly raiated
members. The mean intrafamilial sequence diver-
gence for these families is significantly <8%. This
is 3 major rasuit of the prasent study. A few of the
repeat families, those of class |, are even less
divergent, and it is possible that within any given
genome, most copies of ths repeats in class |
families could be aimost exact sequence replicas.

Repeat families displaying limited divergencs are
physically discrete sequence sets-—that is, they
have a cartain number of members and do not
axtand outward indefinitely. Measurements made
on the class | and |l families are clearly not crite-
rion-limited. This assurance provides a firm basis
for caicuiations of rapetitive sequence compiexity
and reiteration !requency. These statements are
not true of the ciass lll families. Five of the 18
families studied display a high degree of intrafami-
lial divergence and probabiy possess distant rela-
tives not included in our measurements. The true
size and sequence divergence within these families
i8 not known and will be difficult to measure by
conventional means. Nevertheiess, clones 2109A,
21098 and 2090 ail belong to ciass Ul families
which are transcribed specifically (Costantini et ai.,
1978; Scheiler et al., 1978). it will clearly be of
interest to determine which members of these
more divergent families are utilized in transcrip-
tion, and which parts of their intermnal sequence are
free to diverge and which are restrained.
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The limitation in intrafamiiial sequence diver-
gence demonstrated here for the majority of the
cloned repeat families shouid be considered in
light of the evolutionary persistance of repetitive
sequence families among sea urchin species and
genera. Moore et al. (1978) report eisewhere that
ail of the cioned S. purpuratus repeats which they
invastigated have close homologues in a congener.
S. franciscanus. The interspecies divergence of
these cloned repeats is significantly less than that
of the single-copy DNA. Moore et al. (1978) aiso
found that many of the S. purpuratus cloned re-
peats react with sequences present in the genome
of a very distantly related sea urchin species,
Lytechinus pictus. For comparison, only 10-20% of
totai S. purpuratus singie-copy DNA cross-reacts
with the latter genome (Angerer, Davidson and
Britten. 1976, Harpold and Craig, 1978). Studies on
tha evolution of total repeat fractions (Harpold and
Craig, 1977) aiso indicate that repeat sequences
disappear much more slowly (if at ail) during sea
urchin evolution than do singie-copy sequencaes.

Restraint on repetitive sequence divergence,
either within the repeat families of a given species,
or over avolutionary time spanning the emergence
of diverse species, could be due to selective pres-
sures which prevent free sequence change in a
large fraction of the repeat tamily members. Or per-
haps repetitive sequences diverge as rapidly as do
other sequences, but the typs sequence of the
family is preserved by frequent remuitiplication of
the “correct” surviving sequences. For example,
the current members of class | and ciass il rapeats
could be mainly new evolutionary creations so
recent in origin that there has not been enough
time for a iarge amount of sequence divergence to
occur. In this connection, it is significant that
Moore et al. (1978) have found that some of the
cloned S. purpuratus repeat families display sev-
eral times more members in the S. purpuratus
genome than do the closely homologous repeat
famiiies in the S. franciscanus genome. Intra-
species rapeat family muitiplication thus seems
possible. Such “family correction’” or remuitiplica-
tion mechanisms are difficult to understand be-
cause most members of most of the cloned repeat
families are not tandemiy arranged, but are proba-
bly widely interspersed about the genome (Graham
et al., 1974; Lee, Britten and Davidson, 1977;
Scheller et al., 1978). In any case, the aiternatives
of continuous repeat family renewal and selective
rastraint on sequence changes due to functional
requirements are not necessarily exclusive.

Exparimentsl Procedures
Construction and Description of Recombinsnt Plasmids

Recombinant bacterial plasmids containing repetitive ses urchin
ONA saquences were constructed as described by Schetier et al.

39

(1977). A bnef description is given 1n Resuits. All expenmaents
with these recombinant DNAs were carried out under P2-EK1
conditions. as tied in the NiM Gui

Praparation of Cloned Repetitive *P-ONA
Recombinant plasmid ONA was isolated essentiaily as descnbed
by Scheiler et al. (1977). Plasmid-containing ceils were grown,
harvested. washed and lysad as describad pravicusiy (Schatier at
ai., 1977). Superhetical DNA was pyntied 1rom the supernatant by
isopycmic centrnitugation in 3 CsCl
DNA was clsaved with >25 units of Eco RI per 25 ug of DNA Thus
digestion was carrned out at 37°C lor 2080 mmn in 100 mM Tris=
I-!CI (pH 7. s) 100 mM NaCl angd § mM MgCl,. The reaction
and regi in 10 mM Tris (pH 8.0)
nalNA cot\uﬂmm <80 ugimi, 2-5 uruts of tactenal alkaline
phosphatase were added per 50 ug of nucisic acid. The reaction
was carried out at 37°C for 30-80 min. This mixture was then
extracted twice with an equal voiume of bumr-uturatod phonol
Sevag soilution (1:1) (Sevag sol C yt aico-
hol 24:1) and once with sther. Dephasphoryiated Eco Ri-claaved
ONA was tabeled at the 5' termini with y-2P-ATP sssentiaily as
descnbed By Maxam and Gilbert (1977). DNA was dissoived in §
mM Tns (pH 9.5). 0.01 mM EDTA, 0.1 mM spermiding, 50 ug/mi
ONA and denstured at 100°C for 3 min. The solution was then
brought to 50 mM Tns (pH 9.5). 10 mM MgCly ang 5 mM
dithiothreitol. y=*P-ATP was dried down. dissoived in H,0 and
added to the reaction mixture st not less than 3 .M and at greater
than & molar eq tothe §' 10-20 units of poiynu-
cleotide kinase were added. and the resction was incubated for
45 min at 37°C. This reaction was then extracted once with
phenci:Sevag (1:1) and once with ether and ethanoi-precigitated.
Specific activitias ranged from $ x 10° to 2 x 107 com kg™,
depending upon the fength of the cloned fragment and the
ot y ot the | kNS renct
The 5'-P-labeied saa urchin ONA fragments were isolated
from the glasmid ONA in one of two ways. Far clones 2057A,
20578, 2000 (preparation a), 2096. 2097. 2099, 2100. 2103, 2108
{preparation a), 2110 and 2111, the dried precipitates were dis-
sotved in 0.1 M NaCl, 0.03 M Tris (pH 7.2). | mM EDTA and 0.1%
SOS. heat-denatured. snd renstured at 80°C for paricds equive.
lent 10 >10 x Cot,, for esch fragment. The renstured ONA was
onto a.3% ag; Qel and suby to o at
80 V far ~3.5 hr in J0 mM Tris, 20 mM sodium acstate. 10 mM
EDTA (pM 7.8) at room temparsiure. The P-ONA fragments were
oxcised from the Qeis and eluted by dissdiving the agarose in S M
NaClO,. 20 ug of sheared calf thymus DNA carrier were added:
the ONA was then bound to hy: at room perature
in Q.12 M phosphate buffer. After extensive washing, bound DNA
was eluted from the hydroxyapatne wits saversl aliquots of 0.5 M
phosphate buffer. 0.1% SOS. For clones 2005. 2007, 2034, 2085,
2088, 2090 (preparstion b), 2102. 2108 (preparation b), 2108A,
21088, 2112, 2125, 2131, 2133A. 21238 and 2137, the taDeied,
aned precipitatas were cissoived in 0.3 M NaOH. 10% giycerol,
mM EDTA and incubated at 37°C for 10 min. Sampies were
subjected to gel slectrophoresis on different percentage acryl-
amide gels dep g upon the s1ze of the inserted ses
urchin DNA frag The majority of fragments wers run on 4=
8% geis at 80 V in 50 mM Tris~borate butter (pH 8.3), t mM EOTA
at 15°C for 18 hr. Alter geis were stai with
ethidium and graphed. The eiectrophoretic
conditions used were essantially the strand separation conditions
described by Mexam and Giibert (1977). The polyacrylamide geis
were eluted in the following manner. Gel slices were crushed with
a siliconized glass rod in 8 1.5 mi Ependortf tube. 1 miof 0.12 M
phosphate butter, 0.05% SOS. containing 10 ug of purified calf
thymus DNA carrier, was added to the crushed gel. The mixture
was incubated ovemight at 37°C. The acrylamide was fiitered
through siliconized glass wool and rinsed with an additional 1 mi
of 0.12 M phosghats bufter, 0.05% SOS. This gel eluate contained
80-95% of the radioactivity. in the case of ciones 2090 {prepara-
tion b} and 2108 (preparation b), strand-separated DNAsS were




used for the thermai stability The st

Lo

cated ONA was concentrated 4 foid by sxtraction with 2- buw\ol
to sppraximately 0.5 M phosphate butfer. The *P-ONA was than

d into 3 mi of 0.12 M phosphate butter, 0.05% SOS. 1000=
2000 cpm of renstured single~copy *H-ONA were added. and the
SAMpie was applied 10 1-2 mi of hydroxyapatite at 45 or 53°C (for

incubated for 10 hr at 55°C to sllow any aung D
Y 10 The 3 were then to
012M buffer and over 1 mi of hydroxyspatte

at 30°C in O, !2 M ph«uﬂlu butfer. The nonboung traction
These trag Were con-
taminated !rom Q-5% with Mr compiementary strands and up (o
30% umincorporated y=*P-ATP. The labeied ONA waa stored at
=20°C after diaiysis versus 0.12 M phosphate buffer. 0.1% SDS.

Length M ma ol C Rapetitive 8.
Elemonts
Lengths of cloned DNA frag were by
is on 3% ag geis. by o ONA length

standards. An Has (it digest of RSF2124 provided a set of length
standards for calibration.

Proparstion of Uninbelod DNA

DNA wes extracted from fresh S. purpuratus sperm essentially as
describad by Britten et al. (1974). The DNA was sheared to iow
moiacuiar weght in the Britten Dress at 50.000 pei (Briten ot al..
1974). Three preparations of unisbeled DNA were uted in these
studiss. Two preparations had weight sversge lengths of 450

ot 45 and 55°C, respectively). The solution
m allowed to equilibrate to column lemperature belore passage
through the Nydroxyapatite. Seven (o ten additional 3 mi aliquots
of 0.12 M phosphate ouffer, 0.05% SOS were washad through the

and the of the was then raised 4°C.
Thres 3 mi atiquots ot 0.12 M phosphate butier. 0.05% SCS were
then coliected. This process was repsated in 4°C intervals up to

97°C. The single-copy tracer p an ntema for the

ot munor var in the of the
hygroxyapatite These i the rate of and
the rate of i Tha singte-copy tracer

profiles were reistively reoroducibie. The mean T, for all of mo
#NQle-copy standards was 77 8°C, with a standard deviatwon of
only =0.5C. The T.s measursd for the single-copy standards
ware used to the exper Tettoa

meiting condition. The mag! of thess was usu-
aily onty & lew tenths of & degres C and never more than 1.3T.
Thermad of Netive Cioned “P-ONA

For thermal chromataography of native ‘*P-ONA fragments, the
slution procedure fotl was as above. Whers the
cloned repelitive #P-DNA was renstured, 10%-10° com of the *P-
Wmtncuﬂ in 0.5 M phosphate duifer. 0.05% SCS at 67°C

nucieotides and one had a wasght average lcnoth ot 850

tides as on sucrose gr etai.,
1978).
Proparation of Single-Copy *N-DONA

IH-ONA was exiracted from $e8 urchin emDIYOS grown in "W
thymiding and was used 10 Prepare single-copy *H-ONA s de-
scnbed by Gatsu. Sntten and Oevidson (1974). The specific
activity of the single-copy *H-DNA was 2 x 10° com ug-' under
our counting conditions.

m with Cloned m HR.OMA

vaned y with regard to amounts of
clonad repatitive MP-ONA and see urcmn ONA. in general, 100-
500 cpm of nonstrand-separated *P-ONA ang 2-200 ug of total
88 urchin ONA were reactsd in 0.12 M phosohate duffer, 0.05%
3SDS in volumes renging from 10-500 ui. Reaclion mixtures also
containad 1000-2000 com of inGle-copy H-DNA. After denatur-
Ing 8t 97°C. the resctions were Carried out in 3esied glass ampuies
or in microcapiiianes at $5°C. Sampies ware reactad 10 Cot vaiues
ranging from 10-2 to 10° M se¢: reachion times were from 30 sec
10 24 hr. In & few cases for mgh Cot

to kinetic The hydroxyapatite siution procedurs was
a8 described above.

T [ o A That Hydroxyspatite
Quantitstively Sinds Poorty Mismaiched Dupiaxes
M of the y of by th ]

chromatography from hydroxyapatite could result in sarious er-
rors if very poorly {tor 20-30% mis-
maiched) tail 10 bind even thaugh they are not sngie-stranded.
To teat poorly ] bing to hy y
we reacted S. tranciscanus ONA with S. purpurstus angle-copy
M-DNA in 0.5 M ghosphate Duffer. 0.08% SDS at 50°C to Cot
20.000. This hetercloQous reaction 3 known o Produce mMis-
o o8 the AT, b the gous S. purpura-
and the h o 8. 4 S. purpuratus
N 18 SPR y 10°C (Ang at al., 1976; Harpold and
Craig. 1977; T. J. Mail. E. H. Oaviison and R. J. Britten, unpub-
lished ODser The after dilution into 0.12
M phosphate dulfer, 0.05% SDS was placed over 8 1.5 mi bed of
hydroxyapatite at 45°C. At this tamperature. 0.29 of the singie-

tus

buffer. 0.05% SOS wers used. These Cot vaiues and sl other Cot
values referred (o in this work are equivalent Cots (that 1a. the Cot
of the for the in rate due 0
sait concentrations sbowe 0.18 M- Na*). Asactions were difuted
into 2 mi of 0.12 M phosphate butler, 0.06% SDS. This solution
was wum w 1=2 ml of hydroxyspatite at 35°C and

copy H-DNA gh the as
0.4t M far the at this and Cot.
The bouna H-ONA dnoum a troad thermal stability profile,
clsany by the The appa Tu was

~84°C, and 0% of the *H-DNA bound originally had eluted by
$7°C. Thua short, very poorly matched duplexes wers bound to
the To any d DNA was

fr were coll The lon DNA fraction was esiuted
from the hy by Q the 0 9TC. Insit
but four cases. mnqmnuuoidnmwcw"w
exceeded 20. 30 reaction of the tracer with itseif was negligible.
Clones 2008, 2008, 2007 and 2108, due to their iow reitaeation
frequencies, were driven by 2-4 foid ssquence excess of ses
urenin DNA. When cor are far of the *P-
ONA with itsaif, howsver, no appraciable sifect on the rertterstion
fraquency is observed in these cases.

Thermal Chromatography
mmmwmm
Resction mi 200-2000 com of non-

strand-separated cloned nooﬂuv. BP-ONA and 200-800 ug of
so8 urchin ONA. In two cases (2108 and 2090), only one strand of
tha cioned ¥P-ONA was used. The resctions were ail carned out
to kinetic termination {>10 x the Cotys). The mixtures were then

P in the 0.12 M phosphate bufter hydroxyapatits eluate at
43°C, the 0.29 unbound fracticn was analyzad for dupiex content
by meesunng the kinetics of its digestion with S1 nuciease. This
experiment was carrisd out using increasing amounts of S1
and q the fra of 3H-DNA excluded on a
Sephadex G-100 column. The rate of S$1 nuclease digestion of this
DNA was found 10 be identical 10 that of a completsly denatured
single-copy *H-DNA sample consuting of the same singie-copy
'H-ONA plus S. franciscanus driver DNA. The digestion kinetics
{Brittan st a).. 1978} provide a sentitiva test for duplex structure
and show that no significant traction of the hydroxyapatite sluate
was double-stranded. At high ievels of S1 nuciease, 0.025 of the
denatured *H-ONA and 0.078 of the *M-ONA not bound to hydrox-
were resi to dig Thus the maximum traction
ol the dupiex presant wiich was aot bound on hydroxyagatite at
45°C was:

- 10.0250k0.29
{0.025)}(0.29) + 0.71

(10.07%)
[(0.078) -

= 0.02
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Thermal Stabiity Osta Raduction Procedures

The valuss histed in Table 3 were obtained with the & of &
prog which op y as The

Y meiting data were (it with an aigonthm

which calculaud 1ird-order polynormists through the data points

and nterpolated ten ponts within each 4 T temperature interval

{"spline’”’ algo! ). The de of the poly were
at esch inter o p pont. The dervatves of the

polynomials are shown. for examople, in Figures 3¢-3f. T, from

the poly | CUrve wers ted as the at whieh

50% of tha ONA nad maited.
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Repetitive Sequence Transcripts in the Mature
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Summary

The expression of interspersed repetitive se-
quences in the RNA of mature ses urchin cocytes
was investigated. 'H-DNA tracers representing
short interspersed repetitive sequences a lew
hundred nucisotides lang, and long repetitive
sequsnces approximately 2000 nucieotides long,
were prepared from genomic ONA of the ses
urchin, Strongylocentrotus purpurstus. These
tracers were reactad with excess RNA from the
mature cocyte. About 80% of the reactable shont
repeat tracer and 35% of the long repeat tracer
hybridized. Thus most of the repetitive sequence
familles in the short repeat tracer are represented
in oocyte RNA, and transcripts complementary to
both strands of many repest sequences are pres-
ent. The kinetics of the reaction show that some
transcripts are highly prevalent (>10° copies per
oocyte), while others are rare (~10° copies per
oocyte). Nine clioned repetitive sequences were
labelad, strand-saparated and reacted with the
oocyte RNA. Transcripts of both strands of ail
nine repeats were found in the RNA. The preva-
lence of transcripts of the cioned repeat families
" varied from ~3000 to 100,000 coples per cocyte.
Studies with both cioned and genomic tracers
show that transcript prevaience is independent of
the genomic reiteration (requency ot the tran-
scribed repetitive sequences. Most of the familles
represented by prevaient transcripts have fswer
than 200 copies per haploid genome. The ANA
moiecuies with which the cioned repests react
are at least 1000-2000 nucleotides in length.
Other experiments show that s maijority of the
members of repeat familles repressnted by prev-
alent tranacripts in the ococyte RNA are inter
spersed among single-copy sequance siements
in the genoma.

Introduction

The mature cocyte cantains a large and heteroge-
neous stockpile of RNA molecuies, These are ap-
parently destined for use in early deveiopment,
aithough little precise information on this point is
available. The best studied component of the het-

* Division of Chv y and Ch Engs Q. Calitornia
Institute of Technology. Passdena. California 91125,
t Also a statt of the C. i of Washing

Baitimore, Maryisnd 21210

erogenecus RNA of the oocyte is maternal message
(matmANA). Most of the single-copy transcript in
the ANA of the mature sea urchin cocyte appears
10 be matmRNA. Thus at least 73% of the single-
copy sequence fraction which can be drniven into
RNA-DNA nybrids by oocyta ANA aiso reacts with
the polysomal RANA of cleavage stage embryos
{Hough-Evans et at., 1977). Humphreys (1971) and
other investigators showed ciearly that most of the
mANA moiecules transiated on cleavage stage
polysomes are matarnai in origin (reviewed by
Davidson. 19786). The matmANA reprasents ~1% of
the mass of the RNA in the mature cocyte and its
complexity is approximately 3.7 x 107 nucieotides,
or ~6% of the totai 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 mANA sequences, each of which
is present on the average in about 1600 copies per
eqQ. Histone matmRANAs are aiso present in farge
quantities in sea urchin oocytes (Farquhar and
McCarthy, 1973; Skouitchi and Gross. 1973 Gross
et al., 1973). Thess are. of coursa, repetitive se-
Quence transcripts, and they may weil account for
the results of some of the early filter hybridization
measurements which suggestad that gocytes con-
tain repetititve seguence transcripts (reviewed Dy
Qavidson. 1978). Soms of the competition hybridi-
zation experimants with oocyte RNA, however,
suggest the presence of a greater variety of repett-
tive saquence transcripts than can be accounted
for as histone mANAs (for axampie, see Glisin,
Glisin and Doty. 1968; Chetsanga et al., 1970).
Hough and Qavidsan (1972) aiso showed that a
significant fraction of an isolated repetitive sa-
quence preparation from the Xenopus genome
rescts with Xenopus oocyts RNAs. it can be in-
ferred from the early hybridization litarature that
the maternal RNA of the cocyte contains a relatively
diversa set of repetitive ssequences transcripts aside
from matmANA.

This paper describes experiments which demon-
strate that sea urchin cocyte ANA inciudes tran.
scripts of some members of at ieast 80% of the
repetitive sequence famiiies in the genome. Ditfer-
ont repeat families are represented to greatly ditfer-
ent extents, 30 that the number of transcripts per
oocyte varies from a few thousand to over 100,000.
in addition, we report that both strands of moat
repeat families ars represented in the oocyte RNA.

Resuils

Oucyte RNA Transcripts of Short and Long Repe-
titive Sequences

The repetitive sequencas of the S. purpuratus ge-
nome fall into two categories with respect to se-
Gquence element langth. Approximately 60% of the
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mass of the repatitive ONA consists of sequences
only a few hundred nucleoctides tong, interspersed
with single-copy ONA (Graham et al., 1974; Eden et
al., 1977). As 1s characteristic of most interspersed
gsnomes studied, the average length of these
“short repeats’” is close to 300 nuclectides (for
exampie. Schmid and Deininger, 1975, Chamber-
lin, Britten and Davidson, 1975; Goidberg at ai..
1975). The remaining 40% of the repetitive DNA
mass is found in "long repeat’’ sequence elemants,
which in the sea urchin genome are 22000 nucleo-
tides in length. The iong and short repeat classes
of repetitive sequence are at least partially distinct
ssquence sets. Thus renatured short repeats in-
clude more mismatched base pairs than do rena-
tured iong repeats (Britten et ai., 1976}, and cross-
reactions batween the long and short rapeat frac-
tions show that each sequence class comprises
only a minor fraction (10-30%) of the mass of the
other (Eden et ai., 1977; our unpublished data).

Long and short repatitive sequence tracers were
prepared for use in hybridization experiments with
oocyta RNA, as described in detail in Experimental
Procsdures and Figurs 1. The kinetics of the reac-
tion of the short repeat tracer with whoie sheared
sea urchin DNA indicate that the distribution of
repatitive sequence frequencies in this tracer is
similar to that in the whoie genome, as shown
teiow. The samae resuit was cbtained by Eden et ai.
{1977). We aiso confirmad the conclusion ot Eden
and her co-workers that the sequences comprising
the short repeat fraction are a minor componant of
the long repeat fraction, and vice versa. Thus an
uniabeied short repeat DNA fraction prepared 3s in
Figurs 1 drives the long repeat tracer approxi-
mately 3-5 times more siowly than it does the short
repeat tracer. A similar kinetic disparity is observed
in the reciprocal reaction (data not shown).

A large sxcess of ANA extracted from mature
oocytes was hybridized with the long and short
rapeat H-ONA preparations. The reactions were
performed under relatively low criterion conditions
(0.41 M phosphate buffer, 55°C) to minimize the
kinetic affects of mismatch in tha repatitive se-
quence duplexes {see Kiein at al., 1978). Hybridi-
zation was assayed by hydroxyapatite binding, and
DNA tracer self-reaction was measured after low
sait RNAase digestion (Gatau, Britten and David-
son, 1974; Galau et al., 1976) as described in
Experimantal Procedures. The kinetics of these
reactions are displayed in Figure 2. Here it can be
seen that 73% of the short repeat tracer (open
circlas) is recovered in RNA-DNA hybrids at the
highest BNA Cot (55.000 M sac), and there is no
rgason to believe that the reaction has terminated
at this point. The short repeat tracer is approxi-
mately 93% reactive (measured with whole DNA

Ly
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Figure 1. 8 CL-2B F aton of S1 Nuciesse-Resist-
ant Aepetitive DNA

Total 3ee urchn *H-ONA was 1o an d
length of 3300 nucleotiies, mmurod to Cot 40 and u-qntno with
33 to qQ The S¥

reastant qupiex fracton (21%) wWas recovered on hydroxyapatte
andg ot grephed on a S CL-28 gei filtration column

n0.12 M P8 21 60°C (@). F wers and an

of sach tre was ONA in the oeak (f

$=12) was ted and {0). and agan the
exciuded fructions (7-12) were poohc This matenal constituted
the long ONA 1 S y. the paek
matensi {lractions 18-26) was and

{8). ang the tesuiting peak (fractions 19-25) constituted mo snon
fepetitive DNA fraction. From left to nght. the arrows mark Ihe
peak stution positans of long native ONA. 300 nucisotide iong
shearsd native DNA and ®P-orthophosphate. The k,, ot 300
Aucieotids long native ONA on this colummn g 0.74.

driver), and by Cat 55,000, tracer saif-reaction has
reduced the H-DNA fraction available for hybridi-
zation by about 5%. Using these numbers, the
experiment in Figure 2 shows that at least 83% of
the short repeat tracer is capabie of hybridizing
with oocyte RNA ~that is, aimost ail of the short
repetitive DNA sequence is reprasented in oocyte
RNA. This does not necessarily imply that most of
the short repeats in the genome have been tran-
scribed. but that at feast one member of most short
repetitive sequence families has been transcribed.
These data aiso indicate that both complementary
strands of most short repeat saguence families are
rapresented in the RNA. Were this not true. a
maximum of only 50% of the tracer could have
reacted.

The kinetics of hybridization ot 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 pseuda-first-order hy-
bridization kinetics for the reaction of a single-copy
IH-DNA tracer with excess oocyte RNA are aiso
indicated in Figure 2 (dashed lina) (Galau et al.,
1976; Hough-Evans et al., 1977). The short repeat
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Figure 2. Hybndization of Short and Long Reosat *H-ONA with
Excess Oocyts ANA
The short repeet *H-DNA { O) and long repeat *M-ONA (@) tracers
wWere prepared as described in Figure 1 and the text, ang hybnd-
1Zed with excass o0cyte ANA at $S'C :n 0.41 M PS, 0.2% SO0S,
0.005 M EDTA. The fraction of =DNA in ANA-ONA hybnds
(ordinate} 18 shown a8 8 function of ANA Cot. This feaction was
by g to e at 50T n 0.12 M P8,
0.05% SDS. Trnmumwcmmrmmcuomonwm
duplax formation (<5% at the highest ANA Cot) was messured as
described in Expenmentsl Procadures. and Nas been sudbtractad
rom the 10t} DGING 10 yield the vaiuse shown. The ANA/ -
ONA mass 7atio was at least 0% 1n ai} mactions: n reactions 10
high RNA Cot, 2 10° foid excess of RNA was used to Orevent
tracer suit. The data ds NyDIrIZations using several
i ot yte RNA. To the p bility
nat the lower hytirdization of the long repest tracer couid de due
to gdenah of long 1n the RMA pnor 1o
hyoridizstion. the ong repes! 'H-ONA was hybodized wih a
sample ot oocyls ANA that nad Deen n 80% Y
suitoxide at $5°C prior to hybndizstion (). These dals are
nmmwvmmammmammmm

(see Exp Ly The soiid
ling thraugh the shorst npm GALE ShOws 8 HAST-SQures SONION
g three orger This snalysis

:ugmmu 11% of the short repetitive ONA hyondizes with 3
ecONG-Order rave constant (kg of 1.08 x 10°* M~ sec™'. 31%
hybridizes with a k, of 2.36 x 10™* M™' sec”' and JT™ hybridizes
with & ke of 3.98 x 10°% M™* sec-*. The iong repest tracer resction
was best fit with two oraes (sotig line). 13%
of the iong repest TH-DNA appears 1o hybridize with a k, of 2.45
% 107 M~ gec™!, and 19% with a ky of 7.88 x 10°° M~* sac™'. For
thase L it wes d that the hybridizing ANAS were
sagmﬁumty ionger than the *H-DNA tracers (see Figure ), and 3

langth factor (f) of 2 was applied as de-
scribed in squation (1) of Table 1. The dashed line reprassnts the
kinetics of nydbrdization of & single-copy 'H-DNA tracer with
oxcess cocyte ANA, fit with s singie
with a rate consiant (i) of 2.3 x 10~ M~' ss¢"* (Hough-Evans et
al., 1977). The scaie for this reaction is shown on the right-hand
ordinate.

hybridization data were reduced by a least-squares
procedure, assuming three components, esch re-
acting with second-order kinstics. The assurnption
of sacond-order rather than pseudo-first-order ki-

ks

netics is suggested by the apparent presence of
both complements of most repeat sequencas in the
RNA. The kinetic parameters derived from the
least-squares solution are given in the legend to
Figure 2, and the solution itself is shown by the
solid line drawn through the open circles. The rate
constants obtained for the short repeat hybridiza-
tion reaction provide an estimate of the approxi-
mate range of concentrations of repetitive se-
quenca transcnpts in the oocyte RNA [equation (1)
of Table 1]. Hough-Evans et al. (1977} calculated
that one S. purpuratus oocyte contans 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
3H-DNA reacts with ANA saquences present in an
average of 1.5 x 10* copies per cocyte, 31% reacts
with RNA sequences presant in an average of 3.3
x 10* copies per cocyte. and 35% reacts with RNA
saquences presant in an average of 1.4 x 10°
copies per oocyte. The prevalence ot short repeti-
tive sequence transcripts in the cocyts 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 repatitive sequencs families are repre-
sented in cocyte RNA in about the same number of
COPIes a3 an average single-copy sequencs tran-
script. while other repetitive sequences are present
in up to 100 times this number of ANA trascripts
par cocyte.

Figure 2 shows that the long rapeat tracer
(closed circles) hybridizes significantly less than
does the short repeat tracer. The RNA/*H-DNA
mass ratio used in the high RNA Cot reactions was

‘the same for both tracers. Were each transcript

prasent in only 100 copies per cocyte (less than
one tenth the prevaience of singie-copy tran-
scripts), this ratio would be sufficient to provide a
100 foid RNA sequence excess for a transcript 2000
nucleotides long which is complementary to a
repeat cccurring 100 times per genome. The tailure
of the long repeat tracer to react more than 33% at
RNA Cot 55.000 therefors suggests that the cocyte
RNA does not contain transcripts complementary
to much of the long repeat sequence, unless their
concantrations are less than a few percent of the
concentration of single-copy transcripts. it cannot
be determined from this experiment whether the
fong repeat DNA sequence which does react is
rapresanted asymmaetrically in the RNA. In any
case, the high prevalence component suggested
by the kinetics ot 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% of the iong repeat tracer hybridizes with ANA
transcripts present in an average of 3 x 10* copies
per cocyte., and 19% hybridizes with RNA tran-
Scripts present in an average of 1100 copies per
ococyte.

Saveral repetitive genes ars known to be rapre-
sented in gocyta ANAs, such as the histone genes
and the ribosomal ANA genes. These genes wouid
be included in the long repeat ONA fraction. The
aggregate complexity of the known repetitive gene
sets, 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 § x 10%
nucleotide pairs. Highly prevaient cocyte RNA tran-
scripts such as histone MRANA and rRANA clearly
cannot account for more than a few parcent 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
hybridized fragments in the long repeat tracer, the
clear differences between the iong and short repeat
tracer reactions with oocyte RNA provide addi-
tional evidence that these are at least partially
distinct repetitive sequence sets.

Hybridization of Cloned Repetitive Sequences
with Qocyte RNA )
The availability of cloned repetitive sequencas of-
fers an independent opportunity to confirm the
main conclusions drawn from the experiments of
Figure 2. Each cloned repeat represents a single
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 prevaience. Furthermors, both com-
plementary strands of many {or ail) ot the short
repeat famities shouid be represented in the RNA.
Construction of the rapetitive sequence clones
used for these experiments has been described
previously (Schaller et al., 1977). in brief, S. pur-
puratus DNA was renatured and the repetitive se-
quence dupiexes were isolated after S1 nuclease
treatment. These fragments were ligated into the
Eco A1 endonuclease recognition sites of plasmid
RSF2124 with the aid of synthetic doubie-stranded
“linkers” containing Eco A1 sites. Most of the
cloned repetitive sequence inserts are a few
hundred nucleotides in length, as are the majority
of the repetitive sequences in the genome, whiie a
few (including an 1100 nuclectide sequence used
in the present axperimants) are significantly longer
(Klein et ai., 1978). A set of nine of these cloned
repeats was used in the present experiments, and
the representation of the same nine sequences in

L6

sea urchin nuclear RNAs is the subject of the
accompanying paper by Scheiler at al. (1978). The
tracer derived from each clone was reacted with
oocyte RNA to datermine the prevaience of the
complementary transcripts.

Two proceduras were used to measure transcript
pravalence. First, the strand-separated repeat frag-
maents were reacted with excess cocyte RNA, and
the prevaience of compiementary 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 cocyte RNA and the caiculated
number of transcripts per oocyte are listed in Table
1. A second method was to react axcess strand-
separated tracer with increasing amounts of oocyte
RNA. These reactions were carried out to more
than 10 times Cot,, with respect to the 2P-DNA
tracer fragments, thus ensuring termination of the
reactions. With this method, referred to here as
“titration,” the fraction of oocyte RNA complemen-
tary to each cloned tracer fragment is measured by
the fraction of the tracer reacting as the RNA/?P-
DNA ratio is increased. The caiculation of tran-
script prevaience from titration data was carried
out as described in the accompanying paper by
Scheller et al. (1978). Thus the number of copies of
RNA transcripts compilementary to each cloned
sequence in the oocyte was astimated with the aid
of least-squares methods by application of their
eguations (2), (3) and (4). The numerical parame-
ters used in these calculations are given in the
legend to Tabie 1. Schelier 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 mathod is subject. in the
present study, we applied the titration method
mainly to rare ANA transcripts, thereby avoiding
the difficuity of achieving the RNA sequence ex-
cess needed for kinetic determinations.

RNA excess hybridization kinetics are shown for
three of the clened repeats in Figure 3. The repeat
sequence represented by the mast highly prevaient
transcripts is that carried in clone 21098 (open

“circias), since its reaction occurs most rapidly. On

the basis of the rate of the reaction of the clione
21098 upper strand repeat fragment, we estimate
that there are ~8.3 x 10* compiementary tran-
scripts per ococyte. The lower strand reacts with
similar kinetics (Tabie 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 prevaience of
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Table 1. Number of Transcripts C nary to Cloned Rep: Seq 1n Qocyte ANA

Number of Transcripts per Oocyte

ANA Excess Kinetics Titrations
G S Croar
Langth® Reoetition Aste Constant® Transcriots RNA Transcripts

Clone Strang* (NTP) Fraquency*® (L] per Oceyts* Fraction’ per Qocyle*
2007 u 1100 4“0 (7000)*

L 1.5 x 10~ 7000
2034 [+ 560 1000 3610 3300

L 5.8 x 10~ $300
2000 U 20 140 1.7 x 10-2* 35.000

L 1.7 x 10~ 35.000 2.5 x 10-°¢ 57.000
20 U 320 700 5.2 x10°7¢ 8400

L 19x10°7¢ 3000
2108 ] 190 20 3.8 « 19°? 79.000 5.8 x 10-*¢ 1680.000

L 13 x 10! 27.000 3.2 x 1074t 90.000
2108A v} 200 900 1.8 x 10~ 2.5Q

L 2.0 x 10~ 2.800
1098 u 128 1000 8.0 x 1077 83.000

L 6.0 x 10°? 83.000
21338 u no &0 41 %1077 6800

L 3.4 x 107 $600
2137 J 190 530 9.0 x 10~ 19.000 4.5 x 10°'% 18,000

L 7.8 x 10 16.000

* Data shown in Figure J.

t Oa1a shown in Figure 4.

£ Dats shown in Figure 7.

*The twa [ Yy of ench cloned were “upper’” “lfowaer,” according to their
slectrophoretic mobility on polyacrylamde geis after doutunnoﬂ (Scn-“or otal, !978) The iower slm\d 18 the strand which migrates
mare ranidly.

* The length of sach ck rep wes from D ity ot the fragment an agErose geis,
reiative to re irag ot & waight (Kiein ot al.. 1978).
G f y wes Dy Klatn ot a1, (1978) trom the ki otr of each with
sea yrchin DNA. The numbcn :mvm are 1he occurrences of sach sequance per hapiox genome.
¢ Each strana was hy with ylie ANA 33 described in the text. S d-order rete in umits of M~' sec™', were
exiracted from the kinetic data Dy the ieast-squares method described dy Pearson, Davidson and Britten (1977).
* The numoer ol ANA caum {or RNA transeripts vyioa d DNA seq per oocyts was caiculated by comparing the
observed i with the ot hybndi of sngla-copy *H-ONA with excess cocyte ANA, as measured by Mough-
Evans ot ut. (1977) This calcuistion was carred out Dy meens of Y (1)in the y:ng paper By S ior ot al. (19789). insertion
of the appropnate numerncal values yieids:

Ky
FANSCNPIS D8 OOCYte = “_x—‘a_—.ﬁml(ﬁ) (8]
where ke is the observed rate for the hybr ot the cloned DNA seq with yte ANA from column 5 of this
tatie; 2.3 x 10~ M~ sec”' is the first-orcer rate for the hybri ot 250 singie-copy DNA with sxcess oocyte ANA
(Hough-Evans et ai.. 1977): and 1800 is the 9 ter of ANA 1ts of each single-copy per by

Hough-Evans et at. (1977). f, 18 & tactor which corrects for the rate retardation ocdeerved when the length of the griver (mo RNA in this case)
exceuds the iength of the tracer. f, 19 approximately equal to (L.,.../L....)"" {Chambertin ot al., 1978). Wa have found (dets not shown) that

the of ANA deg during i ¥ ot hours (cor ding to an RNA Cot of § thy 'd) is minimal. From
the experiments of Figure 7, 't appears that the lengtha of RNA molecuiss reecting with lour of the repetitive clones (2101, 2108, 2090 and
(3 Qe ~2000 { Thus the ANA driver length in these hydridizations axceeds the ONA tracer length Dy a tactor of —10,
and a vaiue lor f, of 3.0 has been lied. For seq whose Y transcnpt length has not been measured, we use i
consarvative vaiue of f, = 2. An additional minor kinetic uncertainty derives from the seq with ch izes the
formed by ing the cloned rap: with other g (ar RNA) copies of the sequence. This uncertainty is discussed in mare detaii in
the panying paper by S ot.al. (1978). The intrsiamilisl sequence divergence of these cloned repetitive sequence families was
measured by Kiein et ai, (1978), and is listed in Table 2 of Scheiller et al. (1978).

Tha transcript cOpy NUMOeT DE¥ GOCY!E Can aiso be [ directty, without to the singis~copy sequence concantration, by
the formuia

Kt soourves (3 X 10~*)(6. 02 % 10%)

transcripts per cocyte = Ke GSoNL)

@



Celt
178

Table 1 ~continued

WOETE K2 prpmres 13 10 rate it the RNA co
1
Kepummron = 118 M~* s@C~' w51
[
in thease L is the trag length or

L8

anty of the seq n g i as

@

y of the tracer. 3 x 10°* iy the number of grams of totai RNA per cocyte, 350 is the

average moiecuiar waight of a nbonuciectids and 118 M~* sec"' is the rate constant measured (Galau et ai., 1977) for the second-order

reaction ot X174 RF ONA. the compiexity of which 18 537% nucisotides, Since (Ris s he

usad o the

of SINGIE-COPY SeqUANCS transcrints per oocyte (Galau et al., 1974, 1978; Hough-Evans et ai., 1977), caiculations by equation (1) and by

aquations (2) and (3) are aquivatent.

! The RNA fraction, or the mass Iraction of cocyts RNA compilementary to a particuiar ONA WaS Meas by ti as
ilustrated in Figure 4. The ANA fraction 13 squai to the initisi slope of the titration curve (that is. the mass of ¥*P-DNA hypndized divided by

the mass of RNA in the reaction), or can be from the { shown in {2) of S ot ai. {1978). ANA fractions shown
were Dy lenst. as described by Scheiler et ai. (1978).
¢ The number of RNA copies (or ANA transcripts compiemantary to a particulsr DONA seq per yie is trom the
RNA fraction as:

. {ANA fractioni(3 x 10™9)(6.02 x 101%)

-

ranacripts par 0ocy L0%0) (4)
where 3 x 10-* is the total numbder of grams of RNA per cocyte, L is the length of the -] in ides and 350 18 the
average waghtot a s due. This is i {4) of Schailer et ai, (1978).
" The clone 2007 repeat. upoar Srand, was not trirated with cocyte ANA. Kinetics of RANA ipns with both ot
the cione 2007 tragrmaent indicate that cocyte RNA containg a similar ¢ ation of ipts Y {0 each strand.

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

Titration curves for the clone 2101 and 2108
repeats are shown in Figure 4. From these data, we
estimate that the upper strand (cpen circles) of the
clone 2108 repetitive sequence is represented in
RNA by ~1.8 x_ 10* complemaentary transcripts per
oocyte, while the lower strand (closed circles) is
about 2 foid less pravaient (Table 1). The titration
data shown in Figure 48 indicate that transcripts
complementary to the clone 2101 repeat are repre-
sented only a few thousand times per oocyte, as
summarized in Table 1. This resuit is consistent
with the incomplete termination of the RNA excess
hybridization reaction shown for this repeat frag-
ment {Figure 3). While tha titration experiments of
Figure 48 show that both strands of the cione 2101
repeat are indeed represented in the cocyte RNA, it
again appears that the complementary transcripts
are present at concentrations which differ 2-3 foid.
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 DNA. This experiment is
shown in Figure 4C. Data for the two tracers are
essentially identical, and it follows that the differ-
ances in the titration curves shown in Figure 4B are

due to differences in RNA transcript prevaience.

Table 1 shows that the number of transcripts per
cocyte complementary to nine individual repetitive
saquences varies from a few thousand to about
10* ~that is, the difterent repetitive sequence fami-
lies appear to be expressed to very different extents
as suggested by the experiments with the genomic
rapeat tracers (Figure 2). The oocyte contains dif-
farent numbers of transcripts compiementary to
the two strands of some repetitive sequences
{clones 2108, 2101 and 2034), but approximately
equal amounts of transecripts complementary to 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-
sented in oocyte RNA. Transcrints of the two lang-
est cloned repetitive sequences (clones 2007 and
2034) are reiatively rare in 0oocyte RNA. Were these
clones typical members of the long repeat fraction
studied above, however, our results wouid imply
that both strands of long repetitive sequences are
represented in the oocyte RNA, as are both strands
of short repetitive sequences. This conciusion
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 exarnple, the cione
2108 sequence is present in only about 20 copies
per haploid genome, aithough its compiementary
transcripts arg highly prevalent in cocyte RNA; on
the other hand, the cione 2101 sequence has a
genomic repetition frequency of about 700, whiie
its complementary transcripts are rare in oocyte
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Figure 3. ot the R ot Cloned Repetitive DNA
Sequances with Excess Oocyte RNA

The ot were ty-

bridized with a 1-5 x 10* mass excess of oocyle ANA a1 $5°C in
0.41 M PS8, 0.2% SOS. 0.005 M EDTA. The cioned trecers ware
tar Y with 318 Hybr was yed By )
to nyd at the values ot ANA Cot. The ob-
servad hydroxyapatite dinding was 235% senmitive o iow sait
RNAsse trastment (Gatau et ai.. 1974} and theretore represants
ANA-DNA hyond formation rather than DNA rensturstion. The
solid lines Are secona-order functions fit (o the data Oy & isast.
squares grocedure (Pearson ef al., 1977}, sssuming a3 single
Kinetic component in each case. For comoanson. the dashed ine
repi the of singie-copy ONA with

of hyor

yte ANA to 100% reaction. Thg resction 1§
D8NUAC-lirst-oraer m form, and the rate constant (1) s 2.3 x 10-*
M- sac’ (Hough-Evane ot at.. 1977), Clone 21088 upper strand
{ Q) hyondizes with a raer rate {ko Of 8 x 10°2
M=' sec*': far clone 2090. upoer strand (&) and iower strand {A},
%e @ 1.7 x 1077 M~ sec~'. Clone 2101 upper strand () and lower
strand (B MyOrdize mcomplately at the aocyte RNA/VP-ONA
A (A0S ANANADIE 1N (hess EXDErMENts DECAUSE the tracer is
in sequence excess (see taxt). Tha obeerved fraction of *P-ONA
bound to hy ysp was oy the traction of 2P in
each cioned DNA preparation which is capabie of reassocisting
with excess 368 urcmin DNA (ihat ig. the tracer resctivity). This
fraction ranged fram 0.8 to 0.8 !or the tracers shown. The
agnreactive P was manly y=3P-ATP perssting from the poiy.
Kirtase

Qr

RNA. This observation suggests that the variation
in oocyte RNA prevaience among different repeti-
tive sequencas resulits not simply from the variation
in their genomic repetition frequencies, but {from
the greater aexpression of certain repetitive se-
quence families. To examine this question further,
the fraction of the short repetitive 3H-DNA tracer
which 18 represented by highly prevalent cocyte
RNA transcripts was isclated, and the genomic
rapetition frequencies of these sequences were
measured.

Genomic Repetition Frequency of Short Repeats
Whose Transcripts Are Prevaient in Oocyte RNA
A subfraction of the short repeat tracer that is
complementary to the more prevatent RNA tran-

49

scripts was isotated by two cycles of hybridization
with excess oocyte RNA at Cot 500 (see Figure 2).
The procedure used and the yields at each step are
given in the legend to Figure 5. The selected *H-
ONA was 19% of the starting repeat tracer. The
kinatics of the reaction of this selected 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-
atad short repeat tracar with oocyte RANA, repro-
duced from Figure 2. The salected tracer clearly
consists of sequences whose complements are
reiatively prevaient in the RNA. A least-squares
anaiysis of the data indicates that the saiected
repeats are regrasented by an average of ~1.1 x
10* compliementary transcripts of each sequence
per aocyte. Comparison with the data in Figure 2
indicates that this transcript prevaience is consist-
ent with expactation, if the setected tracar indeed
consists of the most highly represented 19% of the
short repeat *H-DNA. The kinatics ot the reaction
shown in Figure 5 indicate that in contrast to the
starting tracer, vary little of the seiected repeat 3H-
ONA 1s complementary tc RNAs of lower preva-
lence.

The selected repeat tracer was reacted with ex-
cess shearad ssa urchin DNA, as shown in Figure 6
(cpen circles). For comparison, the reassociation
of the starting short repeat tracer with excass sea
urchin DNA is aiso shown {closed circles). The
raaction of the selectad short repeat fraction is
only slightly faster than the reaction of the original
unfractionated short repeat preparation. Were
prevaiencs in cocyte ANA directly proportionai to
ganomic rapetition frequency, the satected *H-DNA
fraction would consist of the most highly reiterated
19% of the short repeats—~that is, of sequences
accurring saeverai thousand times per haptoid ge-
nome. The kinetics of the reaction shown in Figure
8. however, indicate a ditferent resuit. The data are
congistent with a distribution of genomic repeat
frequencies such that of the 96% of the selected
repeat tracer which is reactive, 19% consists of
repeats occurring only 20 times per haploid ge-
nome, and 33% consists of rapeats occurring an
average of 250 times per genome. Of the different
repetitive sequence families represented in the
oocyte by prevalent ANA transcripts, the vast ma-
jority belong to the lower repetition freguency
classes, since there can be vary few different highly
repetitive sequences. in other words, most of the
highiy expressed repetitive sequences families are
of relatively small size. There are approximately 5
x 107 of these families in the S. purpuratus ge-
nome. Since the selected tracer contains slightly
less than 20% of the smalt repeat families, we
estimate that several hundred to a thousand of
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Figure 4. Titration of Cloned Repetitive Sequances with Sea Urchin Oocyte RNA ar Sea Urchin ONA

(A} The *P-ONA repest tracer of clone 2108. uopar strand ( C) or lower strand (@), was hybridized with- increasing amounts of totai cocyle
RNA. Reactions were carned out 1o 10 x Cot, with respect 10 (he cioned *P-DNA tracer. Since anly one of the two complementary
strands of INe clons 2108 sequence is prasent n each Nydndization mixture, ONA renaturation cannot occur. The fraction of MP-ONA

Aydndized with oocyte ANA was yed Dy bhinging to hyd The smail fraction of “P-ONA bound o hydroxyapatts in the
absence of ANA, oy the o1, 18 due 1O rminor of the strand. OMA p with the
compiemaentary strand (see the Y\ng Daper by S ot al. (1978) for data regarding (he punty of the strand-secarated tracers).

The incresss in hydroxyspatite binding mm incresmng RNA/ONA ratio is due (0 ANA-ONA ! and s ta
ANAase gigestion under fow salt conditions. The initial $i0pes of e Curves Shown are prooomonu 0 the fraction of cocyte ﬂNA capable
of hydrdizing with sach ONA strand. The solid fines are fit 10 the data g 10 2) ot S ot al. (1978).

(B) **P-DNA repeat tracer of clone 2101, upper strang (C) or (owar strand (I}. was nydridized with varyng amounts of oocyte ANA, ag in

A).

(C} The repeat tracar of clons 2101, upper strand (C) of lower strand (W), was re willt i g of unirsctionsied sea
urcnm ONA sheared to 8 wqm Mean of UNGW=Strand fragment length of 850 The f of #P.ONA birkling to
hy Y i 382 h 1 of the see urchin DNA/#P-ONA mass ratio. Taking INto account the effects of the drver ONA

frag fengmh distr

% 10 the length of the reacting sequence (Moore et al.. 1978), the reteration fraquency Mmeasured in this

AX0ENMANt 1S 1N SAUITBCIOTY 3QTESMENt with the vaiue of 700 coges Der NaDIOK! GENOMe reported Dy Kl et al. {1978).

them are represented by prevaient transcripts in
the cocyte RNA.

Size of RNA Molecules Containing Short Repeti-
tive Sequence Transcripts

Oocyte ANA was fractionated according to length,
and the concantrations of ranscripts compiemen-
tary to several of the cloned repetitive sequances
werg measured in three RNA size fractions. The
RNA was denatured by treatment with 80% (v/v)
dimethyi sulfoxide (OMSO) at 55°C and sedimented
through sucrose gradients containing 60% DMSO
at 25°C. These conditions are sufficient to disrupt
mgost inter- or intramoigcuiar base painng in the
RNA (Strauss, Keily and Sinsheimer, 1968; Bantle
and Hahn, 1976). The sedimentation profile of the
oocyte RNA in the DMSOQO gradient is shown in
Figure 7A. Most of the absorbanca pattern is Que
to ribosomal RNA. Fractions were pooled into three
size classes, as indicated: size class | contains RNA
sedimenting between 19.5S8 and aporoximately
3635; RNA in size glass || sediments between 11S
and 19.5S; ANA in size ¢lass iil sediments between
approximately 2S and 11S. Four of the cloned
repeat {ragments inciuded in the experiments sum-

marized in Table 1 were used for these experi-
ments. Figures 78-7E show measurements by the
titration method of the relative concentration of the
transcripts complamantary to these repeats in each
RNA size class. As the legend to Figure 7 indicates,
the total numbers of transcripts in the three size
classes agree reasonably well with the measure-
ments listed in Tabie 1. The relative distribution of
transcripts complementary !0 each sequence
among the three RNA size classes is represented
by the inset histograms in the figure.

Figure 7 shows that each of the four cloned
repetitive sequencas examined hybridizes the most
with RNA of size class li, less with size class | and
still less with size class |ll. Thus mast of the oocyte
ANA moiecules containing these short repetitive
sequence transcripts appear to fall in the 11S-
19.58 fraction —that i3. to be ~1000 to 2500 nucieo-
tides in length. The same result is obtained with a
rarg set ot transcripts, those compiementary to the
clone 2101 repeat, as with prevalent transcripts,
such as those complementary to the clane 2108
repeat. The sedimentation profile of the ribosomal
ANA in Figure 7A suggests that the oocyte ANA is
stightly degraded. Qur measurements may there-
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Fraction of DRA » hybisd

0 1 4 . :
o o o ot
ANA Cot
Figure §. Hydr ata8 Fraction of Short Repetitive
IH-DNA with Excess Oocyte ANA

The short repaet *H-DNA tracer wae nybndized with a 3 x 10° foid
axCes8 of 0ocyte RNA to ANA Cat 500 and fractionated by binding
0 hydroxyapatte. 37% of tha M-ONA was dound. 0% was
RNA-ONA hytind snd 7% was renatured ONA-ONA dupiex. The
bound mewenal was sluted, hytbndized with saditional oocyte RNA
to ANA Cat S00 and again fra on
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Fiqure 8. RAsassociation of Total Short Repetitive IH-ONA and
Setected Short Repetitive *H-DNA with Excess Whole Sea Urchin
DNA

The total short repeat *H-ONA preparation (@), or that {raction of
the short repeat *H-0ONA tracer seiected by low Cot hyondization
t9 oocyte ANA (O) {sae Figure S). wes rsected with 3 1-5 x 10¢
foid mass excess of total sas urchin ONA that wes shaered to 2
waight mean single-strand fragmant length of 850 nuclectides.
The ordinates show the fraction of *H-ONA binging o Rydraxy-
apatite at 50°C 0 0.12 M PS, 0.05% S0S. The Cot 13 caiculated
with respact 10 the concentration of the genomc driver DONA.
inciuded as an internal kinet in each ion Mxture

¥ Y Y 9 was & *P. d reoetitive (clone 2034. data
57 5% bound. This second bound fraction was eluted. and the not shown). The rate of rasssociation of this #P-ONA sequence
IH-ONA was punfied of RNA by alkaiing hydrotyms (0.1 N NaOH at with the driver DNA was for ait t with
ITCtor t nr)“ L by graphy on a S G-100 the 1000 foid trequen od previousiy for this

The g to at Cot 10 (12%) sequence (Kiein et al., 1978]. The soiid line sNows a least-squares
was . ang e T of the *H-DNA, rep 9 tion for the ot the untr short repetl tracer,
19% of the starting short repest tracer, the ing three orde This solution

short repest fraction. This *H-ONA was hyondized with & 10° foid
mass excees of 0OCYS ANA to the indicated values ot ANA Cot.
The fraction of the *H-DNA tracer in hydride { O) wes assayed by
binding to Nydraxyapatite and correctad for 3 smsil amount (0=
5% of ONA<DONA rsnaturation. ss described In Expe

uass the three rate constants measured oy Graham et a). (1974}
for the repetitive components of whoia S. purouratus ONA: 8.2 M-
sec™' for the fastest component (8500 occurrences per hapiod
genoma), 0.3 M~* sec~' for the middle component (250 coples per

Procadures. The solid line shows ihe leest-squares solution as-

g & Hngle I The d-order rate

constant 18 7.9 x 1077 M~ sec-'. The dashed line represents the

kinatics of hybndization of the starting short repeat tracer with
yte ANA, rep! from Figure 2.

fore underestimate slightly the true size of the
oocyte RNA moiecuies bearing the repetitive se-
quence transcripts. In any case, it is clear that few
RNA moiecules containing repstitive seguence
transcripts sedimant at less than 11S. We conclude
that the short repeat transcripts are present on
cocyte ANA molecuies which are many times the
length of the cloned repetitive sequence elements.
Since the messanger RNAs of the cocyts are about
2000 nucleotides long (reviewed in Davidson,
1976), the obsarvations in Figure 7 raise the possi-
bility that the short repeat transcripts might de
covalently linked to maternal mRNA molecules.

Genomic Sequence Organization around Repeat
Families Represented by Prevaient ANA Tran-
scripts

While many of the repetitive saquences in the sea

g } and 0.023 M™' sec™’ for Me siowest component {20
copes per genomel. The fractions of the short repeat tracer in
the three are. y. 0.28. 0.35 and 0.31 (8%
at the H-com are nonredctive and 2% bind at Cot <10°%). The
aashed line is the lsast-squares solution for the kinetics of the
macnon of the ssiected 3NOMt rspeal raction represented by
p oocyte 1pts using the same three second-order
rate The fra af the short repeat tracer
i ded in the three are 0.44, 0.32 and 0.14. respec-
tively (4% of ihe *H-cpm are nonresctive).

urchin genome ara intsrspersed with singie-copy
DNA sequences, some occur in long biocks unin-
terrupted by singie-copy sequenca (Graham et al.,
1974; Eden et al., 1977). The purposge of the follow-
ing experiments was to determine whether repeti-
tive sequences representad by high abundance
cocyte 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
nucieotides was stripped.of the “foldback’ fraction
by hydraxyapatite binding at Cot 5 x 107%. After
this procedure, its weight mean single-strand frag-
ment langth was 2600 nucieotides. The tracer was
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Figure 7. Size of Cocyte RNA Molecules Hydbrgizing with Cloned
Aspatitive Sequences
(A} Fractionation of cocyte RNA by " ng
OMSO. g Total Yi® RNA was ars
mg/mt in 80% (v/v) dimethyl suifoxide (DMS0), 0.1 MLICL. 0.01 M
Tris-HC! (pH 8.5), 0.008 M EDTA, 0.2% 30S. and heated at $5°C
for § min. it was then sedi 4-20%
Sucrose gragients contaimng 0% OMSO ll 25°C. 35.000 rpm for
88 hr in the Backman SW41 Ti rotor. Absortance at 260 nm is
anat af gi after subtracton ot backg
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then reacted with excess oocyte 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 DNA consisting of
hybridized repetitive sequences at various ANA
Cots. according to Figure 2. At each RNA Cot. the
fraction of the 2600 nucleotide DNA fragments
bound 10 hydroxyapatite greatly exceeds the frac-
tion of the DNA inctuded in hybridizing repetitive
sequences (dashed line). On the other hand. only
3% of singie-copy DNA sequences can hybridize
with oocyte RNA, and these sequences react with
an RNA Cot,; of 3000 {Hough-Evans et ai.. 1977).
Essentially ail of the reaction seen in Figure 8
below ANA Cot 1000 must therefors be due !0
repetitiva saquence hybridization. it follows that
the hybndizing repetitive sequences on most of the
bound 2600 nucleotide fragments ars interspersed
with other, nonhybridized sequences. The farge
fraction of the tracer invoived in the reactian shawn
in Figure 8 requires that much of the interspersed
Hanking sequence be singie-copy.

in the ot added RNA is due to minor

ccm‘mmanon ot the iower strand of the clone 2090 rspeat
weith the Y upper strand. The increase in

"P ONA binding to Nydroxyapatite with sdded ANA 13 due to the
formation of qocyte ANA-¥P.ONA hyonds and 13 latie o low
sait ANAass treatment. The graph shows the relanon betwesn the
amount of the 3*P-DNA nybindized and the amount of each RNA
uIe class n the reactions. The number of RNA transcriots
compiemantary to the L strand of the cione 2090 repeat in each
3179 Class i caicuisted from the mass of ¥P-ONA hybrdized by a
gtven volume of RNA solution n the imitial linear region of the
curve (that 1S, when the *P-ONA i3 in luqo exces). The inset
shows the reiative of ] n each
ANA e ciasa as a fraction {f) of the numur ot transcripts
n size class il. The total ot comp y trenscnpts
per oocyte can De estimated from the totst amount of tydndiza.
ton with the three RNA size classes. 'aking into account the
Quantity ot RNA n the ng gradi (785
#g), the fraction of each size class used in the expenment
and the smount of RNA per oocyte (3 x 10°* g). The number
s 57.000 p y transcnpts per oocyls. (O}

apsorbance due to DMSQ ana ECTA in the gradient. The three
major nbosomai RNA pears, from rignt to teft, contan 55 and
$.45 ANA, 185 ANA and 288 RNA. respaciively. Fractions were
pooied Nt thies sm classes, i, It and il a8 indicated. Size class

[ ANA g b 19.55 and adbout 3ES. size
class 1) ANA sadti ing 1 118 and 19.5S: size
ciass It RNA sadi ting b atout 2S and 118,

{8) Titration af the clane 2090 repeat fregment, lower strand,
with the three cocyte RNA size ciasses. RNA in each of the three
S128 classes described in (A) was concantrated to 8 valume of 0.1
mi. 0, 1, 20r 3 4 of traction |, 1 or t) were mixed with 2000 cpm
of the lower strand fragment of the clone 2090 rapest (*P-ONA
spec. act. 8.8 x 10° cpm/ug). The hybrdization mixtyres con-
tained 0.41 M P8, 0.2% SOS and 0.005 M EDTA. They were heated
at 105°C far 45 sec and incudated at S5°C to 3 tarminal ONA Cat.
Thn amount of ¥P-ONA in hyond was assayed by dinding to

) ite and is p asat ian of the voi of RNA
used m sach hyondization mixture [(A) size ciass |; (W) size ciass
I; (@) size ciass {Il]. The smail amount of #P-ONA binding to

Ti af the upper strand of the clone 2137 repeat with the
ihree size classes of cocyte ANA. The clone 2137 upper strand
trecer was titrated with the three ANA uze ciasses 38 in (B), and
the data sre simiiarty displayed. The MP-ONA nad 1 specific
actnity of 8.4 x 10* cpm/ug. and 1500 cpm were usad in sacn
hybeidization mixture. The number of transcripts comptemaentary
to this per socyle. Ry summing the three SiZe
ciasses, 13 18.000.

{01 Titestion ot the uppec strand of the cione 2108 repeat with the
three size classes of cocyls ANA. The titration was performed as
descrided above. 1700 cpm of 3P-DNA (spec. act. 3 x 10* cpm/
#G) were used in each hybridization reaction. The data ingicate
that the tolal number of transcripts compiementary 10 the clone
2108 repest upper strand is 320,000 par oocyts.

(E) Titration of the upper strand of the ciane 2101 repeat with the
hree size classes of cocyts ANA. The titration was performed as
above, sxcept thet 0, 1, 3 or 5 ul of each RNA size cisss was used.
£ach hyordization contained 900 ¢om of 2P-DNA (spec. act. 3.2
x 10" cpm/ug). The total number per cocyte of lranscripts

Y o the cione 2161 upper strand tracsr was 9000.
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Figure §. Mybnatzation of 2600 Nucieotids Long H-DNA with
Excess Total Qocyte ANA
A -DNA tracer of weignt Q q ng frag tength
2600 nucieotides. from which the G to hy yap:
tite at Cot § x 10°* {20%) had beyn removed. was hytndized with
1 10%-10* foki excess of oocyts ANA. The fraction af 'H-ONA
Bound !0 Rydraxyspatite Nas Deen corrected. as descnbed in
Expanmaental Pr . lor sny selt of the DNA (55%).
The solid line is 8 issst-squares 10 the hyde data
Q three raer kinetic The d
linvg reg the hyDr of DNA with ihve cocyts
ANA, sxpressed here as the iraction of whole sea urchin DNA.
This quantity. Wy, was caiculated at vanous values of AMA Cot
from the dats in Fiqure 2. using the relation Hy = (Hy Fy) + (H,
-F). where H; and H, are (he !rsctions of short and (0ng repetittve
ONA hybrgizing with oocyte RNA at a grvan RNA Cot. ana F, and
£, are the fractions of whoie sea urchin DNA comamsting of short
and lang repetitive sequences (0,13 and 0.08. respectiveiy}.

The sequence organization ot the hybridized 2600
nuclectide tracer fragments was further investigatad
as fotlows. That fraction of the 2600 nucleotide
tracer reacting with RNA oy Cot 100 was bound to
hydroxyapatite and eiuted without denaturation in
0.5 M phosphate buffer. The average fraction of
each fragment in RNA-DNA hybrid was 10%, as
measured by S1 nuclease resistance. This corre-
sponds to about one hybridized 260 nucleotide
sequence per 2600 nucleotide fragment. The Si1-
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 sequencs. In addition, an aliquot of the
2600 nucleotide DNA which had reacted at ANA
Cot 100 was reassociated with excess sheared sea
urchin driver DNA. The kinetics of this reaction
were assayed by S1 nuciease digestion to measure
the amount of the 2600 nucleoctide *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 nucleotide
IH-DNA tracer (Figure 9. closed circles). This ex-
pariment demonstratas that the hybridized and the
unselected 2800 nucleotide tracers are essentially
the same n thewr content of rapetitive and single-
copy sequence. Thus Figure 9 shows that an aver-
age of 25-30% ot each fragment ig repetitive se-
quence which reacts by driver DNA Cot 100, and
approximately 70-75% 13 singie-copy sequence.
Since each selected trager fragment includes a
repetitive sequence compiementary to prevaient
RNA transcripts, it can be conciuded that most
members of the highly expressed repeat families
are intersparsed with single-copy sequences in the
genome. The RNA transcripts could conceivably
derive from only a few of the family members,
howaever. and this demonstration does Not neces-
sarily mean that the particular family members
which are transcribed are interspersed repetitive
saquences.

Discussion

This investigation provides direct evidence that
transcripts ¢! at least some members of many
intersparsed short repatitive sequence families are
accumulated during oogenesis. An unexpected
conciusion is that all or almost ail of the short
repeat famiiies in the genome are represented by
compiementary transcripts in the cocyte. We find.
however, that different repeat tamilies are repre-
santed to very diverse extents. Transcripts of cer-
tain repatitive sequence famiies 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 repatitive
sequence tracers (Table 1) and with genamic repet-
itive DNA fractions (Figure 2), and by two inde-
pendent methods of measurement, tracer axcess
titrations and RNA excess hybridization kinetics.
There can be little doubt that there are highly
prevaient transcripts in the oocyte which represent
a minor fraction, perhaps 20%, of the repetitive
sequencs families in the genome, as well as other
repeat transcripts about as rars as single-copy
transcripts. Figure 6 shows that most of the differ-
ent highly represented repeat families are not
large. They typically inciude about 20 to about 200
copias per haploid genome. It is clear that the
differences in repeat transcript prevalence are not
a simple consegquence of the genomic reiteration
frequencies. There is. in ather words, a specitic set
of repetitive sequence families which ends up
being highly expressed in the maternal RNA. The
mechamsm leading to the specific patterns of tran-
script accumuiation which we observe could in-
clude ditferences in transcription rate among di-
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Figure 9. Singie-Copy Sequence Content of 2600 Nucisotide
Long 3H-ONA Hybndizing with Oocyte ANA st ANA Cot 100
The 2600 nucieotide *H-DNA tracer was hybndized with excess
oocyts ANA (as in Figure B) to ANA Cot 100 and passed over
hydroxyapstite. The dound fraction (25.8%) was siuted without
denaturation ia 3.5 M P8, A paortion was uum with AMAase
under low sait ¢ {sww Exper P 1o digest
the RNA from ANA-ONA hybrids and then passed over hydroxy-
apstite. The DNA which did not bind (o this second hydroxyapatite
column (84%, or 21.5% of the starting ONA) containg DNA se-
quences which Nad Deen 11 hydbnds, plus cavaiently linked fiank-
ing sequences. This ONA lncnon retmned 3 weght mean frag-
ment length of 2600 r ing to !
arments, The hybrmztﬂ ONA trac-

tion, 40) or the starting 2600 nuciesctide iracer (@). was reasso-
ciafed with excess 450 nucieotide long sea urchin DNA. Each
resction mixture was treated with S1 nuciesse !0 digest singie-
stranded regions of DNA. while sparing dupiex regions. and
fe by qraphy. The traction of
H-ONA hound o nycroxwamu at aacn Cat vatue represants the
fraction of the 2800 nuciectide iong *H-DNA that was in driver
DNA-'H-ONA dupiex regions at that Cot. Also shown is the

tion with whoie sn urchin ONA of *H-ONA
isolated from the nybnd regs by the 2600
aucleotide *H-ONA and oocyte RNA to RNA Cot m {&). This
materiai was isolated by hydndizing 2600 nucieotide tracer with
excess cocyte ANA 10 ANA Cat 100, digesting the mixture with 51

and binding the r # (2%) to frydr
tite. The bound *H-DNA was siuted with 0.5 M P8, digested with
RNAase in low sait and purified of ANAazse-remistant ONA-DNA
dupiexes by hydroxyagatite dinging. The unbound trecer fraction
was then rescted with axcess whoie ses urenin DNA and zsssyed
by hydroxyapatite dinding without S1 nuclease treatment as
shawn. The dashed line. lor compdrison, i the mactian ot the
sgiected short repetitive YH-ONA fraction with sxcass sea urchin
ONA, reproduced from Figure 8.

verse repeat families, ditferences 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 ANA species stockpiled in the mature oo-
cyte.

it is interesting that both strands of each repeat
saquence are represented in the oocyte RNA. In
the accompanying paper, Scheller et al. (1978)
demonstrate that complementary rapeat tran-
scripts aiso exist in nuclear ANAs. They also ob-
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sarve a similar specificity in the pattern of repetitive
sequence representation in sea urchin nuclear
RNAs, and show that a differant set of repeats is
highly represented in two ditterent nuciear RNAs.
Thus the findings we report here are not peculiar
to the maternal RNA of the oocyte. The presence of
both complementary strands of each repeat in the
RNA raises the possibility that sequenca-specific
RANA-RNA or RNA-DNA interactions couid occur.
Since only a minor {raction of repeat families is
highly representad in the ococyte RNA, the regions
of the RNA or DNA affected by such interactions
might be restricted in an interesting way. The
possible regulatory significance of such interac-
tions is discussed by Scheilar and coileagues in
the accompanying paper. and the reader is referred
to their paper for speculations on this subject. The
possibility that the cocyte RNA contains transcripts
which participate in regulatory interactions is. of
course, a fascinating one. The mechanism by
which stored components from oogenesis act to
sat up the differentiai patterns of gene exprassion
in the early embryo remains a conceptually chal-
lenging, and unsoived, problem of developmentat
biology (see review by Davidson, 1976).

It appears probable, aithough it is not demon-
strated in this study, that the oocyte ANA molecuies
containing the rapetitive sequence transcripts aiso
contain interspersed singie-copy sequence tran-
scripts. We know from the data shown in Figure 7
that these RNAs ars at least 1000-2000 nucieotides
in length, significantly larger than the repeat se-
quences themselves. Furthermore, the experiment
of Figure 9 shows that most members of the highly
represented repeat families are shont sequence
elements interspersed among single-copy se-
quences in the genome. We lack direct evidence,
however, that the franscribed sequences are inter-
spersed; as pointed out earfier, the short repeat
sequence set is represented in long repeat DNA
praparations as well, It is not known whether this is
due to homology batween shart and tang repetitive
sequences or merely to mutual contamination of
the long and short repeat preparations. The RNA
molecuies hybridizing with the short repeats could
conceivably be transcribed from long blocks of
rapetitive sequence which include one or more
members of the interspersed repeat family. In this
case, the hybridizing RNAs would consist mainiy of
repetitive sequence transcript, and the single-copy
transcripts of the cocyte 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 single-copy transcripts in the oo~
cyte. The functional polysomai mRNAs synthesized
in the sea urchin embryo nuclei lack detactabie
covalently linked repstitive sequence transcripts
(Goidbarg at ai., 1973). as is aiso the case for other
organisms (for axampta, Campo and Bishog, 1974;
Klein ot al., 1974; Laqgler and Cohen, 1976). This
raises the possibility that the matmRNA undergoes
some form of processing during which repetitive
sequence lranscripts ars removed prior to assem-
bly of the message in embryo poiysomes. Altarna-
tively, some of the putative interspersed ANA moi-
acules bearing both marmRNA sgquences and re-
peat transcripts might perform some other function
in the ambryo.

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

Experimentsl Proceduces

la Yivo Labeling and isciation of See Urchin ONA

Sea urchin DNA was jadeied 'n vivo Dy a modification of he
method of Kisene and Humphrays (1977). Strongylocentrotus
purpuratus embryos were cuitured at 15°C in Milﬁpon-"lt.ﬂd
smewater contaimng penciilin ang
1967, Smith et ai.. 1974). At the 8 ceil :tho (-l 5 hr atm
fartitization), emoryos were settied and resusosndsd at 7 x 10*
embryos per mi with S0 LCli/mi 4 {90 Cisr Y. $Q
uCl/mi 23 ve (12.3 Ci/ and 28 uCi/mi 5.6
undine (35.4 Ci/rwnole). At 12 hr after tertilization. the same
AMOUNt ¢f each 130008 WS SGRIN 3dded 1O the cuiture. Emoryos
wWers ¢rown 0 the hatched biastuia tage and then harvested by
centrifugation. They were washed ofice in seawatar and once
SEDTA (0.1 M NaC!. 0.05 M EDTA (pH 8.0)] and then ree
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glons without destroying mast repelitive sequence duplexes (Bnt-
ton ot al., 1976; Eden et al.. 1977). Phospnate butter was added to
0.12 M, and the ONA was extracted ance with IAC {24:1 chioro-
torm-isqamyt aicohot}, diluted 2 foid with 0.12 M P8, 0.2% SOS
and over Nydroxy at 80°C. The bound traction was
eiuted with 0.5 M P8 and conshituted 21% of the input ONA,
This matenal was graphed on a of Sepharose
CL.-28 (Pharmacis) in 0.12 M PB at 60°C. Excluded and acluded
peak fr were ated by with sac-
butanci {Statford and as.o« 197%). diatyzed ntn 0.12 M P8 and
rec Qraphed as i in Figqure 1. The resuiting peak
fr ware Y ang . The tang recest
fraction was sonicated with 3 Branson Model 5125 sonifier ang
memup for 8 1 20 sec at 2 Amp in 0.12 M PB. The resulting
fragi aged 570 des n lengih, according to
made by di n alaline sucrcse
gradients. To remove any contamnating smgiecapy ONA and
ONA ir the DNA was denstured and rens-
tured in 0.41 M PO, 5 mM EDTA, 0.2% SOS a1 60°C to Cot 80, and
over hyd at50°Cin0.12M PE, 0.05% 30S. The
Dound fr!cuon 160%) was siuted with 0.5 M PS8 and constitutes
e iong repetitive H=0ONA tracer useg !or the hydndization
mxpanments, The DNA from the short duoiex pesx. consisting of
mort repetitive sequences aversging XS nuclectides n lsngth,
was suniarty renatured to Cot 20, and ihe 'raction baund to
ydroxysoatte (80%) was isotated (since the short repeats com-
onse about 13% of the DNA, this 13 comparable 1o a whole ONA
Cot of about 150). Long and short repest fractions ware isolated
from uniabeied sas urchin ONA in the same fasmion.

OMA-ONA Resssaciation

Al reassocigtions were in 0.12 M PS (pH 8.8) at 50°C, orin 0.41 M
P8 at S5°C. uniess otherwee noted. Reassocialion Mixtures aiso
contained 2«5 mM EDTA and 0.1-0.2% SDS. and some included
caif thymug DNA 39 carner. The mixtures were saaled in silican-
70 Qlass capiiianes. doted 31 39°C (0.12 M PB) or 104°C (B 41 M
P8) for J0-80 sec, incubated for the desired time and frozen in
ary ice-acetons. For assay, he reassociation MIXIuTes ware
thawed, diluted into a 100~200 ‘oid excess of 0.12 M P8, 0.05%
508 ana over n 0.12 M P8,
0.05% SDS at S0C. Bound inqmont! were (Meited from he

in a few muiiliiiters ot SEOTA. The resulting sturry was dnpped
rom & pREtAur Dipene onto a bed of powdered dry ice. 30 that the
drops fraze immaediatety. The smbryo-dry 1Ce Mixture was tiended
int 2 Wanng blender 10 a fine NOMOgeneous powder. alicwed to
thaw partiaity and then suspended n SECTA (~1 mi per 10°
orginal embrvos). 0.5% SDS was auded with stimng to compiete
lysid, and ONA was oy (1]

viarofor I utrlcllon winding lnd
RNAuo A and pronase diqnnom (Granham st al., 1974: Angerer.
Oavidson and Sntten, 1975). The ONA obtained had a soecitic
radioactivity of 1.15 x 10% epm/ ug.

Praparation ot Long and Short Repetitive ONA Fractions
Ses urchin *H-DNA in 3.2 M Na acetate was shaared in 4 Virtis 80
homogenizer (Britten, Graham and Neuteid. 1974) far 20 min at
10,500 rpm. 0°C. it wes then passad through Cheiex 100 (8io-Rac)
o any ing heavy metal iong. Foilowing dene-
turation mm 0.1 N NaOH #or 10 min at 25°C. the ONA was
in 0.41 M sodium phosp butter (PB), t MM EDTA
(pH 68) at 50°C to Cot 40 (Sntten et ai., 1974). The ONA was
diah ivaly to remove o heated bretly to 80°C
mOSMNnCI 001 M PIPES (pH 8.7} and digested for 45 min at
ITC with St nuciease (Vogt. 1973) (10 ui/mg of ONA) in 0.15 M
NaCl, 0.025 M Na acetate. 0.005 M PIPES, 0.1 mM ZnS0Q,, 0.002
M g-maercaptosthanci (pit 4.4). The $1 nuctesse conditicns cor-
respond 1o 2 DIG of 0.8, as defined by Britten et al. (1978) This
amount of digestion is sufficient to remove singie-strandad re-

at 98°C, and fra were Dy liquia [

" i M Y or yed for absorosnce at 260 nem.,
Bio-Gel HTP DNA-gncn fryaroxyspatte, lot #15538 (Sio-Req).
was used throughout this study. Al values of DNA or ANA Cot
(OMA or total ANA concentration x time, in umts of moles of
nucieotides per liter x 3econds) cited in this oaper are equivaient
Cot—that ig. # a resction 18 Sarmed out at a sait cancentration
other than 2.12 M P8 (0.18 M Na-), the Cat is corracted dy 2
factor which takes into account the increase in the renaturation
rate constant with increasing Na* concantration (Batten et ai.
1974).

RNA-ONA Hybridizations

incubation conditions and assays for RNA-ONA hyoridizations
were sssantaity tha same as for ONA-DNA renaturstion. Whan
necessary, sait-resction of the DNA tracer was monitored, sssan-
tiaity by the method of Galau et ai. (1974), as follows. The
hybndization mixture, incubated lo the desired ANA Cot, was
diluted ntq a 100 fois excess of 0.02 M P8, and this sampie was
divided into two al Qne ati was to 0.12M PB,
0.05% SOS ang i d on hy yap as uysual. The
fraction of H-DNA bingding to hydroxyapatite. f,.,. 18 the sum of
fa, the fraction of *H-ONA contaiming an ANA-ONA hybrid, ang f;,
the fraction of 3M-0ONA containing a ONA-DNA duptex. To deter-
mine fy, the second aiiquot in 0.02 M PB was treated with 50 .g/
mi ANAase A at 37°C for 1 hr, 2 condition sutficient to digest the
ANA in RNA-ONA hybrids, ieaving onty the CNA-ONA duplexes
intact. This siiquot was adjusted to 0.12 M P8, 0.05% SDS,
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extracted once with 1AC and fr on Mydroxy . The
fraction of 'H-ONA Dinaing to Nydroxyanslite after the ANAsse
digestion 3 1, which was ususlly between 001 ang 0.1 The
fraction of H-ONA contaning a ANA-ONA hybra. ly, was calcu-
Integ as fy = (Yo = f0)/(1 = 1y ). where by, 13 the fraction of tracer
DINging (0 Nydroxyapatite al very iow Col.

Unisbeled Whaie Sea Urchin ONA
Uniabeied whote ses urchin ONA was extracted from sea urchin
perm and sheared as previousiy described (Britten et ai.. 1974),

Totml Qocyse ANA
Total RNA was 1solated ‘rom mature 388 urchin cocyles as
previously descnbad (Gaiau et al.. 1978).

Cloned 'P-Labeied Repetitive ONA Sequences

The puntication. [abeiing and SIrand SeCArIlion Gf CIONed Mepet
tive sea urchin DNA sequences are descnbed in the accompany.
Ing paper by Scheller et al. {1978).

RNA F of DMSO. Qragk
Totat socyte RNA (785 uQ) was dissoived in 0.6 mi of BO% (v/v)
DOMSO | € spectro grade) contaiming
01 M LnC! OOOSM EOTA. 0.2% SOS and 0.01 M Trs~HCl (pH
6.5). Thia sampie was heated at 55°C for $ mun, then diluted 10 0.9
mi with 0.1 M LiCl. 0.008 M EDTA, 3.01 M Trig-rCI (pH §.5). One
thirg o this sampie was layered onto each of three sucrose
g (4=20%) g 80% iv/v) OMSO. 0.1 MLCL Q.01 M
Trig=rCl (pH 6.5), 0.008 M EOTA ana 0.05% S0S. Atter cantrity-
gstion for 85 hr in the SWat Ti rotor a1 15,000 rpm. 25°C.
Qradients were pumped through an ;sco ncoruing spectropho-
ang f " ware . Fr nte
ANA size classes as descrided i Figure 7, dlnlyzod axlengivety
against 0.02 M Na acetate ipH 6 8) at 4°C ang concentrated Dy
with sac I. RNA t were lunher
n 0.008 M

cONCe: by
Na acetate (prt 8.3} and nond at 70‘!:
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Summary

Nine cioned repetitive sequences were labeiad,
sirand-saparated and individually hybridized with
RNA sxtracted from the nuclei of gastrula stage
sea urchin embryos and of aduit ses urchin intes-
tine ceills. The concentration of transcripts com-
plementary to each cioned sequence was mea-
surad by ANA excass hybridization kinetics and
by a ONA excess titration method. Transcripts of
certain of the repeat famities are present at over
100 times the concentration of transcripts of other
families in sach RNA. The set of repetitive se-
quence families highly represented in Intestine
nuciesr ANA is different {rom that highly repre-
sented in gastruia nuciear RNA. Together with
the resuits obtained with mature cocyte RNA and
presented in the accompanying paper by Costan-
tini ot a). (1978), these findings show that quanti-
tative patterns of repetitive sequence represen-
tation in RNA are specific to each cell type. 8ath
strands of ail of the nine cloned repeats are
represented at some level in ail the RNAS studied.
Usuaily, though not aiways, the concentrations of
transcripts complementary to the two strands of
esch repeat do not differ by more than a factor of
two. The cioned tracers do not react with poly-
somai messenger RNA, and the nuciesr RNA
molecules with which they hybridize are many
times larger than the repetitive sequences them-
seives,

Introduction

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

* Prasent address: Dwepartment of Neurobiciogy, University of
Calitomnis, irvine, Califorme 92717

+ Also & stait mamber of the Carnegme institution of Washington,
Baftimore, Maryland 21210.

idson et al., 1974: Schmid and Deininger. 1975;
Goldberg et al., 1975; Wu et al., 1977). At least in
sea urchin ONA, singie-copy structurai genas arg
located nonrandomiy closae to the interspersed re-
peats (Davidson et al., 1975). The arrangement of
repetitive saquence elements in the genome, and
the finding that evoiutionary change in these se-
quences is relatively rastricted. prgvide indirect
arguments that they must perform some generaily
important genomic function {for exampie, see Brit-
ten and Davidson, 1971; Davidson and Britten,
1973; Davidson at ai., 1975; Harpold and Craig.
1977 Davidson, Klein and 8ntten, 1977 Klein at
al., 1978; Moore et ai., 1978). in their ssquence
length. repetition frequencies and othar character-
istics, most of the repeats do not appear o rasems-
ble structurai genes. No general function has yet
veen identitied for repetitive sequence famities,
and the basic reason for their existence remains
unknown,

A key question is whether repetitiva sequences
are transcribed. and if so, whether the patterns of
transcription have anything to do with the state ot
cell differentiation. Early hybndization studies
identitied repetitive ssquence iranscripts angd sug-
gested that the patterns of repeat transcniption are
indeed lissue-specitic (for raviews. see Davidson
and Britten, 1973; Davidson, 1976). Most of the
data generated in thesa studies. are only partiaily
intarpeatable due to the inadeguacy of the methods
used for kinetic measurements. This led to diffi-
cuity in distinguishing between quantitative
changes in repeat transcript sequence concentra-
tion, gualitativa changes in the sets of repeats
reprasentaed in various RNAS and ditterences in the
genomic reiteration frequencies of the repeats that
are transcribed. These questions can be answered
in a precise way Dy studying the hybridization with
cetluiar RNAs of individual cioned repetitive se-
quences, each reprasenting a specific repeat fam-
ily. This paper describes experiments which dem-
onstrate that the transcripts of cioned repetitive
sequence families are present at very ditferent
concentrations in the nuclear ANA of sea urchin
ambryos, as compared with the nuclaar RMA of
aduit intestine cells. The set of cloned repeats
which is highly represented in gastrula nuclear
RNA is gifferent from the set which is highly repre-
sentad in intestine nuclear ANA. 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 ANA is highly tissue-specific. The repeat
transcripts appear not to be associated with poly-
somal mRNA, and they differ from the iatter in that
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both complementary strands of each repeat se-
quence are always represented in the RNA,

Resuits

Strand-Separated, Cloned Repetitive Sequencs
Tracers

The object of the experiments described below was
to measure tha concentration of transcripts com-
plamantary to individual repetitive sequence fami-
lies in the nuclear RNAs of two different tissues.
Each family was represented by a cioned DNA
fragment (Scheiler et al., 1977). For the purpose of
the hybridization expariments and in order to de-
tarmine whether repetitive sequence representa-
tion in tha RNA is symmeirical, it was necessary to
saparate the two complementary strands of each
cloned DNA fragment. This was accomplished dy
electrophoresis in neutrai polyacrylamide gels
loaded with alkali-denatured DNA fragments (see
Experimentat Procedures). Figurs ! shows that
each ot the separated strands is essentiaily free of
its compiament. since no reaction whatsoever is
observed when it is incubated alone.

Table 1 lists some characteristics of the ning
cloned repetitive sequences studied n this paper
and the repeat families to which they beiong. The
data shown are reproduced from the measure-
ments of Klemn at al. (1978). Tabie 1 :ndicates the
genomic reiteration frequencias, the cioned sea
urchin DNA fragment length, the approximate base
compasition and an estimate of the internal se-
quence divergencs tor each family. The latter i3 the
average fraction of mispared bases in the strand
pairs formed when compiementary members of the
repeat tamily react with each other. it is calculated
by comparing the thermal stability of the native
cloned repeat with the thermal stability of hetero-
duplexas formed between a cloned DNA fragment
and the compiementary sequences in the genomic
DNA. The cloned repeats chosen for the present
study are heterogeneous with respect to ail of the
parametars listed in Table 1. Some, such as those
carried in clones 2007 and 2034, beiong to familias
displaying very littla intrafamiliai sequence diver-
gence. The repeat families represented by clones
2090, 2109A and 21098, on the other hand, are
reiatively divergent. Aithough seven of the nine
repeat fragments fail in the 100-400 nucieotide
range, those carried in clones 2034 and 2007 are
longer. Reiteration fraquency for this set of repeat
tamilies 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 far this study are fairly
represantative of the variety of repetitive sequences
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Figure 1. Comptemaentanty and Punty of Strand-Separated Preg-
arations ot Aepetitive ONA from Clones 2137 and 2108
Equal anquots of ragioactive iower and upper strand ONA from
clones 2137 and 2108 were mixed. hasted at 105°C and incudated
at 80°C in 0.5 M ohosohate buffer. The fraction of “P-ONA
reassoCiated at sach time pont was d by Ny Y
sinding. The solid lines are isast-sq ]
second-order kinetics. (== cicne 2137, (~A4-—) cione 2108.
The hait-time lor the reaction of the cione 2137 ONA was 242
mm, and that lor the resctian of the clone 2108 DNA was 11.2
min. From the amount of radioactinty (2.54 < 10% cpm/ml) and
the tragment lengths (Tabie 1), the specific acivities were caicu-
iated to be aporoximately 1.7 x 107 cpm/ ug for the 2137 fragment
and 8.2 x 10° cpms kg for the 2108 fragment. As a kinetic standard
for thie caiculation. we used the second-order renaturation of
SX1TARF ONA studieg by Gaiau, Britten and Oavidson (1977).
Whan sither 2137 upper strand ( J), 2108 upper strand (), 2137
lower strang (@) or 2108 iower strand (A) were incubated n the
b of thawr ct Yy strands. no L
reaction occurred (—).

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

Hybridization Reactions with Sea Urchin Nuclear
RNAs

The nuclear RNAs chosen for this study derive from
dissimilar sourcas - specitically, gastruia stage em-
bryos and aduit intestine ceils. Hough et ai. (1975)
showed that the compiexity of gastrula hnfNA is
-2 x 10% nucleotides, or approximately a third of
the total single-copy sequence length in the ge-
nome, and that the average singie-copy RNA se-
quence is present in 0.5-1 copy per nucleus. This
conclusion was confirmed racently in our labora-
tory by independent measuraments of the kinetics
of reaction of a single-copy *H-DNA tracer with
whole embryo RNA. Wold et al. {1978) found that
the comptexity of intestine RANA is at least equai tc,
if not greater than, that of the gastrula hnRNA, but
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Taole 1. Some Charactenstics of Nine Claned Repetitive
Sequences and Their Genomic Families

Estimated
Genomrc A Intr
Reiteration  Lsngth® Base Divergence*
Clone* Fraguency® (NTP) Composition® (%)

2007 400 1100 ? 3.8
2034 1000 60 25 7
2000 140 220 38 >20.8
Fai] 700 20 20 7.8
2108 20 190 48 5.7
21084 900 200 -] >19.7
21008 1000 126 4“ >28.3
21728 80 10

237 530 190

* Clones of this seres constructed in this laboratory by dbiunt end

g ot od are Q C32000-C53999 For
conveniance. (he CS prefix i3 ormitted in 11is paper.
° M by the turati of - the

abeied cloned tracer and excess genomic DNA (Klen et ai.,
1978).

© Measured by gef electrophoresis in the presencs of standards of
kKnown length.

“ Percentage of (G « C) caiculated from the thermal stadility of
the native cloned tracer. taking into account the duplex length.
Since primary sequence may affect this calculation. the values
shown sre onty approximate. Such errors are not likeiy 10 be very
large, however. and in the case where the primary saquencs i
known (clone 21088 bl data), ag 19 quie
satistactory. See Kiein et ai. (1978).

*Vaiues 'or the maean intrafamilisl wequence divergence are
shown, a8 measured by Kimn et al. {1978). This parameter 13 the
mean number of Mapaired bases per 100 nucieotdes i strand
pairs b Y s of the same repasat fam-
dy. it i caiculated g that 1% seq rasuits
in a 1°C decrease in heter thermal y reiative 10 a
perfectly matched dupiex (Brnitten, Graham and Neuteid, 1974).
The data usad far this caiculation are the Tm of the native cioned
fragment and the Tm of the heterodupiexss formed by reecting
the cloned frag with ¢ DNA at 45°C in 0.12 M phos-
phate butter.

the steady state quantity of complex RNA per
nucleus is less. The data of Woid 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 expernments because
the pattern of structural gene expression in aduit
intestine is very different from that in the gastrula.
Gailau et al. (1976) and Wold et ai. (1978) showed
that the complexity of intestine polysomal mRNA is
only -6 x 10¢ nucleotides as compared with 17 x
10* nucieotides for gastrula. About haif of the
intestine mRANA sequence set is also represented
in gastrula or blastuia polysomal mRANA.

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 calculate the ap-
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proximate concentration in the RNA of transcriots
of those specific repetitive sequence famiiies to
which the cloned tracers beiong. This caiculation
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 DNA. The number of
RNA transcripts per nucleus complementary to a
given strand of a cloned repeat. T.. is given by:

ke
To= =T (M

in this equation, T,. is the number of transcripts of
an average single-copy sequenca per nucisus,
cited above for each nuclear RNA; f, is a correction
factor for the effect on the kinetics of disparity in
tracer and driver length (Chamberiin at al., 1978);
k. is the pseudo-first-order single-copy hybridiza-
tion rate constant: and k. is the rate constant for
the reaction of the cioned tracer with the nuclear
RNA. Numerical values of these parameters used
in the calculation of T, are listed in the legend to
Table 2. The intrafamilial sequence divergence and
the tracer base composition vary for each (Table
1), and this could affect the hybridization rate
constants used for calculations with equation (1).
The hybridization conditions which we used (0.5 M
phosphate buffer, 55°C) provide a reaction criterion
significantly beiow the Tm of the RNA-2P-ONA
hybrids formed in these reactions (data not shown).
We know from the smaii intrafamiliai divergence in
most cases (Kiein et al., 1978) that the kinetic
effects of divergence within the cioned repeat fam-
ilies cannot be farge (Bonner et ai., 1973). For the
highly divergent cioned repeat families termed
class Il by Klein et al. (1978) (that is, clones 2090,
2109A and 2109B), 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 iow 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
hybndizing RNA moiecuies and some of the cloned
tracer DNA 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-
berlin et al. (1978), who showed that iong 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 Chamberiin and coileagues. For other cases,
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a minimum reasonable correction has been ap-
plied. as indicated in the legend to Table 2. Despite
thase various uncertainties. the transcript concen-
trations calculated from the rate constants using
aegquation {1} agree within a factor of 2-3 with
measurements of transcript concantrations made
by the totally independent titratton method, as
discussed beilow.

Kinetic data were obtained by measuring hydrox-
yapatite binding of the cloned tracer fragments as
a function of ANA Cot. Examples are shown in
Figure 2. In each panei of Figure 2. the two rnght-
hand curves are kinetic standards presented for
purposes of comnparison. The right-hand sotid line
indicates the kinetics of the reaction of a single-
copy H-ONA tracer with excess intestine nuciear
RNA under the same conditions, and the right-
hand dashed line shows the reaction of the single-
copy "H-DNA tracer with excess gastrula nuciear
RANA. Each of the cloned tracers reacts at a partic-
uiar rate with each nuclear RNA. Figure 2A shows
that the upper strand of the repeal fragmant from
clone 2034 reacts much faster with intestine nu-
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clear RNA (circles) than with gastruta nuclear RNA
(tnangles). The opposita case is seen in Figure 2B.
Here the clone 21098 upper strand is found to
react more raoidly with gastruia nuciear RNA than
with intestine nuclear ANA. A third situation is
itlustrated 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
RNAs. There is no possibiiity that the RNA Cot-
dapendent hybridization observed couid be due to
ONA contaminating the nuclear RNA preparations.
Prior treatment of hybridization samplies with ribo-
nuciease under low sait conditions (in which RNA-
ONA hybrids are destroyed though ONA duplexes
are not affacted) compietely eliminates ait hydrox-
yapatite binding of the strand-separated tracer
lragments.

A result of major interest in these axperiments is
that both stranas of each cioned repetitive se-
quence react with the nuclear ANAs. Usualily, but
not aiways. the transcript concentration is within a
factor of two for the two complementary strands.
Since both strands are more or less equaily repre-
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Figure 2. Ki of R £ N RANA and Strand.Separated Cloned Repeat Tracers
Each panel displays the i of & strand: tracer and (@) and g (A} { ANAg, The
reactions were carned out in 0.5 M phosphate dutfer at $5°C and by hy g. The e D! of DNA-DNA
dupiex was routinety monitnred by 1ng the b g 1o hyd of 1o 2 low salt ANAase treatment. The
maethods used are described i Expenmental P Data arer i to the r y of the ir i tracers,
beiow. The lines drawn through these data show best lsast-squares solutions to the data, d-grder & {sae text]. Rale

comums are listed in Table 2. The kinatics of the reactions of singie-copy "H-DONA tracer with gu!ruia nuclear ANA (data irom Hough et
. 1975; 2130 cur unpublished dats) and with intestine nuclesr ANA (data from Woid et al., 1978) are ingicated in each panel. Pseudo-first-
cms.r rate constants for these are: for { iear ANA, 2.5 x 10~ M~' sac™' {sofid lins), and for gastrula nuctear RNA, 1.1
X 1074 M~ sec™* (daahed line}.
(A) Aaactions with the upper strand of the ses urchin DNA insert of clone 2034. Reactivity of the clone 2034 U fragmaent was 77%. The
“nonresctive” 3P radi vity in the i is maniy y=3P-ATP persisting from the kinase resction used for labeling the
fragments. The intastine nucisar ANA was pmom ata 7 x 10% foid mass excess, and the gastrula nuciear RNA at a 4 x 10° fold maass
SXCHs8 with respect tO the tracaer.
(B) Reactions with the uppar strand of the sea urchin ONA insert of cione 21098. Reactivity of this tracer was 83%. Tha intestine nucisar
ANA was presant in a t x 107 fold mass excess, and the gastruia nuclear ANA in a & x 10° {oi¢ Mmass excess with respect 10 the *P-DNA
tracer. The lower ter with the intes ANA is due to the fact that the seguence excess for this ANA was oniy about 7 fold. due to
its relatively low pravalence in intestine nuclear ANA and to competition for the upper strand frag by a siight of RNAs of the
same complementanty as the upper strand.
{C) Reaction with the uppar strand of the sea urchin ONA insert ot clone 2090. The reactivity of this tracer was 61%. The intestine nuciear
ANA was present in 3 3 x 10° foid mans excess, and the Gastrula nuclear ANA in 3 2.5 x 10° ioid mass excess with respect to the tracer
ONA. The siight decrease in the terminai vaiue 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-tirst-
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-oraer rate con-
stants and vaiues of T, caiculated by application of
equation (1) are shown in Tabte 2.

Measurements of the concentration in nuclear
RNAs of transcripts compiementary to each of the
two strands are shown for several clones in Figure
3. The method hers s titration of axcess strand-
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Figure 3. Titration of Strand-Separated Cloned Repeat Frag-
ments with Gastruia and Intestine Nuctear RNAs

Strand-separated CIONed {rCSrS were rasCied in axcass with
varyng amounts of mtesting or gastruia nuciear ANA to Cot vaiuse
{(with respect 1o the RE.ONA) suiti to the
reactions. The abacissa shows RNA/ONA maas ratio x 10~ for
clone 2034; x 10°° for cione 2108. The fraction (1/8) of RNA con-
sising of pts Y t0 sach tracer irag-
ment wes caicuiated as descrided 1 the text. Soid lines are
the functions described by {2). The of come
plementary transcripts per 7,) was trom ihave
dais using equation (4). Vaives of 1/8 and T, are iisted in Tadie 2.
{A) The upper strang of the cione 2034 fragment was reacted with
varying amounts of gastruia nuciear RNA (@). The ®P-ONA
concentration was measured by tracer renaturation kinetics, s \n
Figure 1. The ONA specific activity was 8.5 x 10° com/ug and its
reactivity was 80%.

{8} The upper strand ( C) and lowar strand (@) of the cione 2108
fragment were reacted with varying amounts of intestine nuciear
RNA. The tracer specific sctivity was 3 x 107 cpm/ug and s
reactivity was 78%.

{C) The same tracers as in {B) ware titrated with gastrula nuciear
RNA.

6L

separated 2P-ONA 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 1s. =10 x Cot,,) with respect to
the axcess partner—in this case. the ?P-DNA.
Caiculations 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 ara carried to com-
pietion, 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, sinca all the
resuiting RNA fragments can cause binding of DNA
tracer molecules to hydroxyapatite. This should
not cause a severe probiem, given the high average
ratio between the length of the hybridizing ANA
moiecuies and the cloned repeats (see Costantini
et ai., 1978; aiso the data presantec below). Note
that the accuracy of titration measurements de-
pends upon the accuracy of the tracer-specific
activity determinations. A practical advantage of
the titration over the kinetic method :§ that it
requires smailer quantities ot nuciear RNA. Thig is
important in the use of rara transcripts. for which it
i3 difficult to obtain RNA sequence excess.

When both strands of the sequence are presant
equally in the uniabeied nucleic acid (here the
RNA}, the form of the utration curve can be de-
scribed as foliows (Wailace, Dube and Bonner,
1977 Moors et ai., 1978):

T 1
.7 TR @

In this equation. T/T, is the fraction of the strand-
separated 3?P-ONA fragment that can be bound to
hydroxyapatite at kinetic termination in a rsaction
carried out at an RNA/32P-DNA ratio of R, and 1/a
is the fraction of the RNA compiementary to the
tracer fragment. For low RNA/ONA ratios —that is.
in the initial part of the titration curve when only a
smail amount of the tracer can react,

I. _1.)

% (a R. (3}
Thus 1/a is the initial stope of the titration curve. if
anly the one strand which is complementary to the
¢loned tracer were present in the RNA, equation (3}
woutd provide a description for the titration curve
which is exact beyond its early phase. In fact, the
concentration of RNAs complemantary 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/



Repetitive Sequence Representation :n ANAs
195

DNA ratios so that the differance between the value
of T/T, calculated vy squation (2} or equation (3)
was ingignificant. The vajue of (a) was obtained by
least-squares methods (Pearson. Davidson and
Britten, 1977). Values of a-' are shown in Tabie 2.
Given an estimate of (a), the number of comple-
mentary transcripts for each cioned tracer strand
per nucleus, T,. is calculated n the following
manner:

1

N
Te=zQ

soc )N @
In this equation, Q is the mass of RNA per nucleus
in the RNA preparation (in grams: see legend to
Tabie 2 for numerical values), a is as defined above
in equations (2) and {3). N is Avogadre's number
and L i3 the langth of the cloned fragments (from
Table 1) in nuclectides. The values of T, caiculated
by application of squation (4) to titration data are
listed in Table 2, where they can be compared to
the kinetic astimatas of T,.

Figure 3A illustratas the titration with gastrula
nuclear RNA of the upper strang ot the clone 2034
fragment. The form of the compiete titration curve.
fit with equation (2), can be sean in this panel. The
lower strand of the clone 2034 fragment is rapre-
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sented about equally in gastruta nuctear ANA (data
not shownj). Approximately nine transcripts com-
plementary to the 20344 fragment are present per
gastrula nucleus. while according to the kinetic
expenment shown in Figurae 2A. there are approxi-
mately 20 transcripts per nucleus. Figures 3B and
3C show intestine nuclear RNA and gastrufa nu-
Ctear ANA titrations cacrieg out with the upper and
lower strands of the clone 2108 fragment. There
are 10-20 times morae transcripts complementary to
both the upper and lower strands of the 2108
fragment in gastrula nuciear RNA than in intestine
nuciear ANA. The titration curves. however. show
that concentrations of transcripts compiementary
to the upper and lower strands are only a factor of
about two apart in each nuclear RNA.

Figure 4 shows the most extreme example of
asymmetric strand representation wiich we en-
countered. Figure 4A shows the reaction of the
upper and fower strands of the cione 2109A frag-
ment with each other, and demonstrates the purity
of sach strand by the method used in Figure 1.
Figure 4B shows the kinetics of the reaction of
these two strands with gastruia nuctear RNA. Both
strands ars rapresented by approximately 10 com-
plementary transcripts per gastruia nucleus. In
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Figure 4. Xinetics of Reactions of the Upper and Lower Strands of the Clone 2109A Fragment with Nuciear RNAs

(A) Renaturation of the upper and lower strands of the clone 2109A tragment, as in Figure 1 (). Failure of saparated strands to react with
themsaives 13 ais0 shown: 2109A U strand (C) and 2109A L strand (). Data have been 1 far a tracerr y of 82%, d
by resction with excess totai ssa urchin DNA. The renaturation foit rder ics (solid line). Specific activity of these tracers
was calcuiated to De 9 x 10* com/ug. This sxpenment was carried out to ensura that the 2109A U and L tracer preparations usad in (B) ang
{C) behsved apprapnaetely.

{B) Reaction of the 2109A U (&) and L (A) tracers with gastrula nuclear ANA. Both sets of data are consistant with the same second-ordar
lnetic tunction (sotid tline). The rate constant obtained aopesrs in Table 2. The mass ratio of gastruia nuclesr ANA (¢ iha cloned tracers
was 9 x 10% in this expenment. The sotid line indi ine kinatics of the r ot gastruia nuciear RNA with a singie-copy *H-ONA
tracar (dats from Hough et al., 1975).

(C) Raaction of ine same 2109A U {A) and L (A) tracers with intestine nuciesr ANA. Transcripts compiamentary to the two strands diffar in
concentrauan Dy at least 3 fold. The faure of larmination of the L strang reaction 1S due maniy to from the upper
strand compisment in (he ANA. The mass ratio of RNA to tracarwas 5 x 108 € teq d-order rate 1ts for thass reactions are
\isted in Tabie 2. Cus to the i Strana asy Y. . Ihe kinetics of Yhese reactions snould deveate from second-order torm,
and the soiutions are only approximale ~that is. the uppar strand reaction shouid 1end toward pseudo-first-order kinetics. Other factors,
such as presence of small nuciec acid iragmoms may be aitenuating the latter portion of the reaction, thus yieiding the overail secong-
ordaer form observed (salid line). The inthe ber of v ipts per nucleus duo to uncartainties in
the form of the kinetics will not exceed a factor of two. The Gashed line shows the kinetics of the r ion ot RNA with
single-copy H-ONA tracer {data from Wold et al., 1978).
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intestine nuciear RNA, however, the upper and
lower strand of the cione 2109A fragment are very
ditferently represented. The lower strang reaction
fails to terminate, essantiatly because of competi-
tion from the ANA sequence present in excess (that
is, the sequenca complementary to the 2109A up-
per strand). The upper strand reacts compistely.
Wae astimate that there are 16-20 transcripts com-
plementary to the upper strand of the 2109A frag-
ment per intestine nucleus, but onty about 2-6
transcripts complementary to the 2109A lower
strand per nucteus.

The following qualitative conciusions can be
agrawn from the saries of kinetic and titration meas-
urements summarized in Table 2. First, ail the
cloned repeat families are representad at some
level in both gastrula and intestine nuclear RNAs,
Second. each rapetitive sequence family dispiays a
particular pattern of rapresentation with regard to
the number of complementary RNA transcripts per
nucleus—that is, some are represented prefersn-
tially in intestine nuclear ANA, some in gastrula
nuclear RNA and some are about equally repre-
sented in the two RNAs. Finally, both stranas ot
each clone are always reprasanted in the nuclear
RNAS and are usuaily, but not always, found at
similar concentrations.

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

Since the cloned repetitive sequencas ara only a
few hundred nuciectides lang. the quaestion arises
whether they might react with nuciear RNA mole-
cules of a similar size. Figure 5 shows an experi-
ment in which the gastrula nuctear ANA prepara-
tion was separated into size classes (!, Il and il of
Figure SA) by veiocity sedimentation in a denatur-
ing OMSQO sucrose gradient. The hnRANA in the
gastrula nuctear RNA preparations is probably
stightly degraded. Thus the size distribution shown
in Figure 5A may not rapresent the original in vivo
size distribution. Fractions |, il and 1ll were reacted
saparately with the uppser strand of the clone 2080
rgpeat fragment (Figure 58) and with the upper
strand of the clone 2137 fragment (Figure 5C).
Equal volumaes of each RNA size fraction were used
to titrate axcess quantities of the cloned tracer.
Thus the amount of a cloned tracer capable of
hybridizing with a given voiume of each size class
solution indicates the reiative concentration of
complementary transcripts in that RNA size ¢iass.
Qur resuits are summarized in the inset histograms
of Figures 5B and SC. The experiment shows that
the clone 2090 fragment reacts primarily with RNAs
of the largest size ciass (that is, >19.58), while the
clone 2137 fragment reacts mainly with the middie
size ciass (that is, 115-19.5S5). A similar resuilt was
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Figure 5. Size of Gastruia Nuciear ANA Transcripts Hyondizing
with the Clone 2090 anct Clone 2137 Upper Strand Fragments
(A} The gastruia nuciear ANA preparation was denatured in 80%
OMSO at 80°C and tractionsted by vetocity sadimantation in 80%
OMSO at25'C y a3 described by Costan-
tim et ai, {1978). Three size fractions were collectsd using the

of the nb RNA L as s1ze markers. Fraction
1ig >19.55. 1l is 118<19.55 and 111 13 23~115. These fractions were
dialyzed. precipriated and suspended in equal volumes of 0.5 mM
Na acatate (pH 6.5},
(8 and C) The voiume of each RNA sizg fraction (1. If or (It}

on the was with at of
the clonea fragments: RNA fraction | (W), Iraction i (@} and
fraction (i {A). The titration curves ware anailyzed by feasi-squares
methods according (0 equation (2) (see text). The inset histo-
grams show the relative number of transcripts {or each RNA size
class as a fraction {f) of the numbar n the size class with the
iargest number of transcripts. {8) Upper strand of the cione 2090
fragmant. (C) Upper strand of the cicne 2137 fragment.

obtained by Costantini et al. (1978) in reactions
between severai cloned repeat tracers and mature
cocyte RNA. Considering that some degradation of
the RNA is probable, these data would appear to
axciude the possibility that the complementary
transcripts exist primarily as smail molecules of
about the same dimensions as the interspersed
repetitive sequences.



" it ANAS

197

Quantitative Pattern of Representation of Cloned
Repeats

As described in the accompanying paper. Costan-
ting et al. (1978} have measured the numper of
transcripts per mature ooccyte which are compie-
mentary to the same nine cloned repeats as were
used in the presant expernments. Measuraments
are described here for two ditferent nuclear ANAs.
The nine cioned fragments belong to repetitive
sequence famiiies differing greatly from each other
with respect to genomic reiteration frequency. To
be able to compare the axtent to which these
repeat families ars represented in the different
RNAs, we define a parameter termed “'representa-
tion:"

FZ:F‘ x 100 (S)
where. as above, T, is the number of transcripts
complementary to the cloned tracer par occyts or
per gastruia or intestine nucleus, T, is the number
of coptes of a typical single-copy transcript in the
cocyte or the nuciear RNAs and F, is the genomic
reitaration frequency of the repeat family to which
a given cione belongs. The rationale for aquation
(5) 1s that if all the membaers 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 single-copy transcripts,
each repeat family wouid produce transcripts per
cetl or nucieus in proportion to its frequency in the
genome. Thus dividing T, by £, normalizes for the
different repeat families according to their size,
and dividing by T, normalizes for the different
steady state lgveis of singis-copy transcripts accu-
mulated in the three RNAs studied. In the oocyte
RNA, the number of copies of each typical single-
copy saquence (T,.) is approximately 1600 (Galau
at ai., 1976; Hough-Evans st al., 1977), while as
stated above. in the gastruia nuclear ANA, T, is 1
or less, and in intestine nuciear ANA, T, is atout
Q.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 prevaience, the representa-
tion as calculated by equation (5) wouid 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)ina
simple or unique way. Calcuiation of the represen-
tation parameter nonetheless yieids an interesting
and significant set of comparisons.

. Tabie 2 shows that the numbers of copies of

% representation =
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transcripts complemantary to the cloned repeats
vary from about 3000-100.000 for the occyte (aver-
age -~-20.000). from about 1-800 for the gastrula
nucleus (average ~100) and from about 1-50 for an
intestine nucleus (average ~10). There are two
important conclusions to be drawn from these
vaiues. First. in each RNA. the number of tran-
scripts of individuai repeat farmiias per nucleus (or
Qocyte) varies Dy two orders of magnitude or mors.
Second. comparing the three RNAs, the averags
numbers of transcripts for given repeat families per
nucleus or par oocyte are n 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 singie-copy
transcripts of aach sequence per occyte than per
gastrula nucleus. This rough correspondence pro-
vides some empirical justification for the presence
af T, in the denominator of equation (5).

The represantation values caliculated for each
ctoned sequence in the cocyts RNA, gastruia nu-
clear ANA and intestine nuciear RNA are shown in
Table 2. The lowest representation value in each
ANA is on the order of 1%, and the highest value 1s
just under 100% for the intestine and gastrula
nuctear ANAs and several hundred percent for the
ococyte RNAs. In other words, aven when the con-
centration of transcripts from each repeat family is
normalized for the family reiteration frequency, the
striking differences in the extent to wnich each
family is rapresented in a given RNA are not de-
creased. The large variations in the representation
ot different repeat families therefore demonstrate
difterences in the transcriptional expression of
these families. Transcript concantration per cetl or
nucigus does not depend simply upon whether the
family is large or smail.

The pattern of represantation among the nine
repeat tamilies is displayed in Figure 6 as a series
of histograms which show the representation of
each strand of each cioned tracar. In a given RNA,
the diffarences in representation between the var-
ious repeat families are generally much greater
than the diffarences between the complementary
stranas of each family. Changes in the pattern of
representation when the ditferent RNAs are com-
pared are best iilustrated in Figure 7. Here the
reprasentations observed for the nine clones are
normaiized 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 nuctear RNA and very
low in the other RNAs (Figure TA); the clone 21098
fragment is highly represented in gastrula nuciear
RNA but relatively little represented in the other
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RANAs (Figure 7C): the cione 2108 sequence is
represented to the greatest extent in gocyte RNA
{Figure 7B) and so forth.

To summarize, thase experiments show that the
transcripts of individual repetitive sequence fami-
ligs are present to very difterent extents in ditferent
cell types. The concentrations of specific repeat
transcripts within each RNA differ by as much as
two orders of magnitude. The factors which couid
control representation include the rates of tran-
scription per repeat element in the genome. the
traction of the ganomic copies being transcribed
and the transcriot turnover rates. it ig clear that
representation is not simply deterrmined by the
genomic reiteraticn frequency. Whatever the
mechanism, the data demonstrate that the concen-
tration in RNA of the specific repetitive sequence
transcripts is a function of the state of differentia-
tion of the cell.

Discussion

Thess experiments show that different sets of re-
petitive sequence families are highly represented
in the RNA of each ot 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 atl nine cioned repeat families

2. The data have been normaiized by dividing the percentage of
representanons for each RNA Qy the sum of the percentage of
represeniation for 3it three ANAS. Upper strand (U) representation
Wat used 1 each cass. excapt for (d): (a) (—@—} 2007 U,
te =T ~) 2034 U; (D} {—8—) 2108 U, (= =d= =) 2101 U; (C) (~-—)
21088 U, (= ~A«~) 2090 U: (¢} (—@==} 2109A U, (= -T--} 2109A L;
(8} (= <A= <) 137 U () (—8—) 2133 U.

were found in all the RNAs. The least pravaient
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 conctusions independently. Their
study shows that a repetitive sequence tracer pre-
pared from genomic DONA reacts almost compietely
with excess mature oocyte RNA at high ANA 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
contfirmed by our present results.

A resuit which is not predictabie from previous
data is that both complements of every repeat
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family are reprasented in the ANA. No exceptions
to this ruie nave been discovered, ang usually the
two strands are present in roughiy equivalent con-
centrations. This is summanzed grapmgally 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 cail type-
specttic expression of that family. The simplest,
though certainly not the only, explanation for the
axpression of both complements is that muitiple
members of each repeat family are bewng tran-
scribad asymmetrically in separate transcription
umits. These members ars likely to be interspersed
in distant regions of the genome and would there-
fore be independently oriented. if both grientations
occur frequently with respect to the direction of
transcription, the two strands wouid be repre-
sented about equaify in the RNA. as is generally
obsaerved. This explanation is consistent with the
interpretation that many memters of each highty
reprasented repeat family are being transcribed.
An alternative axpianation which cannot at present
be excluded i3 that repatitive sequence transcrip-
tion is actually symmetricai at most if not ail sites.
Hough et al. (1975) showed that the single-copy
sequences c¢f hnANA are asymmetricaily repre-
sented in gastrula nuclei. Thus symmaetric repre-
sentation of repeats in the nuciear RNA could not
be explained by symmatric transcription at given
sites if the RNA repeats ars covaiently 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 singie-copy
tracers with the same RNAs as those usad in these
investigations show that approximately 6% of sin-
gle-copy sequencs is repressnted in cocyte RNA,
and perhaps 30% in the two nuclear RNAs (Mough
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 ceil types
are large. Thus only a minor fraction of the total
genomic single-copy sequence complement can so
far be accounted for in ANA transcripts. In con-
trast, ail ot the repaetitive sequence families appear
to be represented at some level in each of the three
RANAs studied here (see also Costantini et al., 1978).
Furthermore, six of the nine cloned repeat families
are represented to an extent >50% in one aor
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 ceil type-specific way. Parhaps 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
singie-copy sequence i3 transcribed.

Repetitive sequences could be included in poly-
somal mANA as short RNA sequence elements
covaiently linked to single-copy message se-
quences, or they could be present on separate
molecules as transcripts of repetitive structural
genes. An example of the latter is the histone
message set. Previous studies have shown that
repeat transcriots ara not covalently associated
with single-copy sequence transcnpts in polysomal
mRANAs of sea urchin embryos (Gotdberg et al..
1973). HeLa cells (Klein et al., 1974) or rodent cells
{Campo and Bishop. 1974: Rabbitts and Milstein,
1975: Legler and Cohen, 1378). aithough Dina.
Meza and Cnppa (1974) claimed such an organiza-
tion for the messenger RNAs of Xenopus embryos.
Were transcripts of tha cloned repetitive sequences
covaientiy associated with single-copy polysomat
message. this association shouid be easiiy demon-
strablte. The aiternative possibility that the cloned
rapeats are derived from repetitive structural genses
seems somewhat improbable. a priori. given thesr
short length. their seguence divergence (Klein at
al., 1978) and the observation of Castantini at ai.
(1978) that both strands of the cioned repeat
tracers are represaented in the RNA of the mature
oocyte. Like other mRNAS, the bona fide matarnai
messages of acocyte RNA are present asymmetri-
cally. This has been shown maost recently in expaer-
iments carriad out with cloned structural genes for
sea urchin oocyte maternal messages (T. L.
Thomas, R. J. Britten and €. H. Davidson, unpub-
lished cbservations).

To determine whather their transcripts are asso-
ciated to a significant extent with messenger RNA,
we reacted several of the cioned repetitive se-
quences with polysomat RNA from biastula stage
embryos. In a reprasentative axpenment, the sepa-
rated strands of the cione 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 ANA/DNA ratio resulted in a tracer DNA se-
quence excess for both strands. Using equations
{3) and (4), we caiculated from the data obtained in
these reactions that about 2.5 transcripts comple-
mentary to the upper strand and 4.1 transcripts
compliementary 1o the lower strand are present in
the polysomal RNA of each typical blastula cell.
These numbers are comparaole to the numbers per
cell of rare or complex class mANAs transcribed
from singie-copy genes (Galau et al., 1974}, ai-
though the clone 21098 sequence occurs in the
DNA approximately a thousand times per haploid
genome. We believe that the smail amount of cione
21098 reprasentation observed in polysomal ANA
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ig due to contamination either with nuclear or with
nonpolysomal maternal RNAs persisting from the
oocyte. although other explanations cannot be
exciuded. Table 2 shows that the cione 21098
transcript appears in several hundred copies per
gastrula nucleus and in almost 83.000 copies per
oocyts. In no case have we observed a high repra-
sentation of a cloned repeat in the blastula poly-
somai RNA compared with its represantation :n
oocyte RNA or gastrula nuclear RNA.

What is the biciogical meaning of the specific
patterns of repeat transcript concentration? it is
highly improbable that the short repetitive se-
quences are structural genes, given their charac-
teristics and their symmetrical representation in
ococyte RANA. Furthermore, one of the specilically
represented cloned repeats studied here, 21098,
contains no less than 18 transtational termination
signais, including both orientations and ail possi-
bie raading frames (J. W. Posakony, R. J. Britten
and £. H. Davidson, unpublished obsarvations on
primary sequence data). Although the interspersed
repeat transcripts do not seem to have the charac-
teristics of polysomal message. they are clearly
associated with nuciear RNA, as shown by this and
earlier work (for exampie, Darneil and Balint, 1970:
Jalinek at al.. 1973; Smith et al., 1974). A hypothe-
sis wnich may be relavant to our present resuits is
that hnRNA has an intranuclear regulatory function
mediated by the interspersed repetitive sequence
transcripts. In this extension of our earlier gene
requiation modeis (Davidson st ai., 1977). we ar-
gued that the concentration ot transcripts of difter-
ent repeat families could control the sequence-
specific intaracttons required for each ceil to ax-
press an appropriate set of structural genes. We
predictad that repeat transcript concsnirations
shouid vary greatly in nuclear ANAs, comparing
ditferent repetitive sequence families and different
cell types. This proposition, in fact, led us to
undertake the present experiments, and as far as
they go. the prediction is confirmed. We remain
compietely ignorant of the way in which the RNA
repeat transcripts are actually used, if at alt. 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 hnRNA couid 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 wouid sug-
gest that promoters of toth orientations are used.
A closely related aiternative proposition is that
sequence-specific reguiatory interactions take

T0

place between compiementary hnRNA motecuies
rather than with the genomic DNA. Federoif and
Wall (1978) and Federaft. Watiauer and Wall (1977)
showed that hnANA of Hela cells can partially
renature to form RNA-RNA duplexes. Their experi-
ments also indicated that at least a large part of
these duplexes hybridize with repetitive DNA se-
quences. QOur present findings demonstrate that
the sat of such duplexes which could be formed in
a given hnRNA would be cell type-specific, since
this process, like any renaturation. shouid depend
upon the sequence concentration of the reacting
strands. ANA-RNA duplexes could serve as proc-
essing sites for mANA precursors. as also sug-
gested by other investigators (for exampie, Feder-
off et al.. 1977). in terms of the kinetics of the
putative repstitive sequence reactions. the gen-
omic and hnRNA sequence organizations required
and the cell type specificity of repeat transcript
concentrations, the ANA-DNA and ANA-RNA regu-
lation modeis are very similar. This i3 shown dia-
gramatically in Figure 8. There is. of course. no
avidence that aither ANA-RNA or RNA-DNA com-
plexes exist in the nucieus. nor is there any con-
vincing reason to ruie out the possibility of either.
It is interesting to consider a purely hypothetical
caicuiation in which the real time for compietion of
either type of reaction is estimated from the tran-
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Figure 8. S d Requiation Modeis Requinng Celt Type-Spe-

aitic Concentration of Pamcullr Repetitive Sequence Transcnpts
The too line represants a region of genomic DNA containing two
stryctural genes and various short repelitive sequences (a-d).
indicated Ty duubh wavy lines. interspersed with singie-copy

by double straight lines. In (A), an ANA-ONA

o . Transcription of genes (1) and (2)
on the ONA occurs when the conuguouc repetitive sequence 3"
reacts wum an hnRNA ingant log repsat

sloment, ' (single wavy fine). An R loop-hkl tripiex of some
other aqumc-spcmﬁc structure couid be formed. The talied
solia circle indicates a polymerase transcrigtion comoplex. In (8).
the fic ir 18 at the RNA lavel. Key
as above. The RNA-RNA duplexes at “a” would serve as process-
ing wites for excision of the same MRANA sequsnces as formed in
(A). Eithar the (A) or {B) type of interaction would be mediated by
the concentration of tha &' repeat transcrpt 1t the NNRNA. These
modaeis both raquire that fie r be to structural
genas, as shown in the top line. For discusuion. see the text and
Britten and D (1988). D ' and Bntten (1973) and
Davidson et ai. (1977).
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script concentration listed in Table 2. To carry out
such a calculation, we suppose artitraniy that the
RNA-driven rates of reaction in the milieu within a
gastruia nucleus are those observed under stan-
dard conditions in vitro. The highly represented
clone 21098 repeat provides an exampia. Tabie 2
snows that there are 640 copies of aach strand of
this transcript per gastrula nucleus, and the volume
of each nucleus is approximately 4 u' At the
resuiting transcript concentration, the reaction of
transcripts of the 21098 families with compilemen-
tary DNA ar ANA targets would be 30% complete in
oniy 30 sec. In comparison. the reaction of tran-
SCripts present at <1% of this concentration — for
exampia, those compiemantary to the ctone 21338
fragment—wouid require about twice the hnRNA
half-iife to reach compietion.

Whatever its functional significance, cell type
spectficity in the representation of specific repeat
families appears to have important implications for
the study of genomic saguence organization. If the
differences in repeat famiy representation in
hNRANA resuit from differences n the axtent to
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Figure 9. Strang Separation of Claned Pepetitive Sequences by
Patyacrytamide Gel Electrophorems

Supercoiled ONA was cisaved with Eco Rl to reiease the repetitive
DNA 1nert and then treated with dactenal aikaitne DhosSpNatase
as described in the taxt. Tha §'-hydroxyt termint of the fragments
were labeted with y-3*P-ATP, and the ONA was concentrated and
loaded in the dengturad state on potyacrylamide geis. (A and 8)
show ethidium bramide staimng of the strand-separsied cione
2090 and clone 2101 fragments. respectively. The cione 2090
repeat fragment in (A) is 190 nucieotides long (Tacie 1). Thia gei
was §% polyacrylamde. The cione 210t fragment of (B) is 320
nuciectides 1ong and was run on 3 4% Qei. The stowsr mowving
band of the doubist is referrec tC as upper strand and the fast
moving compiemaent is raferred to as iower strand. The renaturea,
double-stranded CMA moves more ragidly than the separated
single strands. in agreement with previcus obsarvations on frag-
manis ot thia iength (Maniatis. Jeffrey and van de Sande. 1975).
(C. D and E) demonstrate autoradiography of other strand-seps-
rating gels. (C} contains the 2007 fragmaent, which is 1100 nuciso-
tides «ang and was run on a 2.5% gei. (D and E) contain the
rep q frag of clones 2034 and 2090. These are
560 and 190 ong, y. The 560 i
fragment was strand-separated on a 4.0% gef and the 190 nucleo-
tide fragmaent on a 6% gel, 1s abave.

T1

which they are transcribed, there must exist an
organized relation between the location of tran-
scription units and the location of the members of
each rapetitive sequence famiiy in the genome.

Experimental Procedures

= L abed

g and Sirand Sep
tive s.qum annm\n
Superhehcal plasmxd DNA was soiated on CaCl gradients
(Scneller st at.. 1977). The DNA was disiyzed :nto 5 mM Tris (pH
7.5 and stored frozen at - 20°C. Plasmid ONA was clesved with |
ul Eco R (Eco Rl was a gift from P Green and . Soyer) per 20
ug of ONA at 37°C for 30 myn 1n 100 mM Tris=HC! (prt 7.8), 100
mM NaCl ang 5 mM MgCl,. The S ware D ]
tated with 1 vol of is0orocanol at ~20°C for at ieast 2 hr. followed
by cantnfug, The d CNA was redissoived in 10 mM
Tris at a concentratan <S50 ug/mi. and 10 ul of Dactenal aikaiine
{Wer 5ton. Coge BAPF) were added oer 40 ug of
fmehrc #¢d. The resction mixture was incudated at 37°C for 30
rin. tRen exiracted wice with an squal votume of phenoi-Sevag
11 (Sevag s a 241 chioroform-iscamyl aicohol solution) and
once with ether The UNA was p with 1300 as
above. DNA frag were (aDeied Dy the poty kinase
reaction, sssantisily as cescnbed by Maxam and Gubert (1977).
The ONA pellet was dissotved in § mM Tris (pM 9.5}, 0.01 mM
EDTA. 0.1 mM sparmidine at a DNA concentration of 50 ug/mi
and heated at 100°C for J min. The sciution was thea drougnt o
50 mM Tns (pH 9.5). 10 mM MgCl, ang § mM DTT. y-MP-ATP,
i by the pe and Gilbent,
19m was dried down. dluolv.d nHO ana added 1o the reaction
muxlun at a concentration not lower than 3 .M. 3-5 al of
Kinase {PL Bi ware oded,
md he reschion was incubated for 45 min at 37°C and then
extracted wilh ohenoi-Sevag 1'1 and with ether, as above. The
acid was p with 2 vol of sthanoi for at laast 8 hr
&t ~20°C and then centntuged. The peliet was dissotved 1n 0.3 M
NaQH, 10% giycerol and ! mM EDTA, and heated to 37°C for 10
mir. Sampies were strand-separated Dy sisctrophorssis on 1 20
om sylindrical polyacry geis. The poly
tration used depended uoon ihe size of the fnqmm( ali geis
0.27% bis Y je. Eiectrophoresis was in 50 mM
Tris borate (pH 8.3), 1 mM EDTA at 15°C for 16 hr at 80 V. Gais
were stained with ethidium dromde and autoragiographad, and
individual bands were excised with 8 razor biscs.

Typical examoles of the strand ssparation geis are shown in
Figure 9. Gel stices were crushed with a siliconized glass rod ina
1.5 mi Epandortt tube. 1 mi of 0.12 M sodium ghasphate buttar
(PB). 0.05% SOS and 10 . of puntied cait thymus ONA carner
were added [0 each sample. and the mixture was incubated
overnight at 37°C. The acrylanide was removea by liltering
througn siticonized giass wooi and nngng with an additional 1 mi
of 0.12 M P8, 0.05% SOS. The eluate contained from 80-35% of
the ragioactvity in the get dand. The 2-2.5 mt sampie was
cancentrated 4 fold by extraction with sec-dutanol. resulting n a
sait concentration of ~0.5 M PB. DNA was then incubated for 10
hrat$5Ctor any co ‘tary strands.

The reaction mixtyres ware subuqu-nny duutea 10 0.12 M PB
and passed over 3 1 mi coiumn of hygroxyapatite at 50°C. The
unbound fraction contained the punfied strand-secarated repeti-
tive ssquanca. 3P specific activities of thess matenais ranged
from 3 x 10% to 3 x 107 com/ ug, depending upon the size of the
fragment and the extent of the various reactions. The final strand-
saparated were cor Q4% with thew com-

R y of these DNA praparations with
ncm m(-l sea urchin ONA ranged from 55-95%. The “nonreac-
tive * radioactivity was shawn ta be ot law motecutar weght and i
almast cartdinty »-32P-ATP persisting from the kinase reaction.
The *P-0ONA was stored in 0.12 M PB at ~20°C. DNA reactivities

of Cloned Repet-
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aecreased siowiy with hime but were usually acceptadle for at
laast 3 waeks.

The taliowing experment was carried out for each DNA oreps-
ration to determing the punty of the separsted strands siuted
from the polyacrylamiie geis. Equal quanuties of *9-ONA trom
the upper (U) and iower (L) sirands of each clone ware senatured.
or the U and L strands were /ncubated alons. The kinetics of the
raactions were measured. Since the two Y

T2

RANA-ONA Nybridization

All hydndization reactions ware carried out in 0.12 M P8 at 50C
orin 0.5 M PB at 55°C. Al Cot vaiuas raterred to in this work are
squivaient Cots (that i3, the Cot of the reaction corrected for the
retative 1NCraass 0 rate due 10 sait concentrations adove 0.18 M
Na'! The mixiures contained | mM EDTA, 0.05% SDS ang cait
Inymus ONA carrier. RNA-DNA ratios were S5 < 10° tg 1 x 107 for

had been enzymaticaily iabeied together. their 4

i which RNA sxcess Kinelics were (0 be measured.

are expected 10 De equal and were found 10 be 0 (3ee Figure 4C
of the accompanying capes by Costanumi et al.. 1978). The
atsoiute speciiic acuvity could be caicuiated iram the ot
the reections Detween each pair of complementary Sirands, given
the cloned repeat iragment length (that s, the Irsgment comptex.
ity). The extent of tnis resclion or the reaction with total sea
urcnin ONA determines the reactivity of the cioned tracers, and
the of d when such strand 3 :ncudsted
alone indicates its punty with respect !0 ihe complemantary
strand. Representative data tor clones 2137 and 2108 are shown
n Figure 1. The r y sl terme-
nate at about 80% and foliow second-oraer kinetics. The same
larmnation vaiues are observed whan the cioned fragments are
reactsd with excess sea urcnin ONA (Kiewr ot ai.. 1978), The
{100%) af ihe tracer 1s due 1o the per

Ti were carriad out in 1P-ONA ssquence excess—~tnat 1s,
at lower RNA/DNA ratios. Reaction mixtures were seated n 5~50
i capdinnes ang botied at 105°C for 2 muin onor to iIncubatign.
The r were ler at appropriate hmaes Dy instant
lreezing i dry (ce acetone. The DOSIDIIty of DNA-ONA maction
wes mOMtored by the iow sait ANAase method of Mough and
QCaviason 11972) and Galeu. Britten and Oavidson (1574). The

8 were cil nto 2mi of 0.02 M PB and diveied
Mo two equal aliquots. One sample was trought 16 50 ug/mt
ANAase A incubated for 1 nr at 37°C. extracted with Sevag
sotution and adjusted 10 0.12 M P8. The other was brought to
0.12 M P8 without treatment with RNAsse. Both sampies were

Qraghed on hyd at

nat greatar than 50 ug/mt nuciec acid per mulliliter of nydroxy-
apatte. Six 2 mi washes were collected at 50°C and three 2 mi

of a minute fraction of the =2 P-ATP onginaily present in the
Kinase iabeling resctions.

ANA Preparations

Gasiruis Nuciesr RNA
1.3 x 10* Strongylocentrotus Ourouratus eQgs were susdended in
hres 4 liter ;are af saswater contaming penicsitin andg

wers at 99°C. The fractions were caunted By

liquid scintiilation. and the fraction of reaicactivity siuted at 39°C

rspresented the fraction ot DNA n hybnd structures. The ONA.

ONA gupiex content was aiways very smail {<5%) comparsd with
the DNA-ANA hyorid portian of the resenion.

Titration resctions and DMSQ sucrose gradient centnfugation

WOre Carriad out axactly as Qescrided I the aCCOMPANYING paner

cin (Smuth et al.. 1974) and lertilized. Alter 2.5 hr, 95.5% of mq
4GQ0s ware at lirst cleavege. 0.8% were at second cleavage and
3.7% were unfertilized. Alter 38 hr (emrty gastruia stage). the
aMOryos weare washed in coid Ca-Mq-iree seawatar (DM J} and
coflected by centrifugation at 5000 rom for § min. The emdryo
peliet was resuspended n 200 mn ol coid 2 mM MgCl,. 10 mM
PPES, 10 ug/m poiyviny and naw 9
biendes untl most of the ceils waere disrupted. as sssayed Dy
ah st . Gl was added 10 2 concentras
tion of t M. snd the nuclu m pelleted Dy centnfuganon at 5000
rom tor 10 min. The nucie were iysed with 7 M ures and extracted
with phenol-cresci-Sevag soiution (0.15/0.85/1.0). The :nterface
was reextracled and comdined with the aqueous phase. which
was reextractad twice with an ¢qual of Seveq

The RNA was precipitated wrth 2 vol of 100% sthanoi at -20°C
and then by cantnitug Y at 10,000 rpm for 1 hr. The
peliet was ana with gai ONAase (100
ug/mi] for 2 hr at room tempecature with siow surmng. The
solution was then brougnt to 50 ug/mi protenase K and ncu-
bated 3t 37°C for 1 nr. The ANA was sxtracted and precipitated &s
abave. The resutting matenal was cnrommoquuhod on Scpm-x
G-100. and the pank fr were d and precip

by G et al. (1978).
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Summary

The frequency of occurrence of particuiar repeti-
tive sequence familles has been astimated in
the DNA of the three ses urchin species Strongy-
locentrotus purpuratus, Strongylocentrotus iran-
ciscanus and Lytechinus pictus using individual
cloned S. purpuratus repetitive sequence sile-
ments. Cloned repetitive sequence siements as
described by Scheiler et ai. (1977a) were pre-
pared by reaasociation of S. purpuratus DNA
fragments to repetitive Cot, digestion with sin
gle-strand-specitic nuciease S1 and ligation of
synthetic restriction sites to their ends. The se-
quences were cioned by insertion at the Eco RI
site of piasmid ASF2124, iabeied, strand-sepa-
rated and reassociated with 800-900 nucisotide
iong uniabeied DNA. Both kinstic (genomic DNA
oxcess) and saturation (cloned DNA excess) estl-
mates of frequencies were made. For nine cioned
fragments, the ratio of the repetition frequency in
8, purpuratus DNA to that in S. franciscanus DNA
ranges from about 20 to about 1. in the four cases
examined, only a few copies were detectad In the
DNA of L. pictus. Estimates have also besn made
of frequency changes in many repetitive families
by m ting the r iation of labeled repeti-
tive DNA fractions of each species with total DNA
from other species. in sach reciprocsl compari-
son, the labeled repetitive sequences ressso-
clate more siowly with DNA of other species than
with ONA of the species from which they wers
prepared. Thus it appears that the dominant re-
petitive sequence families in the DNA of each
species ars present at (ower frequencies in the
DNA of ciosely related species. Measurements of
thermal stabiiity have been made of S. purpuratus
cioned repetitive sequences reassociated with S.
franciscanus DNA or S. purpuratus DNA. Most
families have changed both in {requency and
sequence, aithough some have changed little in
ssquence but show great changes in frequency.

Introduction

Comparisons of repeated DNA among related eu-

1 Aiso 2 Statt Member af the Carnegie institution of Wasnungton,
Baitimore, Maryland 21210.

caryotic species have shown striking similarities in
the quantity of rapeated DNA, the frequency distri-
bution and the degree of divergence in saquence
among copies in a genome. Nevertheless, rapeti-
tive DNA from one species reassociates incoms
pistely with the DNA of other species. As the
svolutionary distance between the species is tn-
creassd, the amount of repetitive sequencs heid in
common decrsases and the intargenomic $Se-
quence divergence increases. These observations
waere interpreted to indicate that repetitive se-
Gquances are continuaily being added to the ge-
nome in the course of evolution (Britten and War-
ing. 1965; Bntten and Kohne, 1967, 1968). Many
families of repetitive saquences ware supposed to
undergo muitiplication and/or sequence diver-
gence. The large numbaer of families of repetitive
sequences and the wide range of frequency and
sequence divergance have so far prevented a diract
study of the processes ot gain and loss and diver-
gence. With the advent of recombinant DNA tech-
nology and the availability of clones of individual
sea urchin repetitive DNA sequences, it i3 now
possiblie to measurs differences between individual
families of rapeatad sequences in the ONA of re-
lated species. From such measursments, we ex-
pect to be able to infar the processas of svoiution-
ary change ot repetitive ONA.

The reiationship of the thres species of sea
urchins used in this work has been reviewed by
Durham (1966), and some measurements have
besn published on the single-copy DNA diffarences
(Angerer, Davidson and Britten, 1976; Harpola and
Craig, 1978) and on repetitiva sequences (Harpold
and Craig, 1977). It is probabie that the lines of
descent leading to S. franciscanus and S. purpur-
atus diverged from esach other 10 to 20 miilion
years ago, and those for the genera Lytechinus and
Strongylcentrotus about 150 to 200 miilion years
ago {Ourham, 19686). in racent measurements (T. J.
Halt and R. J. Britten, unpublished data), the sin-
gle-copy DNA relatedness of S. franciscanus and
S. purpuratus has been studied at a iower Critarion
of precision. With nearly compiete reactions, the
Ta Of interspecies single-copy sequencs duplexes
is approximately 10°C lower than that for intraspe-
cies dupiexes. Studies with L. pictus and S, pur-
puratus have been carried out only at high criteria
(Angerer et al., 1978; Harpold and Craig, 1978),
and it appears that approximately 10% of the sin-
gle-copy DNAs of the two species forms duplexes
which meit within 15°C ot intraspecies duplexes.
This paper presents measurements which show
that during recant sea urchin evolution, many re-
petitive sequence families have changed greatly in
size and that the sequence change is less for
rapetitive DNA than for single-copy DNA.
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Thermai Stability of Interspecies Duplexes

The measurement of the thermai stability of DNA
duplexes is a standard method for the astimation
of average differences in sequence betwasn reiated
DNAs. and is often used (0 study interspecies
differances in either singie-copy or repetitive DNA.
This method has recently been used to determine
the sequence divergence in S. purpuratus ONA of
a number of individual families of repetitive se-
quence representad by clonsd DNA fragments,
incluging those used in this work (Klein et al.,
1978). Sequence divergence is not only of interest
in assessing svolutionary change but is technically
important 1o the estimation of repetition frequency,
since divergent sequences reassociate at reduced
rate (Bonner et at., 1973). Sequences that are sutfi-
ciently similar to form stable dupiexes uncer our
conditions are termed “recognizable sagquences.”
It is worthwhile to ditferentiate between the effsct
of sequence divergenca on the rate of reassocia-
tion (which might lead to an underestimation of the
numpser of racognizable sequences) and the possi-
bility that many sequences related to a family may
be so divergent as to be unrecognizable.

The repetitive sequence clones were constructed
by Scheller et al. (1977a) from sea urchin DNA that
had been renaturea to Cot 40 to form repeat du-
plexes and then treated with S1 nuclease to ramove
singie-stranded taiis. Synthetic doubie-stranded
decamers containing the recognition site for Eco
Rt endonuciease (Scheiler @t ai., 1977b) were li-
gated to the S1 nuclease-resistant repsat duplexes.
The repetitive DNA sequences were then ligated
into the Eco Ri site of plasmid vector RSF2124 (So,
Gill and Falkow, 1975) and cloned. The sea urchin
DNA ‘ragmants can be separated from the plasmid
vector DNA by Eco Rl endonucleass digastion, and
for this work they wers labeled at their 5’ termini
with polynucieotide kinase. For the purpose of the
hybridization experiments and to detarmine
whather rapetitive sequence repressntation in the
RANA is symmetrical, it was necessary to separate
the two complementary strands of sach cloned
DNA fragment. This was accomplished prapara-
tively by electrophorsasis in neutral polyacrylamide
geis loaded with aikaii-denatured DNA fragments.

We have measured the thermal stabiiity of cloned
DNA fragments reassociated with totali DNA from
S. franciscanus, and in two casas L. pictus, com-
pared to the products of reassociation of S. pur-
puratus DNA. Figure 1 shows a typical thermal
stability measurement for one of the cloned re-
peats, CS2101, and Table 1 summarizes a number
of measurements using the same procedure. The
particular cloned repetitive sequence used for the
measurements of Fiqure 1 is of interest. since the

fo3-R

Q6

Frachon eluted from hydrosyapatite
T

° 66 74 a2
Temperature {*°C)
Figure 1. My Chr graphy ot © Formed

with the Repeat Fm)mont of Clone CS2101 and the Genamic ONA
of Three Sea Urchin Specws

3ea urchin ONAS were (@) S. purp (C)18. #r or
(W) L. pictus. Reassociation was at 0.41 M P8, 0.05% S0S, 0.001
M EDTA at SO'C 1o equivajent Cot 2000. Extent of reaction was
75-85% in each case. Thc weight maean armr ONA fragment

angth was app iy 850 ples were diluted
10 0.12 M PB and applno o a sarws of 0.4 g HAP columns at
5C. The o was i in 30D y 4°C :ncre-
ments and. the DNA fragr rendered p angle-

Stranced were aiutad with 0.12 M PB. Native *H-ONA tragments
{4) of 450 nuciectiies mean length were included as a siandard.

thermal stability when reassociated with S. francis-
canus ONA is oniy 0.8°C lower than when reasso-
ciated with S. purpuratus DNA. The T, and shape
of the meiting curve with L. pictus driver DNA are
probably affected by the criterion of incubation.
Column 5 of Table 1 shows that the average diver-
gence within this family of saquences in S. purpur.
atus leads to a T reduction of approximately 5°C.
Very little more divergencs rasuits from the evolu-
tionary sequence changes that have occurred in
the 10 or 20 million years since the lines leading to
S. purpuratus and S. franciscanus diverged. In
sharp contrast, the average singie-copy DNA
ssquence change produces a 10°C reduction
in T,. Some process has acted to stabilize the
many ssquances ol this family. Three of the six
repeats inciuded in this table (clones CS2101,
CS21098 and CS2090) show little interspecies
compared to intraspecies divergence. Both repeat
families represented by ciones CS21098 and
CS2090. however, show large intraspecies diver-
gence and low thermatl stabilities. With so great an
intragenomic divergencae, the criterion of precision
sat by the incubation conditions prevents the rec-
ognition of many copies that may dbe in these
familias. Similarly, in intraspecies comparisons,
the additional divergence may lead to loss of rec-
ognition, and it is difficuit to estimate the actuai
numbers of copies present. The two repetitive
seauence fractions from S. purpuratus show an
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Tabie 1. Thermat Stability of Cloned ONA Cupiexes

S. purpuratus T, ~

Clone Native T ¢ DOriver ONA T (50°CP S. franciscanus T,
CS82007 72.7 S. purpuratus 89.5 5.5
3. franciscanus 84.0
C32034 9.4 $. purpurstus 76.0 55
S. tranciscanus 70.5
L. pictus 57.0
€32080 831 9. purpuyratus 84.5 -1.0
4. tranciscanus 8.5
csa1m 18.7 $. purpuratus 7.8 0.8
$. tranciscanus 70.0
L. pictus 6.4
CS21008 8.4 S, purpuratus 8.8 -1.35
S. tranciscanus 583
Cs2137 3. purpurstus .90 4.0
$. tranciscanus 8.0
High Frequency Repetitive S. $. purpuratus 748 LX ]
purpuratus ONA (Figure 3. franciscanus 70.8
4A)
Intermediate Repetitive S. 3. purpuratus 70.0 s
purpuratus DNA (Figure 5) S. franciscanus 8.3

* The native T, s that of the ch or red cloned ONA and is & tunction of the iength and base composition. These vaiuss

are trom Kiein ot at. {1978},

* The driver lengths were approxi y 060 leotides in eACh Case. AESCtiONS were run to st least 50 times thew kineticaily dstermmined

Col, 4. ususily 10 Cot 1000. Termmation powts vaned depending upon tracer reactabiiity, But were usually 73-26%. The cloned repetitive
ware o with 100 ug of the indicaled driver DNAs 1n 0.41 M PB, 0.06% SO, 1 mM EDTA at S0°C.

The xture was 10 0.12 M P8 ang 2pp toaQ.dghy 4 at 50°C. The temperature was raised In 4°C

increments, and the ONA randerec singie-stranded at each increment was siuted with three 2.7 mi aliquots of 0.12 M P9, An intermnal
standserd, consisting of native S. purpuraius *H-ONA of 450 nucieatides, was sdded 0 the cloned repetitive **P-ONA reaction mixture, and
the thermai siution profiies of oth ONAs were obtaned simuitansousty. The native DNA standards had a mesn T, of 83.5°C = 0.5°C (SO).
The T3 listed have been adjusted Dy 8dding or SUDIFECTING any dewviation (rom the mean in the internal stancard T, (Kien et al., 1978). In

mout casas, these adjustments were <0.5°C and the iargest adjustments were 1.0°C.

intarspecies divergence of 3-4°C, which is less
than that of the single-capy DNA (10°C) measured
under similar low criterion conditions (T. J. Haif
and R. J. Bnttan, unpublished data). Taken to-
gether, these measurements suggest that ssa ur-
chin repetitive sequences have changed lass than
singis-copy ONA within the genus Strongylocentro-
tus, as previously indicated by Harpold and Craig
(1977) and by R. C. Angerer {unpublished observa-
tions),

Measuremant of Aepetition Frequency by
Reassaciation Kinetics

When a labeied DNA fraction is reassociated with
an excass of total nuclear DNA, the rate of reasso-
ciation compared with the rate of raassociation of
single-copy DNA sequences is a direct measure of
the number of copies present, The rate is aiso
somewhat affected by sequence divergence and
base composition, but these corrections have a
minor effect on our conctusions. Figure 2 shows

the reassociation of eight cloned S. purpuratus '

repetitive sequencsas with S. purpuratus, S. francis-

canus or L. pictus DNA driver presant in a 10* fold
mass excess. The reassociation and hydroxyapatite
anaiysis were carried cut at a reiatively [ow crits-
rion 1o include divergent saquences [incubation at
0.41 or Q.12 M phosphate butfer (P8}, 50°C and
load at 0.12 M P8, 50°C]. in the resassociation with
S. franciscanus and S. purpuratus DNA, the reac-
tions go nearly to compietion, as expected with
excess driver DNA. There is approximateiy 10-20%
{abeled ATP remaining in these strand-separated
DNA preparations.

In six of nine cases, the reaction with S. francis-
canus ONA is significantly siower than with S.
purpuratus DNA. Tabie 2 shows the estimates of
repetition frequency after correction for length
basad on rate constants derived from least-squares
analysis of reassociation kinetics. For the three
families reprasented by clonss CS2108, CS2080
and CS2099, there is apparently no significant
difference in the number of recognizable copies
per genome between S. franciscanus and S. pur-
puratus.

A limited sat of measuremants was made with L.
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Figure 2. Assesocistion of E:ght Cloned Rapetitive S. purpuratus Seq % with the G DONA ot Three Sea Urchin Species

Ses urchin DNAS ware (®) S. purpuratus, (O) S. franciscanus or () L. pictus. Reassociation was at 0.12 M P8 or 0.41 M PB with 0.05%
SOS ana 0.001 M EOTA at 50°C. Weight mean driver trag ware app y 850 des. After incubation, the
(spproximately 100 g of driver, 1000 counts of tracer) were dnlum 100.12 M P8, and the fru:tioﬂ ot d e
was by graphy on 0.4 g of HAP at 50°C. Untound materisl was eluted with 0.12 M P8. The lomponlur- wad raised to
98°C and the bound ¥P-ONA was sluted with 0.12 M PB. The curves shown are the ieast-squares solutions g single d-ord:
kingtic components (Pesrson et al.. 1977). With the exception of clione C32099, the §. purpumu; data derve in pm from Klein et al.
(1978). The rate consiants {M~' sec ~'} lor each cloned repest when driven by S. p i us of L. pictua ONA. respectivety,
sre: CSNIA=1.5, 0.07; £S2101 ~0.83, 0.07, 0.002: C32034~1.2, 0.19, 0.01. CS‘.‘NT-O 4!. 0.18: CS2137-0.37. 0.13; CS1098-0.24,
0.08; C32108-0.09, 0.04; CS2009~0.1, 0.08.

pictus driver DNA. In two cases (clones CS2101 repetition for certain families seems surprising,
and CS52034), the reactions are nearly complete and we have tharefore confirmed the reassociation
and rate constants can be caiculated. In these kinetic rasuits by a totally independent method. In
cases, the tharmal atability was measured and a this approach. the extent of duplex formation of the
correction has been made for the sffect of diver- labeied cloned DNA fragment is measured as a
gence (SBonner ot al., 1973). Thers is large uncer- function of the ratio of {abeled DNA to totai sea
tainty in the determination of the number of copias urchin DNA. As the axcess of cloned rapeat is
in L. pictus DNA. Many copies may not be recog- increased, there is a concomitant increase in the
nized in these measurements and the frequencies traction of the mambers of its repetitive family with
fisted in Table 1 for L. pictus are lower jimits. which it forms duplexes. Since the cloned repeat

has been strand-separated and theratore does not
Measurement of Repetition Frequencies with an self-reassociate, the traction in dupiexes may be
Excess of Cloned DNA Fragmaents assayed with hydroxyapatite and the number of

The large interspecitic ratio of the frequencies of members of the family it represents may te calcu-
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Tabis 2. Frequencies Determined by Resssociation Kinetics

Fe Freaq r Carrectec Frequency* Corracted
Clone Langth*  (S. purpyratus) 8. lranr.m:mul) Ratio Ratio* {L. prctust Ratia Ratioe
cS52007 1100 400 44 9 7 tow - -
CS2034 %680 1000 180 ] 4 10 100 s
cs20e0 =0 18 % s 1.5 Iow - -
Ccsa0m 28 80 80 1.3 - - - -
c321N 320 700 35 13 13 2 %0 192
<8210 190 20 » 0.7 - - - -
Cs21008 125 200 0 4 4 - - -
C382130A 310 2100 102 3] - - - -
csy? 190 30 188 k] 2 - - -
« Langth ot cloned trag) n Both the uaed to ty L ana the used 10

their iengths are
* A frs yis

By Kiewm ot &, (1978)

d 38 G = K/Kye, whare X (9 the 30c0n0-0rdar rate CONSIANt for the resction of the cloned MP-ONA

fragment wiih sea urchie DONA. and K. is Ine d-orger rate for the of the *H-DNA 3inqgie-cony tracer with the seme
904 urchin ONA driver. S rer rate weore ined by & least. (Pw ot 8., 1977). Since factors such ss
the minor ditferences in sngle-copy DNA, driver DNA ang DNA 1 thermai statility of the reactiont products. sat
and othef sifect the absoiute 7ae of the fuclm lno famity size are p y only

o within a factor of 2. Gamwly the fragi gths ot the tracerns are {0 that of the driver. In Mast Cases the drives
was spp y 450 (wmignt meen), and in & few Cases shghtly ariver pr were used. NO length corrections
Were Made on the CDETved rate CONSIaniy, EXCept 1IN ONG CARS where the Cloned fragment was 2 1000 nucieotides (clons C52007). The
COrMaCHOn in this Case wis obtained 88 follows: Kn = K. (Lo/le). whem K 13 the length corrected arer rate for the

of the cloned writh ihe driver ONA, K. 8 (he observed rate for thee Lo is the length of the cloned

fragment ang L, is the bﬂqm of the sea yrchin ONA driver. This

8 Justihied by the obees ot Ch in et al. (1878), who

showed thal the cbserved rate consiant for the reaction of & 10ng racar with a short driver i3 Droportional 10 the tracer/drver langth ratio.

Lo ts of the

traquency of these ct )

wthe 8, purp

2t0e g only were mads simuitanecusly by Kiein

ot a). (1978) and ourseives. All the data pOWts were COMDINED 2nd) the Dest 9ast-AqUAMS 01ULION wes dBtenMIned. In Seven cases. the

ations ag

'Sov\huconmﬂnm \h'romnnon‘- y ot the

withins & factor of two. In two caaes. Clones C32000 ana CS2009, agreament wag within g factor of thres.

wines &

the affect of

for sath 1O°C for ssquencs em (Bonner ot of.,
driver of 1he other speces.

ano L. pictus genomes was corrected for

ram using (he squation F,/F = 247, which 15 aquivalent 10 & 2 1010 rate retardation
1973), whers AT s the ditterence i T, for 8. pump

dnver

to the

lated. Figure 3 shows the ‘raction ot cloned DNA
bound lo hydroxyapatite as a function of the ratio
ot the cfoned DNA to sea urchin DNA of three
spacies. Since such a wide range of ratios (s
involved, we presant the data as a lag piot {which
is not 2 log Cot plot). Cars has besn taken to
assure that as the ratio is varisd, tha Cot for the
actual sequencas invoivad in the duplfex formation
ramaing canstant. The ratio of the number of sites
present in the DNA of two specias may be sstimated
by inspection. The curves drawn and the values in
Table 3 resuit from least-squares solutions as de-
scribed in Experimental Procedures. Table 3 iists
the ratios of urchin ONA to cloned DNA at haif
reaction (column 4) and the frequencies derived
from them, without correction, in column §,

In a reaction of this sort, there is a probability of
breakage of ths genomic DNA sequences. The
resuiting saquence fragments may each bind a
whole cloned repatitive sequence. Excessive
breakage could therafora muitiply the number of
apparent sites far beyond the actual numbver in the
genome. Breakage should not affect the ratio of
the frequencias for two ditferant DNA samples if

the length distributions ars simitar. The ratios of
repetitive family sizes in S. purpuratus to those in
S. franciscanus determined by saturation (Table 3)
agres Guite well with those determined by kinetics,
as shown in Table 2.

The apparent increase in fraquency caused by
breakage is sxpected to be a function of the length
af the sequance, and the data show such an effact.
For a particular length distribution of the genomic
DNA, there is an average length of sequenca capa-
bie of binding one cioned DNA repeat which we
tarm the “'sffective binding length."” For an estimate,
we assume that the length of each of the cloned
repeats is a maasure of the size of their respective
family membars or binding sites in the genomic
DNA. Thus the effective binding length is calgu-
lated by dividing the cioned DNA length by the rafio
ol the uncorrectad frequency to the kinetically
detarmined fraquency from Table 2. The resuit
shows about a 2 foid variation with an average of
195 nucteotides. Calumn § shows the length-cor-
rectad frequency using 195 nucleotides as the
effactive binding lsngth. Most of the corrected
fraquencies in column & are very close to the
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Strand-separsted tracer and genomic DNA from the thres sea
urctin species were incudated 10 50 times the kineticelly deter-
rruned Cot, for each tracer sequence at 50°C in 0.41 M P8, and
passed over HAP in 0.12 M P8 at 50°C. The fraction of the ¥*P-
DNA bound to HAP ig piotted against the ioQ ot the ratio of the
HB.ONA to the genormic ONA. Tracers were the repeat fragmants
of {A) CS2101, (B) C82007 and (C) CS2034. Genomic DNAS were
S. purpuratus {®). S, franciscanus {C} and L. pictus (#). The
curves are ideal singis~-component saturation curves fitted by &
Isast-squares computsr program as described in Experimentsi
Procedures. in the case of clone CS2101, the extent of reaction at
nigh and low #P-ONA 1o genomic ONA ratios was averaged lor
the thres driver DNAs,

by the Satu-
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kinatically determinad frequancies listed in Column
7. This closa agreement supports the concept that
the larger fraquencies cbserved (befora correction)
with the probe excess method are due to breakage
of the repatitive ONA sites in the driver DNA. Even
without this !ength correction, the interspecific
ratios of the fraquencies observed by saturation
agres with the kinetically determined interspecitic
ratios. These measursments therefore support the
conclusion from the kinetic measurements that
large changes in repetition frequency have oc-
curred for some of the familias represented by the
cloned repetitive sequences.

Interspecies Reassociation Kinetics ot Repetitive
DNA Fractions
Since cloned repeats of S. Franciscanus and L.
pictus are not yet available, we cannot make
reciprocal cross-species measuremants for in-
dividual families. Repetitive fractions were there-
fore prepared from each of three sea urchin
specias, and reassociation kinetics were deter-
mined for these tracers driven by an excess ot
DNA from each species. as shown in Figure 4.
These tracers have an average frequency of
-repetition of approximately 1000-200Q0 coptes in
the specias from which they were derived. The rate
of reassociation of S, franciscanus repstitive tracer
with S. franciscanus ONA and S. purpuratus repet-
itive tracer with S. purpuratus DNA ig 2-3 times
hgher than the corresponding interspecies reac-
tions, as shown in Figures 4A and 48. After correc-
tion for the effact of divergence on rate, we asti-
mate that the frequency ratio is about a factor of
two (o thres. Even more striking is the comparson
of Figure 4A with Figure 4C for S. purpuratus and
L. pictus tracers with S. purpuratus and L. pictus
driver DNAs. These reciprocal interfamilial reactions
show similar frequancy contrasts. In neither case
do the reactions go to compietion for these dis-
tantly related sea urchins, Some of the families
have changed more rapidly in frequency than oth-
ors, and the average changas is considsrably mors
than a factor ot 100. In the case of L. pictus
repetitive tracer reacting with S. purpuratus driver
DNA (right-hand curve, Figure 4C), measurements
were made at a very high catio of driver to tracer
(400,000/1) so that if aven one recognizable copy
were present in the S. purpuratus DNA of each of
the families the reaction would go to compietion.
This measurement suggests that some of the fami-
ligs that are now high frequency in L. pictus or S.
purpuratus have changed so much in either fre-
quency of ssquence {presumably both) in the last
150-200 million years that homologous sequences
are either unrecognizable or absent from the DNA
of the other species,
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Table 3. Frequency Estimates Dy Saturation with Excess Cloned Repetitive ONA

Clane and Langih
Length Apparent Corrected Frequency by
{Nucteotides) Specres Q Frequency* Ratio F Y K
CS82101 S. purpuratus 4,000 1250 1 761 928
L =320 S. franciscanus 39.000 128 10 iz} 32

L. pictus 444,000 1" 110 7 H
CS2034 S. purpuratus 1,080 w2 1 [1a] 1080
L =580 S. tranciscanus 4,630 (134 44 220 128
CS2007 . purpuratus s 4800 1 20 485
L=1100 8. franciscanus 3,780 393 12 Al T
* Ratio of see urchin ONA to cioned ONA tracer at heif-resction using least-squares solution.
*C using tre y = 2G/QL, wheee G is the genome size (8 = 10¢ ). Listhe o sequence frag
length and Q is from column 3.
* Empirical length corrected ireq oy g 40y (L19%).

¢ From Table 2, corrected for the stiect of divergence on rate ss described in Tabie 2, footnote c.

Figure 5 shows measurements for a labeied re-
petitive fraction of S. purpuratus DNA that contains
a more raprasentative set of repetition frequencies.
These data show that trequency diffarences occur
in {amilies with a wide ranges of frequency of
rapeatition. All families do not show differences,
however. The small sample of individual cloned
tamilies described in the last section included ex-
ampies with differsnces in frequency between the
ganomaes of S. franciscanus and S. purpuratus and
several that showad no difference. Based on this
smali sample, we prasume that Figures 4 and 5
rapresant an average of families with a range ot
ditferant frequancy contrasts betwaen species. For
the 150-200 million years (since the iast common
ancestor of L. pictus and S. purpuratus), few if any
rapeat families have survived without large fre-
quency changes. At this great a distance, it appears
that there has been substantiaily more change in
the families that are now of high frequency in S.
purpuratus than in the intermediate or low fre-
quency families.

Dlscussion

The main conciusion we draw is that striking and
rapid changes have accurrad in the size of maay
individual repetitive sequences families during re-
cent sea urchin evolution. Major support for this
conclusion comes from the large contrasts in rates
of reassociation observed when individual repeti-
tive sequences and sequence fractions from one
genome are reacted with the DNA of a related
species. The data in Table 2 and Figure 2 show that
many cloned repetitive sequences react more
siowly with ONA from S. franciscanus than with
ONA from 5. purpuratus. Even larger contrasts in
the rate of reasscciation are observed in reactions
with L. pictus DNA. The T, of the duplexes with S.

franciscanus DNA is lower in most cases than it is
for duplexes with S. purpuratus DNA. The resuiting
small rate reduction, however, gensrally accounts
tor only a smatl fraction of the observed difference
in reassociation rate. In some casss (for example,
£521098), the thermal stability of the duplexes
causes a larger uncertainty. Many copies of this
sequence may exist with very low thermal stability
and we cannot determine whether there is a {re-
quency differsnce. The same would be true of
interspecific measuremants made with any of the
highly divergent (ciass Ill) repeats studied by Klein
et ai, (1978). Such yncertainties do not apply in the
case of the clone CS2101 repeat or the other
relatively nondivergent (classes | and il) repstitive
sequencs families repressnted by the cloned
tracers (3ee Table 2).

Tabie 4 shows no corraiation between sequence
divergence of the cioned repeat familiss and the
extent of evolutionary change in family size. The
lack of correiation indicates that sequence diver-
gence is not responsible lor the observed fre-
quency differsnces eithar for technical reasans or
as @ rasult of lack of ssquence recognition. The
measurements made by Harpold and Craig (1977)
of ssa urchin interspecies repetitive DNA resasso-
ciation are consistent with the data reported here,
aithough they interprat their data to indicate little
or no frequancy difference.

The number of sites in the genome that wiil form
stable duplexes with the cloned repeat tracers was
aiso estimated from the extant of reaction with
axcess of cloned DNA. The quantitative agreement
between this method and the kinetic method sug-
gests that both give reasonably accurate estimates
of the number of copies of repeated DNA se-
quences in these genomes. The uncertainty is
usually fess than a factor of two. We conctude that
the rapetition frequencies of certain repeat families
differ greatly among S. franciscanus, L. pictus and
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Tabie 4. Lack of Corr of Seq and Freg
Change
Meiting Temperature Ditferances
<1*C >C
Frequency
Ratio* %2  C32090(-1°C, 1.8r CS2137 (6°C. 2)
C32007 (5.8C. 7)
>3  CS2101 (0.2°C. 13) C82034 (3.5°C. ¢)
¢ The difference in T, from Table 1 for the cloned DNA reesso-
ciated with 8. purpi ONA 10 that with S. francie-

canus DNA. The five cases are those for which the T, is tar
enougn lrom the crntenon of precisdn for the T, ditfersnce to be
considersd relisbie.
* The ritio of the number of members of the family with wiich the
foned DNA in 8. purp ONA with §.
franciscanus DNA bBased upon kinetics of rsessociation from
Table 2.
«The o To
iduaily in the o

ang the Ir

y ratio are listed

pears that 95-99% of the repetitive sequences in
each of these genomes either have few or no
recognizable members in the other genome. Thus
the dominant repetitive sequencs families in one
genome lypically have a higher fraquency than in
related spacies genomes. it appears that copies of
repeated sequences are being added to sea urchin
genomes at a rate sufficient for the added species-
specific copies to dominate each genoms in the
{ime since the iast common ancestor of S. francis-
canus and S. purpuratus.

Families of repeatad sequences are apparently
recognizable over long evolutionary periods ai-
though most of their members may be new. A
majority of the families in S. franciscanus and S.
purpuratus are relatsd to families with very few
copies in L. pictus. Thus it appears that the domi-
nant familiss in modern genomas are principally
the result of growth of older repestitive families
rather than the rasuit of initiation of new families.
Thers must be termination or siowing down of the
growth of many families. Otherwiss thoss that grew
in the ancestral specias would simply continue to
grow and the same families would dominate the
genome of each of the modemn species.

Frequency Changes of interspersed Sequences

The majority of repeated saquences are probably
intarsparsed with single-copy sequences (Graham
at at., 1974) and the majority of repeated sequences
appear o undergo massive changes in frequency
during evolution. Thus interspersed repeated se-
quences must participate in large-scals changes in
frequency. This leads us to consider as a major
svolutionary process the wholesale removal and
insaertion of repetitive sequences from a miileu of
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singie-copy sequences. We do not yet know what
fraction of the members of the families represented
by our set of clones are actually interspersed.
Thera is strong evidence that most family members
represented by clone CS2101 are interspersed (W.
R. Pearson, unpublished data; G. P. Mcore, un-
published data).

Tha most convincing evidence for the frequency
change of intersparsed sequences comes from the
frequency comparisons of repeated DNA between
L. pictus and §. purpuratus. Aimost ail repeats in
S. purpucatus and L. pictus genomas are the prod-
uct of events of muitiplication that have occurred
since the last common ancestor 150-200 million
ysars 3ago. These two species have comparabie
repetitive frequency distribution and comparable
repetitive sequence divergence. They presumabiy
aiso have comparable patterns of interspersion,
The implication is that repetitive sequences have
been added to both genomes in many locations
interspersed with singls-copy DNA. An insertion or
saquencs rearrangement process appears to be
active on an avolutionary time scaie.

Generality of Frequency Changes !n Eucaryotic
Evolution

There is a limited amount of avidence that can be
used to assass the generality of occurrance of
frequency changes in the evolution of repeatad
ONA. Measursmeants have been made in two in-
sacts (P. Dunsmuir, P. 8ingham and M. Meseison,
personal communication), two amphibians (Galau
et al., 1978) and the three sea urchins of this work.
in aach of these comparnsons, frequency contrasts
were observed aven for sibling species (D. simu-
lans and D. meianogaster). An observation that is
probably due to freaquency change has been made
in rodents. The mousa satsilite is obsarved in three
closely reiated species (Sutton and McCaillum,
1972; Rice and Strauss, 1973) in upwards of a
miltion fairly precise copies which reassociats to
torm strand pairs whose T, is within 5°C of that of
perfect dupiex. Large interspeciss reassociation is
obssrved and the interspecies dupiexes maeit
sharply at about 25°C below perfectly complemen-
tary DNA. The best axplanation is that a divergent
family of repeated ssquence was present in the
common ancestor and differant membaers of this
family were greatly muitiplied in each of the spe-
cies.

Many measuremaents of interspecies repeated
ssquence resassociation have been made, and in
avery case at some Cot and criterion of precision
{not always known), a smallar interspecific reaction
is obtained. As the phylogenetic distance between
the species is increasad, the extant of reaction is
raduced. Gillespie {1977) has measured interspe-
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Figure 4. Reassociation of Highty Repetitive Tracer with Momoi-
ogous and Heterologous Oriver ONA

Werght mean driver ONA fragment lengths were apgproximstely
850 nucleotides and the driver/tracer DNA mass ratios waere
approximately 2 x 104, sxcept whare oiherwise ndicated. Whers
the ter Y and rate are given, the cum an et
g & sngle Prap, ot
repatitive tracers and nusoclanon and HAP conditions are de-
scribed in Expanmental Procadures.

{A) S. purpurstus tracer reassociated with {#) S. purpurstus, (O}
S. tranciscanus, (B) L. pictys or (V) seif-reacted. The S. purpura-

tus and 8. I driven at 84.7 and
79.5%, wih rate constants of 8.48 x 10" and 4.3 x 10" M~*
sec"!, ivety. (8) S. tracar with

(O) 8. lra;!cnlc&nuu or (@) 8. purpuratus driver ONA. The resc-
tions terminate a1 31 3 and 91.0% with rate constants ot 2.2 and
2.23 M- sac-*, raspectively. (T} L. pictus tracer with
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Figure 5. Reassociation of Middie R 8. pur

Tracet wih Homoiogous and Meterciogous Driver DNAS

S. purp pe tracer was reacted with (@) S.
purpuratus, (O} . tranciscanus, (8) L. pictus, () cait ONA or (W)
sait-concted. Waght mean dnver ONA tragment length was ap-

p y 850 ang the ariver/tracer ONA weight
1810 was app 2 x 104 Prep of the repsti

tracer and and HAP i are cescribed n
€ i P a . The least-9q fut tor the §.
purp dnven ion te lt&.’aﬂ!ﬁu\dhnﬂn%l%

companent with & rate constant of 0.022 M* see™', and a 41.5%
coMmponent with & rate constant of 0.21 M~' ssc™'. The S.

drrven fixed with the same lermination
point and component sizes hao rate constants of 0.0017 and
0.153 M sac"'.

S. purpuratus. The measurements with genomic
renatitive DNA show that many families differ in
trequency among these three saa urchin species.

Evoiution of Repeated Sequence Frequency in
Sea Urchins

A striking feature of thess observations is that five
of the nins cloned rapetitive sequences show con-
siderably higher frequencies in the genome of S.
purpuratus (from which they were derived) than
they do in the genome of S. franciscanus. The
measurements with genomic repetitive ssquence
fractions from ail thrae species shown in Figures 4
and 5 are consistent with this obsarvation. Both
high and fow frequency repetitive families have
fewsr members in the S. franciscanus gsnome
{Figuras 4A and 5). High trequency repetitive tami-
lles in S. franciscanus aiso have fewer members in
the S. purpuratus genome {Figure 48). A similar
reciprocal relationship with a very large frequaency
ratio is shown by the compariscn of S. purpuratus
and L. pictus repaetitive tracers (Figure 4C). It ap-

The L. pictus driven regction lerminates at 88.3% with a rate

() L. pictus or (&, O) S. purpuratus ONA, of (V) seif-reacted.

01 2.8 M™ sec”'. For some S. purpuratus points (), the
driver/tracer DNA mass ratio was increased to 4 < 10°.
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cies repetitive ONA cross-reactions among pri-
mates, and was concluded that families of repeated
sequences were “amplified” by a large factor.
Dover (1977) has reviewed evolutionary genomic
variations. In recent studies, Mizuno and MacGre-
gor (1974) and Flavell and Smith (1978) have con-
cluded that frequency changes or saitatory repli-
cations have occurred in amphibians and mono-
cots. If the low extent of interspecies repetitive
DNA reaction is indeed atiributable to changes in
rapeat family size., we would conciude that it is a
nearly universat process in animal evoiution.

Rate of Addition and Possibility of Deletion
For quantitativa comparison of rates, we dafine the
fractional rate of addition as the fraction of the
total repeated sequences added per year to the
genome, not as a net rate of growth but as new
copies of repetitive ssquences. Sequences com-
plementary to the dominant repaetitive sequencas in
aither S. franciscanus or S. purpuratus occur in
the other with a frequency that is less by a factor of
two to three. This result implies that at least one
half of the repeated sequences have besn added to
the genome of each species in the last 15-20
miltion years. Thus a minimum estimate of the rate
is 0.5/2 x 107 = 2.5 x 10-* per year. There are
approximately 5 x 10% interspersed repetitive se-
quence eiements in the S. purpuratus gsnome,
sach an average of 300 nucleotides iong. The
fractional rate of addition impiies that one such
sequence is being added to the genome about
avery century on the average. This average in-
cludes many diflerent !amilies which may have
quite differant rates and couid be atfected by a few
large changes in individual familiss termed salta-
tory replications (Britten and Kohne, 1967).
Alternatively, this change can be described as
the addition of about 5 nuclsotides of repetitive
ssquence per year. |t is possible that the sea urchin
genome is now growing at this rate, but such a rate
cannot have been maintained since the iower or-
dovician {500 million ysars ago) when the sea
urchin first appeared. If this were true, the sea
urchin ganome wouid have grown to mors than its
presant size of 8 x 10* nucleotide pairs. This
argumsnt suggests a long-term balance of the
processas of addition and deletion, but the ques-
tion cannot yst be rasolved.

Selection and Function of Repeated Sequences

Transcripts that hybridize with the nine cloned
repeats axamined in this paper are present in ma-
ture cocyte RNA (Costantini et al., 1978) and in
nuciear RNA in early development (Schetller et al.,
1978). High concentrations of transcripts from dif-
farant families were shown to occur at different
stages of development. Thus transcription of mem-

8L

bers of these repeated sequence families is under
stage-specific control. The argument is made in
these papers that the patterns of transcription
show that most families of repetitive sequences
carry out significant functions. This concept is
supparted by the observations of sequence giver-
gence listed in Table 4. Two of the clones show
maeiting temperatures with S. franciscanus DNA
that are within 1°C of those with S. purpuratus
DNA. This contrasts with the 10°C single-copy ONA
ssquence divergence between thess two spacies
{T. J. Hall and RA. J. Britten, unpubiished data), and
suggasts strong selective pressurs dependent
upon the function of many members of these fami-
lies. The species which we have studied display
similar repetitive sequence fraquency distributions,
but the corresponding fraquency domains must be
occupied by ditferent repetitive sequence famiiies.
These families couid have functions that depend
upon their family size. How can they change so
rapidly and thus appear to be indspendent of
selection pressure on family size? Conceivably the
repatitive sequence familiss have little to do with
the functional organization of the genoms and are
free to change without restriction. if repeat family
members do have important roles, however, it is
possibie that different families may carry out the
same functions in reiated genomes. If the insartion
ang removal of sequences from their functional
locations couig occur, then whole families might
repiace other families in the genome. One family
could be reduced in size while the other increased
without interfering severely with viability. Nearly ait
the copies of aimost ail the families of repetitive
sequences are differant in the genomas of L. pictus
and S. purpuratus. Yot these two animals are very
simiiar in morphotogy. behavior and devsiopment.
While many individual molecules and nucleotide
sequences have changed, the principal functions
of genomic arganization and the raguiation of gene
sxpression in deveiopment ramain assentially un-
aitered. We therefors propose the following hy-
pothesis: during evolution most families of re-
peated sequences are repiaced with others which
perform siightly modified functions leading to phe-
notypic variation. Suppose batteries of genes were
aftected together—{or example, as proposed by
Britten and Davidson (1971) in their speculations
regarding the origins of avolutionary noveity. Evo-
lutionary changes in genomic sequence crganiza-
tion might exhibit coordinated characteristics and
could provide a significant source of morphologi-
tal change in evolution.

Experimental Procedurss

ONA Extraction
Specimens of 5. purpuratus, S. franciscanus and L. pictus were
coliectadt iocsily and dissected to obtain sperm. DNA was ex-



Frequency Change in Repeated DNA Sequences
359

tracted from frozen spef™m as described By Angerer st al. (1978).
ONA preparations ware made from combined sperm of saveral
animais to reduce possidie effects of genetic polymorphism (Bnt-
ten, Cafta and Davigson, 1978). All DNA preparations had
nyperchromicity of 28% OF Qreater (Ayy at 98°C-Ay &t 80°C/A Ly
« 93°C x 100) in 0.12 PB (Na phosphate (pH 8.8).

Preparation snd Sizing of DMA Fragments

ONA fragments of the indicaiad 5izes were pmwod oy homoge
nization in a Virtis 60K h a8 p

{Britten, Graham and Neufeid, 19‘") The mgn-ﬂnno fragment
length of ONA wes detarmined Dy centritugation through isokt
netic gf (Noll, 1967); V., = 9.84 mI, Cy,
= 43% (W/V), Cre = 18% (w/v) in 0.1 N NaOH. Gradwnts were
centntuged st 41,000 rpm for 20-24 hf at 20°C in 2 Backman
SW4t rotar. The weight average iragment iength was determined
ind with respect to i s pre-
v»ouw sized Dy eiectron Microecopy using the equations of
Studier (1985).

ONA fResssssistion

DNA reassociation wes carmed wt In 0.12 or 0.41 M P with
0.08% 308 andg 0.001 M y at 50°C in
heat-seaied capillary tubes oOr Qlass ampuies. AN Cot values
quated 0 the Xt wre equiainnt Cat (Brtten ot of.. 1974). Cotin
0.41 M P8 waa convertsd 1o equivaient Cot by muHtiplying by 5.
ONA used as driver of radi y was tested for
arver r ility ty selt and optical ing of the
renuitant duplexes at 260 nm in 3 Unicam SP1800 spectropghotom-
oter,

Y yap (HAP) ¢ grephy
The ian of DNA frag n mokecuk g dupl
after r i was by chr 9 y on HAP
(BlaRad. DNA grade iat Na. !my Sampies were cnuuc 008,12
M P8 and appiied to it HAR at 50°C.

Unbound matenal was removed by washing with at ieant & Ded
volumaes of 0.12 M P8, Duplex material was subsequentty stuied
by raising the persture of the 1o 98°C or by washmg
with at least § bed volumes of 0.41 M PS. DNA l0ads wers <250
ug/ce (0.4 g) of packed HAP. When DNA loads were <20 ug
{usuaily lor kinetic fractionstion of tracen), the column was
presquilibrated with 20 ug of cait thymus ONA. HAP was aiso
used to concentrate DNA soiutions by dil of the o
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Caunting Methods
Radi were inm-numotﬂ!ZMPBlﬂd

“Aq +* {Naw Engl ; ) or -~ Handit
n the proportion 1:2.5. Aikaline sampies ware ncutuhzod prior 'o
counting.

Preparstion sad Ladeling of Tracers

For the pr ofr y d S. purpurstus DNA,
SMDIyos were raied to the 4 Seil stage as descnbed by Hinegard-
ner (1967). § mCi of *M-thymiding were then added to 1.5 x 107
wndryos 10 150 mi ot seawater contaming penicillin and strepto-
mycin, and the eMbryos were incubated overnignt to Approxe
mately hatchng diastuis stage. Embryos were frozen with dry ice
and ground with powdered dry ice (N 3 Wering blender, and ONA
was 130i81d as described above. The speciic activity of the
prepacation used was 110.000 cpm/ug and the waight mesn
ungie-strand lonqm was 725 nucieoticen, 88 determinad by alks-
Iin'

S. fr end L. pictus ONA was
preparec by xho mck transiation method using 30 units of €. coti
polymersss ¢ (Boannnger Mannhewm. Grade 1) and 50 ug of ONA
n 2 tingl resction volume of 1 mi. The reaction mix was 50 mM
Tris (pH 6.8), § mM MgCl, 2 X 10"* M ATP, 2 x 10-*M GTP, 2 x
1074 M CTP, and contained 3 mCi *M-TTP (70 Ci/mmoie; ICN).
incubstion was at 13°C for { nr. The resction was 3topped Dy

wilhy p Sevag ¢ {1:1 rat0 of phenot and
Sevag whieh 3 241 t } and then by
extraction with Sevaq aions. The ructm\ mixture was adjusted
10 0.12 M P8 anc passed over MAF, wnere approximately 5% of
the courts bound. The 1pecitic actinty of the Dound tracer was
130.000 cpm/ug and 260.000 com/ug. and the sngle-strand
angth was 873 and 7%0 ides 1n the case of S.
franciscanus and L. pictus, respectively.

Tre 3. QUIDUIEIUS 1TACAT WHOSE TRACHON 18 InOWN N Figures
4A and § was prepared from the in vivo labeled DNA descnbed
aDOVe as foflows. For the tracer of Figqure 5. & x 10° counts of
starting matena) were incutiated to Cot 192: the bound traction
an HAP (BF) was 87%. Thig matenal was ncubawed to Cot 25 and
1ne BF (23% of initial nput) was ncubated o Cot 2.5. The
unbound {raction on HAP (UBF) (9.3% or 5.7 x 10% cpm) consti-
tuted the tracer used. For the tracer of Figure 4A, 8 x 10¢ com of
Arting mataral were incudated to Cot 16 snd the AF (15%) was

bated to Cot 1.2. The BF (8%) was incudated ta Cot 0.01 and

0.03 M P8, application ta the column and finslly elution with 0.41
M PB in a smail volume.

The stability ot ONA web by
thermal chromatography irom HAP. Ssmpies of reassociated ONA
were appiied 1o columns at 50°C in 0.12 M P8. The tompomun
wes then in 4C § and the single-

the UBF (8.5%) was incubated 1o Cot 0.028. The UBF {4.3%) was
incubated 18 Cot 1 and the BF (which was 4% of the iInput counts
or 2.4 x 10% cpm) constitytad the tracer used. To prepare the S.
trancracanus tracer ot Figure 48. the starting mater.al wa 4 x 10%
cpm of the mck. S.Ir ONA d above.
Tho DNA was incubated to Cot 0.013 and the UBF (62%) was

DNA fragments were aluted from the col at each tempersture.
W-{abeled 450 nucieotide (ong native DNA fragments were mixed
with the sampie a8 an (nternal stanaard,

s tion € of F
Whaen the ratia af cioned w.mmw ONA nocsur ONA is vaned
at Cot :u'ﬂcm\t to the r

of strar o d probe that forms duplln. is & mea-

sure ot the number of copws for the homologous family. The
can be exprussed as {raction of probe bound = 1/(1 +
conc, probe/conc. sites), which has the same fOrm ae an idesl
rder The ber ot sitse was evalusied by a
isast-aquares using & P {PH Os-
vdnon and Brittan, 1977; Wallacs, Qube mmm: 19T, The
method of graphing aguinst the log of the ratic of prode to
nuciear DNA shown in Figure 3 simply grves a convenient visual
indication of the ratios of frequencies and the cerainty with
wivch we can conclude that & pair of frequencies sre sctuslly
distinet.

to Cot 1.8. The 8F (7.5%) waa incubated to Cot 1 and
ihe BF (4.7%) was incubated 1o Cot 0.008. The UBF (3.5% of the
input or 1.4 x 10° com) was concentrated and used ss t7acer In
1w resctiona shawn. Ta pragare the L. pictus tracer of Figure 4C,
the starting matenal was 10’ of the aick-tr al.
pictus DNA descnbed adove. This tracer was incubated to Cot
0.015 and ihe UBF (59%) was incubated ta Cot 1.95. The 8F (4%}
was incubated to Cot 3.2 and the BF {2.4%) was incubated to Cot
0.001. The UBF {2.3% of input) was concentrated and used as
tracer.

Preparation of Cloned Repaetitive Sequances

individusl S. purpuratus repetitive JEQUANCES ware cioned in the
bacterial ptasmid RSF2124 a¢ deacribed by Scheiler st al. (19778).
Labeling of the cloned repeats and thew separation into single
strands (o avoid iracer seif-reaction was carried out as described
by Schetier ot al. (1978). The charscienstcs of the cloned mpents
used in this study are descnbed by Kiein et al. (1978).
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Three repetitive sequence families from the sea urchin genome were
studied, each defined by homology with a specific cloned probe one to a few hundred
nt+ long. Recombinant A-sea urchin DNA libraries were screened with these
probes, and individual recombinants were selected which include genomic members
of these families. Restriection mapping, gel blot, and kinetic analyses were earried
out to determine the organization of each repeat family. Sequence elements
belonging to the first of the three repeat families were found to be embedded
in longer repeat sequences. These repeat sequences frequently oceur in small
clusters. Members of the second repeat family are also found in a long repetitive
sequence environment, but these repeats usually occur singly in any given region
of the DNA. The sequences of the third repeat are only 200 to 300 nt long, and
are generally terminated by single copy DNA, though a few examples were found
associated with other repeats. These three repeat sequence families constitute
networks of homologous sequence elements which relate distant regions of the
DNA. Such networks are probably a global feature of the organization of animal

genomes.
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1. Introduction
Renaturation kinetics indicate that animal DNAs contain a large variety of diverse
repetitive sequence families. A repeat family may be defined experimentally
as that set of homologous sequences which reacts with a given cloned repetive
sequence probe. Klein et al. (1978) identified a number of such families in pre-
vious studies on sea urchin DNA, and three of these have been chosen for the
preseht experiments. Almost nothing is known about how the individual sequences
belonging to repeat families are distributed with respect to each other. To approach
this issue, we isolated from X genome libraries a number of A-sea urchin DNA
recombinants which include genomie members of the three repeat sequence families
and their flanking sequences. These recombinants were used to establish the
extent to which members of the same family occur in clustered arrays, as opposed
to being distributed singly throughout the genome. In addition, we determined
the sequence environment characteristie of each family, i.e., whether its members
are characteristically embedded in single copy sequence or in other repetitive
sequences, or both. The particular families we have chosen for this study include
a set of short repetitive sequences interspersed in a typical way with single copy
DNA, and also examples of long repetitive sequences. Though the detailed pattern
of organization of each family is unique, our measurements imply that the members

of all three families occur in widely separated regions of the genome.

2. Materials and Methods

(a) Preparation of unlabeled sea urchin DNA

DNA was extracted from fresh S. purpuratus sperm, as described by
Britten et al. (1974). Care was taken to avoid mechanical shearing of the DNA
to ensure maximum double stranded length. Driver DNA used in renaturation

reactions was prepared by forcing the DNA solution through a needle valve at
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50,000 psi (Britten et al., 1974). The sheared driver DNA had a weight average
length of 600 nt, measured by velocity sedimentation through alkaline sucrose
gradients. Unsheared DNA had a length in excess of 100,000 nt pairs as measured

by electron microscopy.

(b) Partial EcoRI digestion of sea urchin DNA

To prepare DNA fragments of a length suitable for cloning (15 to 20
kb+ ), unsheared (>100 kb) DNA was subjected to partial EcoRI digestion in 0.06

M Tris-HC1 (pH 8.0), 6 mM MgCl,, 0.05 M NaCl at 37°C. We would expect an

99
EcoRI recognition site to oceur about once every 4000 4% nt (uncorrected for
base composition). The EcoRI digestion conditions were adjusted to cleave an
average of 1 site in 5 by varying the length of digestion and the ratio of enzyme
to DNA. The partially cleaved DNA (200 pg) was fractionated on preparative

10 to 40% linear sucrose gradients (0.1 M NaCl, 10 mM Tris-HC1 [pH 8.0}, 10 mM
EDTA) in a Beckman SW27 rotor. Gradients were centrifuged at 24,000 rpm for
20 h at 15°C, and 0.5 ml fractions were collected. Aliquots of the fractions were
analyzed by electrophoresis on 0.5% agarose gels using EcoRI-digested Charon 4
DNA (Blattner et al., 1977) as a molecular weight standard. The fractions con-

taining DNA fragments 15 to 20 kb long were pooled and precipitated in isopro-

panol.

(e) Preparation of Charon 4 vector

Charon 4 phage were grown essentially, as deseribed by F. R. Blattner
in the protocol provided with the Charon A phages. Phage were purified, as deseribed
by Yamamoto et al. (1970). The phage DNA was extracted as follows: The purified
phage were dialyzed from CsCl against 0.01 M Tris-HC1 (pH 8.0), 0.1 M NaCl,

0.01 M EDTA. SDS was added to 0.1%, and the solution was heated for 10 min
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at 60°C. The DNA was then extracted twice with phenol, once with chloroform-
isoamyl aleohol (24:1), dialyzed against 0.1 M Tris-HC1 (pH 8.0}, 0.001 M EDTA,
and ethanol precipitated. The Charon 4 vector arms were isolated from the mid-

pieces and prepared for use, as deseribed by Maniatis et al. (1978).

(d) A-Recombinant genome libraries

The Charon 4 arms were ligated to the partially digested sea urchin DNA
at a 1.5 molar excess of vector to sea urchin DNA fragments. The ligation was
carried out in 66 mM Tris-HCI (pH 7.6), 10 mM MgCly, 1 mM ATP, 15 mM DTT,

200 yg/ml gelatin for 18 h at 15°C, at a total nucleic acid concentration of 200
ug/ml. In vitro packaging and plate lysate amplification were carried out essentially

as described by Maniatis et al. (1978). Cloning efficiencies of 1 to 2 x 104

plague
forming units (pfu) per microgram DNA were routinely obtained. Two A libraries
constructed in this manner were utilized in this work, containing 1.4 x 105 and
2.5 x 105 different phage, respectively. The first of these libraries (denoted
SkalA) was derived from DNA of the sperm of 5 males and the second (denoted
SkalB) from sperm of a single male. A simple Poisson calculation indicates
that the number of clones included in these libraries would contain 93% and 99%
respectively of the sequences in the S. purpuratus genome, i.e., if there is no
selection against given sea urchin DNA sequences, and if EcoRI sites are randomly
distributed. Both of these propositions are probably untrue in detail. However,
a direct complexity measurement in which DNA of the smaller library was used
to drive a labeled single copy tracer showed that at least 90% of the genomic
complexity was in fact included in the amplified library at a sequence concentration
>1/3 the average library single copy DNA sequence. A third and larger library

used for some experiments was constructed by ligating EcoRI linkers onto sea

urchin DNA fragments which had been partially digested with Haelll. This library
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was built and characterized by M. Chamberlin and G. Moore of this laboratory,
by the methods described by Maniatis et al. (1978). This library (denoted SpAH3C)
contained 7.8 x 105 individual phage. The average insert length in these libraries

was 15 kb, and the range of length was 10 to 18 kb.

(e) Preparation, labeling, and strand separation of

cloned repetitive sequence fragments

Recombinant plasmids containing repetitive sequence elements inserted
by blunt end ligation of EcoRI linkers were described earlier (Scheller et al., 1877).
The vector was RSF2124 (So et al., 1975). Briefly, sea urchin DNA was renatured
to Cot 40 and digested with S1 nuclease, and the blunt ended repeat duplexes
which survived were cloned as indicated. Superhelical DNA of these plasmids
was isolated on isopycnic CsCl gradients (Scheller et al., 1977). The DNA was
dialyzed into 5 mM Tris-HC1 (pH 8.0) and stored frozen at -20°C. Plasmid DNA
was cleaved with EcoRI to release the inserted repetitive sequence fragment
and ethanol precipitated. The DNA was dissolved, then treated with bacterial
alkaline phosphatase, end-labeled with 32P by the polynucleotide kinase reaction
(Maxam & Gilbert, 1977), and strand separated after alkali denaturation on neutral
acrylamide gels, as deseribed by Scheller et al. (1978). The DNA fragments of
interest were localized by autoradiography and individual bands were excised
with a razor blade. Gel slices were crushed with a glass rod in sterile plastic
tubes. One ml of 0.12 M sodium phosphate buffer, 0.05% SDS and 10 ug of purified
calf thymus DNA carrier were added to each sample, and the mixture was incubated
overnight at 37°C. The acrylamide was removed by filtering through glass wool
and rinsing with an additional 1 ml of phosphate buffer. The eluate contained
from 80 to 95% of the radioactivity in the gel band. The sample was then incu-

bated overnight at 60°C and passed over a 1 ml column of hydroxyapatite at 50°C.
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The unbound fractipn contained the strand-separated repetitive sequence. The
final preparations were contaminated only 0 to 4 % with their complementary
strands. Reﬁcfivity of these DNA preparations with excess total sea urchin DNA
ranged from 55 to 98%. The nonreactive component(s) were of low molecular

32

weight and most probably consisted of unincorporated ““P-ATP.

(f) Library sereening

32p_jabeled

The amplified sea urchin A libraries were screened with
cloned repeat tracers by a modification of the Benton & Davis (1977) procedure.
One to 2 X 104 recombinant phage were plated on 4 x 108 bacterial cells on 15 em
agar plates. To prevent top agar from adhering to the nitrocellulose filter when
it was lifted from the plate, 0.7% agarose rather than agar was used for plating.
Phage were adsorbed to nitrocellulose filters (Schleicher and Schuell, 0.45 p pore
size) for about 10 min. The DNA was denatured and bound to the filters, as deseribed -
by Benton & Davis (1977).

To hybridize the filters with a labeled probe, filters were preincubated
for 1 hin 4X SET (1X SET = 0.15 M NaCl, 0.03 M Tris-HC1 [pH 8.0}, 2 mM EDTA)
plus 5X Denhardt's solution (Denhardt, 1966) and 0.1% SDS. Subsequent hybridi-
zation were carried out in the same solution in sealed plastic bags. In general,
w2 X 105 epm tracer (* 107 cpm/ug) were added per filter. Incubations were for
18 h at 50°C, or appropriately raised temperatures for higher salt concentration
to produce an equivalent criterion condition, unless otherwise noted. Following
hybridization, filters were washed several times in 1X SET plus 0.5% SDS at the
incubation temperature. The filters were blotted dry, mounted on cardboard
and exposed to preflashed Kodak X45 X-ray film with Dupont Cronex NR Xtra Life
Lightning Plus intensifying sereens at -70°C for 1 to 7 days. Positive plaques

from the region of a plate corresponding to a spot on the autoradiogram were
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picked and suspended in 1 ml SM buffer (0.05 M Tris-HCI1 [pH 7.4], 0.05 M NacCl,
0.01 M MgClZ)‘. The phage were titered and rescreened at a density of 200 phage
per 15 em platé. Individual positive plaques were then selected, resuspended in

1 ml of SM buffer and amplified in 2 ml liquid ecultures. These were prepared

by adding 10 ul of late log phase bacteria and 100 ul of the resuspended plaque
to 2 ml of broth. The cultures were shaken at 37°C until lysis was evident (about
18 h). Titers of these cultures were on the order of 1 x 1010 pfu/ml. The lysate

was cleared of debris by centrifugation and stored at 4°C over a drop of echloroform.

(g) DNA renaturation

DNA renaturation was carried out in 0.12 M or 0.41 M phosphate buffer
with 0.05% SDS in sealed capillary tubes. All Cot values quoted in the text are

equivalent Cyt (Britten et al., 1974). For example, C_t in 0.41 M phosphate buffer

0
was converted to equivalent Cot by multiplying by 5. Renaturation kinetic an-
alyses carried out in this work included an internal single copy DNA rate standard.
Single copy 3H--DN A was prepared and labeled by gap translation (Galau et al.,
1976). The fraction of DNA fragments in molecules containing duplexes after
reassociation was determined by binding to hydroxyapatite (DNA grade, BioRad
lot 17653). Samples were diluted to 0.12 M phosphate buffer and applied to water-
jacketed columns at 55°C. Unbound material was removed by washing with at
least 5 bed volumes of 0.12 M phosphate buffer. The duplex fraction was subse-

quently eluted by raising the temperature of the ecolumn to 98°C. Less than 250

ug of DNA was loaded per ec of packed hydroxyapatite.

(h) Gel blots and restriction digests

Digestion with various restriction enzymes were carried out under the
conditions suggested by the manufacturers. Transfer of DNA from agarose gels

to nitrocellulose filters was as described by Southern (1975). Hybridization conditions
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were as described above for library screening.

(i) Recombinant DNA safety

Experiments involving the cloning or propagation of plasmids or bacterio-
phage XA carrying eucaryotic DNA were performed in accordance with the NIH
Guidelines for recombinant DNA research. The EK1 vectors used were plasmid

RSF2124 (So et al., 1975) and X derivative Charon 4 (Blattner et al., 1977).

3. Resuilts

(a) Three repetitive sequence families: general characteristics

from reactions of cloned probes with genomic DNA

The average properties of the repetitive sequence families chosen for
these experiments are summarized in Table 1. Most of the data listed are quoted
from other studies, and were obtained mainly by analyses of the heteroduplexes
formed by reacting genomic DNA with plasmid clones bearing the three individual
repeat sequences (Klein et al., 1978; Moore et al., 1980). The three repeat families
deseribed in Table 1 are designated according to the plasmid clones which define
them, viz. clones CSp2034, CSp2108 and CSp2109.

Table 1 shows that the three repeat families differ from each other in
several important characteristics. Most of the individual sequence elements
belonging to the 2034 family are recovered in the "long" repeat class, i.e., they
oceur in a context of repetitive DNA sequence extending >2 kb. The approximately
2500 members of this family appear to be closely homologous, since no distant
relatives are observed in the genome, even under relaxed conditions. Sequences
of the 2108 family also belong to the long repeat class. However, this family
differs from the 2034 family in that there are in the genome, besides the 20 closely

related members referred to in Table 1, many additional sequences which are only
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distantly related to the CSp2108 probe sequence. These are discussed in detail
in a later paper of this series (Scheller et al., 1980). The large 2109 family con-
sists mainly of short repeat sequence elements, and its members display degrees
of relatedness ranging down to the lowest level permitted by the reaction conditions.
This is indicated by the low average thermal stability of heteroduplexes between
CSp2109 probes and genomic DNA (Table 1). Family 2109 has been separated
into subfractions, a set of sequences reacting with a 180 nt probe representiﬁg
one end of the CSp2109 insert (2109 A), and a set of sequences reacting with a
probe containing the remaining 111 nt (2109B). The genomic repeat sequence
included in CSp2109 originally contained both the "A" and "B" portions (Posakony
et al., 1980).

The three repeat families differ greatly in their representation in sea
urchin RNAs. Family 2034 is expressed mainly in intestine nuclear RNA; family
2108 transeripts occur mainly in oocyte RNA; and that portion of the 2109 sequence
represented by the "A" probe is expressed primarily in intestine nuclear RNA,
while transeripts homologous to the "B" probe are most prominent in gastrula
nuclear RNA. The latter observations suggest that although short, 2109 sequences
have a complex structure in that some sequences homologous to the "A" portion
of the repeat may occur in (transeribed) regions lacking the "B" element, and

vice versa.

(b) Frequency of oceurence of A-sea urchin DNA recombinants bearing

genomic members of the repetitive sequence families

The probe repeat sequences deseribed in Table 1 were labeled at the
3' termini by the kinase procedure, and were used to screen the recombinant A-sea
urchin DNA genome libraries. The number of positive plaques obtained in these

sereens provides initial evidence on the distribution of the repeat family members
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in the genome. Thus, if the sequences belonging to a given family were widely
distributed about the genome, the positive A-recombinants would usually each
contain only a single sequence element homologous to the repeat probe. The
number of positive plaques expected is directly calculated for this case from the
number of plaques sereened and the reiteration frequency of the probe repeat
family determined by renaturation kineties. On the other hand, if in the genome
the sequences of a repeat family oceur in clusters, positive A recombinants should
often contain several copies, given the 10 to 18 kb length of the inserts, which

is large compared to the length of most repeat sequences. In this case, the number
of positive plaques expected would be correspondingly smaller.

Radioautographs of 2109A and 2108 plaque screens are shown in Figure 1(A)
and 1(B). Both plates contained about 2 x 10 plaque-forming units (pfu). While
393 plaques scored as positive with the 2109A tracer, only 9 plaques reacted with
the 2108 tracer. If all or most members of these families occurred singly in the
A recombinants, the reiteration frequencies listed in Table 1 predict that about
370 clones per plate should have reacted with the 2109A probe, and about 8 clones
per plate should have reacted with the 2108 probe. Since these expectations are
close to the observed values, it follows that the majority of the members of each
of these two repetitive sequence families are scattered in diverse regions of the
genome, rather than clustered.

Data for sereens with all four probe sequences are given in Table 2.

Here it can be seen that a screen carried out with the 2109B probe yields a result
consistent with the 2109A experiment shown in Figure 1(a), and thus also indicates
a nonclustered organization for the 2109 family. In contrast, the number of positive
2034 plaques is only about one-third that expected if members of this family were

generally to occur singly. The implication is that there are an average of three
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2034 sequences per positive A-recombinant. Additional evidence suggesting multiple
local clusters qf 2034 family members in the A recombinants is that many plaques
react with the lébeled probe sequence much more intensely than others. Since,
as Table 1 shows, the members of this family are all closely related, this is likely
to be due to differences in the number of copies per ) insert, rather than to varia-
bility in the degree of homology of the sequences.

When library screens were carried out with the 2108 probe at a more
permissive criterion than used for the experiment shown in Figure 1(b), many
more reactive plaques could be detected (not shown). These recombinants contained
distant genomiec relatives of the CSp2108 probe sequence. The set of 2108 plaques
selected for rescreening and clonal purification included examples of both closely
and distantly related sequences. The number of A recombinants isolated for more
detailed analysis of the sequence organization of all three repeat families is listed

in the last column of Table 2.

(e) Occurrence of the specific repeat sequence in

A genome library recombinants

The number of sequence elements reacting with the cloned repeat probes
was estimated for many of the A recombinants by the gel blot method (Southern,
1975). The DNA was digested with various restriction enzymes, and the fragments
were separated by agarose gel electrophoresis and blotted onto nitrocellulose
filters for hybridization with the respective repeat tracers. Results from several
representative experiments are shown in Figure 2. It can be seen in Figure 2(a),
for example, that only one out of many restriction fragments reacts with the
CSp2109B probe in each of two 12109 recombinants (lanes A and B), while in
contrast, the two 22034 recombinants shown (lanes C and D) apparently contain

multiple copies of this repeat, or elements thereof. The two 12108 digests (lanes
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E and F) differ in that one contains a single band which reaets with the CSp2108
probe, while the other displays three reactive subfragments. In Figure 2(b) are
reproduced several subdigests and blot hybridizations which were carried out on
individual restriction subfragments initially found to contain reactive sequence(s).
The examples shown include 5 cases in which the homologous repeat element is
confined to only one relatively short subfragment (lanes A, B, C, E and G) and
two eases in which there were clearly multiple copies of the relevant sequence
clustered within the original reactive subfragment (i.e., A2034-4, lane F; and
A2109B-16, lane D).

Since the repeat sequence elements are at least several hundred ntp
in length, restriction sites will not infrequently occur within them. Indeed, primary
sequence data (Posakony et al., 1980) indicate that sites for some of the enzymes
used in these experiments occur in the cloned repeat probes themselves, and it
is probable that some members of the repeat family will contain the same sites.
In a gel blot experiment, this would result in two (or more) bands for a single
repeat sequence element. On the other hand, multiple homologous sequence
elements could be present in any single reactive fragment large enough to contain
them, as in the cases illustrated in Figure 2(b). To decrease the probability of
misinterpretation due to either of these causes, we subjected each of the A re~
combinants analyzed to digestion with a number of different restriction enzymes.
Table 3 displays the results of many such experiments, and includes our best esti-
mates for the number of relevant repeat family members per whole sea urchin
DNA insert.

Table 3 shows that sequences of the 2109 repeat family, probed with
either A or B tracers, generally occur only once in a given A recombinant. However,

there are several exceptions. A2109B-8 clearly contains at least two copies of
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the repeat, as does A2109B-16, among others. In these particular cases, the multiple
copies are known not to be contiguous to each other from mapping data, some

of which are pr‘esented below. Though only a minority of the A-2109 recombinants
include multiple copies of the repeat sequence, we note that the frequency with
which they do occur is higher than would be expected if the elements of a 1000
member family were distributed completely at random throughout the genome.

The 2034 clones examined except one (12034-14) contain multiple copies
of this sequence. In the sample included in Table 3, the average number of these
sequences per insert is 2.6, which can be compared to the estimate of 3 copies
per insert derived from the data in Table 2. The agreement indicates that the
presence of multiple copies of this repeat in the various 2034 A recombinants
does not induce frequent deletions, at least through the several rounds of repli-
cation required for each liquid culture amplification.

The 2108 family is a complex assemblage of variably related sequences,
as noted above. With one exception, those A recombinants selected at high eri-
terion each contain only a single copy of the 2108 sequence. Though the particular
restriction fragments which include this sequence are all the same in size (Table 3)
the inserts of the various high criterion A-2108 recombinants are diverse with
respect to their overall restriction digest pattern. It follows that the "high eriterion™
2108 sequence element is part of a longer repeat unit which is itself interspersed
in many different regions of the genome. The A-2108 recombinants selected at
a more permissive eriterion oceur in 1, 2, or 3 copies per insert. The degree of
relatedness and the actual size of this "superfamily"” of diverse sequences is not
well known (see Scheller et al., 1980), and the statistieal significance of the mul-

tiple local oceurrences of these sequences remains uncertain.
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(d) Sequence environment around repeat family members

In the foﬁowing experiments, we determined the genomic repetition
frequency of sequences flanking several members of each repeat family. While
most repeats in the sea urchin genome are short and are surrounded by single
copy regions, data from other sources (summarized in Table 1) indicated that
the 2108 and 2034 families belong to the long repeat class. Thus, it is expeected
that on the average, the sequences immediately flanking the elements reacting
with these two probes in the A recombinants would be repetitive as well. There
was no previous information regarding either the repeat length or the sequence
environment characteristie of the 2109 family.

Restriction subfragments bearing members of the three repeat families
were isolated from a number of the selected A recombinants. Figure 3 displays
the location of various enzyme sites within these subfragments, and indicates
the positions of the specific repeat sequences (Star). In most cases, there is only
one such sequence element within the several thousand ntp of the mapped fragment,
as expected from the data of Table 3, for at least the majority of 2109 and 2108
examples. However, the restriction maps provide interesting additional information
regarding the arrangement of the 2034 repeat sequences. At least two different
subfragments bearing these repeats were isolated and mapped from A2034-4,
A2034-9, and A2034-10. Figure 3 shows that all of the mapped subfragments from
these recombinants eontain multiple copies of the 2034 repeat. In the case of
A2034-4 the two mapped subfragments are identical in the pattern of restriction
sites except for one Haelll site. All the other 2034 restriction maps are unique.
These data suggest that the genome includes both tandem 2034 sequences, some
of which are near exact replicas, and tightly clustered but non-exact replicas

of regions carrying 2034 sequences, as well as the somewhat more widely spaced



103

2034 sequence clusters indicated in Table 3. Figure 3 also reveals a 2109 sequence
cluster (AZl_OQB—lG). This shows that a repeat family in which most members
occur singly thi'oughout the genome may also include occasional blocks of several
locally contiguous sequence elements.

Genomie reiteration frequencies were determined within the mapped

regions by isolating and labeling the appropriate DNA subfragments with 32

P,
and reacting them with excess sea urchin DNA. Single copy 3H-DN A kinetic
standards were included in each reaction. Figure 4 shows representative examples
of renaturation kinetics for the relevant regions of three A recombinants. Reactions
carried out with a set of subfragments from A2109B-9 are illustrated in Figure 4(a).
The 2109 family member on subfragment A reacts 680 times faster than the internal
single copy standard, which is consistent with the overall repetition frequency
estimated previously for this family (Table 1). All of the flanking fragments clearly
react as single copy sequences. In contrast, the measurements shown in Figure 4(b)
and 4(c) demonstrate the repetitive nature of the sequence environments of a
2108 repeat in A2108-16, and of a 2034 family member in 12034-18.

Results of a number of experiments of this nature are summarized in
Table 4. It is clear from these data that the 2109 family consists primarily of
short (i.e., several hundred nt) repeat sequences interspersed in regions of single
copy DNA. Two ind.ividual exceptions are found in A2109B-17 and A2109B-18,
in which all of the fragments tested were moderately repetitive. In several cases,
the rate of reaction of the flanking sequences was slightly faster than that of
the single copy standard, suggesting that one or two related sequences exist some-
where within the sea urchin genome. Table 4 shows that the repeat elements

of both the 2108 and 2034 families are usually, though not invariably, flanked

by sequences reiterated in the genome to about the same extent.
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These determinations of reiteration frequency are probably subject to
at least a twofold error (see Table legend ). The significance of even some of
the larger ra.te.‘differences observed within the same region (e.g., in 12108-186)
is therefore not clear. If real, these differences could indicate that some of the
contiguous repeat sequence elements occur separately, elsewhere in the genome.
In one case, the mapped subfragment appears to include a terminal junction of
the 2108 long repeat. Thus, all the tested sequences on the left end of the A2108-15

subfragment are repetitive, while in the orientation shown, the right end is single

copy.

(e) Heteroduplex analysis of 22109 sequences

In Figure 5 are shown electron micrographs of heteroduplexes formed
between DNA molecules from different 12109 recombinants. The structures
observed are consistent with the conclusions drawn above regarding the organi-
zation of this family. In Figure 5(a), the complete inserts of A2109A-22 and
A2109A-24 can be observed extending between the forks that represent the beginning
of the right and left areas of the Charon 4 vector. The single duplex structure
within the sea urchin DNA must be the 2109 sequence, though there are almost
certainly many other repeat sequences in both of these long inserts. No other
complementary regions can be seen. The duplex structure is 210 + 25 nt long
(Fig. 5(b)). Figure 5(c) displays a heteroduplex between restriction subfragments
from A2109B-9 and A2109B-14. The only repetitive sequence in both these sub-
fragments is located where the 2109B probe reacts, since the remainder of both
subfragments is single copy or near single copy (Table 4). Thus, the identification
of the heteroduplex as a 2109 repeat is in this case unequivoeal. The length of
the homologous region between the four nonhomologous single copy tails is again

about 200 nt. Figure 5(d) shows the Hhal subfragment of A2109B-16, reacting
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with itself at a hbmologous but out of register site. This is almost certainly the
2109 sequence, sinée the map of this fragment in Figure 3 indicated that it con-
tains at least fwo 2109 repeat sequence elements. Figure 5(3) shows that the

same length of duplex occurs in about the same position relative to the ends of

the A2109B-16 subfragment when this subfragment is reacted with the A2109-14
subfragment used in Figure 5(c¢). The experiment thus confirms the unusual double

- occurrence of the 2109 repeat in the local region of the genome included in A2109B-
16. It is interesting that, as also can be deduced from the map data in Figure 3,

the two copies of this repeat are separated by more than 1000 nt of other DNA

sequences.

Discussion

(a) Organization of the three repeat families

We now present a brief summary and discussion of the organization of
the three repeat families, based on conclusions drawn in Results as well as data
from other sources.

The 2109 repeat family includes about 1000 reasonably well matched
sequences, though additional more distant relatives exist in the genome. The
repetitive sequences of this family are organized for the most part as 200 to 300 nt
elements interspersed in single copy DNA. Most individual family members oceur
distantly from each other, since few of the 10 to 18 kb inserts in the 2109 )
recombinants include more than a single 2109 sequence, and since the number
of recombinants reacting with the 2109 probe in genome sereens correctly predicts
the size of this family. However, there is a minor fraction of 2109 family members
which are located only a short distance from other 2109 repeats. Thus, restriction
subfragments from several recombinants contained more than one 2109 sequence

element. Three such subfragments were mapped (Fig. 3) and one, from A2109B-16,
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ineludes members Qf this family which may be separated by no more than 1000 nt
of the other sequence. The fraction of 2109 family members in the genome which
oceurs in mﬁltiple local arrays may be overestimated in the set of 2109 X recom-
‘binants, since their stronger sereening signals could have resulted in a bias toward
their selection. We cannot exclude the alternative that there is actually more
clustered 2109 sequence organization in the genome than we observed if such
* arrangements are unstable in the A recombinants. However, we regard this as
highly unlikely because of the quantitative agreement between the reiteration
frequency of the 2109 family measured in whole DNA and the screening results
shown in Table 2. Furthermore, many recombinants containing clustered copies
of 2034 repeat sequences have been recovered and studied without difficulty.

The 2108 sequence is an element of a longer repeat which extends for
several thousand nt, as shown for several examples in Table 4. Some members
of this family studied by Scheller et al. (1980) are about 4.5 kb in length. This
result is consistent with the observation (Moore et al., 1980) that the 2108 probe
preferentially reacts with a long repeat fraction of the genome. The 2108 family
is organized in a complex and interesting way. When reactions are carried out
under fairly stringent criterion conditions, only about 20 sequences closely related
to the CSp2108 probe are observed. However, many more distant relatives, con-
stituting a large "superfamily", exist in the genome. Differences in the apparent
reiteration frequencies between several of the starred 2108 sequences in Table 4
are due to the fact that these sequences belong to different subsets of the 2108
superfamily. Despite this complication, it is clear from the experiments shown
in Table 3 that most (or all) of the closely related, 20 member 2108 sequence
subfamily oceur singly; i.e., that they reside in regions of the genome which are
at least 10 to 20 kb apart. Table 3 shows that the large number of less closely

related members of the 2108 superfamily must also occur in many different locations.
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The 2034 sequence is also an element of a long repeat, but members
of this family are all closely related. The amount of sequence divergence between
various 2034 fémily members (about 4%) is no greater than between average single
copy sequences of different individual S. purpuratus genomes (Britten et al., 1978).
This large family has about 2500 members and these sequences are partially clustered
and partially distributed in the genome. At one extreme are regions such as those
in Figure 3 which include tandem or tightly clustered 2034 sequences. However,
most clusters cannot contain many copies of the 2034 sequence, since the number
of reactive restriction subfragments per A recombinant is not very large (Table 3),
and since the 2034 genome screens revealed as many as 1/3 of the number of positive
plaques expected on the basis of single occurrences per insert (Table 2). Thus,
there are probably several hundred small clusters of 2034 sequences in the genome,
as well as some single occurrences (e.g., in A2034-14). In addition, the genome
contains one or more very large deposits of tandemly arranged 2034 sequences.
The evidence for this is presented elsewhere by Moore et al. (1980), who noticed
a prominent band in 2034 genome blots which includes a significant though minor
fraction of the 2034 secjuence. The restriction pattern and tandem sequence
organization expected for an element derived from this genomic repository of

2034 sequences is displayed by the subfragment of A2034-4 shown in Figure 3.

(b) Global distribution of members of individual repeat families

The major finding reported here is that the members of all three repeat
families populate many separate regions of the genome. Suppose, for example,
that the organization of the 1000 member 2109 family in the genome is reasonably
represented in the set of A recombinants listed in Table 3. There are 40 single
oceurrences of 2109 sequences per average 15 kb insert, plus seven double

occurrences. It follows that even on the extreme assumption that all 2109 sequences
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are as close as allowed by these statistics, (i.e., about one 2109 sequence every
20 kb), this shgrt repeat family would be dispersed over no less than 2 x 1{)7 nt
of DNA. Thus; unless the A recombinants are not representative, the 2109 family
could not be confined to one or a few chromosomal "domains" of the size observed
in Drosophila cells {Benyajati & Worcel, 1976), or of the size of polytene chromo-
some bands. Most likely, the sequences of the 2109 family are dispersed over
a large portion of the genome, although this is not shown. It is also clear from
the foregoing that long repeats, such as the 2108 and 2034 sequences, are widely
distributed in the genome. In situ hybridization has demonstrated extensive genomic
dispersion of several cloned Drosophila long repeats as well (Finnegan et al., 1978;
Potter et al., 1979; Wensink et al., 1979).

Interspersed short repeats and their flanking sequences account for a
major portion of the genome in organisms such as Xenopus (Davidson et al., 1973;
Chamberlain et al., 1975), human (Schmid & Deininger, 1975), and sea urchin
(Graham et al., 1974). Our present findings illuminate an important consequence
of repetitive sequence interspersion. Each interspersed repeat family organized
like the 2109 family endows the genome with a network of sequence relationships
whieh links physically distant single copy regions of the DNA. In the sea urchin
genome there are perhaps half a million short repeat sequence elements, belonging
to at least 103 nonhomologous families. The matrix of relationships constructed
by these sequences extends throughout most of the genome, since only a minor
fraction of the single copy DNA is devoid of them.

The concept of genomie sequence organization advanced here is abstract,
and is based solely on structural information. It may or may not have relevance
to the coordination of genome function. However, it is clearly important in con-

sidering the processes by which the genome has evolved.
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(e) The evolutionary process of repeat sequence dispersion

In previous articles, we have drawn attention to the possibility that evolutionary
mechanisms exist for the insertion (and disappearance) of interspersed repetitive
'sequences. This is directly implied by a recent study (Moore et al., 1978) which
showed that some repeat sequence families differ markedly in size among related
species of sea urchin. One way of envisioning such a process is as follows. At
an early stage in the growth of a repeat sequence family, one or a few potentially
large blocks of tandem repeats are copied from a preexisting sequence. A mechan-
ism then begins to function by which the length of these blocks is progressively
decreased, as fragments of them are excised aﬁd inserted elsewhere in the genome.
For example, out of register paring might occur, followed by excision of nonaligned
sequences, some of which might then reinsert at random nonhomologous locations
by the same kinds of reactions as are responsible for insertion of foreign DNA
elements in DN A transformation experiments (Wigler et al., 1979). This process
woﬁld ultimately result in a family of singly oceurring repeats interspersed in
many regions of the genome. Eventually, decay of recognition among the separated
family members would be likely to occur, by means of sequence divergence, deletion,
or internal reorganization.

Viewed in light of these speculations, the 2034 family seems to be in
an early stage of expansion and dispersion in the génome of S. purpuratus. The
large repository of 2034 sequences cited above (Moore et al., 1980) is evidently
of recent origin, since this set of tandem repeats is absent from the genome of
S. franciscanus, even though the repeat family itself is well represented in the
latter species. Most other 2034 sequences now in the S. purpuratus genome are
scattered about in clusters, and only a few are as yet singly interspersed. These

clustered sequences are probably also of recent origin, given the low overall degree
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of sequence divergence in this family (Klein et al., 1978). In contrast, the 2109
family appearé to be at an advanced stage of its evolutionary dispersion, though

a few nearly contiguous 2109 sequences still exist in the genome, since one example
was encountered in our scan of 2109 family recombinants. The relatively large
differences between the sequences of many 2109 family members (Klein et al.,
1978; Posakony et al., 1980) suggest that the replication event(s) giving rise to

the present family occurred longer ago than in the case of the 2034 family.

(d) Repeat family organization and repeat sequence transcription

Interspersed repetitive sequence families are extensively represented
in the long heterogeneous nuclear RNA of animal cells, as has been shown by many
workers (Darnell & Balint, 1970; Smith et al., 1974; Holmes & Bonner, 1974; Feder-
off et al., 1977; Scheller et al., 1978). Certain repeat families are also transeribed
by Pol II into short nuclear RNAs (Steitz et al., 1980). The representation of
specific repeat families in long nuclear RNA is strikingly tissue-specific, at least
in sea urchins (Scheller et al., 1978). An interesting aspect is that both strands
of each repeat sequence family are represented in different interspersed RNA
molecules. That is, multiple members of each repeat sequence are transeribed
(asymmetrically) in the diverse transeription units of the nucleus. Interspersed
repeats are also represented in a specific pattern in the stored poly(A) RNA of
the sea urchin egg, covalently linked to single copy sequence transeripts (Costantini
et al., 1980). Among many others transeripts of the 2108 and 2109 sequence families
are concentrated in the egg poly(A) RNA. Costantini et al. (1980) concluded that
the highly expressed repetitive sequences in egg RNA represent a nonrandom
subset of the repeat families in the genome. In other words, members of a minority
of families are located in the vicinity of those single copy sequences represented

in egg poly(A) RNA.
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Repeat family size and organization are remarkably plastie. This raises
the question of how evidence for specificity of repeat family expression and for
nonrandom geﬁomic location of repeat sequences is to be interpreted. A possible
answer is that some repeat family members are transeribed and are in some sense
funetional, while particularly in cases of large, rapidly expanding families, many
of the "newer" copies are not. The networks of homology within the genome
resulting from evolutionary repeat family dispersion may thus include both presently
expressed sets of repeat sequences, and sets which may potentially be included

in useful patterns of expression in future evolutionary time.
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TABLE 3

Number of restriction enzyme fragments bearing specifie

répeat family members in selected A recombinant

A Enzymeb Estimated number of family

Family isolate® Haelll Hhal Hpall Hinfl sequences per X recombinant®

2109 A2109A-6 1 1 1 1 1
8 1 1 1 1 1

11 1 1 1 1 o4

12 1 1 1 1

21 1 1 1 1

22 1 2 2 2

23 1 1 2 1

24 1 1 2 1

25 1 2 1 1

26 1 1 1 1

27 1 1 1 1

28 1 2 1 1

29 1 1 1 1
A2109B-6 1 1 2 2 2
8 2 2 2 2 2

9 1 1 1 1 1

10 1 1 1 1 1

11 1 1 1 1 1

14 1 1 1 1 1

15 2 2 2 3 2
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TABLE 3 Continued

A Enzymeb Estimated number of family

Family isolate? Haelll Hhal Hpall Hinfl sequences per A recombinant®

2109 A2109B-16 2 2 3 1 2
17 1 1 1 1 1
18 1 2 1
30 1 1 1
31 1 1 1 1
32 1 1 1
38 1 1 1
39 1 1 1
40 1 1 1
42 1 1 1 1
44 1 1 1 1
45 1 1 1 1
46 1 1 1 1
48 1 1 1 1
49 1 , 1 1
50 1 1 1 1
52 1 2 1 1
53 1 1 1 1
55 1 1 1 1
26 1 1 1 1

2034 A2034- 3 2 2 ' 2

4 2 5 2 4
9 3 3 3 3

10 3 4 4
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TABLE 3 Continued

A ‘Elnzymeb Estimated number of family

Family isolate? Haelll Hhal Hpall Hinfl sequences per A recombinant®

2034 A2034-13 2 2 2 2
14 1 1 1 1

18 2 2 2 2

2108 22108-16 3 2 1 2 2
21 1 1 1 1 1

high 32 1 1 1
criterion 33 1 1 L
selection 34 1 1 1
35 1 1 1

36 1 1 1

37 1 1 1

A2108- 8 3 1 1 1 2

11 1 1 1 1

low 12 2 1 2 2 2
criterion 15 1 1 2 3 2
selection 17 2 3 3 3
18 1 2 2 2

20 1 1 2 1
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NOTES TO TABLE 3

8A11 2034 A recombinants, 2108 recombinants 1-30, 2109A recombinants 1-20,

and 2109 recombinants 1-40 were isolated from genome library SpAR,B. The

1
other A recombinants listed were isolated from library SpXH3C.
bIndicated are the lengths of the restriction enzyme fragments which react with

the respective probes in gel blot hybridizations such as those shown in Figure 2.

®The presence of two or more positive bands in two or more digests was taken
to indicate the existence of multiple copies of the repeated sequence. Where
two bands occur in only two digests, the conclusion is less certain, as indicated
by parentheses.

dIn this case, the listed fragments all occur twice within the insert.
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NOTES TO TABLE 4

4The restriction enzyme used to digest the subfragment whose map is shown in
the last column. For other enzyme sites and further identification of the sub-
fragments, see Figure 3.

bK is the experimentally determined second order rate constant and is given in

units of M-1 sec-l.

®The corrected rate is the rate of reassociation after correcting for the disparity
in length between the driver DNA (600 nt) and the tracer fragment (Chamberlin

et al., 1978).

dThe reiteration frequency is obtained by dividing the corrected fragment rate
by the rate of reassociation of the internal single copy standard, which varied
slightly from experiment to experiment, and averaged about 0.0014 ML seel,

The accuracy of these estimates is limited by (1) the small number of data points
necessitated by the large number of samples run; (2) the effects of lack of complete
homology where repeat sequences are reacted. This error cannot be specifically
evaluated for the flanking repeats, since in most cases, thermal stability estimates
for the reaction products was not determined. Despite the presence of the internal
single copy standard, these factors could induce a two- to threefold error in the

estimates given, except for a single copy sequences, and except for 2034 sequences

whieh are in general highly homologous.

®Reiteration frequencies measured by the titration method (Scheller et al., 1980).
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FIG. 1. Recombinant A-sea urchin genome libraries screened with cloned repeat
tracers. (a) Radioautograph of a plate containing 2 x 10t pfu from library SPAR, A,
and screened with the 2109A repeét probe described in Table 1. Hybridization

was in 0.6 M Na+ at 55°C, and the sereen was carried out by the procedure of
Benton and Davis (1977), as deseribed in Materials and Methods. (b) Radioauto-
graph of a plate containing 2 x 104 pfu from library SpAH3C, and screened with
the 2108 repeat probe. Procedures were as in (a) except that hybridization and

subsequent washing of the filter were carried out in 0.1 M Na' at 70°C.
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FIG. 2. Gel blot analyses of specific repeat sequences in selected X recombinants.
Isolates from the X genome libraries were selected by scereening with the cloned
repeat probes és described in text. (a) The DNAs of the recombinant phage were
digested with the indicated restriction enzymes and blotted for hybridization

with the same probe fragment initially used to select the respective library isolates
(see Materials and Methods for details). Each lane shows on the left the ethidium
bromide fluorescence pattern of the digest, and on the right the radioautograph
of the corresponding gel blot. Arrows indicate the position of length standards.
Lanes A and B: Family 2109 isolates, digests reacted with 5'-32P-2109B probe
from plasmid CSp2109. A, A2109B-9 DNA digested with Hhal; B, A-2109B-14 DNA
digested with Hinfl. Lanes C and D: Family 2034 isolates, digests reacted with
5-32p-CSp2034 probe. C, A2034-10 DNA digested with Hpall; D, A2034-13 DNA
digested with Hpall. Lanes E and F: Family 2108 isolates, digests reacted with
5-32p-CSp2108 probe. E, A-2108-15 DNA digested with Hinfl; F, A-2108-17 DNA
digested with Hinfl. (b) Subdigests and gel blots of single restriction enzyme
fragments which reacted with the repeat probes in experiments such as that shown
in (a). The described fragments were eluted from agarose gels, redigested with
the indicated restriction enzymes, and the digest again displayed on a gel. Re-
striction maps of many of the subfragments are shown below, in Figure 3. As

in (a), the left hand track in each lane represents the ethidium bromide fluores-
cence pattern of the subdigest, while the right hand track is the radioautograph
of the hybridized subdigest gel blot. A-E: Subfragments from A2109 isolates,
reacted with 5’-3ZP—2109A probe (A-C) or with 5-32p_2109B probe (D and E).

A, Hhal subfragment of A2109-6, digested with Hinfl + Hpall; B, Hhal subfragment
of A2109A-8, digested with Hpall + Haelll. C, Hhal subfragment of A2109A-11

digested with Hpall + Haelll; D, Hhal subfragment of A2109B-16, digested with
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FIG. 2 (eontinued)

Hpall; E, Hhal subfragment of 12109B-18, digested with HindIll. F, Hhal subfrag-
‘ 32

ment of A2034~4, digested with Hpall and hybridized with 5'-""P-2034 probe.

G, Hhal subfragment of 12108-16, digested with Hpall, and hybridized with 5'-

32p_2108 probe.
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FIG. 3. Restriction maps of subfragments from X recombinants bearing repeat
family members. Subfragments were obtained from the various A recombinant
DNAs after'dig'estion with the restriction enzymes indicated at the termini. The
subfragments shown were mapped by partial and double digests with other enzymes:

1, Haelll; 2, Hhal; 3, Hpall; 4, Hinfl; 5, HincH; 6, Taql; 7, Aval; 8, Avall; 9, HindIIl;

0, EcoR[; X, Xbal. Where two subfragments bearing members of the repeat family
in a given A recombinant are released by the same enzyme, these are denoted

"A" and "B" in order of decreasing size. The position of the relevant repeat family
member(s) (star) was determined by gel blot hybridization as described in the
previous section of this paper. The exact location of the repeat sequence within

the region defined by the nearest restriction sites is unknown.
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FIG. 4. Renaturation of subfragments from A recombinants with excess sea urchin
DNA. The subfragments indicated in the restriction map in each panel (see Figure 3

32P by the kinase reaction, and reacted with

for enzyme sités) were labeled with
sheared sea urchin DNA in the presence of a 3H—DNA single copy tracer (dashed

lines). Details are given in Materials and Methods. The starred subfragment

ineludes the relevant repeat sequence family member. Individual kinetic measurements
are indicated by the letters which denote the restriction fragments tested. The

rate constants for these reactions are shown in Table 4. (a) Hhal subfragment

from A2109B-9; (b) Hhal "A" subfragment from 12108-16; (c) Hpall "A" subfragment

from A2034-18.
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FIG. 5. Eleectron micrographs of heteroduplexes formed between homologous
regions of 2109 A recombinants. (a) Heteroduplex between complete genomes

of A2109A-22 and 12109A-24. The arrow indicates the homologous region between
the sea urchin DNA inserts. The phage were mixed, treated with alkali, and after
neutralization hybridized as deseribed by Davis et al. (1971). The DNA was spread
from a hypophase containing 55% formamide and a hyperphase of containing 25%

~ formamide (Davis et al., 1971; see Scheller et al., 1980 for details of procedure
for this and following panels). (b) Further magnification of the heteroduplex in
(a). (e) Heteroduplex between 1.7 kb Hhal subfragment of 12109B-9 and 2.85 kb
Hhal subfragment of A2109B-14. Restriction maps and reiteration frequencies

for these subfragments may be found in Figure 3 and Table 4. (d) Out of register
duplex formed in self reaction of 4.7 kb (Hhal subfragment from A2109B-16).

This subfragment contains at least two 2109B sequence elements (Fig. 3). (e)
Heteroduplex between 4.7 kb Hhal subfragment of A2109B-16 and 2.85 kb Hhal

subfragment of A2109B-14. The length of the bar in (b)-(e) is equal to 0.5 kb.
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