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Bggs of many organisms contain a store of mRNA whicix supports protein
synthesis during early embryonic development and various regions of the
egg cytoplasm are not identical with respect to developmental potential.
I investigated the extent to which sea urchin embryogenesis results from a
progression of developmental events directed by the embryo, or an
expression of a pre-formed mternal program. By the use \of
two-dimensional electrophoresis I demonstrated that cellular dJdetermination
durmg embryonic development at the 16—cell stage is not acccampanied by
qualitative changes in the distribution within the etbryo  of
abundantly-synthesized proteins, wirtually all of which are coded by
sequences present in the egqg. Using two—dimensional gel electrophoresis,
nucleic acid hybridization and molecular cloning, I demonstrated that
there is restricted expression of patermmal gene mRNMA sequences in
interspecies hybx:id. embryos. In some cases, this is due to a

poéttranscriptional perturbation of gene expression in the hybrid embryocs.
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Chez plusieurs organismes, 1'oeuf contient une réserve d'ARNm assurant
la synthése des protéines au cours du développement. embryonnaire précoce.
De plus, les diverses zones du cytoplasme de 1'ceuf différent par leur
potentiel de déeveloppement.

J'ai tenté de déterminer, chezé 1'oursin, dans quelle mesure
1'enbryoginese r&sulte d'une suite d'événements dirigés par 1'embryon ou’
de i'expression d'un programme maternel préformé.

L'usage de 1'électrophorese bidimensionnelle a permis de démwnstrer
que la détermination cellulaire au stade 3 16 cellules a lieu sans
f:hangement qualitatif, au sein de 1l'embryon, dans la distribution de
protéines abondamment synthétisées. Celles—ci sont presque toutes codées
dans des séquénces d'ARN présented dans 1'oeuf.

L'usage de 1'é&lectrophorése bidimensionnelle en plus du clonage et de
1'hybridisation moléculaires a permis de montrer l'expression restreinte
du géname paternal dans des embryons hybrides inter-spécifiques. Dans
certaip;s + cas, cette expression est restreinte' par un procesgus

post-transcription incorrect, affectant la régulation de l'accumilation

des ARNm.
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I :Luproveé the procedure for°‘the isolation of the three blastomere
types of the 16-cell sea urchin embryo, which enabled me to analyze the
patterns of polypeptide synthesis in  macromeres,  mescmeres and
_ micromeres. Using impfoved methods for two—dimensional electrophoresis, I
wag able to resolve about 1000 different’ newly—synthesized polypeptiaes.
‘ﬂlis is the highest resolution of sea urchin proteins which bhas been
achieved to date. I demonstrated that ;:he pattern of polypeptides
synthesized in the 16-cell embryos is nearly identical to the pattern of
synthesis in the egg, and that cellular determination occurring in early

sea urchin development is not accompanied by an asymmetrical distribution

of labelled polypeptides, most of which are coded for by sequences present

in the egg.

I used . high-resolution two-dimensional electrophoresis of labelled
polypeptides to demonstrate that there is an underrepresentation of the
expression of the patermal gename in interspecies hybrid embryos. I
characterized the expression of hundreds of abundant proteins in three
different species of sea urchins: I analyzed three hybrid crosses,
inclﬁding a reciprocal pair of crosses at several stages of development.
This apalyéis had not previous'ly been performed on sea urchins but a
similar analysis yiélded interesting results in amphibians.

-
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I analyzed the representation of paternal and maternal cytoplasmic
.pélyscmalr-enriched poly(A)-RNA transcripts present in the embryos of SpxLp
interspecies hybrid embryos. I e4(amined for the firét time the
representation in 'hybrid embryos those transcripts normally present in
embryos of the paternal species (Ip).

o

I demonstrated that restricted expression of the patemal gename is
not accompanied by loss of a detectible fraction of the patemal genome
and that 1patema1 DNA persists throughout development to the pluteﬁs

stage, in a cross between §, purpuratus egg and L. pictus sperm.

4

Due to-the completeness of this analysis, I was able to formulate and

test sevefal predictions concerning the expression of the paternal genome
in interspecies hybrid embryos and its relation to gene expression in
normal embryos. ‘

I prepared a library of cloned cDNA sequences representing transcripts
same of which are species-specific and developmentally-regulated.

I characterized the expression of a repeat element in the cytoplasmic
RNA of normal and hybrid embryos and demonstrated that there is reguJatiOI:I
of the expression of a set of transcripts containing this eleneﬁt in
interspecies hybrid embrycs.

I characterized the temporally-distinct pat;:em of developmental
expression of a cloned transcript, 16D4, in the érubryos of normal and
interspecies hybrid embryos. I found evidence that the expression of the
gene may be autonomously regulated in hybrid embryos. *Transcripts
exhibiting this unique pattern of expression during early develogmenf: have
not been previously characterized,

rsdor went



I isolated and characterized a 'cloned transcript, 1506, which is
mﬂérrepreémted in the cytoplasm of interspecies.hybrid embryos at a time
when it is accumilating extensively in the paternal species embryos. I
demonstrated that the gene is transcribed in both LpxILp and SpxLp embryos
at a stage of development when it normally a.ccmulai:es in LpxLp embryos.
This is the first délmnstration that a post-transcriptional processing
event might be perturbed in echinoid interspecies hybrid embryos. It is
also the first cloned sequence identified which exhibits restricted
expression _in hybrid embryos. These observaticns may have important

implications for an understanding of gene expression in normal embryonic
development. '
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This thesis is assembled in accordance with the régulat:ions of the
Faculty of Graduate Studies and Research of McGill University. It
consists of a brief abstract and resume, introduction (and review of the
literature), ,followed bby three chapters in a form suitable for

publication. I
Chapter 2 has been published as a paper by Tufaro and Brandhorst

(1979). Dev. Biol. 79: 390-397.
Chapter 3 has been published as a paper by Tufaro and Brandhorst

(1982). Dev. Biol. 92: 209-220.
Chapter 4 is being prepared for publication.

r .
The following figures have been published:

Table 2 is a. modified wversion of that which appeared in Tufaro and

Brandhorst [1982), and has been published in Molecular Aspects of Farly

Revelopment. (G.M. Malacinski and W.H. Klein, eds.) Plenum Press, New

York. It has also been published in Time, Space, and Pattern in Embryopnic

Development. (R.A. Raff and W.R. Jeffery, eds.) Alan R. Liss, New York.

Fig.3. has been published in ITime, Space, and Pattern ip Embryonic
Development, and in Developmental Biology, by L. Browder.  Saunders
College, Philadelphia, and in m&mﬂw -
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Fig.9. has been pﬁblished in Time, Space, and Pattern in Exbryvonic

For clarity, the discussion of results immediately follows the results

section of each chapter, and all cited literature has been combined and

placed at the end of this thesis. .
o i ) "
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‘All of the results and reviews presented in this thesis are ‘the work
of the author. ’ v R
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Enzymes and Chemicals

Restriction endonucleases were obtained from: Boehringer Mannhéim, PL
'Biochemicals, Bethesda Research Laboratories and Amersham Corp.

RNAase, DNAase I: Sidma Chemical Company

DNAase I- ultrapure: Worthington Biochemicals

Reverse transcriptase: obtained from Dr. J. Beard, Life Sciences Inc.

Sl-nuclease: Boehringer Mannheim, gift of Dr. Forrest Fuller

DNA polymerase— Klenow fragment: PL Biochemicals i SO

Nick-translation kit: Bethesda Research Laboratories

Proteinase K: Sigma Chemical Campany

Lysozyme: Sigma Chemical qunpany

Cloning vectors pBr322, M13-MpS, M13-Mpd and DHl E. Coli were a gift of

Dr. D.P.S. Verma. .

Manganese chloride, ultrapure DMSO and cobalt chloride were a gift /of Dr.

Forrest Fuller.
All of the chemicals used were of high purity or "Reagent grade".
The following products were obtained fram Sigma: glycylglycine,

penicillin, streptomycin, dithiothreitol, Tris (Trizma base), PMSF,
BGTA, Pipes, Triton X-100, EDTA, ethidium bromide, Hepes, SDS yeast
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-{Materials—continned)

tRM\,* cacodylic acid (sodium salt), tetracycline, ampicillin,

chloramphenicol, PVP-40, BSA, mops, acridine orange, salmon sperm DNA,

spernrldme

Fish.e;: Potagsium Pchloride, sucrose, trichloracetic acid, magnesium
chloride, sodium chloride, sodium hybroxide, zinc sulfate, sodium
acetate, isoamyl alcohol, chloroform,  zinc  chloride,  sodium
pyrophosphate, sodium citrate, calcium chloride.

Boehringer Mannheim: dATP, dTTP, 4dGTP, UTP, x-amanitin.,

Pharmacia: Sephadex G-50, G-100, dextran sulfate, Ficoll, blue dextran.

BDH: SDS, diethyl ether, potassium hydroxide, formaldehyde, glycerol,
formamide, polyethylene glycol 8000

Bio-Rad: ampholytes, formamide, agarose (10w My), urea

E. Merck: Rubidium chloride

Dupent: lightning~-plus intensifying screens

Whatman: . GF/A, DE\—81 filters

Schleischer and Schuell: BA-85 nitrocellulose

New England Nuclear: Gene Screen membrane

Malincrodt: phenol crystals

Consolidated alcohols: ethanol

Kodak: B-mercaptoethanol, X-ray fiim

Difco: yeast extract, agar, bactotryptone

Polaroid: Type 52 and 57 film

Rawecki Berylco Industries: Cesium chloride

Collaborative Research: oligo ¢dT)-cellulose
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- - _(Materials~continued) -

\Radioactive nucleotides and amino acids were obtained from New Englénd
Nuclear or Amersham. ~

Equipmect

The replicating device was constructed by Tony Briza. The dot blot
mand fold was purchased from BRL. The UV light box was fram Fotodyne. The

Polaroid pictures were exposed with a Polaroid CU-5 camera.

Wia]ﬁ

Strongvlocentrotus purpuratus and Lytechinus pictus were obtained from
Pacific Biomarine Inc. Stropgyvlocentrotus droebachiensis were collected

_ in New Brunswick. -
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The endeavor tO discover by experiment the mechanisms by which

expression of the gename results in the creation of a differentiated

embryo is the central problem in the molecular biology of early .
development. The egg, formed during cogenesis, is competent to manifest a

program of development leading rapidly through ordered cell division to an
elabo;:atid'h of morphological structures made up of differentiated cell
types. The process of fertilization activates this program of
development. It has been nearly a century since the éxperiments of
Hertwig, Driesch and Wilson on marine embryos cleariy demonstrated that
mitosis does not result in a qualitative partitioning of nuclear material
as previously envisioned by Roux and Weismann (Jenkinéon, 1909, for
review), ‘and that various regions of the egg cytoplasm are not identical
with respect to the developmental potential of blastomeres containing

them. With this knowledge, a controversy emerged over the extent to which

- embryogenesis results from a progression of developmental events directed

by the embryo, or an expression of a pre-formed maternal program (See
Davidson, 1976; Davidson et al., 1983, for a detailed historical

' perépective) .

It is now known that the eggs of many organisms contain a store oﬁ
mRNA which supports protein synthesis during early embryonic development
(Brandhorst, 1984, for .re\.riew). While this maternal mRNA accounts for
most of the protein synthesis during early development, mRNA is also
actively synthesized within a few hours after fertilization and ultimately

supplants the mternal mRNA. However, the contribution of anbryoni;:
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transcription to the mRNA population during early embryonic development is

not easily assessed.

Stored maternal mRNA was first hypothesized and characterized in sea

urchin eggs (Brandhorst, 1984, for review), and sea urchin eggs have been

the classic system .for investigating the nature - and role of maternal
mRNA. This is partly due to the fact that sea urchin eggs and embryos are
among the most completely described  cells, both molecularly and
gihysiologically (see Davidson, 1976, 1553 , for review). Sea urchin
interspecies hybrid embryos have long been used to agsess the relative
contribution of the maternal and zygotic gename to development (see
Davison, 1976; Giudice, 1973, for review). Of the hundreds of
it}terspecies, experimehts reported in the literature, I will describe
several examples m detail m this introductory chapter. I have not
restricted my discussion to echinoid experiments, as interspecies hybrid
embryos have proven to be a powerflgl system for the investigation of a
variety of diverse and fundamental aspects of gene requlation in many
organisms. In vchapters 3 and 4, Il‘)describe new experiments on gene
expression in echineid hybrid embryos. .

Since the establishment of the stored mRMA hypothesis, it has been
ﬁrequent;.y\ proposed that maternal mRMAs may act as localized morphogenetic
determinants in eggs and esanbryos (Raff and Showman, 1983; Brandhor;_t et
a.Ln., 1984, éor reviews). If commitment of a blastomere to a particular
cell fate is the result of establishment of a unique population of mRMA in
that blastomere, a oconcurrent char%ge in the pattern of protein synthesis
might occur in that blastomere. Sea urchin embryos exhibit an ea;rly
restriction of developmental potential. The 16—cell embryo is composed of

three cell types which have different fates (Okazaki, 1975; Hynes et al.,
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1972). Inchapter 2, I report on my investigations of protein synthesis
in micrclxneres as an approach to establishifng the role of maternal mRNA or
newly synthesized RNA to the d?tenni:wtion ‘of these cellss In this
chapter, I will review several experiments demonstrating localization of
mrphogenet;ic informatipn in a variety of organisms in order to illustrate

the diverse and elegant nature of this phenamenon.
Qogenesis and Fertilization of Sea Orchins

g Mature sea urchin eggs range in size from about 70-120 u in diameter
(Giudice, 1973; Hinegardner, 1975), Both meiotic maturation divisions
occur within the ovary of sea urchins,. unlike most organisms. ¢ A gravid
female ocontains, besides several million mature eggs, 0.5-2 x 106
vif;llogenic oocytes, and about 108 previtellogenic oocytes and oogonia
,("Hough-Evans et al., 1979; Leahy et al., 1978, 1981). The morphology of
the sea wrchin occyte is typical of most 00cytes containing moderate
amounts of yolk.

The echinoid egg is surrounded by an outer jelly coat composed of acid
mucopolysaccharide and by a glycoprotein vitelline envelope that is
closely apposed to the egg surface. After traversing the jelly coat,

. sperm encounter the vitelline envelope, to which they attach via their

aérosaual processes, which are formed on contac_t with egg jelly (Dave &t
al., 1964; Decker et al., 1976). The acrosaomal process appears to bind to
the vitelline envelope by bindin, part of the material released during the
acrosamal reaction’ . "To some extent the species-specificity of
fertilization is due to an interaction between the sperm bindin and a
specific glycoprotein sperm receptor on the vitelline envelope (Summers
and Hylander, 1975; Glabe and Vaocquier, 1978).
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Normally, only a single sperm pehetrates the vitelline layer and fuses
with the egg plasma membrane. - The sperm nucleus enters the egg as a
structure having highly condensed chramatin. In one species, Arbacia
panctulata, the sperm nucleus vesciculates and partialiy dissociates; the
apical anc':l ‘basal portions remain intact. Chromatin dispersal begins, and
membrancus vescicles aggregated along the periphery of the chromatin fuse
with the remaining apical and basal portions of the original sperm nuclear
membrane, forming the male pronuclear envelope. The male and female
pronuclei meet and fuse, and the patermnal and maternal genetic material
become enclosed within a cammon membrane for the first time. Soon
thereafter, the spindle starts to form for the first cell division, which
cleaves the egg cytoplasm into two equal blastomeres. The nuclear
membrane breaks down immediately thereafter and prophase starts. At
metaphase, the chromosomes come to lie in an ordered array at the equator
of the egg. The number of chromosomes of the ‘sea urchin has not been
accurately determined, although various studies of about ten species
indicate that there are 36 to 44 chromosomes per diploid genome (Harvey,
1920; Grimpe, 1930; I:iacClung, 1939; won Ubisch, 1961; i‘dakinO, 1951; Gray,
1921; German, 1964). The first cleavage furrow divides the egg into equal
halves along the "animal-vegetal" axis. The ‘"animal pole" later becomes
the site of a group of apical cells bearing a tuft of especially long
cilia, and the "vegetal pole" later becomes the site of primary mesenchyme
i.ngrgssion and gastrular invagination. At the fourth cleavage, four very
small cells, the micromeres, are formed by asymmetric cleavage at the
vegetal pole. These are the progenitors of a lineage of cells that gives
rise to the larval skeleton and will be considered in greater detail in a

later section. .




A | logarithmic-rate of cell division is maintained until there gre
about 200 cells.  later, when the embryo contains about 400 cells, it
secretes a protease called hatching enzyme which disso1ver the
fertilization membrane and the zygote is free to swim. The hatched
enbryo, termed a blafstula, is organized as a hollow ciliated ball with a
prominant ciliary tuft at the animal pole. During the blastula stage,
primary mesenchyme cells, descendents of the original micromeres, enter
the blastocoel. A thickened, flat plate of cells develops at the vegetal
pole and is the site of invagination at the onsét of gastrulation.
Gastrular invagination ,leads to the formation of tt;e archenteron, the
embryonic gut. The stml;@ldemn. the larval mouth, forms inductively at the
point where the archenteron tip makes contact with the inner blastocoelar
wall at the animal pole. An internal skeleton is elaborated by primary
mesenchyme cells, beginning a3 a pair of tripartite spicules which are
composed of magnesium and calcium carbonates in the proportions of 1:20,

as well as an organic matrix (Okazaki, 1970). During the subsequent

" development to the pluteus stage, the embryo elongates, the archenteron

differentiates regionally, and the four skeletally supported arms grow
anteriorly (See Fig.4). The free-swimming pluteus larva contains about
1500 cells and begins to feed. Until this stage embryonic development has
not been accanpanie_d by growth: until the larvae starts to feed, the mass
of protein and RMA in the embryo remain constant. After several weeks of
feeding, growth, and extensive morphogenesis, metamorphosis takes place
abruptly. Extensive morphogenesis and differentiation takes place after
metamorphosis, including gonadal differentiation. A fertile adult forms

in several months, depending on the species and the availability of food.



Ewolutiaoary Relationship of Echinoderms

'
The phylum Echinodermata comprises five classes of marine organisms.
These are the Echinoidea (sea wurchins), Asteroidea (sea stars),
Ophiuroidea (serpent stars), Holothuroidea (sea cucumbers), and the
Crinoidea’ (sea 1lilies). The sea urchin, upon which the bulk of research
has been done,” and the sea stars have been used extensively as sources of
eggs and sperm fori studies of developmental and cell biology. Both sea
urchins and sea stars can be maintained in the laboratory. I used several
species of sea urchins in my research. Strongylocentrotus droebachiensis
is found along the northeastern, northwestern, and arctic coastlines of
the United States and Canada, WW, a close
relative of S, droebachiensis is an intertidal and subtidal species found
along the west coast of North America and Lytechinus pictus grows
subtidally from Panama to Southern California (Hinegardner et al., 1981).
The two orders represented by these thrfae species, Temnopleuroidea
(Lytechinus) and Echinoidea (Strongylocentrotus), diverged approximately
175 million years ago [MYA] (Durhan{, 15;66) . Within the order Echinoidea,
the family Sj‘.mmyl:zcentmndae is represented in the fossil record fram
the early Miocene, about 20 MYA. Divergence of the Strongylocentrotidae
is not precisely known due to the sparseness of the fossil record,
although S. purpuratus and S. droebachiensis were morphologically distinct
at least 7 MYA. Singie—oopy DNA sequence homology< heagurements are
consistent with the fossil record. S. purpuratus shares 67.8% of its ’
single—-copy DNA sequence with S. droebachiensis and only 11.5% with La
pictus (Angerer et al., 1976). Interestingly, although ;bout 88% of the
single-copy DNA of L. pickus and S, pwpuratus has diverged beyond
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recognition at a defined, moderately stringent criterion (70°, 1M NaCl),
the 12% that does react has been relatively conserved in evolution
(Angerer et gl., 1976; see also Harpold and Craig, 1978). '

The homology of‘ S. purpuratus gastrula polysomal mRNA sequences to the
DNA of the other species has also been determined. The homology to S.
dr_oehachmn&us DNA has not been determined, but when S, purpuratus is
compared to S, fxaxm.ss:anua (a species more divergent from S§. purpuratus
than S. droebachiensis) greater than 90% of the S. purpuratus gastrula
polysamal RNA sequences have complements in the S. franciscanus gename.
Since this value is higher than the single-copy DNA homology of the two
species (77%), structural gene sequences are diverging at a slower rate
than the bulk of single-copy sequences. Only 14% of the gastrula
polysamal RNA sequences have complements in the L. pictus genome; thus
there is little specific oonservation of structural gene sequences at this
great evolutionary distance. This is not surprising since codon
degeneracy and harmless amino acid substitution coould allow for extensive
divergence.

Only about 30% of L, pictus proteins and 15% of S. droebachiensis
proteins can be distinguished from S. purpuratus proteins when analyzed by
two—dimensional electrophoresis (Tufaro and Branéhorst, 1982; this thesis,
ch. 3). This illustrates the eleut}onary constraints on the structure of
prevalent proteins during echinoid evolution. The proteins detected on
these gels do not represent a high percentage of the complexity of the DA
or RNA populations; consequently 1less abundant proteins may diverge

differently.
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The haploid gename of echinoderms ranges in size from about 0.4 to 4
pg; the largest echinoderm gename is the size of the tyi)ical mammal ian
gename. About 72% of the gename of the sea urchin §, purpuratus consists
of a highly ordered pattern of interspersed repeated and single-copy
sequences (Graham et al., 1974) which has been shown to be the typical
pattern of organization of the INA of most animal species studied. From
about 50 to 80% of the total DNA, with the notable exception of Drosophila
(Manning et al., 1975) and certain other insects (Crain et al., 1976), has
a "short period" interspersion pattern; that is, short repeat sequences of
a few hundred nucleotides are interspersed with single-copy sequences up
to several thousand nucleotides long (Britten et al., 1975),

The kinetics of reassociation of sea urchin repetitive and
single-copy DNA indicate that there are classes of repetitive DNA ranging
fram about 20 to 6000 copies per gename (Graham ef al., 1974), arranged in
long, intermediate and short period spacings,' implving the existfance of
longer and shorter sets of interspersed single—copy sequences. The
shorter length is about 1000 nucleotides, and the longer lemgth is
probably greater than 3400 nucleotides. As 6% of the gename has been
shown to consist of highly-clustered repetitive sequences, 22% of the
gename must exist as stretches of almost pure single-—copy sequence (Graham
et al., 1974). The total sequence complexity of single—copy DNA of S,
pupuratus is about 6.1 x 108 nucleotide pairs (Graham et gal., 1974).

Several thousand different families of repetitive sequences are

represented in sea urchin genamic DNA, The availability of cloned

repetitive sequences has made it possible to investigate the



characteristics of individua}; repeat families, which was not possible by
other fractionation methods based on renaturation kinetics. Klein et al.
(1978) analyzed the gename of S. purpuratus using 26 cioned repeats.
Estimates of sequence divergence of these cloned repeat families were made
by comparing the thermal stabilities of heteroduplexes formed w;th genamic
DNA to those of renatured cloned fragments. Most of the families lack any
highly divergent relatives and show a nucleotide sequence divcargence of‘8%
or less (Klein et al., 1978). Soame families, however, do con;:am highly
divergent members, possibly due to subfamilies of small repeat elements
present unequally in different members of a family (Scheller et al., 1981;‘
Posakony et al., 198l). The cloned répeat families are found in closely
related species, usually in different frequencies (Moore et al., 1978,
1981) , but usually in only a few copies in distant species (Moore et al.,

1978) .
\(&V

g B ion During Devel |

Nuclear RNA

Sea urchin nuclear RNA oconsjsts of long tracts of interspersed
repetitive and single—copy sequences (Smith et al., 1974). Many of these
repetitive sequences are probably embedded within the introns which are
removed in splicing the primary transcript during the maturation of mRNA.
The complexity of heterogeneous nuclear RMA in S. purpuratuys gastrulae as
measured by RNA-driven reactions with non-repetitive DNA is 1.74 x 108
nucleotides, which is more than ten times the ocomplexity of the polysamal
mRNA extracted fram embryos at the same stage and is equivalent to 28.5%

of the genamic complexity (Hough et al., 1975).
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The kinetics of hybridization of cDNA to sea urchin egg poly(A)-RNA
indicate that RMA sequences are present in a broad range of abundance
(Wilt, 1977; Duncan and Humphreys, 198l). These data imply that about 50
average—sized poly(A)-RNA molecules are present in the egg in an abundance
10 to 100 times higher than rare sequences. Rare sequences are those
which are present in a few thousand copies per egg on average, and
camprise most of the complexity. A fe“w sequences are present in 1000 fold
higher abundance than the rare sequences and are probably mitochondrial in
origin (O'Brochta et al., 198l; Wells et al., 1982; see chapters 3,4).
Although these more abundant sequences represent little complexity, they
cawprise about half of the mass of maternal RNA (Wilt, 1977; Duncan and
Humphreys, 1981). n

The mode of regulation of mRNA complexity and abundance is not clear.
Generally, sea urchin development proceeds with a decrease in the number
of different (rare) mRNA species f:aepresented (Galau et al., 1976). The
regulation of this phenomenon appears to be due, at least in part, to
regulation of post-transcriptional processes, rather than transcriptional
selection, as nuclear RNA complexity and sequence representation remains
constant or nearly constant during development (Kleene and Humphreys,
1977) and complex class mRNA sequences characteristic of larval stages or
adult tissue are present among nuclear transcripts but absent on polysomes

of other stages or tissues (Wold et al., 1978).
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* Fertilization is often considered a "trigger” that switches on the '
unfertilized\ egg. €Enzyme activities, membrane transport activities and
macromolecular Synthetic activities are all modified after fertilization
and are reviewed elsewhere (Vaoquiér, 1981; Epel et al., 1975; Giudice,
1973). The most salie}lt molecular event, for t:hls discussion, is a
dranlatiq rise in the rate of protein synthesis wupon fertilization of sea
urchin eggs. The rate of protein synthesis begins to increase almost
' immediately at fertilization and reaches a level 15 to 30 fold higher
within 2 h (Humphreys, 1969; Regier and Kafatos, 197]"Goustin' and rWilt,
1981). While fewer than 1% of the ribosomes of the egg are assembled into
polyscmes (Humphreys, 1971) about 30% of the 99 ribosomes are involved in
polysamal structures by the 16rcell stage. The egg contains a large
population of mRNA molecules which exist in the cytoplasm in an
untranslated state despite the presence of excess ribosomes and all of the
necessary components for protein synthesis (Hultin, 1961; Denny and Tyler,
1964). Following fertilization, mRMA is recruited into polyscmes at a
linear rate for the "rst hour and at a decreasing rate for the subsequent
two hours (Dolecki et al., 1977, Wells ef al., 1981). At least 85% of the

mRNA molecules Om polysames at 2 h post-fertilization are derived from

the matermal population (Humphreys, 1971).

Enucleati B .

A var.;iety of evidence has accumilated which suggests that this rise in
protein synthesis is independent of mRMA synthesis by the zygote. Brachet
et al. (1963) and Denny and Tyler {1964) showed that sea urchin eggs,

e
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enucleated by centrifugation and artificially activated, are able to carry
out protoein synthesis. Shortly thereafter, a similar conclusion for frog
eggs was reached (Smith and Ecker, 1965). The post—fertilization increase
- in protein synthesis was also demonstrated to occur 'i.n sea urchin eggs
incubated with Actinamycin D at a concentration sufficient to block 95% of
RNA synthesis, and more importantly, to inhibit most synthesis of large,
heterogeneous RNA  (Gross and Cousineau, 1963; Gross ef al., 1964;
Greenhouse et al., 1971). These chemically enucleated embryos synthesize
DA, cleave, and undergo limited morphogenesis before arresting at the
ha’tching blastula stage. Pr;otein synthesis continues to occur in the
apparent absence of new RMA synthesis. Inhibition of RNA synthesis in
embryos of snails (Newrock and Raff, 1975), ascidians (Whittaker, 1977),
and mammals (Tasca and Hillman, 1970; Manes, 1973) has yielded ra:u.]‘.ts
similar to those for sea urchins, confirming that activation of
translation of maternal mRMA after fertilization is a widespread
phenamenon. In a third, approach, interspecies hybrid embryos, (and
androgenetic hybrid embryos) of echinoderms exhibit an almost exclusively
maternal character in devel;)[i;\ental timing and features during early
embryogenesis (reviewed by Davidson, 1976).

These exp;ri.ments, while not entirely convin,cing due to the low
sensitivity of the assays, and the assumptions involved, indicate that
protein synthesis occurs on pre-formed RNA synthesized during oogenesis

vhich remains translationally inactive until after fertilization.

Cell-Free Translation
A more direct display of stored, translationally inactive RMA in eggs

is provided by results of cell-free -translation studies. Ruderman and



Pardue (1977) analyzed the classes of mRNA present in sea urchin eggs by
cell-free translation and found translatable poly(A)* and  poly(A)~-
non-histone mRNAS as well as poly(A)~ histone mRMNAs. It has been
estimated that 3 to 4% (by mass) of egg RNA can act as template in
heterologous translation systems (eg., E. coli, Sarcoma-180 cells) (Slater
and Spiegelman, 1966; Jenkins et al., 1973).

Gros‘s et al. (1973) demonstrated that RNA extracted fram 20 to 40s
particles of eggs is translated into histones in yvitro. Subsequently,
Lifton and Kedes (1976) showed that the non-translated, but competent
hi:stone MRNAsS in sea urchin eggs are identical to histone mRNAs being
translated after fertilization. The RMNA's have identical electrophoretic
mobilities and, in witro, produce well—defined histones, which have been
shown to be characteristic of early development (Childs et al., 1979).
The absolute \ structural équivalence of these mRMAs has not been
demonstrated however. .

Brandhorst (1981) has shown that the RNA residing in egg polysames of
the unfertilized egg is synthesized in the mature egg, and not during
oogenesis; this RNA is relatively unstable, and does not contribute to the
post-fertilization rise in protein synthesis. ' Stored mRNA, synthesized
mich earlier during oogenesis, is recruited. There appears then, to be a
mechanism for selecting mRNA for translation based on the time of its
synthesis. The mechanism for the recruitment of stored RMA for translation
is . at present poorly understood, but is being intensively investigated
(See Raff et al., 1983). The predominant hypothesis is that stored mRNAs
are "masked" by soame factor, probably protein, in the eggs and that this
:nask ‘is released by same event following fertilization (Spirin, 1966; also
see Raff, 1980; Raff and Showman, 1983). Masked mRNA is presumed to be in
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the form of translationally inactive RNP particles. Moon et al. (1982)
have recently concluded that, under a variety of conditions, RNA in.egg
RNP particles is not significantly less eff'iciently translated than RWA
purified from these RNP's from later stage en&yos. D
. There are other possible mechanisms of translational restriction in
'sea urchin eggs (for review, see Brandhorst, 1984). Some MRNA seems to be )
sequestered in, or associated with membrane vescicles which are abundant
in sea urchin eggs. Sea urchin -type histone mRNAs are sequestered in
the female pronucleus (Venezky et al., 1981; Showman gt al., 1982, 1983);
t:_heir presence in cytoplasmic particles of eggs is an artifact of cell
fractionation. Most embryonic polyscmes, unlike most translatable
maternal mRNAs of the egg, are associated with the cytoskeleton under
certain ionic conditions (Moon gt al., 1983). The significance of this is
not presently known. The interdellular pH rises after fertilization, and
this could affect the translatability of RNA or the activation of some

"factor™ necessary for translation.
RNA Svnthesi 1T lation in B

Sea urchin eggs synthesize proteins at a low rate. Two—dimensional
electrophoresis of  [35s]-methionine-labelled  polypeptides  of
unfertilized and fer;:ilized eggs indicates that virtually all of the 1000
well-resolved polypeptides are synthesized in the same relative amounts in
unfertilized and fertilized egg samples (Brandhorst, 1976; Tufaro and
Brandhorst, 1979; Bedard and Brandhorst,-1983). The increased rate of
protein synthesis after fertilization is clearly not due to the

recruitment of a distinct set of RNMA ocoding for qualitatively-distinct
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proteins. This is strong evidence that the same coding sequence must
exist in at least two different ptates, distinctive by their translational

activity.

Many stored maternal RNA sequences remain present throughout embryonic
development of sea urchins, Howh-Evans et a.‘.L (1977) showed that rare
sequences present in the egg are maintained in embryos for several hours,
apd decline as development proceeds. The data imply that not all RMA

s gequences in the egg are utilized as mRNA at any particular stage. A

major conclusion of this study, however, is that about half of the.

maternal single—copy sequence set persists in the polysomal RNA throughout
development to the pluteus stage.

The regulation of prevalent and moderately prevalent RNA sequences has
been analyzed using libraries of cDNA clones (Lasky et al., 1980;
Flytzanis et al., 1982). Several hundred cloned abundant RNA sequences of
the egg were analyzed. More than 90% of these are pr&gnt in a similar

- Ay
abundance in eggs and pluteus stage embryos, while generally declining at

the gastrula stage. It may be that maternal mRNAs slowly decay and new
synthesis of these same sequences fram the embryonic genane begins to
counteract this loss after gastrulation (Flytzanis ef al., 1982). These
data do not eliminate the possibility that some maternal RNA sequences are
stable, and persist throughout development to the pluteus stage, or that
some disappear early in development, or are extensively regulated
throughout development.

g



’16 .

13

Cloned cDiAs representing transcripts which are not only replaced but

accumilate extensively during development have been identified (Bruskin et
al., 1981, 1982; Crain et al., 198l; Merlino et al., 1982; Flytzanis et
al., 1982; Fregien et al., 1983; Tufaro and Brandhorst, 1984; and chapter
4). Most rare ‘rmderately prevalent transcfipts present in embryos are
not detectible in adult tissues (Galau et al., 1976; Xin et al., 1962).
This may be due to a more specific expression of genes in the highly
differentiated ar:i more homogeneous adult tissues. ‘
Two-dimensional electrophoretic ar;a;lyses indicate that most proteins
synthesized in eggs' are synthesized in similar relative amounts throughout
embryonic development to the pluteus stage (Bedard and Brandhorst, 1983).
About 208 of the 800 polypeptides analyzea in S, purpuratys and L. pictus
undergo some change; 10% undergo changes of at least 10-fold, whileﬁ 1%
underge changes of more than 100-fold (Bedard and Brandhorst, 1983).
Rapldly-cleavmg embryos show few changes, while many changes occur
between hatching of the blastula and the onset of gastrulation, when the

rate of cell division has greatly declined. Polypeptides which become -

undetectible during development almost always ¢disappear before

| gastrulation, which suggests that these may be encoded by maternal nRNAS

which are not being replaced by embryonic synthes:.s at this critical
developnental stage. ) : . "

Using a variety of elegant techniques, several polypeptides have been
identified which are enriched in ectc;derm, endoderm or mesenchyme of sea
urchin enbryos (Bruskin et al., 1982; Bedard and, Brandhorst, 1983;
Brandhorst et al., 1983; Harkey and Whiteley, 1982). These proteins are
develog;mntally "up—'regulated" during embryogenesis. It is 1likely, then,
that tissue—specific proteins are specified by newly—synthesiged RAs
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C which are not ex'tensively represented in the maternal mRNA population,
o since there is little evidence for selective activation of translation of
maternal mRNA during development (Brandhorst et al., 1983; Bedard and
Brandgnorst, 1984). | =
The Information Content of Materpal mRNA - , A
With the advent of recombinant DNA and hybridoma technologies it has
become poésible to examine whether stored RMA eontainﬂs infolrmaj:ion“
important in controlling embryogenesis (see Brandhorst, 1984; Raff and
Showman, 1983, for review). If stored maternal mRNAs are involved in the

regulation of marphogenesis, this RNA must have a high information
content. The complexity of unfertilized egg RNA for three species has
( ~—been measured by RNA excess hybridization reactions with single—gopy DNA
(for Strongylocentrotus purpuratug, Galau et al., 1977; Hough Evans et

al., 1977; for Arbacia punctulata and Iripneustes gratilla, Anderson et

a;., 1976) and by the cDNA kinetic method for Lytechinus pictus (Wilt,

1977). The complexity values obtained in all of these experiments is fram

. 3-3.7 x 107 nucleotides, or enough complexity to code for roughly 25,000
% S different protein species if all of the complexity represents mRNA. About
1 70-75% of this complexity is present in polysomes in the l6-cell stage
embryos (Galau ef al., 1976; Hough-Evans et al., 1977); because there are

long untranslated mRNA tails, the actual number of proteins encoded 1is

probably about 10,000. The "residual™ sequence complexity of RNA not on

polysames represents at least several hundred different repetitive

( . sequence families (Costantini, ef al., 1978, 1980). It was found that at

_least 70%~ of the mass of egg poly(A)-RNA contains interspersed repeat

¢
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sequence transcripts and that both strands of each given repeat sequence
are present in egg RNA, though generally in ciifferent molecules. If
purified matermnal poly(A)-RMA 1is allowed to renature, partial-duplex,
milti-molecular structures are formed. Interspersed maternal RNA species
persist in the cytoplasm far into embryogenesis (Posakony et al., 1981,
Cabrera et al., 1984)-and by the gastrula stage, about 15% of the RNA by
mass continues to display an interspersed sequence organization.
Interestingly, Anderson et al. (1982) found that a major fraction of the
cytoplasmic poly(A) -RL’A of Xenopus oocytes dispiays the same interspersed
organization, It has been spetulated (Davidson et al., 1982) that this
fraction represents incompletely processed RMA and that cytoplasmic
processing in the embryo could r@resent a requlative mechanism in the
utilization of maternal information. This processing could occur
differently at various stages and in different parts of the embryo. The
unique structure of this RNA may be i:ecognized by proteins, snRMA's or
other "regulatory™ molecules which direct it to be sequestered, activated,
‘localized or destroyed (See Thomas et al., 1981). It is intriguing to
speculate that the repeat sequences may enable the embryo to regulate
functional classes of molecules or allow the embryo to monitor the

quantity of a group of transcripts throughout development.

Segregation of Maternal RNA

The possibility that maternal mRMAs are non-uniformly distributed in
the egg and segregated during cleavage ig)an attractive hypothesis
currently attracting much attention (see Raff and Spowman, 1983;

Brandhorst gt al., 1983; Jeffrey, 1983). The developmental fate of
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specialized cells are determined early in the development of many
organisms. Long before the existence of maternal mRNA was established it
was established that the egg contains "factors" which are anisotropically

distributed in eggs and come to be segregated in various cell lineages.
}

Jenkinson wrote in 1909:

It is evident that during-segmentation at least the
nuclei are equipotential, and the hypothesis of
self-differentiation in the form originally
propounded by Roux can not longer be upheld. It has
in fact, been now abandoned by its author. But
though in this direction its labours have ended
negatively, modern experimental research is yet able
to point to a positive achievement of the greatest
value and significance. For the same series of
investigations has shown that the cytoplasm of the
undeveloped ovum 1is not the homogeneous and
isotropic substrate once thought, but heterogeneous,
containing various specific organ-forming stuffs
which are definitely and necessarily connected with
the production of certain parts or organs of the
developing anima.l; = Jenkinson (1909)

Alt':hougtx the existence of these "organ-forming stuffs” has been recognized
since the turn of the century, little is known of their molecular nature
today. In light of the discovery of a store of mRNA synthesized during
oogenesis, it is tempting to speculate that this RNA may represent some or
all of the "factors" involved in morphogenetic determination.

There are far more demonstrations of localization per ge, than
identifications of morphogenetic determinants. A variety of experiments

will be considered below.

E I . ] -! ] D . I "E
Compelling evidence for localized RNA acting as morphological

determinants comes from studies on Smittia (see Kaléhoff, 1983, for
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review). Four types of embryos can be génerated by various experimental
manipulations; normal embryos, inverted embryos, double encephalons, and
double abdomens. Double encephalons and double abdomens develop after
centrifugation of embryos (Kaltoff, 1977, 1982; Yajima, 1983), or after WV

. irradiation of posterior or anterior pole regions of the embryos (Yagima,

1983), or after application of RNase to the anterior pole (Kandler-Sigan
and Raltoff, 1976). Jackle and Kaltoff (1980, 1981} have reported the
synthesis, in embryos, of proteins which predict future anterior or
posterior development. The anterior indicator protein is synthesized in
the anterior end of normal embryos unless they are previously irradiated
with OV light., W irra}digtion of Smittia embryos causes pyrimidine dimer
formation irrxéRNA, whiie photoreversing light leads to the disappearance of
dimers and restores the translatability of mRNA in UV-irradiated embryos
(Kaltoff and Jackle, 1982). It has been demonstrated that in wvivo
generation of pyrimidine dimers involves associated proteins or other
photosensitizing components (Kalthoff and Jackle, 1982), and the 'anterior
determinants have been characterized as ribonucleoprotein pax:ticles: The
posteriqr determinants might have the same structure since their
inactivation by W 1light is also photdreversible (Kalthoff and Jackle,

1983).

The Polar Lobe of Ilvanassa
The polar lobe of many annelids and molluscs is a transient protrusion

at the vegetal pole of the egg, in which part of the cytoplasm is set
apart during cleavage. At the conclusion of the first cleavage, the polar

lobe is resorbed into one of the blastomeres (CD) of the two—cell stage.

¥
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Lobe~specific information 1is segregated into the D blastamere, where it ﬂ
wil% become the dorsal quadrant of the future embryo. The polar lobe can
be removed without damage to the embryos. In lobeless Ilyanassa and
Bithynia embryos, adult structures such as foot, shell, statocysts, eyes,
tentacles and heart are absent {Clements, 1952; Cather and Verdonk, 1974);
these structures are derived from, or induced by, mesoderm.

Brandhorst and Newrock (1981), showed that eggs, lobeless embryos, and
polar lobes make identical sets of polypeptides during early develomment.
Brandhorst and Newrock (1981) and Collier and McCarthy (1981) investigated
the influence of the polar lobe on protein synthesis. Removal of the
polar lobe results in quantitative but not qualitative change in protein
synthesis by the 29-cell embryo. The synthesis of 98% of the 350-\'
polypeptides detected by Collier and McCarthy was insensitive to
actinomycin D (Collier and McCarthy, 198l). There is no evidence for the
segregation of a specific \set of maternal mRNAs in the ' polar lobe‘,
although there appears to be teamporal regulation of ‘thg selection for
translation of specific stored mRMAs (Brandhorst and Newrock, 1981).

-

Ascidian Eu
Ascidian embryos exhibit determinative cleavage events early in their
development, and are excellent for studies of determination (see
wWhittaker, 1979, for review). Certain genera, including Styela and
Boltemia, contain coloured ooplasms which are indicative of the cellular
distribution of cytoplasmic regions exhibiting specific morphogenetic //
potentials (Whittaker, 1980; Conklin, V1905). A complex pattern of

ooplasmic segregation occurs during the first 30 min after fertilization
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(see Jeffrey, 1983, for details). If eggs are randomly bisected prior to
fertilization, normal larvae are obtained from the half containing a
nucleus (Reverberi and Ortolani, 1962). If a cut is made after ooplasmic
segregation, only nucleated vegetal halves are able to cleave normally
, (Reverberi, 1937). '

Jeffrey (1982, 1983) examined the spatial distribution of histone and
actin mRNA sequences in ascidian embryos by in situ hybridization. Wwhile
histone mRNA was found evenly distributed in the egg and embryo, actin
mRNA appears to be localized in the egg and partitioned to specific
blastomeres during cleavage.

Whitaker (1973) has studied the regulation of the appearance of
tissue-specific enzymes of the tunicate, Ciopa, whose embryos exhibit
determinative events very early in their development. When cytokinesis
and/or nﬁclear division was arrested at the 2,4,8,16, or 32-cell stages
and the enzymes were assayed histochemically, activity was detectible at
the proper time in the proper blastameres (as determined by previous
lineage studies) in these arrested embryos. The activity of one enzyme,
alkalin'e phosphatase, was sensitive to the protein synthesis inhibitor
puromycin, and insensitive to the RMA synthesis inhibitor Actinomycin D,
making it 1likely that matermal mRNA molecules ooding for alkaline
phosphatase are localized7 in the egqg and partitioned to the endodermal
cells. If maternal RNA is not l:;eing segregated, other developmental
information, perhaps coding for a regulatory factor, is localized.

!
v

Spisul Lidissi

In the surf clam Spisula solidissima, first cleavage is unequal and
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results in the formation of two unequal blastomeres, termed the AB and
CD. The smaller AB gives rise to ciliated ectoderm and specialized muscle
cells of the larvae, while the CD gives rise to endoderm, adult n{uscle,
and the shell gland (Meisenheimer, 1901; Wilson, 1925). It is possible to
rear AB and CD blastameres in isolation; to a large extent they are
restricted to their némnal developmental potential implying that the AB
and CD blastameres are already determined by the two-cell stage (Cheney
and Ruderman, 1978). RNA extracted from the AB or (D blastameres directs
the translation of similar polypeptide products in yitro; some
blastamere-specific polypeptide products are detected indicating that an
asymmetric distribution of RNA exists. Since it is unlikely, that
transcription from a single nucleus during the time between fertilization
and first cleavage could aceount for the accumulation of a sufficient mass
of RNA to direct the synthesis of detectible polypeptides in vitro , the
segregated RNA must have been stored in the egg.

L] . -~

Jenopus
Rare maternal mRNA sequences appear to be localized in eggs of the

frog Xenopus (Carpenter and Klein, 1982). RNA extracted from three
distinct regions of the eggs (animal pole, vegetal ﬁle, and middle) v:ere
used to synthesize cDNA. The cDiNAs hybridized with excess t:eup];;ate RNA
with the same kinetics for all three regions. A cDNA probe enriched for
vegetal pole sequence was hybridized to the RMA of each fraction. The
kinetics of this reaction indicated that certain RNA sedquences are
enriched at the wvegetal end of the animal-vegetal axis. These sequences

correspord to rare maternal mRNAs,
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The 16-Cell Sea Urchin Embryo

Determination, resulting in restricted developmental potential, occurs
very early in sea urchin development. The fourth cleavage gives rise to
three types of cells; macromeres, mesameres, and the vegetal micromeres.
Due to size differences, pure populations of the three cell types can be
isolated en masse. When cultured in isolation, micromeres will'
differentiate into primary mesenchyme cells (Okazaki, 1975). With the
addition of appropriate media, skeletal elements will eventually be
deposited resembling in form those normally arising in the embryo (see

Harkey, 1983, for review). The four micromeres are clearly different from

the other 12 blastameres of the 16—cell embryo. The pattern of protein

synthesis in the 16—cell embryo is nearly identical to that of the egg
(Tufaro and Brandhorst, 1979; and this thesis ch. 25; most protein
synthesis at this stage is due to translation of stored maternal mRNA (see
Brandhorst et al., 1983, for review).

I chose to look at the synthesis of most of the mass of protein
synthesized in 16-cell embryos by two-dimensional electrophoresis
(O'Farrell, 1975). I determined that micromeres synthesize the same array
of proteins, in the same relative propbrtions, as do mesameres and
macromeres (Tufaro and Brandhorst, 1979; this thesis, chapter 2). The
formation of micromeres does not involve a specialization of the 'pattern
of synthesis of detectible proteins, “ nor u;e detectible segregation of
maternal mRNA. Senger and Gross (1978) reported similar results with a
onedimensional electrophoretic analysis. .,

Rodgers and Gross (1978) measured the se.quence complexity of micromere

and mesomeretmacromere total RNMA using single—copy DNA camplementary to
?
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egg RNA as a tracer, Micra;\ere total RMNA hybridized 20—32% fewer
single-copy DNA molecules than did 16-cell embryo RNA, mescmere+macromere
RNA, or gastrula samples. The same results were obtained with RNA fram
blastameres or whole embryos developing in the presence of Actinamycin D.
These data indicate that there is a non-uniform distribution of RNA
sequences between micrameres and other parts of tl'{e embryo, and that these
sequences were present in maternal RNA. Ernst et al. (1980) extended
these results and reported that micromeres lack some non-polysamal
maternal RNA sequences found in the cytoplasmic fraction of the ;ahole
embryo, and lack the high-complexity nuclear fraction found in other

1\»‘(_\1
blastomeres (Ernst et al., 1980). '

Exbryonic Control of Gene Expression

Effective investigation into the role of the embryonic gename in the
control of morphogenesis began in 1889 with the first successful
interspecific hybrid experiment of Theodor Bovel;i (1893).  Boveri
fertilized normal eggs, and enucleated egg fragments of the sea urchin
Smgx_eghinuagzanulamawithv sperm of a species of a different genus,
Echinus microtuberculatus. The resulting diploid hybrid embryos  developed
a "hybrid™ skeleton, intermediate in the features of each of the parents,
while the enucleate merogone hybrid embryos (enucleated eggs fertilized
with sperm of a different species) developed a strictiy "paternal”
skeleton. This interspecies hybrid experiment, though highly criticized
and partially qualified in a subsequent paper in 1918, stirred much

interest in this system. *Since that time hundreds of observations of
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echinoid interspecies hybrid embryos shave been reported. For a historical
review, see Giudice (1973) and Davidson (1976). ‘

Interspecies hybrid embryos have been useful in the study of gene
requlation in many organisms, and the development of modern molecular
techniques of molecular biology has greatly erhanced the power of this
approach. Same of the more elegant experiments will be considered below.

]

. The most extensively studied -species of amphibian are Xenopus laevis
and Xenopus borealis. These may be interbred, and the resulting hybrid
embryos and adults have been used to identify a number of biochemical
differences between the species, in both protein and nucleic acid
cou:ponents (For review, see ~DeRobertis and Black, 1979; Vorwyl and
(’ Fischberg, 1980). This feature has made amphibians a useful system to
study expression of the embryonic gename.
In 1973, Honjo and Reeder rq>orted. that hybrid frogs formed between X,
laevis and X. borealis ‘preferentially transcribe X. laevis rDNA regardle}é
. of which species is the female parent. Repression is nearly complete
until the swimming tadpole stage, after whigh a low level of X. borealis
rRNA synthesis is detectible in the total anbryo population, and some
adult hybrid frogs synthesize substantial ambunts of X, borealis DNA. An
X. laevis female, heterozygous for an rDNA deletion mutation was crossed
with an X. borealis male. Half of the progeny contain only X. borealis
rDNA, and rRMA synthesis is delayed in these eanbryos. In the reverse
cross (X. borealis female x X. laevis male t;eterozygote) X. borealis rRMA
( synthesis is not delayed. From these four crosses it was concluded that

either X. laevis rDNA or X, laevis maternal cytoplasm can each repress

_—_————————-—-——
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. expression of X, borealis fDNA in hybrid embryos. In the presence of X.
laevis rDNA, repression can be perimanent, while repression by X. laevis
cytoplasm is transient and usually reversible.

In 1979 Woodland et al. (1979) investigated histone protein synthesis
" in interspecies hybrid embryos of X, laevis and X. borealis and detected
paternal Hl protein synthesis in the mid-blastula embryo. This is the
earliest expression of patermal genes detecteci to date in amphibia,
although histone synthesis may not be representative of the expression of
most genes.

Prior to this demonstration of histone expression, expression of
lactate dehydrogenase, 6-phosphogluconate dehydrogenase, isocitrate
dehydrogenase, and malate dehydrogenaﬁe/ was ifivestigated using enzyme
activity assays, and had failed to ‘Qetect paternal activity prior to
neurula in diploid or androgenetic haploid\\hybrid embryos of amphibians
{Johnson, 1971; Johnson and GChapman, 1971; Wright and Subtelny, 1971,
1973; Wright, 1975). Whether this reflects a biological phenomenon or a
technical limitation of the assays is difficult to assess.

DeRobertis and Black (1979) used high-resolution two-dimensional gel
electrophoresis to compare proteins of X, laevis and ¥. borealis. When
the patterns of proteins synthesized by isolated ovaries ‘of the two
parental species were - compared, at least one-third of the
abundantly-synthesized proteins differed in their electrophoretic
mobility. Proteins of both parents were detectibly synthesized in
interspecific hybrid embryos, with two exceptions. Thus, allelic
exclusion observed for rRNA 'geh&s does not apply to protein—coding genes
in those organisms, at least for the genes analyzed

"In 1980 Woodland and Ballantine extended this analysis with a study of
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protein synthesis in developing hybrid embryos. In X. laevis eggs x X.
m sperm hybrid embryos, fourteen horealis-specific proteins were
detected. 'Two appear by the gastrula stage, five in the gastrula, and the
rest later in development. Where : homologous X. laevis proteins were
tentatively identified, ﬁhe pattemn of protein synthesis in androgenetic
haploid hybrid embryos (created by fertilizing enucleated X. laevis eggs
with X. borealis sperm) was analyzed. X. Laevis proteins appearing after
fertilization are the products of translationally-activated stored mRNA,
while appearance of X. borealis proteins are due to translation fram
newly-synthesized mRMA. From this analysis, it was concluded that the two
proteins appearing by the gastrulae stage were probably initially coded by
stored maternal mRNA.

In an extention of this work, Mohun et al. (1981) analyzed about 75
abundantly-synthesized proteins of early X. laevis and X. borealis embryos
by two-dimensional electrophoresis. Six polypeptides specific to X.
laevig embryos and a further six specific to X. borealis were identified.
Interspecific hybrid embryos (X. laevis female x X. borealis male)
synthesize only the maternally-specified set of proteins until
gastrulation, after which they produce the full complement of both X,
laevis- and X. borealis-specific proteins. ‘

In summary, while nucleolar allelic dominance is a widespread
phenomenon, allelic dominance after ‘the gastrula stage is not detected to
be prominant in Xenopus. If the absence of paternal-specific polypeptides
in hybrid blastula embryos were due to limited allelic dominance of X.
laevis over X. borealis, this would infer the existence of stage-specific
allelic dominance, limited to post-fertilization embryos prior to
gastrulation. A more likely explanation is that maternal mRNA synthesized
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during oogenesis directs protein synthesis during early =zygotic
development, until around 'gastrulation, after which newly-transcribed mRNA
becomes predominant in directing polypeptide synthesis. This is
consistent with the known timing of heterogeneous RNA synthesis in Xenopug
embryos. Mohun et al. {1981) argues that the use of the reciprocal cross
(. borealis mle x' X. laevis female) would distinguish these
possibilities. I would arque that if allelic dominance were altered in

response to putative regulators of gene expression present in the maternal

cytoplasm, these alternative mechanisms would not be clearly identified by
N ,

this strategy.

The isolation of cloned rRMA sequences has facilitated investigation
of nucleolar dominance, since the non-transcribed and transcribed spacer
segn;.nts of ‘ribosanal RMA genes differ greatly between the two species
(Brown et al., 1972; Forsheit 53; al., 1974). It has recently been shown
that preferential expression of ( the X. laevis rDNA is correlated with its
hypérsensi.tivity to DMAase I compared to X, borealis rDNA (La Volpe et
al., 1983). The significance of this awaits further analysis.

Other anpthxyibians can be crossed and have yielded interesting results.

"In the axolotl, alcohol dehydrogenase (ADH) is found primarily in larval

and adult liver. Starch gel analysis of ADH fram adults of the reciprocal
crosses of Ambystama mxmanm x Anbystama i:e.xamz:n reveals that the
maternal form of the enzyme appears at the normal time during development
(4 weeks) while the paternal allele is not expressed until three to five
weeks later, regardless of which species represents the maternal or
patermal parent. In a cross between A. fexanum containing the wild-type
allele of ADH and an individual of the same species with a variant ADH,
both maternal and paternal ADH alleles are expressed simultaneously

L3
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(Etkin, 1977) . These observations suggest a regulatory incompatability at
the transcriptional or post-transcriptional level between the two species.
’ ¥
Drasophila Larvae
It is now well established that the equalization of expression of

X-linked genes in XY males and XX females is brought abo_ut' by -

hyperactivity of the single X in males. By utilizing the unstable ring

+ chromosame of Drosophila melanogaster, XX/XO mosaic salivary glands can be .

formeé in D. melanogaster females x D. Simulans males interspecifjc hybrid
larvae. This genetic system directly compares the activity of the same X
chromosame in male and " female cells with identical genetic  and
physiological & backgrounds. The X chromosome derived from the D. m.nulana

parent is as extensively dosage compensated in a cell autoncmous manner in

the interspecific hybrid background as in its own species background °

(Lakhotier et al.,- 1981). Apparently, the regulatory sequences involved
in dosage compensation of X-linked genes have been specifically conserved
during the evolutionary div;.argence of the two species.

The homologous genes for ADH are expressed in qualitatively different
;gat:tems during the development of the --Hawaiian Drosophila, D. grimghawi
and D. orthofascia. In interspecific hybrid larvae of these species, each
parential allele is expressed acggpding to the ' developmental program
glLlaracteristic of the species fram which it is derived, thus providing
étrong evidence for a cis-acting control element. The distinct
qualoitative pattern of expression makes this a unique system in which to
study the molecular basis of a gene regulatory éifference (Dickinson rand
Carson, 1979). ’
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An enormous amount of ' research has been carried out on interspecific

and intergeneric hybrid embryos of the echinodem. Some hybrid embryos

undergo larval fomatmn followed by metamrphosis, while other crosses
result in embryos which arrest early in development, usually in the late\

blastula stage (For a review of physiology and an historical outllne of
hybrid experiments, see Giudice, 1973; Davidson, 1976). Arrest at
gastrulation is most likely the result of a perturbation of gene
expression necessary for gastrula formation, resulting from altered
"paternal” gene expression in the presence of "foreign" maternal
cytoplasm, or alternatively, aberrant cytoplasmic constitution due to the
presence of a "foreign" nucleus. These are not mutually exclusive
alternatives. Hybrid embryos that develop into pluteus larvae and undergo
metamorphosis do not have catastroph’ically aberrant expression of genes

required for early development, but may exhibit abnormalities as

" development proceeds.

loss of patermal DMA or chromosames has been reported for certain
echinoid hybrids and 1leads to developmental arrest (for review, see
Giudice, 1973). This varies among the crosses investigated and may
reflect gename incompatibility during chromosame segregation, leading
rapidly to ?neuploidy. v

Many \experinents have been conducted to determine when the
pa'ternally—derived gename of sea urchins becomes active, and to what
extent paternal chromosames participate in zygotic development (Davidson,

1976, for review). It appears likely that the paternal genome

.
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participates in RMA transcription as early as fertilization (Longo and
Kunkle, 1977). Polyspermic zygotes consistently incorporate higher
amounts of labelled precursor into RNA than monospermic eggs while
monospermic and polyspermic eggs treated with Actinamycin D incorporate
the same amounts. Autoradiography also showed incorporatioh of tritiated

uridine into male and female pronuclei.
"\‘._/* o

n S
# The histone genes are members of a moderately repetitive family of

tandemly arranged genes coding for the five classes of histone mRNA
interspersed with spacer DNA. The DNA sequence of nearly the entire
repeating unit is known for several species of sea urchin (Birnstiel et
al., 1977; Schaffrer et al., 1978, Sures et al., 1978). Histone gene
expression during the early stages of sea urchin embryogenesis has been
extensively investigated (Mauron et al., 1981, 1982; Childs et al., 1979;
Maxson and Wilt, 1982; Lifton and Kedes, 1976; Showman et al., 1982;
Venezky et al., 1981; Wells et al., 1981). Histone gene expression in
interspecies hybrid embryos has also been investigated successfully.

Easton and Whiteley (1979) demonstrated that H1 histone protein -is
synthesized using RNA contributed by both parental genomes in the hybrid
embryo formed by the fertilization of Dendraster excentricus eggs with S.
purpuratus sperm. Stored Hl mRNA (maternal) appears to be involved in H1
synthesis exclusively during pre-gastrular development, with a negligible
contribution thereafter. Surprisingly, although both egg-type and
newly-synthesized mRNA are included in Hl synthesis during early
cleavages, the dominant .contribution at this time appears to come from new

(patemal type) mRMA. This is in agreement with Infante and Nemer (1967)

« . . . =
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who showed that small histone-synthesizing polysomes in early cleaving
embryos are abolished upon treatment of embryos with Actinomycin D.

In 1980, Maxson and Egrie used interspecific hybrid embryos of the
viable cross S, purpuratus x L. pictys to estimate the contributions of
the maternal and paternal genomes to histone mRNMA synthesis during early
development. Radiolabelled histone mRNA from the two sea urchin species
were identified by hybridization to cloned histone genes and shown to be
electrophoretically distinguishable.  The synthesis of maternal and
paternal histone mWRMA in these hybrid embryos was detectible as early as
the two—cell stage, and appeared to be in polysomes by the 16—cell stage.
The relative amounts of the maternal and paternal histone mRMAs
synthesized by the zygote were similar. Maxson and Egrie estimate that
0.1 pg/embryo (or about 4 x 105 copies per embryo) can be easily
detected by their assay, and suggest that since transcripts of
paternally-derived genes are present early in development, stored
polymerases and other components carry out transcription of paternal genes
at that time. It is clear from these experiments that allelic dominance

or exclusion is not affecting the expression of these repetitive genes.
|
|

Actin Gene Expression

There are about 8-10 non-allelic actin genes in the gename of S_._
purpuratus (Scheller et al., 198l) Actin, a prevalent protein in all
eukaryotes is involved in mitosis, motility and cytoskeletal architecture.
A comparison of members of this multigene family within and among
different sea urchin species show that gene number, transcriptional
orientation of linked genes, and intron position are the same, while the

chramosamal organi‘\zation of the family appears to vary (Johnson et al.,
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1983) Within each species, coding sequence can differ by as much as 30%,
while the families appear to similar among species (Johnson et al., 1983),
Recently, Crain and Bushman (1983) analyzed actin-coding RNAs in
interspecific hybrid embryos of S_L‘ purpuratus x L. variegatus (and the
reciprocal cross), and S. purpuratus x S. droebachiensis. In L,
variegatus X, 8. purpuratus biastula and prism embryos, transcripts from at
leagt two different paternal alleles are present, while in the reciprocal
crosg, the same two maternal allelfas were expressed in blastula. The g,
dmebach:.ens;s, x S. purpuratus embryos appear to contain transcripts from
at least one paternal allele at the blastula stage. This demonstrates
that the paternally—derived actin-coding RMA's are  transcriptionally
active and are apparently processed normally to yvield mature mRNA. The
timing of expression of these alleles suggests that the expression of the
paternal allele is regulated according to the expression characteristic of

the paternal species.

DA Synthesis

Brookbank (1976) measured synthesis of DNA by Feulgen
microspectrophotmetry in two species and in interspecies hybrid embryos.
One parent (Lytechinus variegatus) Ydevelops normally at 259, a
temperature lethal for Strongylocentrotus purpuratus. Strongylocentrotus
purpuratus develop normally at 10°, a temperature at which Lytechinus
embryos are viable, but fail to cleave. It was demonstrated that SpxLv
hybrid embryos exhibit a slowing of S phase of the cell cycle at 10° and
LvxSp hybrid embryos show a slowing of S phase at 25° These differences
manifested themselves between hatching and post—gastrular stages.
Brookbank proposes that the slowing of the S pixase in SpxLv hybrid embryos
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at 10° and in LvxSp hybrid embryos at 25° might be due to accumilation
of proteir;, such as DNA polymerase or associated S phase proteins encoded
by the paternal genome following the late blastula stage, which have
different temperature optima. These molecules may interfere with DNA
synthesis, and in the extreme case may contribute to the lethality of many

interspecific crosges.

BI. ] Ell E . I \

I chose to investigate the segregation of mRNA into different
blastomeres of the 16-cell sea urchin embryo. I combined an effective
blastomere separation technique with high-resolution two—dimensional
electrophoresis to detect patterns of protein synthesis in isolated
blastomeres. If qualitative differences had been found, further
investigation would have been done to extend this analysis. The resuits
and discussion of this work are contained in chapter 2.

I then decided to exploit the resolution of two~dimensional
electrophoresis to assess the extent and timing of zygotic gename
expression during embryogenesis. To do this, I chose to analyze the
patterns of protein synthesis in interspecies hybrid embryos. The
surprising results were that there is an underrepresentation of paternal
gene expression in interspecies hybrid embryos. This led to a series of
experiments to determine thé nature of restricted expression. The results

of these investigations are reported and discussed in chapters 3 and 4. -

v
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CHAPTER 2

Similarity of Proteins Synthesized in Isolated

Blastomeres of Early Sea Urchin Embryos
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ABSTRACT

A

The 16-cell sea urchin embryo has blastomeres of three distinct
size classes: micromeres, mesomeres, and macromeres. Each class 1is
already restricted in its developmental fate, micromeres being committed
to formation of primary mesenchyme cells. The three classes of
blastomeres were isolated in high purity and 1incubated in [39g]
-methionine until the next cleavage. Nearly all the radicactive protein
was solubilized and subjected to two-dimensional electrophoresis
according to O'Farrell (1975). Of approximately 1000 spots resolved,
there' are no qualitative differences among the three blastomeres. When
embryos were labelled between the first and fourth cleavage and
blastomeres then 1solated, no qualitative differences 1in protein
synthesis weré observed. Morecver, there are very few changes when
unfertilized eggs are compared to 16-cell embryos. Thus'cellular
determination during embryonic development 1s not accompanied by
qualitative changes in the distribution within the embryo of abundantly
synthesized proteins, virtually all of which are coded for by sequences

present in the egg.
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S~ Introduction

The fourth cleavage of the sea urchin egg gives rise to three
distinct types of blastomeres having different sizes: micromergs,
mesomeres, and macromeres. These blastomeres have different
developmental fates in intact embryos and when 1solated (Horstadius,
1939). The four micromeres, which form at the vegetal pole, give rise
to primary mesenchyme cells of the blastula, which ultimately secrete
t;he spicules of the larval skeleton. Isolated micromeres can be
maintained in culture and eventually secrete skeletal spicules
resembling in form those of larvae (Okazaki, 1975). Thus, by the 16-
cell stage, micromeres are determined to follow a specific de\;elopmental
pathway in the absence of interaction with other embryonic cells.

It has long been thought that determinative events in early embryos
may be brought about by an asymmetric distribution of factors in the egg
and their segregation 1into different blastomeres during cleavage (eg.,
Wilson, 1927; Davidson and Britten, 1971; Raff, 1977). These factors
might be reguiatory molecules (or precursors thereof), or they might be
structural proteins or the wmRNA's coding for them. Several recent
reports suggest that mRNA is segregated into different blastomeres of
early embryos. 1In the marine snail Ilyanassa, factors required for the
formation of mesodermal organs are localized in the polar 1lobe, a
cytoplasmic extension of one of the first two blastomeres: removal of
the lobe results in an embryo most notably devoid of heart, shell and
foot (Clement, 1962). Newrock and Raff -(1975) observed that lobed and

lobeless embryos synthesize proteins having different patterns when
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analyzed by discontinuous SDS polyacrylamide gel electrophoresis. i These
differences, which might be qualitative, persist even when new mnRNA
synthesis is inhibited. Moen and Namenwirth (1977) have shown that the
electrophoretic patterns of proteins synthesized in Xenopus eggs and
early embryos are differemt along the animal-vegetal .axis, ;mplying a
localization of the maternal mRNA coding for these gbundant proteins.
The presence of stored maternal mRNA in sea urchin eggs, the translation
of which is activated after fertilization, suggests that this class of
RNA might include localized morphogenetic determinants.

Rodgers and Gross (1978) have recently provided evidence that
different blastomeres of the 16-cell stage sea urchin embryo contain
qualitatively distinct popullations of RNA. They did not demonstrate
that the distinctive RNA molecules are actively translated mRNA. We
approached this question by subjecting the proteins synthesized by

" isolated micromeres, mesomeres, and macromeres, to two dimensional

electrophoresis (0'Farrell, 1975).
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EXPERIMENTAL PROCEDURES

.

Preparation of eggs and removal of fertilization membranes

Strongylocentrotus purpuratus were obtained from Pacific Biomarine

Inc. For each experiment spawning was induced in a single gravid female
by the injection of KC1, The eggs were collected into artificial
seawater at 4° and washed by settling three times. Eggs were suspended
in 10 mM glycylglycine (pH 9.3), at 10° for 90-120 sec, and then diluted
with 40 vol seawater at 4° (Epel et al., 1970). [Eggs treated in this
manner fail to raise a fertilization membrane upon fertilization. Eggs
were routinely incubated with a 50,000-fold dilution of sperm for 1 min,
the time required for fertilization to be more than 95% complete.

Demembraned eggs tend to clump upon fertilization if maintained in a
concentrated suspension.j Fertilized eggs (less than 100) were
therefore diluted into 1 liter of seawater and washed 2-3 times by
settling through this volume, For culturing, embryos were suspended in
500 ml seawater containing 50 ug/ml penicillin and streptomycin and
allowed to develop at 14°, At this temperature synchrony of early
cleavage is opt imal, and embryos reached x fourth

cleavage at about 5 h after fertilization. Treatment of embryos with

dithiothreitol had no effect on normal development to pluteus stage.

Separation of blastomeres

At the 16-cell stage, embryos were collected by light
centrifugation, and resuspended and washed 3 times in 10 ml seawater

lacking calcium and magnesium ioms in order to dissociate the hyalin
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layer. Brisk aspiration of a 2 ml suspension 5-8 times through a
Pasteur pipette dissociated most embryos into single blastomeres. These
were layered onto 30 ml linear gradiemts of 5 to 50% (v/v) isotonic
sucrose (1M) in seawater lacking Ca2* and Mg2* ions, and allowed to
settle by gravity. After 30-45 min, three bands of cells are visible
corresponding to the three types of blastomeres. The approximate
positions and identification of these bands are: micromeres in a very
narrow band about 1 cm below the surface, mesomeres in a broader band
(about 0.5 cm wide) approximately 2 cm below the micromeres, and
macromeres in a similar band separated from the bottom of the mesomeres
by less than 0.5 c¢m. Undissociated embryos sediment to the bottom of
the gradient (about 6 cm below the surface). The gradients were
fractionated by gradually lov:lermg a capillary tube supported by a small ’
jack. The tube was attached to a peristaltic pump and fractions were
collected into cold centrifuge tubes. To minimize cross contamination,

mesomeres were withdrawn from the top of the band and macromeres from

the bottom of the band. The purity of the fractionated blastomeres was

estimated by microscopy. In the investigations reported, no larger,
blastomeres are seen among hundreds of micromeres. Micromeres were
never observed among macromeres, There 1s some cross contamination

between mesomeres and macromeres, but it is less than 5%, Occasional
smaller cells which might be unusually lar'ge micromeres were sometimes
observed among mesomeres, but such possible contamination 1s less than
Iy Fractionated blastomeres were either collected by light

centrifugation and frozen or resuspended in gseawater for incubation with

[35s]methionine.
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Labeling of proteins .

A suspension of 200,000 embryos lacking fertilization membranes in
5 ml seawater was incubated at 14° with 100 uCi/ml [35S]-methionine
(about 700 Ci/mole) obtained from Amersham. Labeling was halted by
immersion in cold seawater lacki"x’lg calcium and magnesium ions. For
labeling separated blastomeres, each type was suspended in 1 ml seawater
containing 250 uCi/ml (35S]methionine for 1 h‘. Labeling was stopped
by washing in cold seawater followed by freezing in a dry ice-ethanoi

bath and storage at -70°.

Two-~dimensional polyacrylamide gel electrophoresis

Samples were prepared by a modification of the method of Alton. and
Lodish (1977), Frozén cells were rapidly resuspended in $DS sample
buffer ‘(in which 0.1 k:WM dithiothreitol is  substituted for
B-mercaptoethanol) and immersed in a boiling water bath for 1 min.
Aliquots were withdrawn for determination &f radioactivity and protein
content and the remainder was frozem and stored at ~70°.

The amount of radicactivity in protein was determined by
precipitation in hot 15% trichloroacetic acid and collection on
Millipore filters. The amount of protein was determined according to

Lowry et al., (1951). Samples for isoelectric focusing were prepared by

the addition of 10 ul of thawed extract to 9 mg urea (Bio-rad

electrophoresis grade) and dilution with 80 ul lysis buffer containing e

1.6% pH 5-7 ampholytes and 0.4%7 pH 3.5-10 ampholytes (Bio-rad).

Isoelectric focusing was according to 0'Farrell (1975). Samples to be

g

—

compared contained equal amounts of protein of similar specific

3

activity.
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To determine the fraction of radioactive protein entering the
igoelectric focusing gels, a par'alled gel was sliced into 0.5 cm
lengths. Each slice was incubated for 8 h at 70°C in a capped
scintillation vial containing 0.5 ml 30Z H,0,. The dissolved slices
were counted in Aquasol-2 (New England Nuclear). More .than 85%Z of the
radioactive protein 1oa<;ed er‘x'ters the isoelectric focusing gel. The pH
range was about 4.5 to 7.2 as measured by a microelectrode (Bio-rad
propHiler) inserted into the gels, )

Isocelectric focusing gels were equilibrated with four changes* of
SDS sample buffer over 1 h and subjected to electrophor?sis on slab gels
consisting of a 10-16% exponential gradient of acrylamide (Brandhorst,
1976; 0'Farrell, 1975).

*The method used to prepare prgtein extracts results in the
solubilization of virtually all the radioactive protein of the embryos.

The molecular weight standards were as previously described (Hutchins

and Brandhorst, 1978).
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RESULTS -

. a L
° ° &
. .

Proteins synthesized by isolated micromeres, mesomeres, and
macromeres ax:e shown in Fig. l. The labeling period of 60 min covered
about 90Z of the time interval between fourth cleavage and fifti\-
cleavage, which was just beginning. Of the approximately 1000 spots
detectable (afterkvarious exposure times) no consistent qualitative
dg’.fferences were observed. Occasional differences between blastomeres
have sometimes ‘been noted, but these are never reproducible. For
example, in Fig. 2 a g:c:;p of spots is shown in which two spots appear
to be restricted to macromeres (Figs. 2A and B); howe\;;ar, these
differences are not seen when the same preparations of proteins are
electrophoresed again (Fig. 2C), or when blastomeres from different
batches of embryos are used (data not shown). These inconsistent

@

differences are appatentlyn?fto local distortions Jn the gels and

:mphasize the need to base conclusions on the comparison of several
gels. There are usu:ally a few consistent differences between the
patterns of * protein synthesis in early 'embryos derived from different
female adults; for “example, compare Figs. | and 3. As shown in Fig. 3,
nearly all the proteins ® synthesized by l6-cell embryos of the same

specimen shown that the pattern of protein synthegsis in both is the

same, indicating that the dissociation and separation of blastomeres

ir

" does not perturb protein synthesis, This also indicates that spots

thought to be identical in separated blastomeres are not actually
3 ’ . . > /\‘ I3
different spots hawving similar coordinates since they &ppear as single

spots in intact embryos.
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. (
To investigate the possibility that a protein synthesized prior to

the fourth cleavage "is sequestered into a single type of blastomere,

emhryos: were continuously labeled with methionine after the first
cleavage until they were dissociated 1immediately after the fourth
[ 4
cleavage. Again, no consistent differences were observed between
blastomeres. /
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Fig. 1. Two-dimensional gel electrophoresis of proteins

synthesized by isolated blastomeres. Blastomeres isolated from l6-cell

embryos were incubated with {355 |methionine for 60 min. Extracts

containing 7 x 10%- dpm in protein were layered onto isoelectric

focusing gels and subjected to two-dimensional electrophoresis.

<

Autoradiograms were exposed to 1010 disintegrations (*10%), which
results in the appearance of 995 distinct spots. Approximate pH values
for the isocelectric focusing dimensign are shown on the horizontal axis

i
and molecular weights (x10~3) are shown on the vertical axis. Spot

1 1is never detectible in unfertilized eggs. Spot R is shown for

reference to the same spot in Fig, 2. (A) Micromeres, (B) Mesomeres,

(C) Macromeres.

s
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Fig. 2. Analysis of artifactual differences in electrophoretic
pattern. Apparent qualitative differences were noted in Fig. 1 when
comparing the area surrounding spot R . Comparison of panel A
(macromere pattern) and panel B (mesomere pattern, 1dentical to
micromere pattern) suggested that spots S and U were present
;xclusively in macromeres. Since this had not been seen in previous
experiments, macromere proteins from the same extraction were again
layered onto isoelectric focusing gels and subjected to two~dimensional
electrophoresis. The resulting pattern is shown in panel C , and 1is
indistinguishable from the pattern in B , suggesting that spots S and

U are artifacts. A shorter exposure was use; in panel C in an
attempt to determine if spots U or V were composed of spots
migrating close together. It appears that each is a single spot. It
can be seen that spots S§ , U, and W 1in panel A malntain the same
relationship to each other as T , V , and P in panel B , except

S, U, and W are shifted toward a higher molecular weight,
éhifting S, U, and W downward in panel A so that S comigrates

with T yields a pattern identical to panels B and C . (Spot N is

most likely obscured in panel A by spot U).
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Fig. 3. Two-dimensional electrophoresis of proteins synthesized by
unfertilized eggs and 16-cell embryos. About 10,000 unfertilized eggs
in 1 ml were incubated with 250 uCi [35S]methionine for 3 h, and
l6-cell embryos were incubated under the same conditions for 1 h,
Extracts containing 7 x 105 dpm in protein were subjected to
two-dimensional electrophoresis. Autoradiograms were exposed to 1,2 x
1010 disintegrations (#10%). Spot 1 1is detected in 16-cell embryos
but not in eggs and is shown also in Fig. 1. Spots 2, 3 , and - 4
are detected in eggs but not in l6~cell embryos. Spot 5 1is detected

in eggs and embryos of this sea urchin specimen but is absent 1n other

n
A,

specimens analyzed. (A) Unfertilized eggs, (B) 16-cell .émbryos.
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DISCUSSION

We cannot detegt any qualitative differences among the proteins
synthesized in different blastomeres of the l6-cell embryos, in spite of
their® being committed to different developmental fates. We have
detected approximately 1000 spots, almost all of which correspond to
single polypeptides (0'Farrell, 1975). Galau et al. (1974) have
estimated that there are about 15,000 different mRNA sequences present
in gastrulae of S. purpuratus; most of the mass of mRNA is accounted for
by a much higher number of sequences. 'Wilt (1977) has shown that
polyadenylated egg RNA has a similar sequence complexity and that
different sequences are present 1in a broad range of abundances,
Consequently, it is likely that at the 1l6-cell stage several times as
many different mRNA sequences are being translated than have been
detected as translation products on two-dimensional gels. We presumably
are detecting the tramslation products of the most abundant sequences,
which account for most of the mass of mRNA. Few changes in the pattern
of protein synthesis occur between the mature egg and hatching blastula
stages (Brandhorst, 1976). Many rapid changes occur, however, during
the formation of mesenchyme and the onset of gastrulation, indicating
fhat  two-dimensional electrophoretic analyses are sensitive to
qualitative regulation of protein synthesis during embryonic
development. N

We concluded that commitment of individual blastomeres to the
formation of mesenchyme is not accompanied by changes in.their pattern

of protein synthesis relative to other blastomeres. This agrees with
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the recent observation that the commitment to vegetalized development of
embryos prior to hatching is not accompanied by detectable changes in
the patterns of protein synthesis, though the expression of this
commitment 1is accompanied by marked differences compared to normal

embryos (Hutchins and Brandhorst, 1979). 1t remalns possible that less

extensively labeled proteins or proteins already present in the egg may
be segregated into different blastomeres at the fourth cleavage and that
this segregation 1s responsible for developmental determination,
Moreover, it is possible that mRNAs coding for distinct populations of
proteins are segregated into the different blastomeres but are
translated later. Consistent with this possibility is the recent report
of Rodgers and Gross (1978) that KNA sequences are segregated into
different blastomeres at the 16-cell stage, Specifically, they
_concluded from nucleic acid hybridization investigations that some
sequences of the high-complexity class of total RNA present in eggs are
not detectible in micromeres but are detectable in a mixture of
mesomeres and MmMacrOmeres. Sincé these sequences are unlikely to be
abundant enough to be detectable as translation products on
two-dimensional gels, since they may not be translated at the 1l6-cell
stage, and since they mighk not be mRNA at all, there is no discrepancy
between our observations and those of Rodgers and Gross (1978). It is
possible that the RNA which has been segregated by the l6-cell stage
serves a regulatory role, as proposed by Davidson and Britten (1972).
Since we failed to detect qualitative differences between the
patterns of protein synthesis of the three types of blastomeres, we were

concerned that the similarities might be due to cross gontamination of

the separated blastomeres. Our method for isolation of blastomeres is

/
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modified from methods described by Hynes and Gross (1970) and Spiegel
:(1975) and, in our hands, yields fractions of even greater purity than
these other methods. Of particular importance 1s the use of a
relatively small number of synchronous embryos. We could not detect any
cross contamination between micromere and macromere fractions which have
extremely . different sizes. The slight possible contamination
(unconfirmed) of the ‘mesomere fraction should be much less than the
limit of sensitivity to large quantitative differences; large
quantitative differences are extremely rare.

A variety of evidence suggests that maternal mRNA is segregated
into different blastomeres having different and restricted developmental
fates during early cleavage of spiralian eggs (eg., Newrock and Raff,
1975; Donohoo and Kafatos, 1973; Cheney and Ruderman, 1978), tunicate
eggs (Whitaker, 1977), and amphibian eggs (Moen and Namenwirth, 1977).
It will be interesting to determine whether a common feature of
organisms having determinative embryonic development is a qualitatively
different pattern of protein synthesis in isolated early blastomeres.

Such comparisons may shed light on the relatively regulative development

of sea urchin embryos.
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CHAPTER 3

Restricted Expression of Paternal Genes in~

Sea Urchin Interspecies Hybrids
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ABSTRACT

We have used two-dimensional electrophoresis to analyze the

‘'synthesis of paternal proteins in embryos of three interspecies hybrids
" which form healthy pluteus larvae: the reciprocal crosses of Strongylo-

centrotus purpuratus and S. droebachiensis as well as S. purpuratus eggs

fertilized with Lytechinus pictus sperm. No proteins specific to the

o

paternal species were detectibly synthesized at the 2-4 cell stage. By

'

hatching blastula stage the synthesis ¢of a few proteins specified by the

pate’rnal genome was detected, but these did not increase significantly
during later develo{:ment, and the synthesis of most distinctly paternal
proteins was never detected. Radioactive cDNA- probes were prepared by
reversed transcription of polysome-enriched polyadenylated RNA of S.
purpuratus or L. Eictus gastrulae. The rate and extent of annealing of
these probes to homologl:us sperm DNA or hybrid embr."yo DNA 1indicated that
DNA coding for mRNA normally translated in embryos of the paternal
species is fully retained in S. purpuratus x L. pictus hybrid gas-
trulae., Hybridization of these probes to excess cytoplasmic polyadenyl-
ated RNA of hybrid embryos inqicated substantial underrepresentation of
paternal transcripts, particularly those which are normally prevalent.
These observations may be explained if much of the mRNA translated into
proteins detected on two-dimensional gels is persistent maternal RNA.

Alternatively, the synthesis or processing of many paternal mRNA

sequences may be impaired in the hybrid embryos,
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© INTRODUCTION )

{

Int:erspécies hybrid embryos have long been wused to assess the
relative contributions of .the maternal and embryonic genomes to early
developr;lent. In echinoié hybrids influence on morphological and bio-
ch'emic‘al parameters by the paternal genome becomes detectible only at
late blastula or later stages in most crosses (for reviews, see Giudice,
1973; Davidson, 1976). It has not been determined {f the failure of
detection of "paternal” traits in these experiments represents lack of
expression or alternatively lack of sufficient sensitivity of the asgay
employed.

The delayed appearance of paternal traits is usually assumed to be
a result of the embryo's reliance during early development on a store of
maternal gene products which are synthesized 'dur’ing oogenesis,
Following fertilization stored mRNA 1is recruited into polysomes and
accounts for most of the protein synthesis in early embryos (Gross et -
al., 1964; Humphreys, 1969, 1971). As development proceeds, newly
transcribed mRNA makes an increasing contribut‘ion to embryonic protein

synthesis, until by the gastrula stage most functioning mRNA in the

embryo can be accounted for by new synthesis (Brandhorst and Humphreys,

I

1972; Galau et al., 1977). Early development does not rely solely on
}
stored mRNA, however, It has been shown using cloned probes in a

sengitive assay that both maternal and paternal histone mRNAs are

agsociated with polysomes as early as the 16-cell'stage in Strongylocen—

trotus purpuratus x Lytechinus pictus hybrids and tramscripts appear in
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# The cytoplasm by the 2-cell stage (Maxson and Egrie, 1980).

a

As pointed out by Maxson and Egrié (1980) synthesis of histone mRNA

and histones may represent an éxception to the general pattern of

12

embryonica gene activation., The timing and extent of expression of the
embryonic _genome in early stages of’ sea urchin eprryogenesis has
remained uncertain., We chose to examine the expression of hundreds of
non-histone proteins representing much of the mass of protein
synthesized in hybrid embryos by analyzing - radioactively labelled
proteins 'by two-dimensional electrophoresis (O'Farrell 1975). We thus
restricted our analysié to proteins synthesi;ed in the embryo, whereas

previous investigations using protein staining or enzyme assays detected

ta
oogenetic products as well. Analysis of three hybrid crosses, S.

o

purpuratus eggs with S. droebachiensis sperm, §. droebachiensis eggs

with S. purpuratus sperm, and the interordinal cross S. ,EurEuratus eggs
with L. pictus sperm revealed a gross underrepresentatio}l of paternil
species specific proteins as late as the pluteus stage of development.
The extent of expression of paternal proteins in plutei as revealed by
oelectrophoretic!% analysis was not greater than in the hatching

blastulae. The synthesis of paternal proteins was not detected in early

cleavage stage embryos. Nucleic a¢id hybridization measurements

indicate that while the DNA .of both species persists throughout

development 1in the §. purpuratus x L. pictus hybrids, there is an

underrepresentation of paternal mRNA on polysomes in hybrid gastrula—

® “a
embryos. .
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MATERIALS AND METHODS

Strongylocentrotus purpuratus and Lytechinus pictus were obtained

from Pacific Biomarine, Venice, California. Strongylocentrotus

T

droebachiensis were collected in New Brunswick. Shedding of gametes was

stimilated by intracoelomic injection of 0,5 M KCl into gravid adult

urchins.  Eggs were fertilized in a 0.002% (v/v) suspension of Q
homologous sperm. For the formation of hybrid embryos, eggs were
extensively washed in artificial seawater and concentrated to more than

10,000 eggs/ml of seawater. Crosses of S. purpuratus females with S.

droebachiensis males (SpxSd) and the reciprocal crosses (SdxSp) were

made by fertilization in a 0.005% sperm suspension for 5 min. Spxéd
fertilization was 50% complete while SdxSp was more than 957 complete.
The other cross of S. purpuratus eggs fertilized with L. pictus sperm
(SpxLp) was more than 70%Z complete within 10 min in a 1% sperm
Suspension.' A cross of L. pictus eggs with §. purpuratus sperm could
not be used since less than 17 fertilization occured within 20 min in a
3% sperm suspension. After extensive washing to remove excess sperm,
dilute‘suspensions of embryos were allowed to devél;p at 14° for LpxLp,
SpxLp, prSdﬂ and Sp:\;\’Sp__,aﬁd at 5-8° for SdxSd and SdxSp. Nearly all
cultured embryos developed into well formed plutei. Unfertilized eggs,
lacking raised fertilization membranes, were removed by filtration
through Nitex mesh. After hatching, cultures were further purified by
settling of unfertilized eggs. Unfertilized eggs at no time represented
more than 5% of the embryos in cultures used for labelling of protein or

isolation of RNA. The presence of these unfertilized eggs, which do not

P
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-

incorporate much methionine, should not alter the interpretation of the

results.
rd
Labelling of proteins, sample preparation, and electrophoresis.
1] N\

Samples of 12,000 or 20,000 embryos were removed from growing
cultures at 2-4 cell, hatching blastula, and pluteus stages .and
incubated in 1 ml artificial sea water with 50-100 wuCi of

[355]-methionine depending on the stage of development. Times of

labelling were adjusted for different rates of development of the:

cultures. At the end of the labelling period, embryos were washed,
pelleted, frozen over dry ice-ethanol and stored at -70°. Frozen
samples were resuspended in 0.2 ml of 0.01 M Tris {(pH 7.4), 5 mM MgCly,
1 mM phenylmethylsulfonyl fluoride, RNase and DNase (100 ug/ml) were

13

added and samples were incubated on ice for 30 min. Samples were then

lyophilized, and suspended in 50 ul 1lysis buffer (O'Farrell, 1975)

containing 0.2%¥ SDS. Extracts of S. droebachiensis eggs and embryos

have a tendency to cause streaking on two-dimensional gels. The sample
preparation protocol used reduced’ this problem below that observed for

‘several other protocols. All samples to be compared were prepared

identically. Aliquots of each sample were obtained for determination of
\

radiocactivity by precipitation in hot trichloroacetic acid.

-

Electrophoresis in two dimensions was according to 0'Farrell (1975)
essentially as described previously (Tufaro and Brandhorst, 1979;
chapter 2, this thes'is)‘. Samples to be compared contained equal amounts
of protein of similar specific activity. Autoradiogr/a)hs, were expo.sed

~

for varying lengths of time to optimize sensitivity and resolution.

v
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Preparation of polysomes and extraction of RNA

Preparation of RNA was from gastrula stage embryos as previously
described (Brandhorst et al., 1979) with some modifications. Briefly,
embryos were washed 2-3 times through 1.2 M dextrose, and lysed in 0.4 M
KCl, 12 mM MgCly;, 25 wM EGTA, 50 mM Pipes (pH 6.5), containing 0.5%
Triton X-100. ‘Polysomes were pelleted through sucrose for 1.5 h at
105,000 x g. After extraction with phenol and chloroform and subsequent
precipitation from ethanol, polyadenylated RNA® was purified by affinity
chromatography on oligo(dT)~cellulose (Brandhorst et al., 1979). The
0D2‘60/0D280 ratios of RNA were greater than 2.0 in all cases. Gastrulae
were labelled for 90 min with [3H]-uridine and the RNA extracted as
above. About 48% of the radioactive RNA was in the poly(A)-containing
fraction as expected (Brandhorst et al., 1979). RNA prepared in this
manner is enriched in polysomal RNA, but can contain contaminating RNA

as well.

cDNA preparation

Tritiated DNA complementary to polyadenylated RNA was synthesizefl
using reverse transcriptase (Savage et al., 1978). A mixture containing
50 mM Tris (pH 8.3), 10 mM dithiothreitol, 10 mM MgCl,;, 60 mM NaCl,
10 u.g/ml actinomycin D, 1 oM each of dATP, dTTP, dGTP and 80 uM
[3H])-dCTP (16 Ci/mmol), 10 ug/ml oligo (dT)lz-l'B, 5 ug pol};adenylated
RNA template, and 2-5 units AMV reverse transcriptase (the kind gift of
J.*W. Beard, Life Sciences, Inc.), was incubated in a 50 ul reaction
w;olngxz; at 42° for 15 min. The reaction was terminated, brought to 0.3 N

NaOH, and incubated” at 37° for 16 h for hydrolysis of the RNA. The

ﬁnix§ure was then neutralized and passed through a Sephadex G-50 column.
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Leading radioactive fractions eluting in the void volume were collected
by ultracentrifugation at 140,000 x g for 16 h. The pellets were

resuspended and stored in buffer at =-70°.

DNA-RNA hybridization with cDNA

Trace amounts of [JH]—cDNA were incubated with excess RNA at 70° in
0.6 M NaCl, 1 mM EDTA, 10 mM Hepes (pH 7.8). The reaction mixture was
incubated at 100°C for 3 min prior to imitiation of the reaction. At
appropriate times, 5 ul aliquots containing 1000-2000 cpm of ¢DNA were
removed. Tt;e aliquot was quickly diluted into 1 ml of assay buffer
containing 0.03 M sodium acetate, 0.03 =4 ZnSO;, and 0.01 M NaCl (pH
4,5), The amount of cDNA driven into hybrid molecules was assayed by
resistance to Sl nuclease (Boehringer Mannheim Biochemicals). Each
sample was incubated for 60 min at 37° wiﬁtih\S\aO‘U Sl nuclease and then
precipitated in cold 154 TCA for 60 min, collected on Whatman GF/A
filters, and counted. In all experiments, the amount of Sl-resistant

: \

cDNA at the start of Fhe reaction (ie. after reaction was boiled for 3
min to denature the nucleic acids and before incubation at 70°)~ was
subtracted as background, Each reaction was carried out at least three
times with slightly different excess amounts of driver RNA. All values
were corrected for the increased rate of reaction in 0.6 M NaCl compared

to standard conditions and are called' EROT. Resulting data were

analysed by a computer-aided curve fitting program (Pearson et al.,

' 1977; see appendix III)

Purification of DNA “

DNA used to drive c¢DNA-DNA hybridization reactioms was prepared

from L. pictus and S. purpuratus sperd by two methods. One procedure

-
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was described previously (Britten et al., 1974) and is a modification of
that descz:\ibed by Marmur et al. (1961). Alternatively, DNA was isolated
according to Glisin et al, (1974) except the DNA band was retained,
suspended in CsCl (p=1.57) containing 0.45 mg/ml ethidium bromide, and
centrifuged for[60 h at 100,000 x g. DNA was visualized by UV and
removed from the tube. Ethidium bromide was removed by shaking with 1
volume isoamyl alcohol several times. DNA was dialyzed against 0.1 X
SSC at 4° and then sonicdted to approximately 400 nucleotides‘ average
size, DNA from S. purpuratus x L. pictus hybrid embryos was obtained

from 90 h pluteus stage embryos essentially as described by Britten et

al, (1974).

DNA-cDNA hybridization

Reactions were carried out “in 1M NaCl, 0.01 M phosphate buffer,
0.001 M EDTA (Angerer et al., 1976). Driver DNA concentration was 56
mg/ml. Samples were boiled for 5 min to denature double stranded DNA
and then incubated at 68° for the appropriate times. The amount of cDNA
hybridized was assayed by S1 nuclease digestion as described for
RNA-cDNA hybridizations. All Cbt wvalues were corrected for the
increased rate of reaction in IM NaCl compared to standard conditions
(Britten et al., 1974), and lare expressed as equivalent Cot or ECOT,“

}
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RESULTS

Patterns of protein synthesis

Embryos were analyzed at three stages of development: 2-4 cell,
hatching blastula and pluteus. Embryos were incubated with (353]-
methionine at a stage of development defined by morphological charac-
teristics, since the rate of development of different species and inter-

specific hybrids varied,. S. _purpuratus and S. droebachiensis were

chosen for analysis since these two species form reciprocal hybrids
which, unlike many other echinoid hybrids, develop into plutei (Fig.
4C,F). The gross morphological characteristics of the hybrid embryos
are very similar to those of the maternal species (Fig. 4D,E). Hybrids
formed between S. purpuratus eggs and L. pictus sperm (SpxLp) occur in
one direction only, but again the resulting embryos reach the pluteus
stage of developmenf and are very similar in appearance to the maternal
plt:tei (Fig. 4A,B)..

To assess the appearance of paternal proteins (ie. those proteins
which can be unambiguously identified as being synthesized only in

embryos of the paternal species) lysates of embryos labelled with [355]-

methionine were subjected to electrophoresis in two dimensions

|
(0'Farrell, 1975). Fig. 5 is a series of gels of the S. purpuratus x

S. droebachiensis reciprocal cross, labelled at the hatching blastula

stag:e. Approximately 500 proteins were resolved which were common to
SpxSp and SdxSd embryos at this stage. In addition 80 proteins were
unique to SdxSd embryos and 60 proteins were unique to SpxSp embryos

©

based on a comparison of Fig. SA and 5E; these data are summarized in
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Fig. 4. Pluteus stage parental and hybrid embryos. Embryos were
removed from culture, incubated in dilute Janus Green for several min
and photographed. (A) L. pictus (x120), (B) S. purpuratus x L.

pictus hybrids (x120), (C) S. purpuratus x S. droebachiensis hybrids

(x160), (D) §. purpuratus (x120), (E) S. droebachiensis (x80), (F)

5. droebachiensis x S. purpuratus hybrids (x120).

w
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Fig. 5. Two—dimensional electrophoretic detection of paternal proteins
synthesized by hatching blastula stage hybrid embryos. Embryos of S.

purpuratus, S. droebachiensis and the reciprocal hybrids formed between

them were incubated with [3581-mechionine for 60 min. Extracts contain—
ing 2 x 106 dpm (£10%) in protein were layered onto iscelectric focusing
gels and subjected to two-dimensional electrophoresis. Autoradiograms
shown were exposed for 1010 distintegrations (+¥20%) which results in the
appearence of 650-800 distinct spots. Approximate pH values for the
isoelectric focusing di;nension are shown on the horizontal axis and
molecular weights are shown on the vertical axis. Arrows point to
specific spots while open circles mi&k- corresponding areas on gels in
which these spots cannot be detected. Spots 1-5 represent S.

droebachiensis specific proteins synthesized 1in S. purpuratus x S.

droebachiensis hybrid embryos. Spots 7, 8 and 9 represent S.
purpuratus specific spots synthesized in S. ‘droebachiemsis x S.

purpuratus hybrid embryos. Consistent numbering is used for all gels.

() S. purpuratus blastulae, (B) S. purpuratus x S. droebachiensis

hybrid blastulae, "(C) a mixture of extracts of S. purpuratus and 5.

a
droebachiensis blastulae, (D) 8. droebachiensis at the 2-4 cell stage,,

(E) S. droebachiensis blastulae, (F) S. droebachiensis x S.

purpuratus hybrid blastulae.
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Table 1. In a comparison of Fig. 5A and 5B, 5 S. droebachiensig

specific spots were seen to be synthesized in the SpxSd hybrid embryo
(Spots 1-5). These proteins were normally synthesized in S..

droebachiensis hatching blastulae (Fig. SE). When labelled proteins of

hatching blastulae of SpxSp and SdxSd were mixed and coelectrophoresed,
all tile species specific spots could be detected (Fig. 5C). Thus the
failure to detect more than the 5 paternal spots in Fig. 5B is not due
to a loss of resolution of paternal proteins in the presence of maternal
egg Cytoplagm. Spots labelled 1-4 were reproducible 1in several
experiments on eggs from different females. Spot 5 was not synthes%,zed

in embryos from other §. droebachiensis females analyzed and may

represent a polymorphism. In an analysis of the reciprocal cross SdxSp
at this stage, (Fig. 5E and 5F), no S. purpuratus specific proteins were
detectible in the hybrids out of a total of 60 potentially distinct
spots at this stage.

Limited expression of the paternal or "embryonic'" genome at the
hag‘;hing blastula stage of development was not surprising in light of
experiments showing the apparent ability of embryos to rely on stored
mRNA early in development prior to the mesenchyme blastula stage (Gross
et al., 1964). We did, however, expect to see extensive synthesis of
paternal proteins 1ip hybrid embryos at later stages. Plutei were
labelled with [3°S]-methionine and the proteins were analyzed by
electrophoresis as for hatching stage embryos. Fig. 6 is an enlargedJ
gel summarizing the paternal expression seen at this stage. of
approximately 90 possible paternal specific proteins resolved, only 5
wvere synthesized in the SpxSd plutei, 4 of which were also synthesized

in hatching blastulae. Spot 5 was no longer synthesized in SdxSd
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Fig. 6. Two—dimensional electrophoresis of a mixture of proteins

synthesized by §S. purpuratus and S. droebachiensis pluteus stage

embryos. Embryos of S. purpuratus and S. droebachiensis were incubated

with [335]-methionine for 1.5 and 3 h respectively. Extracts containing
1 x 106 dpm in protein from each species were mixed and subjecteci to
two—-dimensional gel electrophoresis. The autoradiogram shown was
exposed for 1.2 x 100 disintegrations and contains approximately 850
detectible proteins. Approximate pH values for the isoelectric focusing
dimension are shown on, the horizontal axis and molecular weights on the
vertical axis. An analysis of proteins was done using a complete series
of gels similar to that of Fig. 5. The results are summarized on this
gel since it contains the proteins synt.hesized by both species embryos.
Arrows point to speci%ic spots while open squéres note the absence of a

spot. Spots l-4& were S. droebachiensis specific proteins synthesized

in S. purpuratus x §S. droebachiensis hybrid embryos and were first
detected at the hatching blastula stage as shown in Fig. 5. Region 6a

corresponds to where a prominent S. droebachiensis protein migrated in

“one experiment. It was not observed in other experiments using

. / . . . .
different 5. droebachiensis specimens. It appeared as a prominent S.

droebachiensis protein synthesized in the corresponding hybrid embryos

and is shown in Fig. 7. Spots 7, 8 and 9 are 8. purpuratus specific

polypeptides synthesized in S. droebachiensis x S. purpuratus hybrid

plutei.
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embryos and would not be expected to appear on any geb at this stage.

The square labelled 6a ’indicates the position of a major 8.
J

droebachiensis spot which is not observed in all crosses (b&{see Fig.

JE). Spot 6b is anm §. droebachiensis protein which was not” detected in

SpxSd hybrid plutei in this experiment but was detected in SpxSd hybrid

plutei made with different parents (See Fig. 7B). Although the

synthesis of many new species of proteins became detectible after”

hatching of normal embryos, only 723 of the paternal specific proteins
were detected in this hybrid. In addition, 3 S. purpuratus spots weré
synthesized in the SdxSp hybrid (Spots 7,8,9). Spot 8 was newly
synthesized after hatching in SpxSp embryos as shown in Fig. 5A. Fig. 7
contains enlarged gel sections showing,the appearance of pate;:'nal
proteins in the pluteus larvae of the SdxSp and SpxSd hybrids.
Different batches éf eggs were used for Figs, 7 an:i 8, but the patterns

are very reproducible. The appearance of spot P was restricted to

crosses including S. purpuratus sperm. It may be specified by “a male -

sex chromosome, The appearance of spot 6a similarly required the

presence of §. droebachiensis sperm in those crosses im which it

<

appeared, The labelling of spot 9 occurs predominantly in the ectoderm

of S. purpuratus embryos (Bruskin et al., 1982).

| _—

The patterns of proteins synthesized in the egg and at the l6-cell

stage of S. purpuratus vary by only a few spots out of about 1000
8 .

analyzed (Tufaro and Brandhorst, 1979); many changes occur after

hatching (Brandhorst, 11976; Bédard and Brandhorst, 1982).’ In an

z

\

analysis of 2-4 cell hyb‘rid embryos, careful comparison of the gels did.

not reveal any paternal expression. Some of the paternal proteins

which appear in hybrids at the hatchihg blastula stage or _pluteus‘s:ag‘e



4 C. / .

Fig. 7. High resolution analysis of paternal species specific proteins
synthesized in pluteus stage hybrid embryos. Embryos we;e labelled
with [35S]-methionine and pr;‘tein extracts we;e 'subjected to
two-dimensional gel electrophoresis as in Fig. 6; different batches of
eggs were used in Figs. 6 a;ld 7. Autoradiograms we're photographed and
enlarged to 1.8(x actual size. Regions containing spots whi:ch represent
synthesis of p%ternal proteins in hybrid embryos were cut out and

compared. The numbering of spots corresponds to that used in Figs. 5

and 6. Spots 0 and 6b have not been observed in other experiments.

Only a few of the paternal species specific proteins analyzed are shown

in this figure. Gel patterns shown in rows A and D were derived

from extracts of the same set of embryos used for Fig. 5, while B, C,
3
and E correspond to a different set,

&
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/ TABLE 1 .

Detection of Synthesis of Paternal Proteins in Hybrid Embryos

) Number of Paternal Spots
Hybrid Cross® Nuxber of Cleavage® Ratching® Pluteus®
Egx  Sperm Common Spotsb " obs.9 Exp.® Obs,d Exp.® oObs.9- Exp.®
sd sp 500 ) 50 ° 60 3 70
Sp l Sd 500 0 80 3 90 5 90
Sp Lp 275 0 120 1 120 2 130

®Species used vere S. purpuratus (5p), §. droebachiensis (5d), and L. pictus (Lp).
Brhis represents the nusber of newly synthesized polypeptides common to both species
detected on two dimensicnal gels. It vas determined by overlapping autoradiographs
of labelled pro;ein. of the two species compared and by confirming the identity of
these spots on a gel containing a mixture of the proteins of both species. Numbers
are approximate and are limited by the resolution of the gel having the poorest
ruoluti:on. Only proteins which could be consistently and unambiguously sanalyzed
wvere counted.

CStage of embryonic development analyzed.

dThe number of spots distinct to the paternal species observed msong proteins
synthesized by hybrid ecbryos of that stage.

€The number of paternslly distinct spots observed for embryos of the paternal species
of that stage and expected if“ all”patex"j;’eyne- are expressed in hybrids exbryos.
Modified from Tufaro and Brandhorst (1982); reproduced with permission of Academic

Press, Inc. * :

. ?
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.were synthesized in the paternal species at the 2-4 cell stage, while
others appeared only later in development (Fig. 5D). The latter group
of proteins may be translated from mRNA synthesized only during

While only 3-7% of the paternal specific proteins appear in these

embryonic development..

hybrids, an assessment' of the extent of expreséion of the i:at;erna‘l
genome 1is lim/ited since the majority of proteins comigrate on gels and
therefore cannot be detected as being species specific\. In fact, all
overlapping proteins might represent paternal expression, such that a
majority of the paternal ‘proteins might b% synthesized, To elaborate on
thig possibility, we extended our analyses to the hybrid cross of E
purpuratus x L. pictus (SpxLp) in which only 65% of the polypeptides
comigrate on two—~dimensional gels. In this experiment, paternal
répresentation in the pluteus stage SpxLp hybrid embryo was 2% or less
as -sumarized in Table 1. Thus the maximum paternal expression assuming
full expression of all overlapping proteins was only 66% of the total
number of paternal proteins dete;:ted on gels and i's probably far less,
The data from electrophetic analyses are summarized in Table 1. g}In all
crosses—analyzed, there were examples of proteins which were not
synthesized at a particular stage in thé hybrid- bidt norpally were
synthesized at that stage in the maternal homologous crosses. These
changes represent only a small number of spots but are reproducible.

-

Paternal DNA o .o

A possible trivial explanation for the restricted expression of the
pate:rnal genome in  hybrids is that a selective loss of paternal DNA

might occur. Loss of paternal DNA or chromosomes has been reported for

e
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certain echinoid hybrids, though the development of those .embryos was

prematurely arrested (for review, see Giudice, 1973). To investigate

ghia possibility, [3H]-‘cDNA was “synthesized by reversed transcription of

polysome-enriched cytoplasmic polyadenylated RNA of L. pictus and S.
Eurguratgs gastrulae. Fig. 8 shows the kinetics of hybridization of
each par/ental cDNA with homologous sperm DNA and .DNA prepared from SpxLp
hybrid gastrulae. the hybridization reactions were nearly indistin-
guishable in’ both "kinetics and extent when driven with sperm DNA or
hybrid embx:yo DNA. The sequences reacting represent those coding for
proteins normally synthesized in gastrulae of S. purpuratus or L.
pictus, Thus the DNA sequences complementary to these probes were
present in the DNA of the SpxLp hybrid embryos at the gastrula stage in
normal amount and complexity. This analysis should have been quite
sensitive to loss of DNA sequences since there is only an 11.52 cross
reactivity between the nonrepetitive DNA's of L. pictus and _§_
Eurgu;-atus (Angerer et al., 1.976) which compares well to the observed
14X cross reactivity of the L. pictus cDNA probe with §. purpuratus
DNA. . A similar investigation of the SpxSd and SdxSp hybrids was not
attempted because of the extensive (68%) sequence homology between

non-repetitive DNA's of S. purpuratus and S. droebachiensis (Angerer et

al., 1976).

z

Paternal species-specific RNA

Finally, we investigated the presence of paternal specific’
sequences in a polysome-enriched cytoplasmic polyadenylated RNA fraction
from the gastrula stage of the SpxLp hybrids. The ¢DNAs used for the

DNA-cDNA hybridization were used as probes to determine the kinetics of
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Fig. 8. Resction of cDNA with excess DNA. The [3H]-cDNA transcribed

from polysome-enriched cytoplasmic RNA extracted from S..purpuratus and

L. Eictué gastrulae was incubated with DNA i;olateck from sperm or
pluteus stage hybrid embryos in 8x10° fold mass exc;ss. C () S.
purpuratus cDNA reacted with excess S. purpuratus sperm DNA (.)lor _Q

(B)

purpuratus x L. pictus hybrid pluteus stage embryonic DNA (O0).

L. pictus cDNA reacted with excess L. pictus sperm DNA (@) or §.

purpuratus x L. pictus hybrid pluteus stage embryonic DNA (0).
v A
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an RNA drive;.n hybridization reaction. To asséss the reactivity of the
probes these cDNAs were hybx:idized‘ with their homologous templates as
shown in Fig. 9A,B. Sequence \\}:omplexit'ies and prevalences were
estit;nated ! from these data using |a computer asjisted curve fitting
program (Pearson et al., 1977) and are sufmarized in Table 2. When
SpxLp ﬁybrid gastrula polyadenylated RNA was used to drive S. purpuratus
¢DNA into hybrids, the seaction proceeded with slightly altered kinetics
and reacted to 90X of the homologous termination value. The 10X of the
mass of the probe whii:h ‘did/ not react by EROT 2500 corresponds to
Jequences reduced or absent ‘in the RNA of hybrid embryos. Fig. 9B shows
the L. pictus cDNA probe driven with SpxLp ‘gastrula polyadenylated/ RNA,
Only 45% of the potentially reactive probe hybridized by EROT 3000,
indicating a considerable reduction in the paternal RNA representation
of these hybric{' embryos. The aecreased hybridization is not due to
limited reactivity of the probe since the homologous reaction showed
that the probe 1is reractive. RNA driver from hybrid embryos was not
degraded since it was able to drive S. purpuratus cDNA into hybrids in a
‘parallel reaction. While‘ this analysis does not establish the complex-
ity of sequen'ces missing, the slow reaction kinetics and protein

- {
electrophoresis data indicate that some of the transcripts reduced in

hybrid embryos are normally abundant in L. pictus embryos.

alay

S
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Fig. 9. ﬁybtidization of cDNA with excess RNA. The L. pictus and S,
purpuratus gastrula stage cDNA probes used in Fig. 8 were jincubated with

excess homologous (template) RNA or excess polysome-enriched RNA from

jen

hybrid ‘'gastrulae of the/ S. purpuratus x L. pictus cross. (A)
purpuratus cDNA .reacted with excess S. purpuratus RNA (@) or S.
pufpuratus x L. pictus hybrid embryo RNA (0). (B) L. pictus- cDNA
reacted with excess L. pictus RNA (@), hybrid embryo RNA (0), or S.
. purpuratus gastrula RNA (A). Final reactivity of each probe when driven
by excess template RNA V;S 86X for L. pictus cDNA and 74% for 8.
Eui‘gutatus cDNA.,  All hybridizati'c;i"xt“‘plots shown were standardized to

100X probe reactivity.
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, TABLE 2

Frequency distribution of polyadenylated RNA sequences in L. pictus and S. purpuratus

gastrula stage embryos.

L, Eictut cDRA

5. purpuratus cDRA

. Prevalence

Very High High Intermediate Low

Prevalence

High Intermediate Low

o®

. Fraction of 16 24 1s s 18 g 4h
Hybridizable ¢DNa -
Rot (Moles. 17} gec) .
Observed 0.03 0.90 16 .44 114.20 0.93 - 16.8 110.0
Corrected 0.0048 0.32 5,05 28,55 0.17 . 6.4 48.4
Complexity 0.0048 0.320 $.65 28.%5 0.170 6.38 48,0

nucleotides x 1070

" Number of )
different 2.4 110 2525 14,250 8S 3190 24,000
RNA species®

% L. pictus cDNA driven by L. pictus RNA vas best fit to four prevalence classes, while
5. purpuratus cDNA driven by 5. purpuratus RNA was it to three previlence classes.

-

. 3
b Complexity was determined using a globin RNA standard: 1.2 kb complexity, Rot =0.0012.

€ Based on sverage size of 2000 nucleotides,

4 °



" . DISCUSSION

Our data indicate that most distinctly paternal proteins are not
detectibly synthesized in any of thrée interspecies hybrids. Of the few

that are gynthesized nearly all have appeared by the time of hatching

/

indicating that the paternal genome can be transcribed intoc’mRNA before

‘gastrulation. The restriction in appearance of paternal products is not

due to loss of DNA coding for mRNA sequences normally translated in the

SpxLp cross. The steady state population of.cytoplasmic‘ polyadenylated

."RNA, enriched for polysomal RNA, of the SpxLp gastrulae has a greatly

reduced representation of sequences normally found in polysomes of prLp’

/

.o J ‘
« Limited synthesis of paternally coded proteins in echinoid inter+

gastrulae.

species hybrids has been reported previously by Whiteley et al. (1975).

Serological characterization of soluble protein antigens synthesized in
o &

hybrids of Dendraster excentricus eggs fertilized by S. purpuratus sperm

¢

indicate that there is wvery little detectible contribution of the
paternal genome by gastrula stage,’ at vwhich stage development is
arrested. Only maternal forms of several developmentally regulated
enzymes could be detected in the hybrids. DNA-driven nucleic acid

hybridi%a\tion reactions with newly synthesized hybrid embryo .polysomal

"RNA detected no reduction in the paternal mRNA compared to maternal mRNA

sequences; Cot values were obtained allowing hybridization of RNA to
nonrepetitive DNA (Whiteley et al., 1975). It is not clear whether the

contrast with our observation that .paternal mRNA is underrepresented is
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due “to differe%cea‘in the hybrid crosses “utilpor due to differences

in the populations of mRNA analyied (stea state versus pulse

labelled). It appears certain, though, that the \Jimited synthesis of -

o
-

paternal proteins in the SpxLp hybrid embryos 1is due to a
correspondingly limited presence of paternal mRNA's in polysomes.
<
We analyzed about 500 proteins in each of the three crosses
enabling us to screen for a large'number of distinctly paternal
proteins. Our ané{lysis is restricted to proteins having isoelectric

points between 4.5 and 7.2 and molecular weights of 10-130 x 103

daltons, a range which includes most of the mass of newly synthesized .

proteins (Brandhorst , 41976),‘ but excludes ‘Some~major proteins, notably
histone. Galau et al. (1974) have estimated that about 15,000 different
mRNA séquences are translated 1in S. purpuratus gastrulae, most o'f them
rare., The newly synthesized pélypeptides we detect on two-dimensional
gels presumably c;:res'pond to the mor&e prevalent mRNA's,

g‘;The kinetics of hybridization of the paternal L. pictus cDNA probe
to excess SpxLp hybrid RNA indicates that a substantial mass of paternal
transcript is present and thus transcribed. .Thei sequence complexity of
thes_g paternal transcripts cannot be determined from our data,\ but the
paucity of paternal spots on t:w'q-dimensional gels and retarded 1"eaction
kinetics for paternal cDNA indicate that much of the mass of normally
prevalent transcripts is reduced or absent. In S. purpuratus gastrulae
prevalent transcripts account for about half the mass of cytoplasmic RNA
(Table 2; see also Lasky et al., 1980; Shepherd and Nemqer, 1980) and
nearly all of the cytoplasmic sequence complexity is represented in

. L
polysomes (Hough-Evans et al., 1977). Hence it is possible that

virtually all the sequence complexity and mass of rare mRNA' normally

*

r
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found on polysomes of LpxLp embryos is also transcribed and translated
m SpxLp hybrid embryos. Cabrera\l et al. (1984), have shown/that by
gastrula stage most or all rare mRNA molecules are newly synthesized.

We have no certain explanation for the observation that' the
expression of the paternal genome is so restricted in late stage hybrid
embryos. One possibility' is that newly synthesized proteins appearing
on two-dimensional gels even in plutei are the products of translation
of persistent, highly stable maternal RNA. Contrary to this proposal is
the observation that by gastrdla stage 3-4% of the mass of R};A on
polysomes 1is accounted for by newly synthesized embryonic RNA
(Brandhorst and Humphreys, 1972; Galau \et al., 1977). Thus most or all
of the mass of mRNA expected to be in polysomes can be accounted for by
transcrip;iop of the embryonic genome, but this ob‘servar,ion does not
exclude the possibility that some maternal transcripts remain in
poysomes or c;ntinue to be recruited into polysomes in laFe stage
embryos. Cabrera et al (1984) have shown that the accumulation of newly
synthesized RNA during embryonic development cannot 1account for the
total mass of some cloned prevalent mRNA species at prism stage.
Consequently, some maternal mRNA may persist throughout embryonic
development. By gastrula stage many polypeptides are synthesized which
were” not detectibly synthesized in early embryos (Brandhorst, 197/6;
Bédard and Brandhorst, 1982). Comparison by two-dimensional elect{'o;
phoresis of the products of cell-free translation of cytoplasmic RNA
with proteins synthesized in vivo indicates that for most proteins there
is a close quantitative correlation between the amount of translatable

RNA in the embryo and its translation in vivo (Brandhorst et al., 1979;

Infante and Heilman, 1980; Bédard and Brandhorst, unpublished obser-
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vations). Thus ’if mos't‘ of the spots detectible on aytoradiograms of
two-dimensional separations of proteins synthesized m late stage
embryos are products of translation of pgrsiétent maternal RNA, those
mRNA's would necessarily reside in a form untranslat‘able in the
reticulocyte or wheat germ cell-free systems used in those analyses. A
posttranscr%nal regulatory event would be required for the stage
specific modification and recruitment of those messages into polysomes.
While it would be surprising that such a mechanism is operating on such
a great scale as late as the pluteus stage, the structure of much of the
stored maternal, polyadenylated RNA in eggs and early embryos suggests
tt;at it is in a preprocessed,spossibly untranslatabley form which might
be quite stable and processed into active mRNA during embryonic
development (Costantini et al., 1980; Thomas et al., 1981). Ot~t‘1er
possible explanations for the restricted expression of the paternal
genome include impaired synthesis, processing, or .transport to polysomes
of paternal mRNA. The egg cytoplasm may contain factors which are
required for. the‘synthe_sis or procesging of mRNA‘derived from -the genome
of the maternal species but which do not allow expression of the
paternal genome. We are engaged‘in an analysis of the metabolism of
specific paternal transcripts.in embryos of the homologous crosses and
in-the hybrid embryos (see chapter 4).

It has been shown that in the SpxLp crc;ss paternal Hl histone
transcripts are detectible in the cytoplasm as early as the 2-cell stage
and that they are translated by the 16-cell stage (Maxson and Egrie,
1980). Substantial syhthesis of paternal Hl histone occurs in early

o

embryos of echinoid interspecies hybrids (Easton amd Whiteley, 1979).

" Genes coding for histones synthesized in early embryos are present in
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hundreds of copies and their transcripts should therefore accumulate
considerably more rapiély than the transcripts of genes expressed in
embryos most of which are present in only one or a few copies per
haploid genome (Goldberg et al, 1973). Histone mRNA's have some unusual
features as well, including absence of poly(A) tracts and lack of a
nuclear precursor requiring splicing out of interveniné sequences
(Hentschel and Birnstiel, 1981), which may allow their expression in
interspecies hybrid embryos. It is not surprising then that we failed
to detect the synthesis of paterndl proteins in early embryos. Indeed,
most investigations of echinoid hybrid embryos failed to detect any
evidence of paternal genome expression prior to g;strula stage (except
for histones), while we can clearly detect the synthesis of distinctly
paternal proteins by the time of hatching,

Oocytes isolated from ovaries of hybrid adults of the cross of

Xenopus laevis with X. borealis synthesize very nearly both distin-

guishable parental populations of oocyte proteins (DeRobertis and Black,
1979). We do not yet know whether this contrasting observation
indicates profound differences in the degree of paternal genome

expression in echinoid versus amphibian interspecies hybrids, or a

distinction between jggybfexﬁfébsion in cells of embryos and mature
adults. The transcription of X. borealis ribosomal DNA is repressed by

either X. laevis maternal cytoplasm or X. laevis ribosomal DNA in hybrid

embryos (Honjo and Reeder, 1973). .

H
The interpretation of many investigations wutilizing echinoid
interspecies hybrid embryos is dependent on the assumption that the

paternal genome is expressed to the same extent, and with the same

timing, as the maternal genome in normal embryos. Our observations

\
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indicate that caution shouyld be attached to such interpretations. For
example the failure to detect paternal hatching enzyme in S,

franciscanus x §. purpuratus hybrids (Barrett and Angelo, 1969) may be

due to the restricted expression of the paternal genome rather than the
v utilization of stored maternal mRNA for the synthesis of hatching enzyme
(Showman and Whiteley, 1980). Clarification of the restriction on
cexpression of the paternal genome in interspecies hybrids may have

important implications for an understanding of thé program of gene

expression which normall'y opergtes during embryonic development.

.
v



CHAPTER 4

. Analysis of the Expression of Paternal Genes

" in Sea Urchin Interspecies Bybrid Bsbryos:
_ Evidence for Post-transcripticnal Regulatory Events
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A library of cloned cDNA molecules representing L. pictus gastrula
embryo cytoplasmic RNA 'was Ocon.;tructed. The library was screened to
select L. pictus species-specific sequences indetectible in SpxLp hybrid'
embryos. It was also screened to identify transcripts which accumulate
during normal embryonic development. My data indicate that most paternal
species—-specific abundant transcripts do not¢ accumlate to riormal levels
in the cytoplasm of interspecies hybrid embryos. Of the 20 cloned
sequences of this type analyzed, only 2 '(1613’7, 16C12) accumulate to a
level similar to that in embryos of the paternal species, L. pictus. One
of these, 16B7, contains a repeat sequence which 1is exprelssed in many
transcripts which appear in SpxLp hybrid embryos as early as the 64-cell
stage. One sequence, 1506, accumilates in LpxLp plutei to a level 50-fold
over that of the L. pictus egg. The 15D6 transcript accumlates in SpxLp
hybrid plutei to a level about 2-fold higher than in L. pictus eggs. RNA
chain-extension in isolated nuclei indicates that the 15D6 gene is

actively transcribed in nuclei isolated from both IpxLp and Spxlp

" mesenchyme blastula embryos, a stage of development in which the mature

transcript is accumulating extensively in LpxLp embryos but not in SpxLp
embryos. A third cloned 'sequeﬁbe, 16D4, represents a transcript of a
conserved gene expressed in a temporally-distinct manner in the two
species. SpxLp hybrid embryos accumulate the transcript in an apparently
independent and additive manner, although the mass is greatef in hybrid
embryos than would be expected. There is no apparent restriction of the
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expression of this gene in Spxlp embryos. I préviously proposed (Tufaro
and Brandhorst, 1982), that transcripts up-regulated during development
might accumulate normally in SpxLp embryos, and that the
underrepresentation of paternal transcripts in SpxLp embryos might be due
to persistent maternal RNA which is not normally replaced significantly in
né:ri‘ml embryos. The data presented in this chapter excludes this
mechanism as the only explanation for the restricted expression of
paternal genes in hybrid embryos. , “




)

One appr,oalh to distinguishing between the expression of the maternal
and zygotic gename during development has been to use interspecies hybrid
embryos to assess the relative contribution of the paternal: and hence the
embryonic gename to deve.lognenti. Echinoid interspecies hybrids have been-
extensively investigated fcr nearly a century (for review, see Davidson,
1976; -Giudice, 1973). The conclusion which is usually drawn from this
large body of literature is tpat the influence on biochemical and
;tbrphological characters by the paternal gename becomes detectible only &t
the late blastula or later stages in most crosses.

The interpretation of many investigations utilizing echinoid
interspecies hybrid embryos is dependent on the assumption- that the
paternal gename is expressed to the same extent, and with the same timing,
as the maternal gename in normal embryos. Recent observations (Tufaro and
Brandhorst, 1982; Lee and Whiteley, 2982) }ndicate that caution should be
attached to such interpretations. Analysis of three hybrid crosses
rw@ﬁ an underrepresentation of paternal species-specific proteins as
late as the pluteus stage of development (Tufaro and Brandhorst, 1982).
Nucleic acid hybridizations with heterologous probes indicate that while
the DNA of both species persists throughout development in S. purpuratus x
L. pictus (SpxLp) embryos, there is an underrepresentation of paternal

.MRNA on polysomes in (SpxLp) hybrid gastrula embryos. There are two
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possible explanations for these observationlé.f First, much of the mRNA
translated into protein detected on two-dimensional gels  might be
persistent maternal mRNMA not normally replenished during embryonic
development. Rec,ent observations suggest that certain transcripts may
persist throughout embryogenesis (Cabrera et al., 1984). Alternatively,
the synthesis, processing, nuclear export, or, stabilization of many
paternal mRNA transcripts n:ay be impaired in the‘hybrid embryo.

If the restricted ac%mnulat:ion of paternal ' transcripts in hybrid
embryos is largely the result of persistence of a large mass of maternal
transcripts, it might be that the signals for RMNA transcription and
processing are conserved between the two épecies and RNA accumulation in
interspecies hybrid embryos: reflects normal expression of the paternal
gename during development. One prediction resulting fram this is that
transcripts accumilating in normal embryos should also accumulate in
hybrid embryos. Conversely, failure of proper transcript accumulation in
hybrid embryos  would indicate that the mechanisms which regulate
accumulation in normal embryos are not functioning.

To test this prediction, a library of cloned cDNA molecules
_r@raienting L. pictus gastr'pla embryo cytoplasmic RNA was constructed.
The library was screened to select clones for species-specific ;:ytoplasnic
transcripts indetectible in hybrid embryos. Most prevalent
species-specific transcripts idgntified accumulate by mass in g;ﬁ:}
embryos, contrary to the prediction. It is clear from the results of this
analysis that the use of highly specific cloned probes to study gene
regulation in interspecies hybrid embryos may yield important insights

into the requlation of gene expression during embryonic development.
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RNA_Isolation

All solutions were autoclaved, if possible, and all glassware was
baked before use. Embryos were layered over 1.2 M dextrqse (eggs bver 4:1
seawater:1.1 M sucrose) and collected. The pellets were wasI:ed once with
dextrose, then once in lysis buffer (50 mM Pipes (pH 6.5), 400 mM NH4Cl,
12 mM MgCl,, 25 mM BGTAJ.

RMA used for clon.{ng was isolated from early gastrulae’ etrbryos (22 h
at. 179). The embryos for this preparation were lysed by passing .them
through a 21 gauge needle or by homogenization in a Dounce homogenizer.
RNA preparations used for gel blot hybridization experiments were made by
lysing embryos in lysis buffer containing 0.5% .Triton, using a Dounce
homogenizer.

For each sample, the lysates was centrifuged at 11,000 rpm in a
Beckman JA-20 rotor for 10 min, and the RNA was precipitated from the
supernatant by the addition of an equal volu;né of 4M LiCl, & urea, 0.5 mM
EDTA, 20 mM Tris (pH 7.5), on ice for 1-16° h. . The RNA was colleéted and
dissolved in 0.1 M sodium acetate (pH 5), 0.5% SDS, 25 mM BGTA and
extracted with an equal wolume of phenol-chloroform (saturated with
acetate.buffer, pH 5.0). Extraction was performed at RT and at 50°, and

the aqueous phase was precipitated from ethanol at -20° O/N.
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CDNA Synthesis
7

Avian myeloblastosis virus reverse transcriptase was used to

synthesize cDNA from an RNA template under conditions which yield a high

proportion of full length copies (Buell et al., 1978). Redctions were

carried out in #utoclaved, siliconized 1.5 ml test tubes.” A standard -
reaction.mixture was 50 mm Tris (pH 8.3) at 420, 140 mM RCl, 10 mM
MgCly, 30 ‘mM B—mercaptoethanol,' 500 uM of “each deoxynucleoside
triphosphate, and 100 ug of ol'igo(dTglz_lg/naa Actiﬁcmycin D was
omitted in order to increase second-strand synthesis (Wickens et al.,
1978). RNA template was added to a final concentration of 20-40 ug/ml.
Reverse transcriptase was added to 1000 U/ml, a level which yields maximm
cDMA mass for the amount of RMA used. Reactions were assembled on ice,
vortexed “gently, centrifugeé briefly, and incubated at 420 for 20 min.
This short reaction time minimizes tranfscription fram ribosomal RMA. '

Second strand

Reversed transcription reactions were stopped by chilling on ice, and
centrifuged briefly. RNA-DNA hybrid molecules were denatured by boiling
and quickly cooled. ' Denatured protein was collected into a pellet by
brief centrifugation. ’ ‘ '

The supernatant containing sirsgle—strandegi cDNA was added to an equal
volume of 200 mM Hepes (pH 8.0), and 500 uM of each deoxynucleoside

'
|
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triphosphate. E. Coli DNA polymeras_e (15 U) was added and the mixture was |
incubated for 2 hr at 159,

Seconq strand synthesis was stopped by chilling on ice, followed by
the addition of 100 ul of 10 mM 4GTP, 0.1% SDS, and 25 ug yeast tRNA. The
reaction was extracted at room temperature with 0.4 ml of chloroform and
the organic phase and interphase were re-extracted with 100-200 ul of 20

mM NaCl. ~ s,
o ] Digesti )

Fractions w‘hich were excluded . from Sephadex G-100 were phenol
extracted and precipitated from. ‘ethanol. The INA was collected by
centifugation at 38,000 RPM in ; Beckman type 50 rott;r. The DNA pellet
was resuspended in 300 mM NaCl, 30 mM NaOAc (pH 4.5), and 3 mM ZnClj.
S1 nuclease was added to 50 U/ml and the reaction was incubated for 10 min

at 159, The reaction was phenol extracted, and the aqueous phase was

passed through a 4 ml Sephadex G-50 colum. o Excluded fractions were
pooled, EDTA was added to 20 mM, and the INA was precipitated from

ethanol.

Double-stranded cDNA was taileéd at the 3' ends with  termingl
deoxyribonugleotidyl transferase (Tdt) in a 100 ul reaction containing 140
mM cacodylic acid (free acid, Sigma Biochemicals), 60 mM Tris base
adjusted with KOH to pH 7.6, 1 mM cobalt chloride, 0.1 mM dithiothreitol,
and 4 uCi [32p]-ACTP (400 Ci/mol, New England Nuclear). The reaction

<
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was preincubated for 5 min at 37° and chilled on ice. Exactly 300 Tdt

. was added and the reaction tube was incubated for 2 min at 159, during

which time 20-30 nucleoside residues were ' added to each end. The readtion
was terminated by heating the mixture for 5 min at 60° in 0.5 M NaCl, 10
M Elrm, extracted with phenol, and precipitated from ethanol twié:e.
Cesium-purified- pBr322 plasmid DNA was cleaved with Pst I and
dGMP-tailed with Tdt as described above. ,

Constructi f Recombinant Plasmid DIE

Tailed ds-cDNA wes mixed in molar ratios of 1:2 or 1:8 with 250 ng

‘vector/ml in 10 mM Tris (pH 7.5), 100 mM NaCl, 1 mM EDTA. The molecules

were annealed dt 689 for 5 min, 420 for 2 hr and- cooled slowly to room
temperature during a 4 hr period. This DNA was used to transform E. coli

as described below.

.

A modification of the procedure of Dr. Doug Hanahan was used for all

transformations '(Hanahan and Meselson, 1980). Briefly, fresh colonies of

DH1 bacteria were incubated in SOB broth (20 g/1 bacto tryptone, 5 g/1
yeast extract, 20 mM MgClp, 10 mM NaCl (pH 7.0) until the culture

reached mid-log phase. The culture was made 15% in sucrose, 5% in DMSO

and stored in  small aliquots ,at -850,  About 14-20 hr before
transformation, a clump of frozen cells was spread on a rich plate and
streaked. Single colonies formed overnight at 37°. A 2 mm ocolony was
picked and dispersed in 1 ml SOB. This was used to innoculate 50 ml .
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pre-warmed SOB.  The culture was incubated at 30° with shaking until it
contained 5 x 107 cells/ml. The cells were collected in 50 ml Falcon
tubes, cooled on ice for 15 min, centrifuged at 2000 RPM for 12 min at
40, and resuspended in 8 ml cold, autoclaved, millipore-filtered
transformation buffer (10 mM CaClp, 35 mM KOAc (pH 5.9), 12.1 mg/ml
rubidium chloride, anéf 8.9 mg/ml manganese chloride). After 10 mln on
ice,l the cells were . pelleted at 2000 RPM for 10 min at 4°, and
resuspended gently in 2 ml transformation buffer. Fresh,
spectrophotometrically-pure DMSO was added (35 ul), the cells were swirled
occasiopally for 15 min and an additional 35 ul DMSO was added. The cells
were swirled occasionally for 5 min. From 200-210 ml aliquots were
dispensed into 15 ml siliconized, autoclaved glass centrifuge tubes, or
the entire volume was poured into one 50 ml flask. DA, suspexﬁ'e’sﬁ in 5-25
ul of TE (10 mM Tris, 1 mM EDTA), was added to the cells. This mixture
was placed on ice for 30 min and swirled occasionally to allow the cells
to contact DNA. The cells were then subjected to a 420 heat shock for
90-150 sec, and cooled on ice for 2 min. At least four volumes of
pre-warmed SOB was added to the cell suspension which was then incubated
for 60 min at 37° to allow ¢ells to recover. Aliquéts were plated onto
LB plates’ (per l{ter: 10 g bacto-tryptone, 5 g yeast extract, 10 g NaCl,
adjusted to’ pH 7.6 with NaOH, 20 g agar) containing 10 ug/ml

tetracycline. Colonies were allowed to form for several days-before being

further manipulated. Colonies were picked onto IB plates ocontaining 10
ug/ml tetracycline. The bacteria which grew on tetracycline were tested
for their abilit;y” to grow on ampicillin‘ (50 ug/ml). Coloniesdwhi‘ch were
tetracycline resistant but ampicillin sensitive were selected \ for the

library. °

2
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Colonies were transferred from agar plates to individual wells of
96-well microtiter diéhes. Each well contained 200 ul of L broth
supplemented with (g/1) 6.3 KpHPO4, 0.45 sodium citrate, 0.09 MgSO4,
0.9 (NHy) 2504, 44 glycerol (adapted from Gergen et g3al., 1979).
Cultures were grown to saturation at 379. Dishes were sealed and stored
at. -850,

Filf 1 ' £ :

. !/ ,

Filter replicas of the library were made by dipping a replica

device in the 96-well dishes and placing it onto a piece of/ Gene Screen
membrane on a large L broth agar plate containng 25 ug/ml tetracycline.

~ Colonies (3mm diameter) formed in 24?3& hr at which time the filter was ./~
removed and placed onto an L broth agar plate containing 250 ug/! /)
chloramphenicol for 24 hr at 37° to amplify the plasmid DNA. Bacterial
DNA was immobilized on these filters by a modification of the method ,of

' Grunstein and Hogness (1975). To 1lyseé the bacteria, the filters were

lifted Off the chloramphenicol plates and placed onto a stack of Whatman
3MM filter paper soaked in 0.5 M NaOH for 5-10 min at which time the
filter was subjected to suction for 5 min to immobilize the released DNA

and to remove the solution. The filters were then successively

placed, for 10 each, onto stacks of Whatman 3mm soaked in 1) 1 M Tris

(pH 7.4), 2) 0.
NaCl, 0.03 M Tris, 2 mM EDTA), and-4) 2X SET and were baked for 2 hr at

is, 0.15 M NaCl, pH 7.4, 3) 20X SET (1X SET = 0.15 M
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Filters were washed in 4X SET, ’Sx Denhardts (1X Denhardts: 0.02%
Ficoll, 0.02% PYP—40, 0.02% BSA), 5 mM EDTA for 1-2 hr at 6?0. Colony
debris adhering to the filter was wiped Off with a qloved hapd. The
filters were incubated in hybridization solution (4X SET, 5X Denhardt's,
0.1% sodium pyrophosphate, 25 mM phosphate buffer, 50 ug/ml poly (rA), 50%
deionized formamide, and 10% dextran sulfate) for 4 hr at 370,

cDNA probes were made as previously described except that specific
activity was" optimized at the expense of mass oonversion. ! From
107-108 cpm of [32P]~—cDNA was added to hybridization solution for
each assay, which was injected into s;ealable plastic bags containing 1 or
2 filters, and incubated for 16 h at 379. Filters were then washed in a
500 ml solution of 2X SET, 0.2% sodium pyrophosphate, 0;5% SDS for 5 min
at room temperature. Dextran sulfate sticking to the <filters was wiped
off and filteris were agitated in about 500 ml 2X SET, 0.2% sodium
pyrophosphate, 0.1% SDS for 1 h at 689, Finally, filters were gently
agitated in 500 ml 0.1X SET, 0.2% sodium pyrophosphate, 0.1% SDS for 30..
min at 689, placed on Whatman 3mm paper until dry, wrapped in Saran Wrap
and exposed for various times (indicated in figure legends ) to Kodak
X-Omat RP £ilm with 1 Dupont Cronex Lightning-plus intensifying screen at

-850,

Plasmid Preparations

Plasmids containing insert sequences were isolated in ug quantities by

several rapid isolation procedures. " In one procedure, 2 ml L broth
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inneculated with ﬂa fresh bacterial coldny was incubated for 2 hr at 37°
with agitation. Fram 50-100 ml M9 broth ocontaining 1% glycerol and 2%
caseamino acids was innoculated with this starter culture, and incubated
at 37° with agitation until Asgg50=0.7-0.9. Chloramphenicol was added
to 200 ug/ml and the culture was incubated for 12-18 hr at 379. The
cells were collected in two 50 ml tubes by centrifugation, and resuspended
in 550 ul STET (8% sucrose, 5% Triton X-100, 50 mM Tris (pH 8.0), 50 mM
EDTA. This solution was distributed evenly to three 1.5 ml test tubes
eachi containing 25 ul of 10 mg/ml lysozyme (Siginal‘,\vortexed, and placed
in boiling water for exactly 45 séc.— Cell aebris and E. ¢coli DNA were
removed by centrifugation for 12 min at roam temperature, and the plasmid
DNA was precipitated fram the supernatant by the addition of 200 ul 5M
NHsOAc and 1 ml cold isopropanol. The tubes were placed at -20° for
10 min and centrifuged for 10 min at 4°. The DNA pellets were washed in
703 isopropanol, 0.3% NH4OAc, dried under vacuum for 30 min, resuspended
in 10 mM Tris, 2 mM EDTA (pH 7.4) and stored either at 49 or at -200
in a non-defrosting freezer. ‘The DNA isolated in this manner can be
cleaved by most restriction endonucleases without further purification.
This DNA is also suitable for dot blot hybridization assays, but coni;ains
significant amounts of contaminating bacterial RMA. -

Dot Blots

»

DNA and RNA was dotted onto Gene Screen membrane (New England Nuclear)’

14
or nitrocellulose (Schleicher and Schuell, BA-85)-by a modification of the

method of Rafatos' {1975). A 96-well dot blot manifold (Bethesda Research

Laboratories)was used for all preparations.

P

s

S
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DNA dots

Plasmid DNA 'was either restricted or acid—depu;i\nated to insure
efficient denaturation and binding to filters. Typically, a mixture of 10
ul DNA (see figure legends for concentrations), 80 ul Hy0, 10 ul 3 M HCl
was assembled in a 1.5 ml tube on ice, and placed at 220 for 5 min. ~ The
DNA:. was then denatured by adding 10 ul 3M NaCH and incubating the mixture
for 15 min at 37°. The INA was neutralized with NH4OAc. and HC1l and
aliquots were loaded into wells under low vacuum. The DNA on the filter
was rinsed with 1M NH4OAc before being baked onto the filter for 2 hr at

80-90° in wvacuo.

RNA dots
RMA was suspended in 1X SET, heated to 65° for 5 min, quickly cooled

and loaded directly into the wells. The filters was rinsed with 1X SET
prior to being baked onto the filter for 2 hr at 80-90° in vacuo,

L 4
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The “procedure for hybridizing radicactive probes to dot blots was
similar to the procedure used in colony screening except the filters were
not pre-washed, nor was dextran:'G sulfate usually included. Details are

contained in the figure legends.

Gel Blot Hybridization
13
Restraphoresia and transter ot }
RNA was suspended in 1X MOPS buffer (20 mM MOPS, 5 mM sodium acetate,



| 1 mM EDTA (ph 7.0), 6% formaldehyde, 50% deionized formamide), heated to
659 for 10 min, quick ocooled and electrophoresed on a 0.8-1.5% ac;arose
gel (Bio-Rad agarose, low M) in 1X MOPS buffer containing 6%
formaldehyde. Following electrophorests, RNA was visualized by staining
with ethidium bromide or acridine orange and photographed under W
illumination. Sometimes gels were soaked in NaCH to nick the RNA for more
efficient transfer of large molecules. Gels were neutralized for 30 min
in 25I mM phosphate buffer and blotted to a Gene Screen membrane
overnight. Filters were rinsed briefly in 25 mM phosphate buffer,
sometimes photographed under OV illumination, and baked for 2-3 hr at
80-90° in vacuo.
Electrophoregis and transfer of DNA
The procedure was essentially that of Southern (1975). DNA was
electrophoresed in TAE buffer (0.04 Tris—acetate, 0.002 M EDTA, pH 8.0),
denatured in 1.5 M NaCl, 0.5 M NaCH for 45 min, neutralized in 1 M Tris
(pH 8.0), 1.5 M NaCl for 20 min, soaked in 25 mM phosphate buffer or 1X
SSC for 20 min, and blotted to a Gene Screen membrane. When blotting was

complete, the filter was baked for 2-3 hr at 80-90° in wvacuo.

Hybridizati ik for bl

Hybridization was carried out at 37°. Filters were placed in
plastic bags and incubated with 5X SET, 0.2 M phosphate buffer, 5X |
Denhardts, 250-500 ugml sheared salmon sperm DNA, 100 ug/ml poly(rA), and
50% formamide. Pre-hybridization continued for 4-16 hr, at which time the
solution was removed, and 0.5 ml of fresh solution containing 20-50 ng/ml
nick-translated probe (0.5-2 x 108 cpm/ug) was added per cm?® of filter

o,
"y
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area. The probe was allowed to hybridize for 16-24 hr . Filters were
washed as described above for colony hybridization.

Nick-t 1ati £ DI

Routinely, 200-500 ng of plasmid DNA was nick-translated using a BRL
nick-translation kit to a specific activity of 0.5-2 x 108 com/ug .
Reactions were “carried out for 0.5~1.5 h at 159, at which time the DNA ‘
was denatured and passed through at Sephadex G-50 colum to remove
unincorporated nuclectides.  DNA was denatured again before being used as

a probe. .;‘,
Sub—cloning into phage M13 Q e

All of the procedures used for constructing and identifying cloned
sequences were exactly as published previously (Messing et al., 1981).
Replicative-form DNA of M13-Mp8 and MI3-Mp9 was a kind qift fram Dr.

D.P.S. Verma.
Recovery of DNA from Gels

Agaroge gels
The procedure of Girvitz et al. (1980) was used for isolating

restriction fragments fram gels. Briefly, the DNA was electrophoresed
onto a piece of Whatman 3MM paper backed by a single layer of dialysis
membrane. The DNA was eluted off in 0.2 M NaCl, 0.1% SDS and precipitated

from ethanol.
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Polyacrylamide Gels

The procedure of Maxam and Gilbert (1977) was used to extract DNA from
0.7 mm thick, 0.4% polyacrylamide gels. Briefly, a band containing DNA
was cut out, crushed, and the DNA was eluted in 0.5 M ammonium acetate, 1
mM EDTA (pH 8.0) at 379 O/N, and precipitated from ethanol.

o

hai temsi

Isolati e Nuclei
Sea urchin embryonic nuclei were isolated according to the procedure

of Morris and Marzluff (1983). All manipulations were performed at
0-4©. Briefly, embryos were washed with 1) 0.55 M RCl, 2) 2-3 vol 0.25
M Sucrose, 100 mM Tris (pH 8.0), 0.1 mM EDTA; and resuspended in 5-10 vol
of Buffer I (0.32 M sucrose, 5 mM MgCl,, 10 mM Tris (pH 8.0), 1 mM HGTA,
1 nﬂ DIT, 1 mM Spermidine). Embryos were homogenized in a Dounce
homogenizer. About 2 vol of Buffer I:I (Buffer I containing 2 M sucrose)
was added to the homogenate which was then gently layered onto a 2 ml pad
of Buffer II. Nuclei were subjected to centrifugation at 50,000 x g for
40 min, and resuspended in glycerol storage buffer at 3-5 x 108
nuclei/ml (25% glycerol, 50 mM Tris (pH 8.0), 1 mM BGTA, 1 mM Spermidine,
1 mMDIT, 5nMMgCly, 0.1 mM PMSF), and used immediately or stored
frozen in liquid nitrogen.
' 7

All reactions were' assembled on ice. Typically, 200 ul reactions
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contained 100 ul reaction buffer (40 mM NaCl, 100 mM potassium acetate,
2.5m MgCl;, 0.3 M glycine, 10 mM Tris [8.0]) and 50 uM each ATP, CTP,
GTP and 250-300 uCi [32P]-UTP (>3000 Ci/mmol, Amersham).  Reactions
were initiated by adding 100 ul nuclei in glycerol storage buffer and
placing the reaction at 200‘, To monitor the reaction, aliquots were
spotted onto DE-81 filters, which were then washed extensively in 0.5 M
phosphate buffer (pH 6.5) or in 0.3 M ammonium formate followed by 0.3 M
ammonium bicarbonate, and counted. AUfter 20-30 min, reactions were frozen
or RMA was isolated immediately.

The RMA isolation procedure was adapted from Groudine et al., 1981).
Briefly, nuclei were treated with 20 ug/ml DNase I for 5 min at 20°, and
100 ug Proteinase K for 30 min at 420, The reaction mixture was
extracted with phenol-chloroform, and the RNA in the aqueous phase
precipitated from 5% cold TCA containing 1.5% sodium pyrophosphate. After
30 min, the precipitate was oollected onto a nitrocellulose filter
(Schleischer and Schuell, BA85) by gentle suction, and rinsed with 30 ml
cold 3% TCA., The filter disk was placed in a glass vial and 1.8 ml DNase
buffer (20 mM Hepes (pH 7.5), 5 mM MgClp;, 1 mM CaCly) and 25 ug DNase
I was added. After 30 min at 370, EDTA was added to 15 mM and SDS to
1%, and the RNA was eluted off of the filter at 65°. After 10 min, the
eluate was removed and the filters were incubated for an additional 10 min
in 0.5 ml 1% SDS, 10 ™M Tris (pH 7.5), 5 mM EDTA at 659°. The eluates
were combined and treated with 25 ug/ml Proteinase K at 37° for 30 min,
phenol extracted, and the aqueous phase was precipitated from 0.1 M NaCl
and 2.5 vol cold ethanol at -20°., The RNA pregipitate was oollected and
resuspended in hybridization solution or stored in 10 mM Tris (pH 7,5), 2

mM EDTA at -85°,
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a-amanitin (1 ug/ml) was added to nuclei and transcription was allowed
to proceed a8 outlined above for 25 min. A parallel control reaction
without ®X-amanitin was run tos establish the level of normal
transcriptional activity. Aliquots were removed at 3 min intervals and
spotted onto .DE—Bl filters, which were then washed and counted.

Bybridizati £ RN to Plasmid Dot

Plasmid DNA was dotted onto nitrocellulose filters as described above
for DNA dot blots. Pre-hybridization was carried out for 1 h in
hybridization solution oontaining 10% Dextran sulfate (Wahl et al.,
1979). Hybridization of heat denatured, chain—-extended RNA probe was
allowed to proceed for 72-90 h at 37°.  Filters were washed in 2X SET/
for 15 min at 220, 3xin2XSE‘1‘,0.1%$DSfor1hat68°,andlxin
0.2X SET at 689, and exposed to Kodak XAR-5 film with intensifying
screens at -859, The autoradiographic signal was quantitated by |
densitometric scanning (Bio-rad densitometer) and the tracings were
integrated using a Hewlett-Packard 3390A integrator. Spots wére afso cut

out and scintillation counted.
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Cytoplasmic RNA from L. pictus gastrula embryos (Lpd"..p embryos, lysed
in the absence of detergent to reduc;e mitochondrial RNA contamination) was
isolated and poly(A)[-:RNA transcripts were selected by affinity
chromatography on oligo(dT) —cellulose. This fractionation step elimina.ted
most of the mass of ribosomal RNA, and some of the residual mitochondrial
transcripts. It is known that the 16S mitochondrial ribosamal transcripts
can be retained on oligo(dT)-cellulose (Ojala et al., 1982,; Dworkin and
Hershey, 1981; Dworkin et al., 1981). Some mitochondrial’transcripts are
included in the ¢cDNA library (see below). '.,

0Oligo(dT)-primed cDNA synthesis using the poly(A)-containing RMA as
template was carried out, the hqt“mlogous strand was synthesized, and the
double-stranded cDNA was tailed with C residues. This tailed cDNA was
annealed with Pst I restricted, G-tailed pBr322 and these recombinant
plasmids were used to transform bacteria. Colonies forming after several
days of growth were picked into individual wells of 96-well microtiter
dishes.

1030 colonies were 'picked for further analysis. About 90% of the
original  tetracygline-resistant  colonies were ampicillin-sensitive,
irldlcatln; the presence of an insert in the plasmid. This "library" of -
cDNA sequences was replicated by transferring and growing 2-3 mm colonies
directly onto Gene Screen membranes which were placed on agar containing

~
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tetracycline. The colonies were lysed and the DNA was denatured in situ,

and prepared for colony hybridization.

prelimi a terizati .
I first screened thé colonies with cDNA transcribed from LpxLp

. gastrula poly(A)-RMA. It is known that sea urchin and other organisms
contain transcripts that are present in the cytoplasm in a range of
abundance and this should be reflected in the intensities of hybridization
to different colonies. Two filters were incubated with 2.5 x 107 cpm of
[32p]-labelled cDNA. The hybridization .solutions contained 10% dextran
sulfate to increase the rate of hybridization of the single-stranded praobe
to the DNA on the filters. Incubation was for 36 h and was followed by
extensive waéhing" of the filters. Filters were exposed to X-ray film for
1-4 days. Only 15% (157 colonies) of the library gave clear positive
signals (compared to the background hybridization to pBr322) in this

_screen. Clones corresponding to less prevalent transcripts gave very low
signals and were not selected for further analysis. The selectedr colonies
were replated on plates 15 and 16. '

Fig.10 (LL Gast.) shows a typical hybridization of gastrula érm to
the selected colonies. The hybridization si‘gnals indeed represented a
range of abundance which were arbitrarily divided into four signal
levels. | Clone 15A1 is highly abundant and is of mitochondrial ofigin,
16C12 is abundant and non-mitochondrial, 16Hl1 is moderately; abundant,” and
16B3 is barely d'etectible above background but does contain an insert
(henceforth, mitochondrial clones will be designated with an M after the

"

library position number). )
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Fig.10. Colony filter hybr:ldnatim analysis of gastrula stage
transcript  prevalence in L, picins, S. pupuratps and hybrid
embryos. Library dishes (15 and 16) containing 157 colonies of
cloned sequences were replicated on'to Gene Screen. The filters were then—
probed with 2.5 x 107 cpm cDNA prepared to RNA of: LL BGG, L. pj.m:ua
' eggs; LL GAST, L, pictus gastrulae; SL GAST, S. purpuratus x L. Rictus

early gastrulae; SS GAST, S. purpuratus early gastrulae. Library .,

positions are identified by: dish number, row letter, and column number.
Positions 15H12 dnd 16H12 represent ampicillin- and tetracycline—resistant/
colonies %im establisf': the level of background hybridization. The
autoradiographs shown were exposed for 24 h with intensifying screens at

-700,
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CDNA probes vere then prepared using Lpxlp eqq, LoxIp gastrula, Spxlp
hybrid gastrula, and SixSp gastrula (S. purpuratus) RMA as templates in
oligo(dT)-primed reactions. Replicates of filters 15 and 16 were
h){bridized as above and the results are shown in Fig.1l0. Mitochondrial
DNA was also isolated from LpxLp embryos and nick-translated to high
specific activity. This DNA was hybridized to colonies on filters 15 and
16 to identify mitochondrial sequences; 32% of the colonies were shé:wn to
contain sequences homologous to mitochondrial  DNA. Of the 107
non-mitochondrial clones remaining, 25 or about 24% showed rﬂeproducibie

increases in relative signal intensities between egg and gastrula stages.

q Spec {Fic T i 2 late With Devel

Same 23 clones were specific to LpxIp embryos at the gastrula stage of
development;’; when corﬁpared to prSp embryos in the colony screens; 20 of
these were developmentally up-regulated to various degrees. The variety
of “levels of accumulation of specific transcripts with development is
well illustrated in Fig.10.  While 16B7 accumlation is subtle, 15D6
accumulation is spectacular. . s

Mitochondrial sequences generally were con:.-'.erved between species and
not developmentally regulated, although exceptions to both
characterizations were evident. 15F10M is species-spicific while'16F4H,
15BIM, ‘.:‘16E.12M and 16C™M are not. 16G8M is developmentally up-regulated
and spec':’i.es-specific. Further characterizatic;nh of some of these sequences

_is contained in Appendix I.
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accumilate in SpxIp hybrid gastrulae. 1509, 15D6, and 15D7 are ekpecially
notable; these. clones have been “shown to contain different insert
sequences. The striking increase of these sequences in the cytoplasmic
RNA fraction of LpxLp gastrulae with development makes it unlikely that
the lack of SpxLp hybrid expression seen is due to artefacts or
~limitations of 'the screening procedure. ‘

16B7 and 16Cl2 appearéd to accumulate to near normal’ }gvels in SpxLp
hybrid embryos. The many sequences which appeared to remdin at a constant
prevalence in LpxLp RNA samples between egq and gastrula stages represent
matemal‘ sequences which may or may not be replaced during development.
The lack of information about the transcription of these particular
sequences did ™ ‘ﬁat/ /allow me to conclude whether expression? of these
sequences in SpxLp hybrid embryos wdE8 normal or abnormal in reiation to
the expression in LpxIp embryos. One of ;lzese sequences (16D4) was
selected for further investigation on the pasis of its behaviour in

plasmid screens (see below). -

S i E - ] I i ] ci ‘: . - - :

e,

Plasmids were isolated from colonies oontaining sequences which were

still of interest after the colony screens (principally

‘ “non-mitochondrial). The plasmid DNA isolated from DH1 bacteria for eaz
ck

clone was isolated fram single bacterial colonies which were then pi

and amplified. Fig.ll shows a sample of plasmid DNA dots hybridized with
cDNA transcribed from cytoplasmic poly(A)-RNA from LpxLp eggs and LpxLp
i)lutei. Whilg different dotted clones do not contain the same mass of
insert sequence, the dots to be compared between each filter o contain

[
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Fig.1l. Plasmid DNA dot blot hybridization amalysis of egg and
plutens stage transcript prevaléxce. Plasmid DNA from a subset
of colonies analyzed in £ig.1l0 was isolat.ed, linearized, | denatured, and
from 1-5 ug of each preparation was dotted- onto Gene Screen. An equal
mass of each plasmid was spotted on each of the two filters, whereas the
mass o:f different plasmid samples were not necessarily identica;l. The
plasmid DNAs were 'then probed with 1 x 106 cmm [32P]-cDMA prepared to
RNA of: A, L.pictus egg; B, L. pictus plutei; and detected by
autoradiography. . The autogadiographs shown were exposed for 8 h with
intensifying screen at -70°. Alphanumeric symbols indicate: C3, clon:.w
15C3; D6, clone 15D6; D7, clone 15D7; B7, clone 16B7; Cl2, clone 16C12;
‘D4, clone 16D4.
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the same mass. The most highly developmentally up—;:egulated sequences
identified in the co\lony screen again are shown to accumulate extensively
during embryogenesis; for example, 15D6 and 15D7 accumulate extensively by
the pluteus stage. 15C3 does not accumulate as L extensiv:ely in the pluteus
stage embryo (Fig.11B), or gastrula stage embryo (not shown) as it appears
to in colony hybridizations. The amount of developmental up-regulation of
15C3 transcripts a}ppareﬁt in the colony screen (Fig.10) is artefactual and
is probably due to contamination from the mitochondrial colony adjacent to
15C3 in Fhe library. 16C12 and 16B7 did not appear to accumiilate as
dramatically in this screen as in the colony screens. 16D4 transcripts
appear to decrease in plutei compared to eggs, but a{:peared to be present
in similar aﬂ%unts in eggs and gastrulae. This pattern of 16D4 expression

was unique among the cDNA clones analyzed.

1687 and 16D4 cDNA Cl Include Repetitive §

Shear'éd IpxLp gastrula DNA was nick-translated and hybridized to
plasmid DNA dotted on filters.  This was performed principally by Roriald
Conlon. It was found that while most of the signals were low
(particularly for 15D6), the signal for 16D4 was significantly higher than
most and 16B7 was hundreds of times higher than 16D4. The 16B7 cloned
insert thus includes a highly repetitive sequence of the type which have
‘ been shown to exist in the genome of most organisms, including sea urchins
(see Davidson and Posakony 1982, for review). Hybridization of
nick-translated 16B7 DNA to restricted sea urchin genomic DNA blotted onto
'nitrocellulose filters oconfirmed the presence of a highly repetitive

sequence element. The structure of the 16B7 cDNA clone is being further

analyzed by Ronald Conlon.
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Cytoplasmic RNA was prepared from a developmental séries of LpxLp,
SpxLp hybrid and SpxSp embryos. To minimize degradation during -
prepax:at;on and to minimize loss of transcripts which may be more
“prevalent in one fraction than another, this RNA was not fractionated into
poly A-containing and -lacking fractions. RNA samples were subjected to
electrophoresis in agarose gels oontaining formaldehyde. RNA was
visualized by ethidium bromide or acridine orange staining and
photographed. ‘- RNA was 'transferred fram the gels onto Gene Screen
membranes by standard blotting procedures. Sometimes, the Gene Screen
blot was -visual’ized by W 1light and photographed to establish the
efficiency of transfer and fidelity of blotting across gel lanes (see
Appendix 2). Gel blots were also prepared from RNZJ isolated fram
different cultures to minimiée the chance of artefactual patterns of
transcript expression. It should be noted that significant differences in
transcript ‘size or relative prevalence were never observed.
Nick-translated recombina’nt plasmid DNAs were hybridized to the RNA filter
blots. Specific activities of 0.5-2.5 x 108 cpm/ug were routinely
obtained for these probes. d

Fig.12 illustrates preliminary restriction maps- of the three clones
analyzed. 16B7 has the largest insert identified in the library to date.

3

These maps facilitated sub-cloning in later experiments.

1657 Bybridi M T -
This repeat—containing transcript hybridizes to a smear of bands on

gel blots ranging in size from less than 1 kb to greater than 30 kb
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Fig.12. Preliminary restriction maps of pLpGlSD6, pLpGl6D4, and
" pLpG16BT. Plasmids were cleaved with restrictich enzymes,

resolved on agarose-or polyacrylamide gels and detected by staining with
ethidium bromide. DNA in agarose gels was blotted onto Gene, Screen and
gbridized to nick-translated restriction fragments to detect small
fragments cobscured by bacterial RNA contaminating . the plasmid
preparations. Markers used were lambda phage cleaved with Hind III,
pBr322 cleaved with various enzymes, and the 123 bp ladder obtained from
Bethesda Research Laboratories. Restriction sites which were searched for

and not detected are listed.
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(Fig.13). This pattern of expression does not change significantly during
dévelognent. Single-copy fragments of 16B7 have not yet been identified;
repetitive sequence élements are distributed over at least the internal
1200 nucleotides of the insert {R. Conlon, personal communication). The
transcripts sharing sequences with 16B7 are highly enriched in nuclei of
embryos (R. Conlon, personal communication), and the cytoplasmic
transcripts observed in Fig.13 might be the result of artefactual nuclear
leakage. .

This striking pattem of transcript expression appears in SpxLp hybrid
embryos as early as the morula (64-100 cell) stage of development
(Fig.13). The discreet band (upper arrow) does not appear at this stage
but does appear by the hatching blastula stage. It is interesting that
the wntire smear appears at the same time as if the regulation of these
sequences were coordinated in some fashion. The transcripts are not
detectible in SpxSp egg or embryo gm, thus confirming the
species-specific expression of these transcripts. The SpxLp hybrid RNA
samples were made from the same batch of S. purpuratus eggs. While I
cannot rule out the possibility that the similar transcript pattern
observed for SpxLp and LpxLp RNA samples are made up of entirely different
transcripts as a result of abnormal expression of the L. pictus genome in
the "hybrid enviromment", this seems unlikely, particularly because of the
appearance of the discreet bands having identical mobilities. The overall
prevalence of the transcript smear does not reach the LpxLp pluteus level
at any stage of SpxLp development analyzed. Since few prevalent bands are
resolvable, the smear may represent the expression of many relatively rare

transcripts. I conclude fro;n this data that the genes representing 16B7

are active in SpxLp hybrid embryos at an early stage of development.
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Pig.13. RNA.  transfer blot hybridization analysis of 1687

transcript representation in L, pictus, S. purpuratus, and bybrid °
embryos. Total cytoplasmic RNA was prepared, and after °
denaturation, 10 ug samples in each lane were separated .on agarose gels
containing formaldehyde. After transfer to Gene Screal,_ the RNA was
probed with nick translated 16B7 plasmid DNA, and detected by
autoradiography. LL lanes correspond to RNA of L._ pictus embryos of
various stages, while SS and SL lanes correspond to S. purpuratus
embryos and S, purpuratus x L. pictus hybrid erbr’yos, respectively. « The
positions of size markers are shown. Arrows indicate discrete bands and
are discussed in Results.

Stages: E, egg; 2-16, blastamere numbers; M, morula (64~100 cells);
H, hatching blastula; EMB, early mesenchyme blastula; G, gastrula; PL,

1

pluteus.
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There is not a gross underrepresentation of these transcripts by mass in
hybrid embryos. These transcripts accumulate in the SpxLp cytoplasm and
remain . almost constant in mass during develognjnt of L. pictus embryos.

-These data confirm the results of the colony hybridization screen.

16D4, contains a 420 bp insert representing a 900 nt transcript. The

single transcript has detectibly increased J.’n mass by the 8-cell stage in
LpxLp embryos (Fig.l4a). The transcript accumulates during early
development ‘ reaching a peak in hatching or mesencﬁyme blastulae and then
rapidly disappears from the cytoplasm of LpxLp gastrulae (Fig.14A,B,C,). '
The changes in prevalence of 16D4 transcripts are plotted in Fig.l15. It‘
declines to a level consistently lower in gastrulae than in the eggs, and
is ten~fold lower in plutei than in gastrulae.

Surprisingly, this sequence 1s not species-specific and has a

_counterpart in SpxSp embryos, which accumulate a transcript unresolvable

in size from thg LpxLp transcript. The pattern of expression is samewhat
different however. There is no detectible accumulation by the 16-cell
stage, and the transcript declines in prevalence earlier than it does in
LpxLp embryos. The rapid and dramatic decline in transcript prevalence is
precisely conserved’ between the species but the timing is different. ﬁ
Pluteus and gastrula stage levels were confirmed by RNA dot blots.

Three blots are included in Fig.14 to illustrate the reproducibility
of this pattern in different RMA preparations on different gels. While
the exposures are not equalized, the pattern of expression is
reproducible. While it was difficult to obtain RNA samples fram the same
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Pig.l4. R  tremsfer blot hybridization amalysis of  16D4
transcript  representation in L, pictna, 5. Dumtus and hybrid
embryos. ’Iﬁtal, cytoplasmic RNA was prepared and, after
denaturation, 10 ug samples in each lane were separated on agarose gels
containing formaldehyde. After transfer to Gene Screen, the RNA was
probed with nick translated 16D4. plasmid <DNA, and detected by
autoradiography. LL lanes correspond to RNA of L, pictus embryos of
various stages, while SS and SL 1aneé correspond to S. purpuratus embryos
and S. purpuratus x L. pictus hybrid embryos, respectively. A, B, and C
represent different transfer blots. The developmental series of LL RNA
within each blot was p;:epared by fertilizing the eggs of a single L.
pictus with the sperm of a single L, pictus. The series of SS and SL RMA
samples were prepared by fertilizing the eggs of a single S. purpuratus
with the sperm of a single S, purpuratus or the L., pictus used to create
LI, embryos, respectively. LL RNA samples in A and C are from the same
preparations. Filter B was washed in an identical manner to filters A and
C and was then treated with 1000 U Sl-nuclease for 30 min at 37° before
exposing. This reduced non-specific filter background while it preserved
the relative signal intensities. The R on filter C was previously
probed with nick-translated 15D6 and is shown in fig.l5.
Stages: E, Egg; 2-16, blastomere number; B, blastula; G, gastrula; M,
morula (64-100 cells); P, pluteus. .
Dashed lines indicate blank lanes. Arrows serve as lane markers to
indicate positions of low or indetectible signal. .A 900 nt size marker is

shown in C. (A) 36 h exposure, (B) 168 h exposure, (C) 72 h exposure.

3
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Fig.15. Quantitative analysis of 16D4 tramscript  representation
in L.  pictus, S, pupyatns and  hybrid embryos. The
autoradiographic signal on each film was scanned by reflectance using a
Bio-rad densitanéter and integrated using a Hewlett-Packard 3390A
. integrétor. Exposures in the linear range of the film were compared and
numerical. data were corrected for the different times of exposure. The
stages of development are plottedo f&r clarity and do not represent a
linear time scale. The egg to 1l6-cell stage represtents 3h, 45 min of '
development while IMB to PR represent 25 h of development at 16°. '
Stages:E, Egg; 2~16, blastomere number; M, morula (64-100 cells); IMB,

; —~
late mesenchyme blastula; G, gastruld; PR, prism; PL, pluteus. :

Symols: (8) Lpxlp; (O) SpxSp; (@) Spxip interspecies hybrids.

-«
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batch_ of embryos for all stages evaluated, closely spaced developmental
time-points were always obtained from the same batch of sea urchins.

The expression® of 16D4 in SpxLp hybrid embryos 1s also shown in
Fig.14A." S. pumm;ahus eggs start off with a lower matemal 1evel of 16D4
t;ranscnpt than L. pictus eggs. The Sp;ch hybrid embryo quickly overcomes
this deficiency so that the 16-cell embryo contains at least as much
transcript, by mass, as the LpxLp embryo, and is clearly higher than the
SpxSp embryo at this stage. The tlmmg of expression in the principally
maternal -cytoplasm appears to be that of the paternal genome, whether or
not the actual transcription is from one or both parental complements.
Eventually, the SpxLp expressmn overshoots" the level of either parental
complement, and is greater than the sum of the two. The rdpid decrease in
transcript prevalence in gastrula embryos is similar to that seen in the

*paternal species.

Figs.16 and 17 show the RMA gel blots and quantitative data

respectively for 1506 cytoplasmic transcripts in LpxLp, SpxLp hybrid and
SpxSp embryos. 15D6 whith has an insert of 560 bp, is homologous to two
small transcripts in L. pictus eggs and either oOne or two (unresolvable)
transcripts in later stages of developments. The smaller egg transcript
is 900 nt, and is unresolvable from the 16D4 transcript in Fig.14C
(F%g.l4C is the second usage of the same gel blot shown 'in Fig.16). The
larger egg band is about 1100 nucleotides and may represent a form of the
lower band differing .in the extent of polyadenylation (Tansey and
Ruderman, 1983). The larger faint transcript is approximately 1700 nt and
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Fig.16. RNA blot hybridization analysis of 15D6

transcript representation in L, pictus, S. Durpuratns, and hybrid
embryos. Total cytoplasmic RNA ' was prepared, and after
- denaturation, 10 ug samples in each lane were separated on agarose gels
containing formal’dehyde. After transfer to Gene Screen, the RNMA was
probed with nick  translated  15D6 plasmid DNA, and detected by
autoradiography. LL lanes correspond to RNMA of L. pictus embryos
of various stages, while SSs and SL lanes correspond to
S. purpuratus embryos and S. purpuratus x L. Pictus hybrid embryos,
respectively. \

Stages: E, egg; 2-16, blastamere numbers; MB, mesenchyme blastula; G,
‘gastrula; PR, prism; PL, pluteus. The positions of size markers are

shown.
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Pig.17. OQuantitative analysis of 15D6 transcript representation in
L. pictus, S. purpuratus and hybrid emwbryos. RNA gel blots were

exposed to film for various times. See legend to Fig.15.
Stages: E, Egg; 2—16; blastomere number; M, morula (64-100 cells);

IMB, late mesenchyme blastula; G, gastrula; PR, prism; PL, pluteus.

Symbols: (@) LpxLp; (O) SpxSp; (®) SpxLp interspecies hybrid.



.

PL

MB

16

4 8

2

E

(z

| | 1} | | { L
[e) (@) o © W WV < «~N—
< ] 3 -

_OLX 663 SA1d7 o/ ) IINITIVAIEL  LdI¥DSNVAL

STAGE OF DEVELOPMENT

R e e e L -

€5 e s %W

b3}



117

may represent aggregation of the smaller transcripts or a nuclear
precursor which has leaked into the cytoplasm.

15D6 represents a highly species-specific transcript:. as can be seen in
the SpxSp gastrula lane (Fig.l6). The transcript is not detectible in
SpxSp plutei either, as determined by RNA dot blots (not shown). The
SpxLp hybrid pluteus lane shows a 1low level of expression in theée
embryos, approximately equalling that reached in the LpxLp cleavage stage
samples. This level was also low in SpxLp hybrid gastrulae as determined
by dot blots. The profound difference in expression in SpxLp hybrid
embryos compared to LpxLp embryos for this very developmentally
up-regulated transcript oonfirms that some prevalent transcripts do exist
which are normally accumulated in LpxLp embryos during development but
which are grossly underrepresented in the RNA of SpxlLp hybrid embryos.
While the expression is limited in hybrids, the size of the transcript in
SpxLp hybrid embryos appears t6 be identical to the normal transcript in
LpxLp embryos. The 1700 nt larger band is also clearly evident at darker
exposures of the blot.

There are several possible explanations for this phenomenon. The D;IA
camplement may have been lost from a majority of the embryos in culture,
even though the embryos develop into plutei. Secondly, the transcription
of the 15D6 gene may not be activated correctly, even though other
paternal genes (eg., 16B7) are known to be active. Thirdly, the gene
could be actively transcribed but the transcripts may not accumnulate in
the cytoplasm in Spxlp hybrid embryos. I decided to distinguish among
these possibilities by assaying the level of transcription of the gene by

a chain-extension assay in isolated nuclei.
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L. pictus and 5. purpuratus eggs were fertilized with the sperm of the
L. pictus male, and SpxLp and SpxSp embryos were collected from the same
Sa nurnumtus female. LpxLp, SpxLp, and SpxSp mesenchyme blastulae were
collected and nuclei were isolated by centrifugation through cold
sucrose. L. pictus embryos were expected to be actively transcribing the
15D6 gene at this stage, because the cytoplasmic transcript is actively
accumulating in mass. The purified nuclei were incubated for 20 min at
200,  The nuclei incorporated [32p]-UTP into macromolecules in a
linear fashion for this period of time (See Fig.18). By 30 min, recovery
of labelled product was the same or less than at 20 min. The RNMA fram
50-100 x 108 nuclei per sample was isolated and extensively purified by
multiple rounds of DNAase and Proteinase K digestions, TCA precipitation
and TCA washes to remove unincorporated nucleotides, binding and elution
from nitrocellulose filters, phenol extraction and ethanol precipitation.
This method, modified from Groudine et al.(1981) greatly reduces filter-
background. From 1-2 x 108 cpm/5 x 107 nuclei were obtained, and from
1-2 x 107 cpn was used for each hybridization assay.

Isolated plasmid DNA from clones 15D6, pSpecI (gift from Dr. William
Klein), 16B7 (in pBr322 and one strand in M13-Mp9) and 16D4 were denatured.
and spotted onto nitrocellulose filters. Nuclear RNA was diluted into
hybridization solution containing 10% dextran sulfate. Duplicate filters
were incubated for 72 h at which time they were removed fram the
radioactive probe and washed extensively at 68°C in 0.15 M NaCl buffer.
Exposure times varied fram 2h to 3 days and are indicated in the figure
legends.
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Fig.18. Quantitative analysis of RNA chain-extended in the
presence of x-amenitin. Nuclei were incubated with 100 uCi
[32P]-UTP in the presence or absence of oi-amanitin.  Samples of the
reaction were removed at various time points and incorporation of
nucleotides into macramolecules was assayed by spotting onto DE-81 filters
(see Materials and Methods). The presence of this low dose of -amanitin
inhibited 97% of the incorporation of [32p]-UrP after 25 min of
incubation.

Symbols: (m) control; (O) + 1 ug/ml ®-amanitin.

Sa
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Fig.19A shows an 18 hr and a 2 hr exposure of a set of filters.
pBr322 background was slightly higher for SpxLp hybrids, but this was
partly due to non-specific binding of radioactivity to the nitrocellulose
in the region around the pBr322 control. A variety of exposures were
scanned by densitometry, and quantitated. The 15D6 sequence  is
transcribed in SpxLp hybrid embryos at levels approximately 80% of the
normal Lpxlp embryo level, a slight reduction which is insignificant
compared to the differences in cytpplasmic transcript prevalence.

16B7-pBr is equally transcribed in SpxILp hybrid embryos and LpxLp
embryos, but reduced in SpxSp embryos. This is to be expected from gel '
blot analyses of transcript prevalence. The extensive transcription
suggests that many genes are .active at this stage of development. The
" 16B7-Mp9 single-stranded insert lights up equally well when probed’ with
RNA synthesized by LpxLp, SpxLp, and SpxSp nuclei. There is apparently a
related repetitive sequence in S. purpuratus which is actively transcribed
but does not accumulate m the cytoplasm, or alternatively, only one
strand is principally expressed in SpxSp embryos, and it is répresented by
the cloned single-strand. LpxLp and SpxLp hybrid embryos transcribe both
strands, but predominantly the strand opposite to that represented by
. B7-Mp9; Spo(Sp embryos may be transcribing only the strand i:epresented by
B7-Mp9.

16D4 genes are transcribed in SpxLp and SpxSp embryos. LpxLp data was
not obtained for this clone. pSpecl is transcribed with similar activity
in SpxSp and SpxlLp hybrid embryos and represents normal transcription from

a "maternal” gene (Bruskin et al., 1981).



121 - ‘ L

Fig.19. DRA &t blot hybridization amalysis of tramscription
using  chain-ertended RMA probes. (A) Chain-extended RNA was
isolated from nuclei as described in Methods, denatured, and hybridized to
isolated plasmid or phage DA dots contained on nitrocellulose filters,
and detected by autoradiography. Alphanumeric symbols identify the DNA
dotted onto each Ffilter as follows: pBr, pBr322 plasmid DNA; D6, 15D6
plasmid' DNA; Specl, pSpecl plasmid DNA (gift from Dr. B', Klein); B7-Mp9,
single-stranded DNA isolated from M13-Mp9 containing the PstI/Hind III
resi:riction fragment of clone 16B7; B7, 16B7 plasmid DNA; D4, 16D4 DNA.
Source of probe: LL, LpxLp. mesenchyme blastula nuclei; 5SS, SpxSp
mesenchyme blastula nuclei; SL, SpxLp hybrid embryo nuclei.

. 'The symbols iBh and 2h refer to exposure times of the filters shown. The
signal for 15D6 represents (00068 of the total input CPM, |

(B) Clone 15D6 was cleaved with PstI and subcloned into wector MI13-Mp9.
Single—stranded DNA was isolated from 10 "plaques” and spotted onto Gene
Screen. The Pstl insert fragment isolated from 15D6 was nick-translated
and hybridized to the DNA on the filters and detected by autoradiography.
DNA dots: Al, MI3-Mp8 DNA; A2, M13-B7 DNA; A3, A4, B2, B3, Q, C2, ¢4,
contain DNA from 15D6 subclones.

(Legend continued on following page)
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(continued from previous page) <

-

(C) Single- and double-stranded DNA isolated from clones Cl and Al

(control) was denatured and spotted onto a nitrocellulose filter. About 2 -

x 107 cm SpxLp hybrid mesenchyme blastula chain-extended RNA was
M
hybridized to the DNA and detected by autoradiography.

DNA dots: Mp8, clone XI” (+) and RF form DMA; D6, clone Cl (+) and RF form

DNA.

(D) LpxLp gastrula RNA end-labelled with polynucleotide kinase was
hybridized to DNA dotted oon Gene Screen and detected by autoradiography.
A 24 h exposure is shown. D6 was not detectibie_ after a 96 h exposure
(not shown). DA dots: B7, clone Al; D6, clone Cl (described in (B).

|

|

(E) Chain-extended RNA isolated from SpxLp mesenchyme blastula nuclei,
and used in the hybrid&a&ion of filter (C), was hybridized to a duplicate
of filter (D), and detected by autoradiography. A 24 h exposure is
shown. No D6 signal was detected at longer exposure times. This
indicates that the chain-extended RNA isolated from SpxLp embryos is

- synthesized from the same strand as the RMA fram LpxLp gaé'trulé used in

o

g ‘ o~ (

(D) above.
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To eliminate the possibility that this dot blot assay was measuring

transcription fram artefactuaelly initiated sites of nicked DNA resulting
from nuclease activity during nuclear isolation, several experiments were
per formed. 1506 in pBr322 was digested with Pst I, the insert was
isolated from an agarose gel, annealed and ligated to M13;bdp8 replicative
form DNA . Recombinant molecules were transfected into JM103 bacteria.
Single-stranded DNA, isolated from "plaques" was dotted onto
nitrocellulose and probed  with nick-translated [3%) -lekelled 1506

V insert (both strands). - Fig.19B shows an array of these dots. Dot Al

contains cesium-purified MP8 (+) strand DNA, spot A2 contains B7-Mp9 used
in Fig.19A., and the remaining 10 dots represent varjous candidates for
15D6-Mp8 subclones. A4, B2, and C1 elicited strong signals. These were
checked for complementarity to each other and were found to represent the
same .strand of 15D6 insert.

Clone C1 was grown in culture, and (+)° \str'and and RF DNA was
isolated. These were dotteé onto filters in a 1:2 mass ratio to ins;lre
that equal masses of the (+) and (-) strand were dotted. Fig.19C shows
this filter. The left two dots represent controls for (+) and (~) strand
vector, while the right dots contain 1506 (+) and (-) strand in eq&al
masses. . This filter was incubated with SpxLp chain—extended nuclear RNA
for 72 h. The filters were washed and exposed for 18 hours. The strong
signal due to hybridization to the opposite strand of the RF form confirms
that the 15D6 transcripts are overwhelmingly synthesized fram only one
strand of the gene, —

In another experiment, kinase-labelled cytoplasmic RNA of Lpxlp

P
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gastrula was hybridized to Mi3 sub~clones as shown in Fig.19D. This probe
has the same "sense" as the nuclear RMA and 15D6-Mp8 did not light up, but
B7-Mp9 did. Chain-extended SpxLp hybrid nuclear RNA was then incubated
with an identical f:ilter for 72 h (see Fig.l9E). There againq was no
hybridization to 15D6-Mp8. I conclude that the transcript synthesized in

SpxLp hybrid nuclei is from the same strand .as that which is in the

cytoplasm of LpxLp gastrulae. The same RMA which was hyb'ridized to the
filter shown in 19F was hybridized to the filter shown in 19C. The strong
hybridization elicited by this RNA with little filter background shows
that .the nuclear RNA is stable.in hybridization réactions for at least 4
days and probably much longer.

°

. m I - - I- E]mﬁ_ i]EBZI S ) -I. I uli

RNA polymerase II, which is responsible for the synthesis of mRMA, is
sensitive to low levels of «-amanitin while polymerase I and III are not.
Nuclei were incubated in the presence of 1 ug/ml «ran;hitm (a low dose)
and 100 uCi [32P)-UTP. Samples of the reaction were taken at various
time points and incorporation of nucleotides into macromolecules was
assayed by spotting onto DE-81 filters.{ The results are shown in Fig.18. .
The ot-amanitin inhibited 97% of the incorporation of [32P]-UTP at 25
is a short time lag before «~amanitin becomes effective. The extensive
polymerase II activity for isolated sea urchin nuclei has been reported
previously (Morris and Marzluff, 1983).  When this chain-extended RNA
synthesized in the presence of low &-amanitin was hybridized with 15D6 and
16B7 plasmid DNA dotted onto nitrc;c‘ﬁllulose, the signal intensities were

decreased by greater than 95% (R. Conlon, personal communication). Thus

2

o
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the transcription of these genes is carried out by polymerase II in the

iy

isolat_:ed nuclei.

The data obtained from a variety of experiments indicate the existence ‘

of prevalent transcripts which are greatly reduced in SpxLp hybrid embryo

cytoplasm at stages of development when- they are normally accumulating in.

LpxLp embryos; in the case of 15D6, this restricted accumulation is
primarily the result of post-transcriptional events. It is possible that
transcription is occml:ing at the stage analyzed and subsequently is turned
off in hybrids. Preliminary data obtained by chain-extension analysis in
hybrid nuclei of later stages indicate that the 15D6 gene is transcribed.
The relative incorporation into a cloned tRNA gene is the same in all
isolated nuclei of a partlicular stage (LpxLp, SpxLp, SpxSp), indicating
that there are no gross alterations in relative activities of polymerase
IT and III in hybrid nuclei.

These resultcs obviate the need for establishing the presence of a full
camplement of 15D6 DNA sequences in SpxLp hybrid embryos, since the rate
of transcription 1is wunlikely to occur without the gene being retained in
most cells normally transcribing the gene. DNA dot blot hybridization
experiments indicate that S, purpuratus DNA has little homology with 15D6

sequences, accounting for the failure to detect 15D6 transcripts in the

cytoplasm of SpxSp embryos.
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In a previous paper, I analyzed the kinetics of hybridization of a
patermnal L. pictus gastrula ¢cDNA probe to excess SpxLp mRMA (Tufaro and
Brandhorst, 1982). The data indicated that a substantial mass of paternal
n}FNA is present and thus transcribed in SpxLp embryos. The retarded
reaction Kkinetics for paternal <DNA, and the paucity of patemal
specie§—specific spots on two—dimensional gels indicated that much of the
mass of normally prevalent paternal mRNAs is reduced or absent in SpxLp
hybrid RNA. In a s;’l‘{nilar analysis of the echinoid cross D, excentricus x
S. purpuratus, Lee and Whiteley (1982) reported that paternal transcripts
| made in the hybrid embryos may be underrepresented in the more abundant
clas’sesﬁ of RNA normally present. In light of these data, it was decided
to analyze cloned sequences representing prevalent and
moderately-prevalent transcripts. These transcripts are also most easily
analyzed in a quantitative sense by blotting methods. Lasky et al. (1980)
hybridized <DNA probes representing gastrula RNA to gastrula stage cDNA
cloned sequences from S, purpuratus and found that about 80% of the
gastrula clones represent  transcripts present in fewer than 10
copies/cell, and about 55% of these are present in fewer than 3
copies/cell. I analyzed 1050 clones of which about 15% reacted strongly
with cDNA probes. These represent the more abundant transcripts present

in the gastrula cytoplasm.
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Only 23 of the 107 non-mitochondrial cloned sequences analyzed by
colony hybridization were detected as species-specific. It has been
reported that the sequence divergence of gastrula polysomal RNA sequence
between L, pictus and S. purpuratus is about 86%‘, using hybridizationa E
conditions of similar stringency. The gastrula mRNA population contains
transcripts of about 14,000 genes active in S, purpuratus gastrulae, and
thus represents a large sample of structural genes (Galau et al., 1974)
Although structural genes sequences do not appear to be more highly
conserved than single-copy DNA sequences in general (Angerer et al.,
1976) , a small fraction of non-repetitive sequences appears to be highly
conserved (Harpold and Craig, 1978). In S. purpuratus gastrulae,
prevalent transcripts (including those of mitochondria) account for about
half of the mass of cytoplasmic RNA (Lasky et al., 1980; Shepherd and
Nemer, 1980; this thesis ch.3) and nearly all of the cytoplasmic sequence
canplexii:y is represented in polysomes (Hough-Evans et al., 1977). Hence,
it 1is possible that the highly conserved structural sequence fraction
detected by Harpold and Craig (1978), while representing a small fraction
of the complexity, may conbrise most of the more prevalent transcripts.
The failure to detect a large proportion of species-specific proteins
(Tufaro and Brandhorst, 1982), most of which are coded by more prevalent
transcripts (Bedard and Brandhorst, 1983), probably reflects the
divergence of the non-coding region of transcripts or third-position
wobble which can ‘ occur without altering amino acid compgsition. In
addition, the apparent conservation of abundant sequences ma;' be due to
selection pressure to maintain amino acid sequences and/or some nucleotide
sequence-specific functions. Prevalent proteins may frequently serve

structural rather than enzymatic functions and may be evolutionarily
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conserved because of their complex interactions with other proteins.

Interestingly, 80% of the developmentally-requlated cloned L. pictus
sequences analyzed were species-specific. This indicates that the
majority of prevalent transcripts having conserved sequences are not
develognentally—-regulated. Hence, they may serve functions which are
needed at all times by all echinoid embryos during development, such as
those required for macromolecular synthesis, cleavage or membrane
bi:ogenesis.

The cloned sequerice 16D4 is an example of a developmentally-reqgulated
transcript which has been highly conserved between the two species.
Although its nucleotide sequence has not been determined, high stringency
hybridization conditions indicate that its sequence 1is highly conserved
and that the mature cytoplasmic transcript is identical in size in the two
species, within the resolution of the agarose gel system used. The
transcript 1is present in maternal RNA, increases during the periocd of
rapid cleavage and declines by the gastrula stage. The temporal pattern
of expression is not precisely the same between these species. While
limited divergence of the transcripts expressed in the two species could
account for the lower apparent mass in prSp gastrulae, this seem unlikely
since the transcript is detected easily in SpxSp morulae, although a
higher levelb of expression in SpxSp morulae than in LpxLp morulae could be
occurring. If the S, purpuratus transcript is less detectible due to
sequence divergence, the oonclusion that the 16D4 ‘gene is actively
expressed in hybrids is even more convincing.

The pattem of expression of the L. pictus 16D4 gene suggests that the
mechanism for regulating this gene enters with the sperm gename. The

autonomous timing of expression of a paternal actin gene in echinoid
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hybrid embryos has recently been reported (Crain and Bushman, 1983). This
apparent phenomenon is not limited to echinoid hybrids, as Drosophila
interspecies hybrid larvae express each parental structural allele for ADH
according to the developmental program characteristic of the specigs from
which it is derived. 1In this system, there is strong evidence for a ~
gis-acting control element (Dickinson and Carson, 1979} Evidence for such
¢ig-actihg regulators has also been obtained in studies of strain-specific
quantitative differences in the pattern of expression of enzymes and qther
proteins in mice, such as B—glucuronidase (Paigen, 1964), B-galactosidase
(Paigen, 1976), aryl-sulfatase (Daniel, 1976) and H2 aﬁtigen (Boubelik et
al., 1975). The correlation of the appearance of 16D4 transcript with
early rapid cleavage and pre-gastrular development, and the strong
conservation of the gene suggest that it may have an important function in
early embryonic development. This is currently being characterized more
extensively.

Clone 16B7 was initially detected as being species-specific,
containing a highly repetitive sequence element, and expressed in SpxLp
hybrid embryos. The RMA gel blot pattern indicates that the 16B7 repeat
sequence element is included in many relatively rare transcripts, many of
which are expressed to an apparently normal extent in SpxLp hybrid
embryos. The transcript pattern in hybrid embryos is very similar to that
of L. pictus embryos, but the structural equivalence of these transcripts
between LpxLp and SpxLp embryos has not been directly demonstratedﬂ. It is
likely that many of the transcripts oontaining the 16B7 repeat are
expressed in both hybrid and normal embryos. The isolation of unique
sequences contiguous to this repeat sequence should allow a partial

determination of structural equivalence, and this is currently being done.
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The mass of 16B7 transcripts in SpxLp early hybrid embryos is reduced
compared to 'prLp early embryos, since the S, pu:punama egg lacks the
normal complement of stored 16B7 RNA. The rapid accumulation of 16B7
transcripts in SpxLp hybrid embryos probably reflects the rapid decay of
16B7 maternal transcripts and replacement by new transcription in paternal
embryos.

It has been convincingly demonstrated that there are sets of diverse
transcripts in- the egg that share homologous repeat sequences, and several
examples belonging to such sets have (been cloned and their structures
analyzed (l;osakony et al., 1983). The presence of interspersed repeats in
maternal RNA is directly reminiscent of the structure of nuclear RNA, and
it has been suggested that a major fraction of the stored maternal mRNAsS
may not be fully processed (Davidson et al., 1983; ch.l, this thesis). It
has been proposed that cytoplasmic processing during development could
represent a mechanism for regulating the utilization of maternal
information. Maternalﬂ transcripts might include sequences, such as common
repeats, which are recognized by proteins, snRNAs or other RNAs (Davidson
and Britten, 1979) which regulate their |utilization by controlling
turnover rates, processing events, spatial localization, or other
interactions. In light of this, the expression of 16B7 genes in SpxLp
enbryos may represent a transcriptional response of the paternal genome to
the absence of maternal sequence in an effort to achieve an appropriate
level of transcript in the embryo. It is tempting to speculate that
cytoplasmic prevalence of maternal RMA is regulated by the level of
maternal RNA itself.

The majority of the species-specific cloned transcripts analyzed which
are up-regulated are ur}derrepresented in SpxLp embryos. One cloned
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sequence, 15D6, has been analyzed in same detail. Restriction of
expression could be due to 1) loss of the paternal gene, 2) absence of
apprd"priate maternal factors required for transcription, 3) alteration of
the gene prohibiting proper transcription or processing, 4) the absence in
the foreign cytoplasm of factors required in order to process, transport
or otherwise stabilize the transcript, 5) autoreqgulation of transcript
pglevalence by accumulation of translation products unable to associate
with maternal structural proteins. Hybridization of 15D6 to genamic DNA
on filters demonstrated that the DNA, at least in part, was retained in
hybrid anbryos,‘ but is not detectible in S. purpuratus. Hybridization of
a 15D6 probe to DNA cleaved with restriction enzymes is a more sensitive
assay, but restriction site polymorphisms betwéen individuals make these
data difficult to interpret. RNA chain-extension analysis in isolated
nuclei allowed me to investigate the retention of the gene while at the
;sanie time demonstrate that the gene is actively transcribed.

RNA chain-extension in isolated nuclei has been carried out for a wide
variety of genes and organisms to investigate transcription. Isolated
nuclei are readi%y permeéble to ribonucleoside triphosphates and to a
variety of othér small molecules, as well as to some proteins and nucleic
acids (Manley et al., 1979). Isolated nuclei are capable of synthesizing
significant masses of RNA having high specific radiocactivities (Marzluff
et al., 1973; Wu and Zubay, 1974; Manley et al., 1979), and also of
retaining the strand-specificity of transcription observed in yivo
(Vennstrom and Phillipson, 1977). Levy et al. (1978) demonstrated that
nuclei isolated from sea urchin oocytes synthesize discrete species of RNA
f:ontéining sequences complementary to cloned histone DNA. It has been

shown for Ad-2 transcripts synthesized in nuclei from infected HelLa cells
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that in vitro-synthesized RMA is of high molecular weight and that a large
percentage of these molecules contain discrete 5' and 3' termini which
correspond to the termini of viral nuclear RNA m vive (Manley et al.;
1979). The primary transcriwption unit of the mouse B-globin gene was
established by analysis of RNA extended in isolated nuclei (Hofer and
Darnell, 1981). Available evidence suggests that the majority of RNA
synthesis in isolated nuclei represents elongation of already initiated
RNA chains (Evans et al., 1977) and that RNA processing in isolated nuclei
is inefficient even for already completed RNA chains (Blanchard et al..
1978). It has been demonstrated that isolated sea urchin nuclei
synthesize RNA at a rate comparable to other animal cell nuclei under
conditions similar to those utilized in this investigation (Morris et al..,
1983). The relative incorporation of nucleotides into a particular
tra‘;'xscript by chain extension in isolated nuclei is considered to be a
measure of the fraction of RNA polymerase molecules engaged in
transcribing that gene inu vivo. In same instancqs, estimates of
transcription rates in vivo confirm this (eg. Derman et al., 1981). 1In
addition, transcriptional requlation of ovalbumin and conalbumin genes in
isolated oviduct (McKnight and Palmiter, 1979) and hemoglobin switching in
chick/ embryos (Groudine et al., 1981) has been convincingly demonstrated |
by chain-extension assays. I thus regard this chain-extension assay as an
appropriate measure of relative transcriptional activity in vivo.

I measured transcripts synthesized in isolated LpxLp and SpxLp nuclei
which were at least partly homologous to the 15D6 insert sequence by
dot-blot hybridization. The structural equivalence of the tfamscripts
from each type of nucleus cannot be demonstrated by this.approach,

however. The fact that transcriptiqn occurred using polymerase Y{II fram
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one strand of the gene having the same sense as that coding for the
cytoplasmic transcript which accumulates in LpxLp embryos makes it likely
that transcription was occurring Jin vivo prior to the isolation of the
nuclei rather than as the result of same non-specific gene activation due
to DNMA nicking or damage to the chromatin. Quantitation of the assay
mdlcaiies that the 15D6 gene is nearly as actively transcribed per nucleus
in the SpxLp hybrid as in LpxLp embryos of the same stage, Since there is
only one half the nunber of gene copies in hybrid nuclei, the
transcription rate suggests that some dosage compensation has occurred.
The continuous accumulation of 15D6 transcripts in LpxLp embryos suggests
that the gene is maintained throughout embryonic development in a
configuration which allows active transcription; chain extension assays
are coconsistent with this interpretation, but not all stages have been
analyzed.

Hybridization of nuclear RNA to fractionated genamic DNA has indicated
that most single-copy RNA sequences are shared by all nuclei (Kleene and
Humphreys, 1977). Morover, tissué- or stage-specific mMRNAs can be
detected among the nuclear RNA sequences of other stages and tissues (Wold
et al., 1978; Shepherd and Nemer, 1980). This suggests that absolute-
transcripﬁbfmal control is not the mechanism regulating gene expression,
and that post-transcriptional regulatory events may predominate. Genes
coding for abundant tissue—- or stage-specific genes might be
transcriptionally modulated during development, but there are too few of
those to detect by the saturation-hybridization techniques frequently
pised. The similaf relative rates of transcription of the 15D6 gene in
isolated nuclei from cells which accumulate different masses of
cytoplasmic transcripts 1is strong evidence that a post-transcriptional

regulatory event is being perturbed in the hybrid embryos.
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In recent years, several processing steps leading to the formation 6f )
mature mRNA have been identified. Transcription units for mRMAs are
generally larger than the mature mRNA products. ° The sequence of events
leading to the :formation of stable mRMA” include initiation, capping of the
5' end of the transcript, cleavage and the addition of adenylic acid
residues at sites in the primary transcript to create 3" poly(A) tracts,
and the splicing out of introns (for review, see Darnell, 1982; Breathnach
and Chambon, 1981). Gene regulation may be ex?rcised at each of these
processing steps,q in t/ransport of mRMA from the —nucleus, and in the
stabilization and efficiency of translation of the mRNA. Not all nuclear
RNA sequences are destined to become cytoplasmic mRNA. In sea urchins, the
sequence complexity.of hnRNA is about 10 tim;s greater than the; complexity
of cytoplasmic RNA (Wold et al., 1978). ) o

Post-transcriptional mechanisms of regulatzion of particular
transcripts have been demonstrated in a wide variety of systems. ﬁuclear
processing of MRNA precursors in differentiating Mticellﬁar
Dictyostelium discoideum aggregates is markedly slower than in growing '
amoebae (Mangiarotti et al., 1983). In this system, mRMAs encoded by
different genes display different times of transit to the cytoplasm and.
glifferent efficiencies of nuclear processing. Kantor et al. (1980)
provided evidence that a deficiency in B-globin production in certain
patients with B-thalassemia may occur because of a mutation which affects
RNA processing and, consequently, cytoplasmic transcript 1levels. Esumi et
al. (1982) demonstrated that in analbuminemic rats, which lack serum
albumin and albumin mRNA transcripts in the cytoplasm of the liver, there
are clearly albumin mRNA precursors in the nuclei of liver cells at almost

normal levels, and concluded that the rats have a mutation affecting



LR e R e e

135

albumin mMRNA maturation. The cytoplasmic amounts of tubulin mRNAS in

Chinese hamster ovary cells or dipioid human fibroblasts* are reguléted'

post-transcriptiBnally by 1levels of unpolymerized tubulin subunits
(Cleveland and Havercroft., 1983). A similar feedback regulatory mechanism
may r&atri;:t the accumulation of paternally-specified subunits of cellular
structures in hybrid embryos. The prevention of the accumulation of
aberrant structural proteins in same echinoid hybrid embryos may permit
those ’enbryos to develop through 1larval stages, rather than suffering
dev'elopnental arrest. | '

It is likely that transcript-specific intracellular mechanisms result
in different stabilities of different mRNAs, depending on osecondary
structure, protein binding, terr.n.inal sequence elements, localization, or
sequestration. Cabrera . et al. (1984) have shown that sea urchin mRMAs can
have very different rate constants for decay. In hybrid embryos, the 15D6
gene may be inefficiently or abnormally ' “processed, inefficiently
transported to the cytoplasm, or rapidly degraded due to a failure of as
yet unidentified mechanisms. Establishment of the structure of the 15D6
transcription unit and itsh i)rocessing pathway, may enable us to evaluate
which step in gene expression is aberrant in the hybrid embryos. This in
turn may 1ea§d to a better understanding of the mechanisms regulating
transcript prevalence in normal sea urchin embryos and other eukaryotic
cells. |
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~ Sea urchin .eggs have "been the classic system for invest’i&ating the -
nature and role of nat:erna.l mRNA. In this thesis, T investigatedq the
extent to which érbryogenesis results from a progression of developmental
events directed by the embr{zo or an expression of a pre-formed maternal
program. v

Since the establishment of the stored mRNA hypothesis, it has been

‘proposed frequentiy that maternal mRNAs may act as localized morphogenetic

determinants in eggs and embryos (Raff and Showman, 1983; Brandhorst et
al., 1984). I approached this question by subjecting the proteins
synthesized by isolated  micromeres, mesomeres, and macromeres to
two-dimensinoal electrophoresis. Of approximately 1000 spots resolved,
therer are no qualitative differencgs among the three blastomere types.
When embryos were labelled between the first and fourth cleavage, and

blastomeres then isolated, no qualitative difference in protein synthesis

. Y ,
were observed. Moreqover, there are very few changes when unfertilized

eggs are compared to 16—cell embryos. Thus cellular determination during
embryonic development is not acconpanieé by qualitative changes ) in the
distribution within the embiyo of abundantly synthesized proteins,
virtually all of which are coded for by segquences present in the egg. It®
remains possible that less extensively labelled .proteﬁ“lns or proteins
already present in the egg and not detectible by my methods may be
segregated into different blastomeres at the fourth cleavage and that this
segregation is responsible for devel9gnental determination. Moreover, it

//‘
is possible that mRNAs coding for distinct populations of proteins are
. S

<,
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ségreéated into the different v blastomeres at the 1l6-cell stage. It is
also possible that the RNA which has 5een segregated by the 16—cell stage
serves a regulatorf role, as proposed by Davidson and Britten (1972).

There has been much interest -in establishing when the zygotic genome
of sea urchins becomes actively expressed, and to what extent it
participates in embryonic de\‘zelopment (Davidson, 1976, for review).
Interspecies hybrid embryos have been used to assess the relative
contributions of the maternal and embryonic genomes to early development.
I have used two-dimensional electrophoresis to analyze the synthesis of
paternal l.aroteins in embryos of three interspecies hybrids which form
healthy pluteus larvae: the reciprocal crosses of S, purpuratus and £S.
droebachiensis as well as S. pupuratus eggs fertilized with L. pictus
sperm, The synthesis of most dis}:inctly paternal proteins was never
détecte@’\ at, the stages of develo};xn\e\n\t* analyzed. Nucleic acid
hybridization analysis revealed that DNA coding for mRNA normally
translated in embryos of the paternal species is fully retained in §.
m x L. pictus hybrid gastrulae. Nucleic acid hybridization
experiments revealed that there is a substantial underrepresentation of

paternal transcripts, particularly those which are normally prevalent in

+ %the cytoplasmic polyadenylated RNA of hybrid embryos.

There are two possible explanations for these observations. First,
much of the mRNA translated into protein detected on two—dimensional gels
might be persistent maternal mRNA not normally replenished during
embryonic developmernt. Recent observations suggest that éertain
transcripts may persist throughout embryogenesis (Cabrera et al., ‘ 1984).
Alternatively, the synthesis, processing, nuclear export, or stabilization
of meny paternal mRNA transcripts may be impaired in the hybrid embryo.
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If the restricted. accumilation of‘ paternal transcripts in hybrid
enbryos is largely the result of persistence of a large mass of maternal
transcripts, it might be that the signals for RNA transcription and
processing are conserved between the two\q:'emes and RNA accumulation in
interspecies hybrid embryos reflects normal expression of the paternal
genome during development. One prediction resulting from this is that
transcripts accumilating in normal embryos should also accumilate in
hybrid embryos. Conversely, failure of proper transcript accumulation in
hybrid embryos would indicate that the mechanisms which regulate RNA
accumulation in normal embryos and are aberrant in hybrid embryos.

To test this prediction, a library of cloned cDNA molecules
representing L. pictus gastrula cytoplasmic RNA was constructed. The
library was screened to select clones for species-specific cytoplasmic
transcripts indetectible in hybrid embryos. Most prevalent
species-specific transcripts identified accumulate by mass in normal
embryos, contrary to the prediction. One cloned sequence, 15D6, has been
analyzed in some detail. Restriction of expression could be due to 1)
loss of the paternal gene, 2) absence of appropriate maternal factors
required for transcription, 3) alteration of the gene prohibiting proper

transcription or procesing, 4) absence in the foreign cytoplasm of factors

required in order t0 process, transport or otherwise stabilize the

transcript, 5) autoregulation of transcript prevalence by accumulation of

translation products unable to associate with maternal structural

‘. proteins. RNA chain-extension analysis in isolated nuclei allowed me to

investigate the retention of the gene while at the same time dJemonstrate

that the gene is actively transcribed.
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I measured transcripts synthesized in isolated LpxIp and Spxlp nuclei
which. were at least partly homologous to the 15D6 insert sequence by
dot-blot hybridization. Transcription occurred using RNA polymerase II
from one strand of the gene having the same sense as that coding for the
cytoplasmic transcript which accumulated in LpxIp embryos. These data
indicate that the 15D6 gene is nearly as actively transcribec? per nucleus
in the SpxIp hybrid as in LpxlLp embryos of the same stage. 'Ih:a‘ continuous
accumulation of 15D6 transcripts in LpxIp embryos suggests that the gene
is maintained throughout embryonic development in a configuration which
allows active transcription. An alternative possibility is that the L.
pictus genome contains several copies of the 15D6 gene and that
transcription from other 15D6 genes occurs in hybrid nuclei but does not
produce the cytoplasmic transcript. If the 15D6 transcript is derived
from one of several transcribed homologous genes, a reduction in its
relative transcriptional activity might not have been detectible in nuclei
is(:lated from hybrid embryos. DNA dot-blot hybridization of
nick-translated genomic DNA to 15D6 plasmid DNA indicate that the 15D6
sequence is present no more than a few copies per haploid genome, but may
be part of a multigene family. Southern blot hybridization of genomic DNA
with 15D6 probes will allow an estimation of gene copy number.

Establishment of the structure of the 15D6 gene transcription l]I"Ait and

its processing pathway may enable us to evaluate which step in gene

' expression is aberrant in the hybrid embryos. This in turn may lead to a

better understanding of the mechanisms regulating transcript prevalence in
normal sea urchin embryos and other eukaryotic cells. A collection of

c@ clones have been identified corresponding to transcripts having
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interesting developmental histories. ‘The investigation of these will

hopefully provide more information about the regulation of gene . expression
in sea urchin embryos and its relationship to important developmental.

events.



137

N

8 MITOCHONDRTAL TRARSCRIPTS

}

"'Results from colony hybridizations (Fig.10.) suggested that same of
the mitochondrial CDNA  clones represented transcripts which are
developmentally-regulated. Several were also detected as being strongly
species-specific. Several were chosen for further characterization. Fig.
20A and 20B show the analysis of transcript expression for two different
cloned sequences. In Fig.20A, large transcripts (about 28s) are detected
in gastrula and pluteus RNA samples when probed with 16G7 plasmid DNA,
which contains an insert which is r:alatively conserved between L. pictus
and S. purpuratus. The transcripts detected for each develommental stage
are different in sgize, however. In Fig.20B, the pattem of expression of
species—speciﬁc 16F10 transcripts does not include large transcripts.
Arrows indicate the positions of discrete transcripts,y which can be seen
to differ for each probe. l

Fig.20C shows a typical dot blot hybridization analysis. Since 15D2
is present in all stages and species analyzed, it was used to insure that
dot blots contained RMA which was available for hybridization. This was ]

~ an effective control for the efficiency of dot blotting.

‘2 wi',
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Fig.20. RMA transfer blot hybridization amnalysis of 16G7 and
16F10 mitochondrial transcript representation in L, pictns
embryos. Total cytoplasmic RA was prepared, and after
denaturation, 10 ug samples in each lane were separated on agarose gels
containing formaldehyde. After transfer to Gene Screen, the RMA was
probed with nick translated (A) 16G7 or (B) 16F10 plasmid DNA, and
d:atected by autoradiography. Arrows indicate discrete bands and are
discussed in Appendix I. The positions of 18s and 28s RMA are mdicated

(C) autoradiograph of an RNMA dot blot probed with nick-translated 15D2
DNA., IL, SL, and SS refer to RNA isolated from IpxLp, SpxLp and SpxSp

embryos, respectively.

-

o

Stages: E, egg; G, gas a; P, pluteus,
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EFFICIENCY OF BIOTTING BNA

The quantitation of specific RNA transcripts in a population of RMA

| depends in large part on the efficlency of blotting RNA %t of a gel and

onto a filter. Gene Screen was used in this analysis since it has
superior RNA binding capability (F. Fuller, personal communication). All
of the RMA blots shown in this thesis were \photographed under W
illumination tc allow semi—quantitation of the efficiency of blotting RNA
from each lane of the gel (see Fig.21). This insured that the
differential signals detected on autoradiographs were an accurate
measurement of a particular transcr.ipt in a givén mass of RNA applied - to

the gel.
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P‘ig.ﬂ. Anmalysis of the efficiency of blotting RMA from an

agatose gel onto Genme Screen. The two prominent bands represent

18s and 28s RNA. (A) photograph of ethidium bromide pattern of RW
electrophoresed in ‘an agarose gel containing formaldehyde.

(B) photograph of ethidium bromide pattern of RNA blotted onto a Gene
Screen membrane. The ethidium bromide pattern ptlot;Jgraphed resulted from
ethidium bromide which blotted with the RNA; the filter was not restained.

3
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A catputér program was used for the rapid calculation of non-linear
least square solutions for data fitted to functions normally used in
reassociatioh and hybridization kinetic measurements (see Pearson, et al.,
1977). The program is designed to converge on a solution yielding
parameters which minimize the least squares deviation of the function from
a set of data. Solutions genera:ted by the program are independent of
input parameters and insensitive to further iterations. ¥

Data obtained from RNA-excess fxybridizations were fit as pseudo first
order reactions. DNA reassociation data were fit to a second order
function modified for reactions assayed by Sl-nuclease digestion (see

Pearson, et al., 1977).

///
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