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!=93s of IIBlly organisms contain a store of mRNA. \\hich supports protein 

sYnthesis during early aWryonic developnent and various regions of the 

egg cytoplasm are not identi~ with respect to developnental potential. 

l investigated the extent to which sea urchin eni:>ryogenesis results fram a 

progression of developnental events directed by the embryo, or an 

expression of a pre-formed naternal program. By the use of 

two-d~ional electrophoresis l demonstrated,that cellular determination 

during arbryonic developnent at the 16-cell stage is not accœpanied by 

qualitative changes in the distribution within the arbryo of 

abuooantiy-synthesized proteins, virtually all of which are coded by 

sequences present in the egg. using two~iIœnsional gel electro(iloresis, 

nucl:eic acid hybridization and m::>lecular cloning, l deoonstrated that 

there is restricted expression of patemal gene mRN1\. sequences in 

in~rspecies hybrid embryos. In sane cases, this is due to a 

posttranscriptional perturbation of gene expression in the hybrid E!'Ii:>ryos. 
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Chez plusieurs organismes, l'oeuf contient une réserve d' ARRn assurant 

la synthèSe des pro~ines au cours du développement, embryonnaire précoce. 

De plus, les di verses zones du cytcplasme de l'oeuf diffèrent par leur 
, 

potentiel de developpenent. 

J'ai tente de déterminer, chez l'oursin, dans quelle mesure 

l'eut>ryog~ese résulte d'une suite d'év~nemerits dirigés par l'E!!IÎlryon ou 

de llexpression d'un programme maternel préfo~. 

~'usaqe de l '~ectrophorese bidi1œnsionnelle a permis de dÉoonstrer 

,que ,la détermination cellulaire au stade à 16 cellules a lieu sans 

changement qualitatif, au sein de l'eat>ryon, dans la distribution de 

protéines abondamœnt synthétisées. Celles-ci sont presque toutes codées 
" 

dans des séquences d' ~ présented dans l'oeuf. 

L'usage de l * électrophorèse bidimensionnelle en plus du clonage et de 

l'hybridisation troléculaires a permis de IOOntrer l'expression restreinte 

du génane pa,temal dans des E![Ï)ryons hybrides inter-spécifiques. Dans 

certains 1 cas, cette expression est restreinte 1 par un procesSUs 

post-transcription incorrect, affectant la rê;ulation de l'ac~tion 

des ARNm. 
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l ilIproved the procedure for <>the isolation of the three blas.taœre 

~ of the 16-cell sea urchin ent>ryo, which enabled me to analyze the 

patterns of polypeptide synthesis in macraneres , mesaner~s 

micromeres. Using iIrpf'oved methods for two-dimensional e1ectrophoresis, l 

was able te resolve about 1000 different'" newly-synthesized polypeptides. 

" ,l 'Ibis is the higheét r.esolution. of sea urchin groteins ~ich bas been 

achleved to date. l dem:>nstrated that the pattern of polypeptides 

synthesized in the l6-cell E!li>ryos 18 nearly identical to the pattem of 

synthesis in the egg, and that cellular determination occurring in early 

sea urcbin developnent is not accat'q?a.I1ied by an asynrœtrical distribution 

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

in the egg. 

l used:' hlgh-resolution t'wo-dimensional electr~oresis of labelled 

pol~tides to daoonstrate that there is an urXIerrepr~entation of the 

expression of the patemal gencme in interspecies hybrid erbryos. l 

character ized the expression of hurx1reds of abundant protein,s in three 

different species of sea urchins ~ 1 analyzed three hybrid crossès, 

incl~ding a reciprocal pair of crosses at severa! stages of develo~t. 

This apalysis had not previously been perfooned on sea urchins but a 

similar analysis yielded interesting results in arrphibians. 
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l analyzed the representation of patemal and materna! cytoplasmic 

'pblysc;mal~iched poly(A)-RNA transcripts present in the ert>ryos of SpxLp 

inter~ies hybrid anbryos. l' ~amin~ for the first tiJre the 

representation inhybr id eroryos those trànscripts normally present in 

ent>ryos of the paternal species (te). 

l demonstratéd that restricted expression of the patemal genane is 

nôt accœpanied by 10ss of a detectibl~ fraction of the patemal genane 
J 

and that ,paternal !)NA persists througoout developnent ta the pluteus 

stage, in a cross between ~ pw:purabls egg and La. gictus sperme 

Due to· the conp1eteness of this analysis, l was able to fornnlate and' 
. 

test several predictions concerning the expression of the patemal genane 

in interspecies hybrid embryos and its relation ta gene expression in 

normal errt>ryos. 

l prepared a library of cloned cDNA sequences representing transcripts 

sane of which are species-specific ând developnent:ally-regulated. 

I characterized the expression of a r~t element in the cytoplasmic 

RNl\ of nomal and hybrid anbryos and deIoonstrated that there is regulation 

of the expression of a set of transcripts containing this element in 

interspecies hybrid emryos. 

l characterized the te:nporally-àistinct p;lttern of developnental 

expression of a cloned transcript, 16D4, in the anbryos of normal and 

interspecies hybrid embryos. l foW'rl evidence that the expression of the 
111 

gene rray he autonœously regulated in hybrid anbryos. Transcripts 

exhibiting this unique pattern of expression during early developnent have 

not been previously characterized. 
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l ~olated and cbaractetized a ,1 cloned transcript, 1506, which is 

underrepresented in the cytq>lasm of interspecies. hybrid estt>ryos at a time 

1dlen it is a~t.irç extensi vely in the patemal species E!llt>ryos. l 

daoonstrated that the gene is transcribed in both I.px.I.p and SpxI.p ent>ryos 

at a stage of developœnt when it normally acCUlllllates in ~ E!\t>ryos. 

'1'his is the first dem:>nstration that a post-transcriptional processinq 

event might be perturbed in echino,;i.d interspecies hybrid eut>ryos. It is 

also ~ first cl.œed se:pmce identified which exhibits restricted 

expression _ in hybrid Elli>ryos. 'nlese observations --Inày have iIrportant 

iDplications for an t;lIXlerstanding of gene expression in nornal Elli>ryonic 

developoent. 
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'!his thesis is assE!lbled in accordance with the regulations of the 

Faculty of Graduate Studies and Research of McGill University. It 

consista of a brief abstract and resume, introduçtion (and review of the 

literature) , ,followed by three chapters in a form suitable for 

publication. 
a , 

Chapter 2 bas been published as a p;tper by TUfaro and Brandhorst 

(1~79). Dev. Biol. li: 390-397. 

Chapter 3 has been published as a paper by ~aro and Brandhorst 

(1982). Dev. Biol. ia: 209-220. 

Olapter 4 is being prepared for publication. 

, 
'!he fQllowing figures have been published: 

'!able 2 is a. IOOdified version of that which appeared in Tufaro and 

Brandhorst (1982), and bas been published in Molecn]ar Aspects of Early 

JleVe1opœnt. (G.M. Malacinski and W.B. Klein, eds.) Plenum Press, New 

York. It has also been published in Tirœ, Space, and Pattern in E)rbr;ypnic 

Developœnt. (R.A. RaffaodW.R. Jeffery, eds.) AlaoR. Liss, New York. 

Fig.3. bas beeo published in Tixœ « Space, and Pattern in EnDQ70Ilic 

Deve1opœnt, and in Deyelo,gnenta' Biology, by L. Browder. SaurXiers 
, 

College, Philadelphia, and, in Molecn1ar A.~ts of Ear13 Pevelogœnt • 
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Fig.9. bas been pmlished in 'r3me. Sg!tce" and Pattern in &rtu::::mn,ic 

PeY§lQgœnt. 

For clarity, the 'discussion of results inmediately follCMS the results 

section of each chapter, am all cited literature has been cœbined and 

placed at the eOO of this' thesis. 
1 • 

J 

'AlI of the resul.ts am reviews presented in this thesis are 'the work 

of the author. .. 

1· , 

/ 

\ 



( 

viii 

l wiSlljO tllank my supervisor, Dr. Bruce P. Brandhorst for his 

'guidance, friendship, and stinulating discussions througbput the course of ' 

this work. l wish also to t:hank my supervisory camdttee, Dr. Ken Newrock 
, 

and Dr. Lawrence Kleiman for their advice and discussion. l am much j 

obliged ta my colleagues, Dr. Desh Pal Verma, Dr. Howard Bussey, Dr. Bruce 

Goodchild, Dr. Janet fok)nson', Dr. Greg Brown, Dr. David Franson, and 

Dr. William ~gett for their generous encouragement 

discussions. 

and helpful 

l p3.rticularly want ta thank Dr. Forrest Fuller for his advice in 

cloning and scr~ techniques~ Dr. Eric OIson for his advice in M13 

subcloning; Claude Lalande for his help with the translation of the 

abstract: Rà:>ert Lamarche and Guy L'Heureux for their excellent 

Iilotographic services; Yvette Mark, Donna Howe, Susan BacH, am Sylvie 

Gauthier for their' help in preparing the typescript; and Elizabeth Mader 

for her assistance with all those things she does sa weIl. 

A special gratitude is due Mary Bannet for her friendship and 

technical expertise. 

For their friendship, encouragement and helpful discussions, l warmly 

thank Dr. Andre Bédard, Ronald Conlon, Dr. 1 Normand Brisson, Dr. David 

Gwynne, Anthony Guglielmin, Linda Hougan, Barbara Mayman, Sean McLean, 

Bradley Popovich, Erich SChIrdk3t, Prakash Sista, Indra Veona, and Joanne 

Wilfong. 

l am indebted also ta Richard Bravrnan and Edward D'Orazio for 

accœpanyiBj me on IllY annual "sabbatical" fish.i,ng trip. 

1 



t 

(~ 

viii/c 

l thank Dan and Ella Bravman fC?r their generous love and encouragement 

throughout the years. 

l wisb to express IIV sincere appreciation for the great love and 

suwort of my entire family, and the saville family • 
• , 

F!nally, and IIDst inportantly, l thank my wife Donna, for ber love, 

constant encouragement, and unfailing patience. 

.~ 

1 

.. : 

,< , 
j-



•• ., 

( 

~-

B-

d(T) 

mm 

EGTA 

nt 

PMSF 

o 

Pipes 

Poly(A)-RNA 

Poly(A)~ 

Poly(A)~ 

rOOA 

rRNA 

RNAase 

sœ 

SSC 

'!'ris 

u 

U 

lN 

a1{ila 

beta 

base pair (s) 

ccrrplementary: doexyribonucleic acid 

deoxyribonuclease 

deoxythymidilate 

ethylenediaminetetraacetate 

ix 

ethylene glycol-bis -(B-aminoethYl ether) 

N,N'-tetraacetic acid 

messenger ribonucleic acid 

(3-[N-Morpholino] propanesulfonic acid) 

nucleotide (s) 

Iilenylmethylsulfonyl fluoride 

piperazine-N,N'-bis (2-ethanesulfonic acid) 

ribon~leic acid containing poly(A) tracts 

ribonucleic acid oontaining poly(A) tracts 

ribonuc1eic acid lacking poly(A) tracts 

ribosanal DNA 

ribosanal RNA 

ribonuclease 

sodium dodecyl sulfate 

standard saline citrate 

tris (hybroxymethyl) aminanethane 

micro (10-9) 

units 

ultraviolet 



r 

Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

x 

IJST CP PJGDRe; 

PIGE 

'l'wo-diIœnsional electrophoresis of proteins synthesized by 46 

isolated b1astomeres. 

Analysis of artifactual differences in electrophoretic 

pattern. 

" 'l'wo-di.mensional electroFhoresis of proteins synthesized 

by unfertilized eggs and 16-ce1l embryos. 

Pluteus stage parental and hybrid E!li:>rycs. 

Two-dimensional e1ectrophoretic detection of paternal 

proteins synthesized by hatching blastula stage hybri,d 

E!ri:>ryos. 

Two-dimensional electrophoresis of a mixture of proteins 

synthesized by S.a. puepuratlls and ~ droeœchiensis pluteus 

stage e:nbryos. 

Bigh-resolution analysis of paternal-species-specific 

proteins synthesized in p1uteus stage hybrid sryos • 

47 

48 

62 

63 

65 

67 

. Fig. 8 Reaction of ~ with excess DNA. 71 

Fig. 9 Hybridization of cDNA with ··excess RNA. 73 

Fig. 10 Colony filter hybeidization analyeis of gastrula stage 102 

transcripts prevalence in La. pictus, .s.a. pw:purah lB aJXI 

hybrid enbryos. 

Fig. l1 Plasmid DNA oot blot hybridization analysis of egg _ aJXI 105 . 

pluteus stage transcript prevalenœ. 



xi 

1 PlIGE 

... 

Fig. 12 Prelirninary restriction maps of ptp:;l5D6, p~6D4, and 108 

p4;G16B7. 

Fig. 13 RNA transfer blot hybridization analysis of l6B7 transcript 110 

representation in k pictus, s.a.. purpuratus and hybrid 
r 

embryos. 

Fig. 14 RNA transfer blot hybridization analysis of 16D4 transcript 112 

representation in k pictus, .s.a. pm;puratus arrl hybrid 

enbryos. 

Fig. 15 Quantitative analysis of 1604 transcript representatioq~ in 113 

La.. pictus, s.a.. purpura tus and hybrid anbryos. 

" 
-Fig. 16 RNA transfer blot hybridization analysis of 1506 transcript 115 

i • 
representation in L..... pictus, s.a.. pw::pyratus arrl hybr id 

embryos. 

Fig. 17 Quantitative analysis of 1506 transcript 'representation in 116 

L.... pictua, s.a. purpurabJ5 and hybrid anbryos. 

Fi9. 18 Quantitative analysis of RNA chain-extend~ in the 119 

presence of oc,-am:mitin. 

Fig. 19 DNA dot b10t hybridization analysis of transcrfption 121 

using chain-exterrled RNA probes. 
-F 

Fig. 20 RNA transfer blot hybridization analysis of 16G7 and 138 

16F10 mitochondrial transcript representation in k 

pictus entlryos. 

Fig. 21 Analysis of the efficiency of blotting RNA fran an 140 

agarose gel onto Gene Screen •. 

~ 
.. 



1 

( 

Table 1. 

Table·2. 

\ ' 

r,mp CP ""'R8 

Stmnary of gel electrophoresis data. 

Frequency distribution of polyadenylated RNA sequences 

In .Li. pictus and Sa. pw;purabls gastrula stage embryos. 

'. 

fi 

xii 

PIlGE 

68 

74 



li-

t 

xiii 

Bnunw and a-ica1 ft 

, . 
Restriction eOOonucleases were obtained fran: Boehringer Mannheim, PL 

, 
lBiochenicals, Bethesda Research Laboratories and Amersham Corp. 

RNAase, DN1\ase 1: SigÎna Chanical Cœtpany 
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Lysozyme: Sigma Chanical ~y 

,. 

Cloning vectors pBr322, Ml3-Mp8, Ml3-Mp9 and lEl L ~ were a gift of 

Dr. D.P.S. Verma. 

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

Forrest Fuller. 

AlI of the chanidùs used were of high purity or "Reagent grade". 

'lbe following products were cbtained fran Sigma: glycylglycine, 

penicillin, streptanycin, dithiothreitol, Tris (Trizma base), PMSF, 

m'rA, Pipes, Triton X-IOO, EDrA, ethidium branide, Hepes, SIlS yeast 
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t:RNà, cacodylic acid (sodium salt) , tetracycline, anpicillin, 

'. chloraqhenicol, PVP-40, BSA, rrops, acridine oraIXje, salrron sperm lEA, 

spermidine • . 
Fisher: Potassium ~dùoride, sucrose, trichloracetic acid, magnesium 
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Malincrodt: tilenol crystals 
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Kodak: B-rnercaptoethanol, X-ray film 
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Polaroid: Type 52 and 57 film 
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Kawecki Berylco Industries: Cesium chloride 

Collaborati ve Research: oUgo ~dT) -cellulose 

, 

Q , 



1 

c 

t 
CJ!ater:ials-cœtJnœd> -

xv 
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'lbe replic;ating device wu constructed by Tony Briza. '!he dot blot 
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·'Rie endeavor to discover by experiIrent the mechanisms by which 

expression of the genane results in the creation of a differentiated 

.. 

E!Ibryo is the central problem in the l1J.)lecular biology 9f early. 

developnent. '!he egg, fonœd dur ing oogenesis, is cœpetent to manifest a 

program of developnent leading rapidly through ordered cell di vision to an 
l , 

elaboration of norphological structures made up of differentiated cell 

types. '!he process of fertilization acti vates this program of 

developnent. It bas been nearly a century since the experiments of 

Hertwig, DrieSch and wilson on marine eni)ryos clearl:y denonstrated that 

mitosis does not result in a qualitative partitioning of nuclear material 

as previously envisioned by Roux and Weismann (Jenkinson, 1909, for 

review), and tbat various regions of the egg cytop1asm are not identica1 

with respect to the aevelopnental potent~al of blastaneres containin:J 
--~ 

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

. enbryogenesis resul ts frem a progression of developnental events directed 

by the anbryo, or an expression of a pre-formed mternal pr?3ram (See 

Davidson, 1976~ Davidson ~ .al., '1983, for a detailed historical 

perspecti ve) • 

It is now known that the eggs of nany organisms conta in a store of 

mRN.J. which sUWOrts protein synthesis during early aIt>ryonic deve10pnent 

(Brandhorst, 1984, for review). ... While this maternai mRN1\ accounts for 

oost of the protein synthesis during ear1y developnent, mRNA is also 

actively synthesized within a few ho urs after fertilization and ultimatel.y 

suwlants the rraternal rnRNA. However, the contribution of embryonic 
l 

Il 
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transcription to the ~ population during ear1y ert>ryonic developnent la 

not easily assesaed. 

Stored naternal ~ was first h~thesized and characterized ir,l sea 

urch:in eggs (Brandhorst, 1984, for reY'iew), and sea urch:in eggs have been, 

the classié systen < for investigating the nature - and ro1e of naternal 

mRNl\. 'Ibis is partly due to the fact that sea urchin eggs and embrios are 

alOOng the nnst oanpletely described ceils, both tmlecularly and 

physiologically (see Davidson, 1976, 1983, for review). Sea urêh~ 

1 

.' ' 

'i 

interspecies hybrid embryos have long been used to assess the relative 
t { 

contrlbution of the 0 maternal and zygotic genane ta developnént (see 
. 

Davison, 1976.; Giudice, 1973, for review). Of the hundr. of 

" interspecies, experiments reported in the literature, l Will describe 

severai exanp1es in detail in this introductol:y chapter. l have ,not 

restricted my discussion ta echinoid experœnts, as interspecies hybrid 

embryos have proven to be a powerful system for the investigation of a 
! 

variety of diverse and furrlamental aspects of gene regulation in many 
" 

organisms. In chapters 3 and 4, l describe new experiments on gene 

expression in echino;id hybrid embryos. 

Since the est{!blishment of the stored ~ hypothesis, it bas been 

frequently, proposed that maternal mRNAs may act as localized IOOqilogenetic 
. 

determinants in eggs and anbryos (Raff and Showman, 1983: Brandhorst.et. 
• 

.al., 1984, for reviews). If 'camnitrnent of a blastanere to a particular 
Q 

cell fate is the result of establishment of a unique population of mRNA' in 

that blastanere, a ooncurrent charpe in the pattern of protein synthesis 
J 

might occw: in that blastanere. Sea urchin enbryos exhibit an early 

restriction of developnental potential" '!he 16-cell anbryo is COIIÇlOsed of 

three cell types which have different fates (Okazaki, 1975: Hynes .et Al., 

, < 

" 
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-1972). In, chapter 2, l report on my investigations of protein synthesis 

in micraneres as an approach to establishing the role of materna! mRNA or 

newly Byll,thesized RN1\. to the determination 'of these celJAt. In this 

chapter, l will rev:iew severa! experinents deroonstrating localization of 

g>l:phogenetic infor:mation in a var iety of organisms in order to illustrate 

the diverse and e1egant nature of this phenœenon. 

OJoea_i" aM Pert;1J i ptim of Bea Qrddœ 

Mature sea urchin eggs range in size fran about 70-120 u in diameter 

(Giudice, 1973; Hinegardner, 1915). Both meiotic maturation divisions 

occur within the ovary of sea urchins" unlike IOOst organisms. A gravid 

femaJ.e containe, besides several million mature eggs, 0.5-2 x 106 

vi.t"'el1ogenic oocytes, am about 10~ previtellogenic oocytes and oogonia 

-,Hoogh-Evans & al., 1979; Leahy ~ àl.,., 1918, 1981) • '1he morpho1ogy of 

the sea ur ch in occyte is typical of JOOst oocytes containing JlDderate 

amounts of yolk. 

',the echinoid egg is surroW1ded by an outer jelly coat corrposed of acid 

IlUlcopolysaccharide and t7t a glycoprotein vitelline envelope that is 

c10sely apposed to the egg surface. After traversing the jel1y coat, 

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

acrosaoal processes, which are formed on contact with egg jelly (Dave .et 

Al., 1964: Decker .et. Al., 1976). 'Ihe acrosanal process appears to bind to 

the vitelline envelope by bindin, part of the material released during the 

acrosanal reaction.'. . To sane extent the species-specificity of 

fertilizat!on i5 due to an interaction between the sperm bindin and a 

specifie g1ycoprotein sperm receptor on the vitelline envelope (Sunmers 

and Bylander, 1915i Glabe ard v~err 1978). 

,~ ; 

.' 
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Normally, only a single sperm pehetrates the vitelline layer arXi fuses 

with the egg plasma membrane. '!he sperm nucleus enters the egg as a 

structure having highly condensed chranatin. In one species, Arbacja 

punctulata(, the sperm nucleus vesciculates and partia11y dis soc iates1 the 

apical 0 ~ basal portions remain intact. Chranatin dispersal begins, am 

ment>ranous vescicles aggregated along the periphery of the chranatin fuse 

with the ranaining apical and basal portions of the original sperm nuc1ear 

membrane, forming the male pronuclear envelope. '!he male and fema1e 

pronuc1ei meet and fuse, and the patemal am maternaI genetic material 

becane enc10sed within a ccmmn meni>rane for the first time. Soon 

thereafter, the spind1e starts to form for the first cell division, which 

cleaves the egg cytop1asm into two equal blastaneres. '!he nuc1èar 

ment)]::ane breaks 00wn inmediate1y thereafter and proJ;tlase starts. At 

metaphase, the chraoosanes oome to lie in an ordered array at the equator 

of the egg. '!he mnnber of chranosanes of the sea urchin bas not been 

accurate1y determined, although various studies of aOOut ten species 

indicate that there are 36 to 44 chromosanes per diploid genane (Harvey, 

1920; Grin'pe, 1930~ MacClung, 1939; von Ubisch, 19611 Makino r 19511 Gray, 

1921; German, 1964). 'lbe first cleavage furrow divides the egg into equal 

halves alon.; the "animal-vegetal" axis. '!he "animal pole n later becames 

the site of a group of apical cells bearing a tuft of especially long 

cilia, and the "vegetal pole" later becornes the site of primary mesenchyme 

ingression and gastrular invagination. At the fourth cleavage, four very 

small cells, the micromeres, are formed by aSyrt'II'OOtric cleavage at the 

vegetal pole. 'Ihese are the progenitors of a lineage of cells that gives 

rise to the larval skeleton and will be considered in greater detai! in a 

1ater section. 

.' 
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A logarithmic&rate of cell division is maintained until there ite 

about 200 cells. Later, when the embryo cantains about 400 cells, it 

secretes a pr,otease called hatching enzyme which dissolves the 

fertilization membrane and the zygote is free ta swim. The hatched 

E!t1bryo, termed a blastula, is organized as a hollCM ciliated ball wi th a 

praninant ciliary tuft at the animal pole. During the blastula stage, 

prinary mesenchyme cells, descendents of the original micraneres, enter 

the blastocoel. A thickened, fiat plate of cells develops at the vegetal 

pole and is the site of invagination at the onset of gastrulation. 

Gastrular invagination, leads to the formation of the archenteron, the 

ert>ryonic gut. The stanadeum, the larval nouth, forros inductively at the 

point where the archenteron tip makes contact with the inner blastocoelar 

wall at the aninal pole. An internal skeleton i8 elaborated by primary 

rnesenchyme cella, beginning aS a p:lir of tripartite spicules which are 

• canposed of rnagnesium and calcium carbonates in the proportions of 1:20, 

as weIl as an organic rnatrix (Okazaki, 1970). During the subsequent 

developnent to the pluteus stage, the enbryo elongates, the archenteron 

differentiates regionally, and the four skeletally supported arrrs grCM 

anteriorly (See Fig. 4). '!he free-swinrning pluteus laD.[a contains about 

1500 cells and begins to feed. Until this stage embryonic developnent has 

not been aCCOI'Ilpmied by growth: until the larvae starts to feed, the rnass 

of protein and RNh in the embryo ranam constant. After several weeks of 

feeding, growth, and ,extensi ve !ID q::hogenesis, rretam:> rphosis takes place 

abruptly. Extensi ve l1JJrphogenesis and differentiation takes place after 

metamorphosis, including gonadal clifferentiation. A fertile adult foms 

in sever-al ronths, deperrling on the species and the availability of food. 
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Byglpttmaa BebHqwbfp of tif!?ClC)erne 

'!he :r;tlylum Echinodermata canprises five classes of marine organisms. 

'nlese are the Echinoidea (sea urchins), Asteroidea (sea stars) , 

ùpliuroidea (serpent stars), HOlothuroidea (sea cucurnbers), and the 

Crinoidea' (sea lilies). '!he sea urch:in, upon which the bulk of research 

has been done,' and the sea stars have been used extensi ve1y as sources of 

eggs and sperm for studies of developnental and œIl bio1ogy • Bath sea 

urchins and sea stars can he maintained :in the laboratory. l used several 

species of sea urchins in my research. StrOll;iYloceotrotlls droebachiensis 

is found along the northeastern, northwestern, and arctic coastlines of 

the United States arXl Canada, Str~locent(QtI1S pur:purat!l5, a close 

relative of .s.a.. droehçlchiensis is an intertidal and subtiàal species found 

aloog the west coast of North America and Lytecbinus pictus grows 

subtidally fran Panama to Southern California (Hinegardoer .et .aJ..., 1981). 

'!he t'wo orders represented by these three sIJecies, Tannopleuroidea 

(Iqtecbinus) and Echinoidea (Strongylocentrotus), diverged approxirrately 

175 million years ago [MYA] (Durhan'l, 1966). Within the order Echinoidea, 

the fami1y StrC>IWlocentroti&e is represented in the fossil record fran 

the early Miocene, about 20 MYA. Divergence of the Strorwloceotrotidae 

is oot precisely known due to the sparseness of the fossil record, 

altOOugh s.... pl1rpurabls and s..... droel]acbiensiS were roorphological1y distinct 
, 

at least 7 MYA. Single-copy DNA sequence ooroology Iœ~urements are 

consistent with the fossil record. ~ purpuratus shares 67.8% of its 
. 

sing1e-copy DNA sequence with .s.a. droebachieosis and ooly 11.5% with k 

pictus (Angerer .et. .al., 1976). Interestingl y, al though about 88% of the 

single-cOpy DNA of La. pictus and a.: purpuratus has di verged beyond 
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recognit::i0n at a defined, JIOderately stringent criterion (700 , lM NaCl), 

the 12% that mes react bas been relati vely conserved in evolution 

(Anjerer .et .al., 1976; see also Harpold and Craig, 1978). 

'!he haoology of S.a. purpuratus gastrula po1ysanal mRNA sequences to the 

tfiA of the other species has also been deterrnined. '!he homology to .5.&. 
1 

drgehachiensis DNA bas not been detennined, but when .s.a. purpurabls is 

catpired to .s.... franciscanug (a species more divergent fran .s.a. punruratlis 

than .s.... drOfbachiensis) greater than 90% of the s... pw:puratus gastrula 

polysanal RNA sequences have canplements in the s.a.. franeiscaous genane. 

Sinee this value is higher than the single-copy DNA haoology of the two 

species (77%), structural gene sequences are diverging at a slower rate 

than the bulk of sing1e-copy sequences. Only 14% of the gastrula 

polysanal mA sequences have cauplements in the La.. pictus genane: thus 

there is 1ittle specifie oonservation of structural gene sequences at this 

great evolutionary distance. This is not surprising sinee codon 

degeneracy and harmless amino acid substi tution could allow for extensive 

di vergence. 

only about 30% of La. pictus proteins and 15% of .s.... drOflhachiensis 

proteins can be distingUishe:l frem S.a. purpuratus proteins when analyzed by 
. 

two-d~nsional electrophoresis (Tufaro and Brandhorst, 1982; this thesis, 

" ch. 3). This illustrates the evolutionary constraints on the structure of , 

prevalent proteins during echinoid evolution. The proteins detected on 

these gels 00 not represent a high pereentage of the corrplexity of the mA 

or RNi\ pc>Fcl.ations; consequently less abundant proteins may diverge 

differently. 
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'!he haploid genane of echinoderms ranges in size fran about 0.4 ta 4 

pg; the largest echinoderm genane is the size of the typical manmalian 

genane. About 72% of the genane of the sea urchin s.a. purpuratus col'1sists 

of a highly ardered J:8ttern of interspersed repeated and single-copy 

sequences (Graruun.et. Al., 1974) which has been shawn to be the typical 

pattern ~f organization of the mA of JOOst animal species studied. Fran 

about 50 to 80% of the total DNA~ with the notable exception of Drosog"ila 

(Manning 1ll. Al., 1975) am certain other insects (Crain ~ .al., 1976), has 

a "short period" interspersion pattern; that is, short repeat sequences of 

a few hundred nucleotides are interspersed wi th single-copy sequences up 

ta severa! thousaOO nucleotides Ion;; (Britten.et..al., 1975), 

'!he kinetics of reassociation of sea urchin repeti ti ve and 

s~le-copy ~ indicate that there are classes of repetitive OOA ranging 

fran about 20 ta 6000 copies per genane (Graham.et..a.l.., 1974), arranged in 

long, intenœdiate and short period Sp;!cings, inplying the exist~ce of 

longer and shorter sêts of interspersed single-copy sequences. '!he 

shorter length is about 1000 nucleotides, and the longer lerçth ia 

probably greater than 3400 nucleotides. As 6% of the genane haB been 

shawn ta oonsist of highly-c1ustered repetitive sequences, 22% of the 

genane IlUSt exist as stretches of a!IIDst pure single-coP';{ sequence (Graham 

.et.. al.., 1974). '!he total sequence cort'p1exity of single-coP';{ DNA of .s.... 
purpuratus is about 6.1 x loS nucleotide p3.irs (Graham .et. .al., 1974). 

Severa! thousand different families of repetitive sequences are 

represented in sea urchin genanic !:NA. 'nle availabili ty of c10ned 

reÎ)etitive sequences bas made it possible ta investigate the 
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characteristics of indi vid~repeat families, which was not possible by 

other fractionation methods based on renaturation kinetics. Klein .et.al. 

(1978) analyzed the genane of ~ pw:puratus using 26 Cioned repeats. 

Estimates of sequence divergence of these c10ned repeat families were made 

by canparing the thermal stabilities of heteroduplexes formed with genanic 

DNA to those of renatured cloned fragments. Most of the families lack any 

highly divergent relatives and show a nucleotide sequence div~_r?:nce of. 8% 

or less (Klein .et.al., 1978). SOne families, however, do contain highly 

divergent members, possibly due to subfamilies of smal1 repeat elements 

present unequally in different members of a family (Scheller ..et..al., 1981; 

Posakony .et .a.J..., 1981). '!he cloned repeat families are fourrl 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) • 

Nuclear RNA 

Bea urchin nuclear RNA cons~sts of lol):J tracts of interspersed 

repetitive am sing1e-copy sequences (Smith.et.al., 1974). Many of these 

repetitive sequences are probab1y embedded within the introns which are 

reroved in sp1icing the primary transcript durm9 the maturation of rnRNA. 

'!he ccmplexi ty of heterogeneous nuc1ear RNA in ~ PW:::Puratus gastrulae as 

measured by 'RNA--driven reactions with non-repetitive mA is 1.74 x 108 

nucleotides, which is IOOre than ten urnes the cc:rrplexity of the polysanal 

mRNA extracted fran anbryos at the same stage and is equivalent to 28.5% 

of the genanic cœp1exity (Hoogh ~ .al., 1975). 
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Regulation Qf Transcript Preva!ence 

'lbe kinetics of hybridization Qf cJ:NA tQ sea urchin egg poly(A)-RNA 

indicate that RNA sequences are present in a broad range of abundance 

(Wilt, 1977; Duncan and Hunphreys, 1981). '1l1ese data inply that about 50 

average-sized poly~A) -RNA ro1ecules are present in the egg in an abwx1ance 

10 tQ 100 tiIres higher than rare sequences. Rare sequences are those 

which are present in a few thousand ropies per egg on average, and 

canprise most of the c:onq;>lexity. A few sequences are present in 1000 fo1d 

higher abundance than the rare sequences and are prQbably mitochondrial in 

origin (O'Brochta .et. al., 1981; Wells ~ al., 1982; see chapters 3,4). 

AlthQugh these IOOre abundant sequences represent little canplexity, they 

cœrprise about half of the mass Qf matemal RNA (Wilt, 1977; Duncan and 

Humphreys,1981). 

'!he mode of regulatiQn of mRNA c:att'lexity and abundance is not clear. 

Generally, sea urchin developnent proceeds with a decrease in the nllI\'t)er 
~ 

of different (rare) mRNA species represented (Galau .et .al., 1976). '!he 

regulation of tbis phenanenon appears to be due, at 1east in part, to 

regulation of post-transcriptional processes, rather than transcriptional 

selection, as nuclear RNA canplexity and sequence representation ranains 

constant or near1y constant during developnent (Kleene and Ht.llI'{ilreys, 

1977) and canp1ex c1ass mRNA sequences characteristic of 1arval stages or 

adult tissue are present ~ng nuclear transcripts but absent on polysanes 

of other stages or tissues (WOld et .al.., 1978). 



~---

• 

( 

Il 
i· 

... .. 
Fertilization is often considered a "trigger" that switches on the 

unfertUized\ egg. Enzyme. activities, menbrane tr~rt activities and 

rnacrOlOOiecular synthetic acti vities are all nOOified after fertilization 
l 

and are reviewed e1sewhere (Vacquier, 1981; Epe1 .et .al., 1975; Giudice, 

1973~. 'lbe nost salient rrolecular event, for this discussion, ia a 

dramatic rise in the rate of protein synthesia upon fertilization of aea 

urchin eggs • 'lbe rate of protein synthesis begins to increase allOOst ,~, 

inmediately at fertilization am reaches a 1eve1 15 to 30 fold higher 
~ 

within 2 h (Hurrphreys, 1969; Regier ~_~~~os, 1971 .. Gous tin ,and Wilt, 

1981). While fewer than 1% of the ribosanes of the egg are assanb1ed into 

polysanes (Humphreys, 1971) about 30% of the egg riOOsanes are involved in 
, 

polyscmal structures by the 16.-cell stage. 'lhe egg contains a large 

population of mRNA IOOlecules which exist in the cytop1asm in an 

untranslated state despite the presence of excess riOOsanes and al1 of the 

necessary CC>IlpOIlents for protein synthesis (Hultin, 1961; DeMy and Tyler, 

1964). Following fertilization, mRNA is recruited into polysanes at a 

linear rate for the )rst hour and at a deçreasing rate for the subsequen~ 

two hours (Dolecki,et.,al., 1977, Wells ,et. .al., 1981). At least 85% of the 

rnRNA rolecules OPi polysanes at 2 h post-fertilization are derived fran 

the Iœtemal population (Htmphreys, 1971) • 

.&.wcleation Experirœnts 

A variety of @vidence bas accumulated which sUtJgests that this rise in 

protein synthesis ia independ~t of mRNA synthesis by the zygote. Brachet 

~ Al. (1963) and Denny and 'lYler (1964) showed that sea w:chin eggs, 
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enucleated by centrifugation and artificially activated, are able to carry 
o 

out protein synthesis. Shortly thereafter, a similar conclusion for frcg 

eggs was reached (Smith and Ecker, 1965). '!he post-fertilization increase 

in protein synthesis was also dem:mstrated to œcur in sea urchin eggs 

incubated with Act.inanycin D at a concentration sufficient to black 95% of 

RNA synthesis, and more inportantly, to inhibit mst synthesis of large, 

hetercgeneous RNA (Gross arXi Cous in eau , 1963; Gross .et. .al., 19641 

Greenhouse .et..al., 1971). 'lhese chemica11y enucleated embryos synthesize 
" 

~, cleave, and u.rrlergo 1imited IlOqilogenesis before arresting at the 

hatching blastula stage. Protein synthesis continues to occur in the 

apparent absence of new RNA. synthesis. Inhibition of RNA synthesis in 

E!lIi>ryos of snails (Newrock and Raff, 1975), ascidians (Whittaker, 1977), 

and nanmals (Tasca am Hillman, 1970: Manes, 1973) has yie1ded results , 
similar to those for sea urchins, confinning that activation of 

translation 

Iilencmenon. 

of materna! mRNl\ after fertilization is a widespread 

In a third. approach, interspecies hybrid anbryos, (anj 

androgenetic hybrid E!Ibryos) of echinodenœ exhibit an alnnst exclusively 
. 

materna! character in deve10pnental timing and features during early 

E!lIi>ryogenesis (reviewecl by Davidson, 1976). 
~ 

'lhese experiments, while not entirely convincing due to the 10w 

sensitivity of the assays, and the assurrptions invo1ved, indicate that 

protein synthesis occurs on pre-formed RNA synthesized dur mg oogenesis 

which remains translationa11y inactive until after fertilization. 

Çell-Free Translation 

A IlOre direct display of storecl, translationally inactive .Rli\ in eggs 

is provided by results of cell-free' translation studies. Rudennan anj 
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Pardue (1977) analyzed the classes of mRNA present in sea urchin eggs by 

cel1-free translation and found translatable poly(A)+ and 
o " 

poly(A):' 

non-histone mRNl\s as well as poly(A) - histone rnRNAs. It bas been 

estlmated that 3 to 4% (by nass) of egg RNA can act as tanplate in 

hetero1ogous translation systens (eg., B.....cQli, Sarcoma-lBO cells) (Slater 

and Spiege1man, 19661 Jenkins ~ al., 1973). 

Gross .et..al. (1973) deroonstrated that RN1\ extracted fran 20 to 40s 

particles of eggs is translated into histones .in D.,tm. SUbsequently, 

Lifton and Kedes (1976) showed that the non-translated, but canpe1;ent 

histone mRNAS in sea urchin eggs are identical to histone mRNAs being 

translated after fertilization. 'lbe RNA 1 S have identical electroIiloretic 

mbilities am, ..in. nt.r.a., produce well-defined histones, which have been 

shown to he characteristic of early developnent (Childs .et .al., 1979). 

'!he absolute structural EqUivalence of these mRN\s bas not been 

demonstrated however. 

Brandhorst (1981) has shawn that the RNA residing in egg polysanes of 

the unfertilized egg is synthesized in the mature egg, aoo not during 

oogenesis~ this RN1+. is relatively unstab1e, and does not contribute to the 

post-ferti1ization rise in protein synthesis.· Stored mRNA, synthesized 

Il1lch earlier during oogenesis, is rècrùited. '1bere appears then, to be a 

rnechanism for sÉùectinç mRNA for translation based on the time of its 

synthesis. 'lbe mechanism for the recruitment of stored RNA for translation 

is, at present poorly urxierstood, but is being intensively investigated 

(See Raff .et. .al., 1983). 'lbe predominant hypothesis ia that stored mRNAs 

are Itmasked" by sane factor, probab1y protein, in the eggs and that this ... 
mask'is re1eased by sane event fol1owing ferti1izatiçm (Spirin, 1966; alao 

Bee Raff, 1980; Raff and Showman, 1983>'. Masked ~ is prest.med to he in 
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the form of translationally inactive RNP puticles. Moat,et. Al. (1982) 

have recently concluded th.t, umer a variety of conditions, RNA in egg 

RNP fBrticles is not significantly less efficiently translated than ~ 

purified fran these RNP's fran 1ater stage ent>ryos. 

'lllere are other possible mechanisms of translational restriction in 

sea urchin eggs (for IENiew, see Brandhorst, 19~4). sane mRNA SeEmS to be 

sequestered in, or associated with membrane vescicles which are abundant 

in Bea urchin eggs. Sea urchin -type histone mRNAs are sequestered in 

the female pronucleus (Venezky .et.al., 1981: Showman et. .al., 1982, 1983) 1 

their presence in cytoplasmic particles of eggs is an artifact of cell 

fractionation. Most enbryonic po1ysanes, Wllike JOOst trans1atab1e 

materna! mRNAs of the egg, are associated with the cytoskeleton under 

certain ionic conditions (Moa'l At .al., 1983). '!he significance of this is 

not presently known. 'lbe interael1ular pH rises after ferti1ization, am 

this could affect_ the trans1atability of RNA or the activation of sane 

"factor" necessary for translation. 

lIM. SJentbesiB iUld Trapalat1CJ) in Fggs 

Sea urchin eggs synthesize proteins at a 10w rate. 'lWo-dimensional. 

electroI*lor~is of [35S] -methionine-label1ed polypeptides of 

unfertilized and fertilized eggs indicates that virtual1yall of the 1000 

well-reso1ved polypeptides are synthesized in the same relative aIOOunts in 

unferti1ized and ferti1ized egg sanples (Brarrlhorst, 1976; Tufaro and 

Brandhorst, 1979; Bedard and Br~rst,~983). '!he increased rate of 

protein synthesi:S after fertilization is clearly not due to the 

recruitment of a distinct set of RNA axliB] for qualitatively-distinct 

-; 
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proteins. 'lbis is strong evidence that the saIne coding sequ~e IIIlSt 

exist in at least two different ptates, distincti~~ by their translational 

activity. 

/ 

Stabi J 1 ty 'of Materna! 1116\ 

Eersistence of Maternal mRNi\ Dudng Deyelnpœnt; 

Many stored
o 
maternaI RN.1\. sequences remain present throughout E!!It>ryonic 

developnent of s~ urchins. Hough-EVans .et.al. (l977) shOW'ed that rare 

sequences present in the egg are maintained in embryos for several murs, 

and decline as developnent proceeds. '!he data inply that not all RNA 
, . 

• sequences in the egg are utilized as niRNA at any particulaI stage. A 

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

maternal single-copy sequence set persists in the polysanal RNA throughout 

develor.ment to the pluteus stage. 

'!he regulation of prevalent and rooderately prevalent RNI\ sequences bas 

beén analyzed using libraries of cDNA clones (Lasky .et aJ..., 1980; 

Flytzanis et.al., 1982). Several hundred cloned aburrlant RNA se::.JUences of 

the egg were analyzed. More than 90% of these are pr~t in a simUa~ 
{:l 

abundance in eggs and pluteus stag~ embryos, while generally declining at 

the gastrula stage. It may be that ~temal mRNl\s ,slowly decay and new 

synthesis of these same sequences fran the enbryonic genane begins te 

coWlteract this loss after gastrulation (Flytzanis ~ Al., 1982). '!hese 

data do not eliminate the possibility that sane materna! RNA sequences are 

stable, and persist throu;hout developnent to the pluteus stage, or that 

sane disappear early in developnent, or are extensively 
\ 

regulatel 
J 

throughoût developoent. 

" 

" 
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Cloned cJlIlAs representing transcripts which are not only rep1aced but 
'-'~ 

aCCUl11llate eld:ensive1y during developnent have been identified (Bruskin ~ 

Al., 1981, 1982; Crain ~ aL., 1981; Mer1ino .et.aL., 1982; F1ytzanis ~ 

" Al., 1982; Fregien.et.al., 1983; Tufaro am Brandhorst, 1984; and chapter 
, ' 

4). Most rare~ rroderately ~reval.ent transcripts present in Srbryos are 

not detectib1e in adult tissues (Galau ~ aJ..., 1976; Xin .et.al., 1982). 

'Ibis may be due to a more specifie expression of genes in the highly -, 
differentiated ana mre haoogen~us' adult tissues. 

Two-dimensional electrO{iloretie analyses indicate that oost proteins 

synthesized in eggs are synthesized in simi1ar relative anounts throuahout 

fi!!tbryonic developnent to the Eluteus stage (Bedard arxl Brandhorst, 1983). " 

About 20% of the 800 polyPeptides analyzed in Sa. gtJrpur atn6 am La. w.ctus 

undergo sane change; '10% urdergo chaD:Jes of at least 1Q-fo1d, while 1% 

undergo changes of IOOre than 10o-fold (Bedard and Brandhorst, 1983). 

Rapid1y-cleaving embryos show few charxJes, while nany dlélDJes occur 

" between hatching of the blastula am the onset of gastrulation, when the 

rate of cell division bas greatly declined. 

undetectible dur ing develo~t al.Irost 

Polypeptides which becane' 

a!ways "disappear before 

gastrulation, which sll:lgests, that these may be encoded by Îœternal mRNl\s 

which are not being replaced by Ellt>ryonie synthesis at this critical 
fi. 

developnental stage. 

Usi,ng a wriety of e1egant techniques, severa! polypeptidè's have been 

identified which are enriched in ectoderm, erdoderm or mesenchyme of sea 
o 

urchin embryos (Bruskin .et .al.., 1982; Bedard and, Brandhorst, 1983; 

Brandhorst ~ al., 1983; Harkey am Whiteley, 1982) • 'lbese proteins are 

developnental1y nup-regulated" during eniJryogenesis. It is 1~e1y, then, 

that tissue-specifie proteins are specified py newly-synthesized ~ . : 

,', 

" 

" 
" 
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lIbich are not extensively represented in the materna! mRNA pop.ll.ation, 

sinee there ls little evidence for selective activation of translation of 

materna! mRNA during developnent ('Brandhorst .et âl...,. 1983; Bedard and 

Brandhorst, 1984). 
a 

With the advent of recanbinant œA and hybridana technologies it has 

becane possible to examinè whether stored mA contains information 

inportant in contro11ing anbrycçenesis (see Brandhorst, 1984; Raff am 
Showman, 1983, for review). 

- ~ , 
If stored IIBtemal mRNAs are invo1 veel 111 the 

regulation of roorphogenesis, this RNA rust have a hiCJh information 

content. '!he cœplexity of unfertilized egg RNA for three species has 
e 

------J?een measured by RNA excess hybridization reactions with single-copy mA 

(for StrolllYlocentrotlls purpuratus, Galau .et Al., 1977; Hough Evans .et. 

al. , 1.977; for Arbacia punctulata and Tripneustes grati11a, Anderson .et 

al., 1976) and by the cmA kinetic method for Lytechinus pictps (Wilt, 

1977). 'Ibe aEplexity values obtained in al1 of these experiments is fran 

3-3.7 x 107 nucleotides, or enotJJh aEplexity ta code for roughly 25,000 

different protein species if all of the catt>lexity represents rnRNA. About 

70-75% of this canp1exity is present in ~lysanes in tiie 16-cell stage 

ari:>ryos. (Galau ~ .al., 1976; Hough-Evans ~.al., 1977); because there are 

Ion:; untranslated mRNA tails, the actual number of proteins encoded is 

probably about 10,000. '!he "residual" sequence canplexity of RNA not on 

polysanes represents at 1east severa! hurrlred different repeti ti ve 

sequence fami1ies (Costantini, .et.al., 1978, 1980). It was found that at 

1east 70%" of the IIBS~ .,of egg poly(A)i-RNA cont;:ains interspersed repeat 

... 
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sequence transcripts and that both strams of each given repeat sequence 

are present in egg RNA, though generally in different roolecules. If 

purified maternal poly(A)-RNA is al10wed to renature, partial-duplex, 

nulti-fOOlecular structures are forrœd. Interspersed maternal RNA species 

persist in the ~oplasm far into enbryogenesis (Posakony.et. aJ..., 1981, 

Cabrera .et .al., 1984)· and by the gastrula stage, about 15% of the RNA by 

mass continues to display an interspersed sequence organization. 

Interesting1y, Anderson .et..al. (1982) fourXl tnat a major fraction of the 

cytoplasmic ,POlY(A)-mr of Xenopus oocytes displays the same interspersed 

organization. It bas been speCulated (Davidson .et .al., 1982) that this 

fraction represents incompletely processed RNA and that cytoplasmic 

processing in the enbryo could represent a regulative mechanism in the 

utilization of rraternal information. This processing could occur 

di"fferently at various stages aoo. in different parts of the anbryo. 'lbe 

unique structure of this RNA rnay be recognized by proteine, snRNA' 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 anbryo ta regulate 

functional classes of no1ecules or al10w the embryo to nom tor the 

quantity of a group of transcripts throughout developnent • 

• 

'n1e possibility that matemal mRNl\s are non-uni.formly distributed in 

the egg and segregated during cleavage Pan attractive hypothesis ,. 
currently attracting ruch attention (see Raff and Showman, 1983; .. 
Brandhorst ~ gl., 1983 i Jeffrey, 1983) • '!he dev'elopnental fate of 

, 
- ... _-'------
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special~zed cells are determined ear1y in the deve10pnent of many 

organisms. LoI'XJ before the existence of maternal rnRNA 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 ai: 1east the 
nuclei are e::;ruipotential, and the hypothesis of 
sel f-differentiation in the forro originally 
propounded by Roux can not longer be uphe1d. It has 
in fact, been now abandoned by its author. But 
though in this direction its labours have errled 
negati vely , IIDdem 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 
uOOevelopeël ovum is not the horoogeneous and 
isotropic substrate once thought, but heterogeneous, 
containing various specific organ-forming stuffs 
which are definite1y and necessarily connected with 
the production of certain p3.rts or organs of the 
developing animal. .- Jenkinson (1909) 

// 

Although the existence of these "organ-forming stuffs" has been recognized 

sinee the tum of the century, li tUe is known of their JOOlecular nature 

today. In light of the discovery of a store of rnRNA synthesize9 dur ing 

oogenesis, i t is tatpting to specula te that this RNA may represent sane or 

all of the "factors" involved in morphogenetic determination. 

'lllere are far IOOre deroonstrations of localization ~ ,Se, than 

identifications of roorphogenetic determinants. A variety of experiments 

will be considered below. 

AnterQPOsterior-polarity in Dipterao Eggs 

Canpelling evidence for localized RNA acting as morphological 

determinants oornes fran studies on Smittia (see Kalthoff, 1983, for 

.. 

.' 

• 
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review). Four types of anbryos can be génerated by variçus .exper:imental 

manipulations; nornal embryos, inverted embryos, double encephalons, and 

double abdanens. Double encephalons and double abdanens develop after 

centrifugation of enbryos (Kaltoff, 1977, 1982; Yajima., 1983), or after TN 

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

1983), or after application of RNase to the anterior p:>le (Kandler-Sigan 

and Ka1.toff, 1976). JackIe and Kaltoff (1980, 1981) have reported the 

synthesis, in anbryos, of proteins which predict future anterior or 

posterior developnent. The anterior indicator protein is synthesized in 

the anterior end of normal embryos unless they are previous1y irradiated 

with UV 1ight. UV irradiation of Smittia enbryos chuses pyrimidine dimer 
~ - - -

formation ~ RNA, While };hotoreversing light 1eads to the ~isappearance of 

<limers and restores the trans1atability of mRNA in tN-irradiated embryos 

(Kaltoff and Jackle, 1982). It bas been dem:mstrated that .in yiYQ 

generation of pyrimidine dimers involves associated proteins or other 

photosensitizing canponents (Kalthoff and Jackle, 1982), and the anterior . 
, 

determinants have been characterized as ribonucleoprotein partic1es. The 

posteriqr deter:minants might have the same structure since their 

inacti vation ~ UV light is also {ilotdreversib1e (Kal thoff arrl Jackle, 

1983). 

'lbe Polar LdJe of Ilyanagsa 

'lbe polar lobe of ma.ny annelids and rool1uscs is a transient protrusion 

at the vegetal pole of the egg, in which put of the cytop1asrn is set 

apart during c1eavage. At the conclusion of the first c1eavage, the polar 

lobe i8 resorbed into one of the b1astaneres (0:» of the two-cell stage. 
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Lobe-specific information is segregated into the 0 blastanere, where it 

wi1~ becane the dorsal quadrant of the future enbryo. The polar lobe can 

be removed without dan'a.ge to the anbryos. In lobeless Ilyanassa and 

Bithynia anbryos, adult structures such as foot, shell, statocysts, (!'jes, 

tentacles and heart are absent (Clements, 19527 Cather and Verdonk, 1974) 7 

these structures are derived fran, or induced by, mesoderI1,l. 

Brandhorst and Newrock (1981), showed that eggs, lobeless enbryos, and 

polar lobes make identical sets of polypeptides during early developnent. 

Brandhorst and Newrock (1981) and Collier and McCarthy (1981) investigated 

the influence of the polar lobe on protein synthesis. Renoval of the 

polar lobe results in quantitative but not qualitative change in protein 

synthesis by the 29-œll enbryo. '1lle synthesis of 98% of the 350 

polypeptides detected by Collier and McCartby was insensi ti ve to 

actinanycin 0 (Collier am McCartby, 1981). 'lbere is no evidence for the 
\ 

segregation of a specific set of materna! mRNAs in the' polar lobe, 
. ' ~ 

although there appears to be tanporal regulation of th~ selection for 

translation of specific stored mRNAs (Brandhorst and Newrock, 1~81). 

Asçidiao EmbtYos 

Ascidian anbryos exhibit determinati 1Je cleavage events early in their 

deve1opnent, and are excellent 

Whittaker, 1979, for review) • 

for studies of determination (see 

Certain genera, including S~a and 

Boltenia, contain coloured OOplasms which are indicative of the cellular 

distribution of cytoplasmic regions exhibiting specifie norphogenetic 

potentials (Whittaker, 1980~ Conklin, 1905). 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 randanly bisected prior to 

fertilization, normal larvae are obtained fran the balf containing a 

nucleus (Reverberi and Ortolani, 1962). If a eut is made after ooplasmie 

segregation, only nueleated vegetal bal ves are able to eleave normally 

(Reverberi, 1937) • . . 
Jeffrey (1982, 1983) examined the 5p'J.tial distribution of histone and 

actin mRNA sequences in aseidian embryos by .in. situ hybr idization. While 

histone rnRNA was found evenly distributed in the egg and etbryo, aetin 

mRNA appears to be localized in the egg and parti tioned to specifie 

blastameres during e1eavage. 

Whitaker (1973) has studied the regulation of the appearance of 

tissue-specifie enzymes of the tunicate, ~, whose anbryos exhibit 

determinati ve events very early in their developnent. When cYtokinesis 

and/or nuclear division was arrested at the 2,4,8,16, or 32-cell stages 

am the enzymes were assayed histochemica11y, acti vit Y was detectible at 

the proper tirne in the proper blastaneres (as determined by previous 

lineage studies) in these arrested anbryos. The activity of one enzyme, 

alkaline Iilostilatase, was sensitive to the ~rotein synthesis inhibitor 

puranyein, and insensitive to the RNA synthesis inhibitor Actinanycin D, 

making it likely that maternal rnRN1l. nolecules ooding for alkaline 

J;iloSFhatase are localized in the egg and parti tioned to the endodermal 

cells. If natep1a2 ~ is not being segregated, other developnental 

information, perhaps coding for a regulatory factor, is localized. 

SpisyJa sol~dissima 

In the surf clam Spisula solidiasima, first cleavage is llllequal and 
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reaul ta in the fonnation of two unequal blastaneres, termed the AB and 

CD. '!he smaller AB gives rise to ciliated ectoderm and specialized llUlScle 

cells of the larvae, while the CD gives rise to errloderrn, adult muscle, 

and the shell glànd (Meisenheiyer, 1901; Wilson, 1925). It is possible to 

rear AB and CD b1astaneres in isolation; to a large extent they are 

restricted to their normal developnental potential inplying that the AB 

am CD b1astaneres are a1ready determined by the two-ce11 stage (Oleney 

am Ruderrnan, 1978). RNA extracted fran the AB or CD b1astaneres directs 

the translation of similar polypeptide products .in. .Y.itm; sane 

blastanere-specific polypeptide prooucts are detected indicating that an 

asymmetric distribution of RNA exists. Sinee it is unlike1y. that 

transcription fran a single nucleus during the time between ferti1ization 

and first cleavage oould acoount for the acctmllation of a sufficient mass 

of RNA to direct the synthesis of de tectib1e' polypeptides .in vitro , the 

segregated RNA must have been stored in the egg. 

Xenapus 

Rare maternaI mRNA sequences appear to be localized in eggs of the 

frog Xenopus (Carpenter and Klein, 1982). RNA extracted fran three 

distinct regions of the eggs (animal pole, vegetal pole, am middle) were 
'!\ 

used to synthesize cDNA. 'lbe cr:NAs hybridized with excess tanplate.RNA 

with the same kinetic~ for all three regions. A cDNA prcbe enriched for 

vegetal pole sequence was hybridized to the RNA of each fraction. '1he 

kinetics of this reaction indicated that certain RNA sequences are 

enriched at the vegetal erxi of the animal-vegetal axis. 'lbese sequences 

oorresporXi to rare materna! mRNl\s. 



f 
.~ 

( 

24 

'lbe 16~1l Bea tJrchin Embryo 

Determination, resul ting in restricted developnental potential, occurs 

very early in sea urchin development. 'lbe fourth cleavage gives rise ta 

three types of cella; macraœres, mesaneres, ard the vegetal micranere,s. 

Due to size differences, pure populations of the three cell types can be 

isolated When cultured in isolation, micrcmeres will 

differentiate into primary mesenchyme cells (Okazaki, 1975). With the 

addi tian of 0 appropr iate media, ske1etal elements will eventually be 

deposited resemb1ing in form those normal1y arising in the ert>ryo (see 

Harkey, 1983, for revlew). '!he four micraneres are clear1y different fran 

the other 12 blastaneres of the l6-œll enbryo. 'lbe ra ttem of protein 

synthesls in the 16-œll e.ut>ryo is nearly identical ta that of the egg 

(Maro and Brandhorst, 1979, ard this thesis ch. 2), mst protein 

synthesis at this stage is due to translation of stored maternal mRNA. (see 

Brandhorst .et .al., 1983, for review). 

l chose to look at the synthesis of ITOst of the mass of protein 

synthesized in l6-œll enbryos by two-diIœnslonal electro~oresis 

(O'Farrell, 1975). l determined that micraneres synthesize the same array 

of proteins, in the same relative proportions, as do mesaneres and 

macraneres (Tufaro and Brandhorst, 1979, this thesis, chapter 2). '!he 

formation of micrcmeres does not invol ve a specialization of the' I=8ttern 
• 

of synthesis of detect±ble proteins,;- nor the detectible segregation of 

maternaI mRNA. SeBjer and Gross (1978) reported similar results with a 

one-Œ.mensional electrophoretic analysis. 
• 1 

Rodgers and Gross U978) measured the sequence canplexi~ of micranere 

ard mesanere+macranere total RN1\. using sing1e-copy IEA ~lementary to 
~ 
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e<Jg RNA as a tracer. Micromere total ~ hybridized 20-32% fewet 

single-cç>py D'NA roolecules than did 16-cell ert>ryo RNA, mesanere-f1nacrcmere 

RNA, or gastrula sanp1es. 'lhe same results were obtained with RNA fran 

blastanereS or whole embryos deve10ping in the presence of Actinanycin D. 

'lhese 'data indicate that there is a non-uniform distribution of RNA 
, 

sequenees between rnicraneres aOO other parts of the embryo, and that these 

sequences were present in maternai RNA. Ernst .et.al. (1980) extended 

these results and reported that micraneres lack sane non-po1ysanal 

maternaI RNA sequences fouOO in the cytop1asmic fraction of the whole 

ent>ryo, and lack the high-comp1exity nuclear fraction found in other 

" blastaneres (Ernst.et..al., 1980). '~~" 

Effecti ve inv:esUgation into the role of the embryonic genane in the 

control of IIDrphogenesis began in 1889 with the first successful 

interspecific hybrid experiment of 'lbeodor Boveri (1893) • , Boveri 

ferti1ized' nornal. eggs, aOO enucleated. egg fragments of the sea urchin 

SWerecbinus graoulatlJ§ wi th sperm of a species of a different genus, 

&;hi D!J§ microh lbergl] atp§. 'lhe resul ting dip10id hybrid embiyos' deve10ped 

a "hybrid'" skeleton, inteonediate in the features of each of the parents, 

while the enucleate nerqgo"-e hybr id anbryos (enucleated eggs fertilized 
. 

with speDD of a different species) developed a strictly "paternal" 

ske1eton. 'Ibis interspecies hybrid experiment, though highly criticized 

and partially qualified in a subsequent p3.per in 1918, sUrred nuch 

interest in this systEm. .. Sinee that tilDe hundreds of observations of 
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echinoid interspecies hybrid anbryos • have been reported. For a historica1 

review, see Giudice (1973) and Davidson (1976). 

Interspecies hybrid embryos have been useful in the study of gene 

regul.ation in many organisms, and the developnent of IOOdem molecular 

techniques of roolecular biology bas greatly enhanced the power of this 

approach. Bane of the more elegant experirnents will be considered belCM. 

Auglibian flYbrids 

'lbe JOOst extensively sb.Jdied· species of antilibian are Xencum laeria 

and Xenopus borealis. 'lbese may be interbred, am the resulting hybrid 

embryos and adults have been used to identify a nurrber of biochemical 

differences between the species, in both protein and nucleic acid 

CatIpOnents (For review, see DeROOertis and Black, 19797 Vonwyl and 

Fischberg, 1980). 'Ulis feab.Jre bas made élII'phibians a useful system ta 

study expression of the embrYonic genane. 

In 1973, Honjo and Reeder reported that hybrid frogs formed between L. 

laevis and L. borea] js . preferentially transcr ibe x... laevis rWA rega.rdle~ 
of which species is the female parent. Repression is nearly complete 

tmtil the swinming tadpole stage, after which a low level of L. boreal is 

rRNA synthesis is detectible in the total anbryo population, and sane 

adult hybrid frogs synthesize substantial amOnts of L. borea1 j 6 mA. An 

x.... laevis fema1e, heteroz~ous for an rWA deletion mutation wa.s crossed 

with an L. boreal is nale. Half of the progeny contain oruy L. borea1 is 
. 

rIEA, and rRNA synthesis is delayed in these enbryos. In the reverse 

cross (L. b;lreal is female x x.... laevis tœle heterozygote) L. boreal1s rRNA 

synthesis ~s not delayed. Fran these four crosses it wa.s concluded that 

e.ither x.... laevis rt'NA or x.... laevis œternal cytoplasm can each repress . 
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. expression of x.... borta) is 'i'J?NA in hybrid embryos. In the presence of L 

laevis rDNl\, repression can be perlnanent, while repression by Ka. laeyis 

cytoplasm is transient and usual1y reversib1e. 

In 1979 Woodlarxl ~.al. (1979) investigated histone protein synthesis 

. in interspecies hybrid estbryos of x... laevis and x.... borealis and detected 

paternal Ill. protein synthesis in the mid-b1astula enbryo. 'Ibis is the 

ear1iest expression of p3.temal genes detected to date in aJtIlhibia, 

althoU;h histone synthesis may not be rEPresentative of the expression of 

JOOst genes. 
Prior to this demonstration of histone expression, expression of 

lactate dehydrogenase, 6-ptOSJ;ilog1uconate. dehydrogenase, isocitrate 

dehyàrogenase, and nalate dehydrog~ was itlvestigated using enzyme 
• 

activity assays, am had failed te \1etect paternal activity prior to 
'--... 

neurula in dip10id or androgenetic hap10id hybrid etDryos of antilibians 

(Johnson, 1971: Jàmson and Olapnan, 1971; Wright and Subtelny, 1971, 

1973: Wright, 1975). Whether this ref1ects a .bio1ogical tilenanenon 

technical limitation of the assays is difficult to assess. 

or a 

DeRcbertis and Black (1979) used high-reso1ution two-diIœnsional gel 

electrophoresis to ~re proteins of L.. laevis and L. boreal is. When 

the };8ttems of proteins synthesized by iso1ated avaries of the two 

parental spK:ies were < cœp:ired, at 1east one-third of the 

abundantly-synthesizçd proteins differed in their electrophoretic 

IOObi1ity. Proteins of both };8rents were detectibly synthesized in 

interspecific hybrid enbryos, with two exceptions. '1hus, al lel lc 

exclusion observed for rRNA genes does not ~ly to protein-coding genes 

in those organisms, at 1east 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 E!li:>ryos. In L. laeyis eggs x la. 

horea1is sperm hybrid embryos, fourteen bprea1is-specific proteins were 

detected. "IWo appear by the gastrula stage, five in the gastrula, am the 

rest later in developnent. Where' hanologous L. laevis proteins were 

tentatively identified, the p:lttem of protein synthesis in amrogenetie 

haploid hybrid embryos (created by fertilizing enucleated L. laevis eggs 

with x.... borealis sperm) \lIaS analyzed. L. Laeyis proteins appearing after 

fertiliZation are the p{oducts of translationally-activated stored rnRNA, 

~lle appearance of x.... borealis proteins are due to translation fran 

newly-synthesized mRN1\. Fran 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 \«:>rk, MOOun .et .a.l. (1981) analyzed about 75 

abundantly-synthesized proteins of early x.... laeyis and x.... borrel ls embryos 

by ~ional. electr~oresis. Six polypeptides specifie to L. 

laeyis ert>ryos and a further six specifie to x.. boreaJ is were identified. 

Interspecifie hYbrid embryos ~ laevis female x L. borealis male) 

synthesize only the maternally-specified set of proteins until 

gastru1ation, after which they produce the full cœplanent of both L. 

laevia- am L borealis~ific proteins. 

In s\.llt1IBry, while nucleolar allelic daninance is a widespread 

Fèenanenon, allelie Cbminance after the gastrula stage is not detected to 

be praninant in XenoplS. If the absence of patemal-specific polypeptides 

in hybrid blastula eniJryos were due to limited allelic daninance of x.... 

laeyis over L boreaJ.is, this would inter the existence 6f. s~e-specific 

allelic' OOminance, limited to pœt-fertilization embryos prior to 

gastrulation. A mre like1y explanation is that maternal mRNA synthesized 
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durirç oogenesis directs protein synthesis dur ing early zygotic 

developnent, until arOUIXI 'gastrulation, after which new1y-transcribed mRNA 
• 

becaœs predaninant in directing polypeptide synthesis. 'Ibis is 

consistent with the known timing of heterogeneous RNA syn~esis in Xenq>QS 

E!IIÎ)ryos. Mehun ~ al. ,(1981) argues that the use of the reciprocal cross 

(la. borea] is male X-' la. laevis female) would distinguish t:h.ese 

possibilities. l would argue that if al1elic Cbninance were altered in 

respons~ to putative regulators of gene expression present in the IlBternal 

"cytoplasm, these alternative mechanisms 'woul.d not' be clearly identified by 
\ 

this strategy. 

'!he isolation of cloned rRNA sequences bas facilitated investigation 

of nucleo1ar dominance, sinee the non-transcr i.bed am transcr ibed splcer 
-, 

segments of ribosanal RNA genes differ greatly between the two species 

(Brown .et. Al., 19721 Forsheit .et .al..., 1974). It bas recently been shawn 

that preferential expression of the L. laevis rnJA is correlated with its 

hypersensitivity to DN1\aSe l carpared to .x.... tprffllis rDNA (La Vo1pe .et. . 
Al., 1983). 'lbe significance of tbis awaits further analysis. 

Other atrPlib1ans can be crossed and have yie1ded interesting results. 
""-' 

In the axolotl, alcohol dehydrogenase (AnH) ls fouM primarily in larval 

and adult liver. Starch gel analysis of ADH fran adults of the reciprocal 

crosses of Arrb,ystqna nexicanum x Antystana, texanum reveals that the 

materna! forro of the enzyme appears at the normal time during developnent 

(4 weeks) while the paterna! al1ele is not expressed until three ta five 

weeks later, regard1ess of which species represents the maternal or 

paterna! pirent. In a cross between Aa. texanum containing the wild-type 

al1ele ot Ana and an individual of the same species with a variant ADH, 

both maternal and tatemal AnH alleles are expressed sim.ù.taneous1y 
~ 
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(Et:kin, 1977). 'lhese observations sllggest a regulatory incœpatability at 
• 

the transcriptional or post-transcriptional 1eve1 between the two species. 

Ç! 

DrosQJ;iliJ a Lame 

It is now wel1 estab1ished that the equalization of expression of 

X-linked genes in XY nales and XX females is brought abo,ut by. 

hyperactivity of the single X in males. By utiliz~ the unstable rinq 

chraoosane of DI"OSQlilila nel anogaster, xx/XO rosaie sali vary glands can be _ 
,. . 

formed in Il&. ne1anogaster females x Ua.. SiJJJ1Jaœ males interspeciif;L.e hybrid 

larvae. 'Ibis genetic systE!ll directly canpares the activity of the same X 

chraoosane in ne.le and 0 fémale cella with identical genetie and 

J;i1ysiological backgr~. 'lbe X chrQtX)sane derived fran the ~ siallaM 

parent is as extensively doàage ocropen.sated in a cell autonanous manner in 

the interspecific hybrid background as in its own species background 
o 

(Lakhotier ..et. aJ...,' 1981). A{:p!lrently, the regulatory sequences invOlved 
" 

in dosage. canpensation of X-linked genes have been specifically conserved 

during the evolutionary divergence of the two ~ies. 

'!he hcmologous genes for -ADH are expressed in qualitati vely different 

patterns during the developnent of the "Hawaiian DrosOJi>.ilar !la. gritœhawi 

and l2a. Qrthofascia. In interspeclfic hybrid larvae of these species, each 

parential alle1e is expressed ac~pling ta the' developnental program 

characteristie of the species fran which it is derived, thus providing 
" ' 
stron:J evidence for a d.s.-acting control element. 'lbe distinct 

o 

qualitative pattern of expression makes this ,a unique systeu in which te 

study the ro1ecular basis of a gene regulatory difference (DicJdnscn and 

Carson, 1979). 

Do 
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Deve1opœnt;aJ arrest and patE!Dlal genane expression 

An enormous aJOOunt of research has been carried out on interspecific 

am intergeneric hybrid E!li::>ryos of the echinoderm. Bane hybrid embryos 

urXIergo larval formation followed by metanDrphosis, while other 'crosses 
/' , ) 

result in embryos which arrest early in developnent, usual1y!in the 1ate 

blastula stage (For a review of- Iilysiology and an historical outline of 

hybrid experiments, see Giudice, 1973; Davidson, 1976). Arrest at 

gastrulation is mst like1y the result of a perturbation of gene 

expression necessary for gastrula formation, resulting fran altered 

"paternal" gene expression in the presence of "foreign" °maternal. 

cytoplasrn, or altemative1y, aberrant cytoplasmic constitution due to the 

presence of ~ "foreign" nUcleUS. 'lbese are not IlUltually exclusive 

alternatives. Hybrid anbryos that deve10p into pluteus larvae am undergo 

metaIoorphosis 00 not have catastro'[hically aberrant expression of genes 

required for early developœnt, 

. deve10pnent proceeds. 

but may exhibit abnormalities as 

WSS of p3.ternal DNA or chraoosanes bas been reported for certain 

echinoid hybr ids and leads to deve10txnental arrest (for review, see 

Giudice, 1973). 'Ihis varies aJOOD3 the crosses investigated and rray 

reflect gencme incompatibility during chrcmosane segregation, leading 

rapid1y to aneuploidy. 

Many experiIœnts have been conducted to determine when the 
, 

patemal1y-derlved genane of sea urchins becanes active, and to what -,.~ 

extent p3.ternal chranosanes participate in zygotic developnent (Davidson, 

1976, for revi~). It appears likely that the paternal genaœ 

• .. 
--------------------------~Q~-----~---------- ------
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participates in RNA transcription as early as fertilization (LonJo and 

Kunkle, 1977). Polysperrnic zygotes consistently incorporate higher 

aJOOunts of labelled precursor into RNA. titan IOOnospermic eggs 'While 
o 

mnospermic and polyspermic eggs treated with Actinanycin D iricorporate 

the samè aJOOunts. Autoradiography also showed incor:poration of tritiat.ed 

uridine into male and female prœuclei • 

. Ri stone Gene k",u:esaion 
'e '-J 

• 'lhe histone genes are InE!!Ibers of a rooderately repeti ti ve family of 

tandemly arranged genes coding for the fi ve classes of histone ~ 

interspersed wi th sp:lcer !:NA. 'lbe mA sequence of nearly the entire 

repeating unit is known for several species of sea urchin (Birnstiel .et 

Al., 1977; Schaffner .et al..., 1978, Sures ~ .aJ..., 1978). Histone gene 

expression during the ear1y stages of sea urchin embryogenesis has been 

extensive1y investigated. (Mauron ~ al., 1981, 1982~ 0rl1dS .et al.., 1979: 

Maxson and Wilt, 1982; Lifton and Kedes, 1976; ShoWIl'al1 .et .al., 1982: 

Venezky .et al., 1981~ Wells .et .al., 1981). Histone gene expression in 

interspecies hybrid embryos bas also been investigated successful1y. 

Faston and Whiteley (1979) deronstrated that Hl histone protein 'is 

synthesized using RNA contributed by both parental genanes in the hybrid 

errt>ryo forrœd by the fertilization of Pendragter excentricus eggs witp s. 
plU:pUratus spenn. Stored Hl mRNA (maternal) appears ta be involved in Hl 

synthesis exc1usively during pre-gastrular developnent, with a neg1igib1e 

contribution thereafter. Surprisingly, although bath egg-type and 

new1y-synthesized mRNA are inc1uded in lU synthesis during early 

c1eavages, the dominant ,contribution at. this tiIœ appears to corne fran new 

(patemal. type) mRNI\. 'Ibis la in agreement with Infante and Nemer (1967) 

/ ! 

j 
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who ~ that smaU histone-synthesizing polysanes in early cleaving 

em::,ryos are abolished upon treatment of anbryos with Actinanycin D. 

In 1980, Maxson and Egrie used interspecific hybrid anbryos of the 

viable cross Sa.. r;>w::puratus x La. pictus to estimate the contributions of 

the maternal and p3.ternal genanes ta histone mRNA synthesis during ear1y 

developnent. Radiolabelled histone mRNA fran the two sea urchin species 

were identified by hybridization ta claned histone genes and shawn to he 

electropho~etical1y distinguishable: 'lbe synthesis of maternal and 

paternal histone rnRNA in these hybrid anbryos was detec~ible as early as 

the two-cell stage, and appeared to be in polysanes by, the l6-cell stage. 

The relati ve aIOOunts of the maternaI and paternal histone rnRNAs 

synthesized by the zygote were similar. Maxson and Egrie estinate that 

0.1 pg/ernbryo (or about 4 x 105 copies per anbryo) can be easily 

detected by their assay, and Sll3gest that since transcripts of 

paternal1y-derived genes are present early in developnent, stored 

po1ymerases and other conp:>nents carry out transcription of patemal genes 

at that tiIœ!. It is clear fr<;mt these experirrents that allelic daninance 

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

Min Gene Expression 
. 

'lbere are about 8-10 non-allelic actin genes in the genane of .s.... 

pUl:pura~a (Scheller .e.t. .al., 1981) Actin, a prevalent protein in all 

eukaryotes is involved in mitosis, rootility and cytoskeletal architecture. 

A ccrrq;:e.rison of rœmbers of this rrultigene family within and aITOrr::J 

different sea urchin c species show that gene number, transcriptiOnal 

orientation of linked genes, and intron position are the same, while .the 

chrcmosanal organization of the family appears to vary (Jolmson ~ ~., 
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1983) Within each species, coding sequence can differ by as Itllch as 30%, 

whUe the families appear to similar arrong species (Johnson.et. .al., 1983-). 

Recently, \ Crain and Bushman (1983) analyzed actin-coding RNAs in 

interspecifie hybrid anbryos of ~ pj,1lJ;2uratp$ x L..... vadegatus (and the 

reciprocal cross) r aM s.a- purpuratus x ~ droebachiensis. In La. 

variegatus )Ç;:, Sa. purpuratus blastula and priSffi anbryos, transer ipts fran at 

least two different patemal al1eles are present, while in the reciprocal 

cross, the sarne two maternal alleles were expressed in blastula. '1he S.a.. 

droehacbienpia x s.a. pw::puratus anbryos appear to conta in transcripts fran 

at least one paternal allele at the blastula stage. 'Ibis daoonstrates 

that the paternally-derived actin-coding ~'s are transcriptionally 

active and are apparently processed norrnally to yield mature rnRN1\. 'Ibe 

timing of expression of these alleles suggests that the expres'sion of the 

paternal allele is regulated aecording to the expression characteristic of 

the patemal species. 

!)NA Synthesis 

Brookbank (1976) measured synthesis of by Feulgen 

mierospectrophotanetry in two species and in interspecies hybrid embryos. 

one p9.rent (Lytechinua yariegatus) (ldevelops normally at 250 , a 

tanperature lethal for S!;rongylocentrotus purpuratus. Stro~locentrot!]a 

pw:puratua develop normally at 100 , a terperature at which Lytechinus 

anbryos are viable, but fail to cleave. It was denonstrated that SpxLv 

hybrid embryos exhibit a slowing of S phase of the cell cycle at 100 and 

LVXSp hybrid enbryos show a slowing of S phase at 250 'lbese differences 

manifested thanse1ves between hatching and post-gastrular stages. ' 
. ' 

Brookbank proposes that the slowing of the S I;t1ase in SpxLv hybrid embryos 

..,.. 
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at 100 and in LVXSp hybrid enbryos at 250 might be due ta accumulation 

of protein, such as DNA polyrnerase or associated S {ilase pro teins encoded 

by the paternal genane "folloong the late blastula stage, which have 

different temperature optima. Thesemolecules may interfere with DNA 

synthesis, and in the extreme case may contribute to the lethality of many 

interspecific crosses. 

Rat:iavùe of the Rxperjnmts 1 

l d'lose ta investigate the segregation of rnRNA into different 

blastaneres of the 16-cell sea urchin erbryo. l coobined an effective 

blastanere separation technique with high-resolution two-dimensional 

electrophoresis to detect patterns of protein synthesis in isolated 

blastorœres. If qualitati ve differences had been found, further 

investigation ~uld have been dane to extend this analysis. 'llie results 

and discussion of this work are contained in chapter 2. 

l then decided te exploit the resolution of two-dimensional 

electrophoresi s to assess the extent and timing of zygotic genane 

expression during enbry03enesis. To do this, l chose to analyze the 

patterns of protein synthesis in interspecies hybr id embryos. 'Ihe 

surprising results were that there is an underrepresentation of paternal 

gene expression in interspecies hybrid embryos. This led to a series of 

exper:iIœnts ta de termine the nature of restricted expression. '1be results 

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

The 16-cell sea urchin embryo has blastomeres of three distinct 

size classes: micromeres. mesomeres, and macromeres. Each class lS 

already restricted ln its developmental fate, micromeres being committed 

to format ion of primary mesenchyme cells. The three c lasses of 

blastomeres were isolated in high punty and lncubated ln [35 8] 

-methionine until the next c1eavage. Nearly aIL the radlOactive protein 

was solub i llzed and subject ed ta two-dimenslonal elec trophoresis 

according to O'Farrell (1975). Of approximately 1000 spot s resolved" 

there are no quaI irat ive differences among the three b lastomeres. When 

embryos were labelled between the first and fourth cleavage and 

blastomeres then lsolated, no qualitative differences in protein 

synthesis were observed. Moreover, there are very fe... changes when 

unfertilized eggs are compared ta 16-cell embryos. Thus cellular 

determination during embryonic development lS not accompanied by 

quall.tative changes in the distribution within the embryo of abundantly 

synthesized proteins, virtually a11 of WhlCh are coded for by sequences 

present in the egg. 



38 

c Introduction 

The fourth cleavage of the sea urehin egg gives rise to three 

distl.nct types of blastomeres having different sizes: micromer~s , 

mesomeres, and macromeres. These blastomeres have different 

developmental fates in iot act embryos and when lsolated (Horstadlus, 

1939) . The four micromeres, which form at the vegetal pole, give rise 

ta prl.mary mesenchyme cells of the blastula, which ul t imately secrete 

the spicules of the larval skeleton. Isolated micromeres can be 

maintained LO culture and eventually secrete ske letal spicules 

resembling ln form those of larvae (Okazaki, 1975). Thus, by the 16-

. 
cell stage, micromeres are determined ta follow a specifie developmental 

pathway in the absence of lnteract ion with other embryonic cell s. 

It has long been thought that determinatlve events in early embryos 

may be brought about by an asymmetric distributlon of factors in the egg 

and theu segregation ln ta different blastomeres during cleavage (eg., 

Wilson, 1927; Davidson and Bntten, 1971; Raff, 1977). These factors 

might be regu j atory mo1ecules (or precursors thereof), or they might be 

structural protelns or the IIIRl<A' s coding for them. Several recent 

reports suggest that mRNA is segregated into different blastomeres of 

early embryos. In the marine snai.l Ilyanas sa, factors required for the 

format ion of rnesodermal organs are local ized in the polar lobe, a 

cytoplasmic extension of one of the first two blastomeres: removal of 

the lobe resu 1 ts in an embryo most notab ly devo ld of heart, shell and 

foot (C lement, 1962). Newrock and Raff (1975) observed that lobed and 

lobeless embryos synthesize proteins having different patterns when 
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( anaIyzed by discontinuous SDS polyacrylamide gel electrophol'esis. :These 
1 

differences, which might be qualitative, persist even when new mRNA 

synthesis is inhibited. Moen and Namenwirth (1977) have shown that the 

electrophoretic patterns of proteins synthesized ln Xenopus eggs and 

early embryos are different along the animal-vegetal ,axis, implying a 

localizat ion of the maternaI mRNA coding for these ab und ant proteins. 

The presence of stored maternaI mRNA in sea urchin eggs, the trans lat ion 

of which is activated after fertilization, suggests that this clus of 

RNA might include localiz~d morphogenetic determinants. 

Rodgers and Gross (1978) have recently provided evidence that 

different blastomeres of the 16-cell stage sea urchin embryo contain 

quaI itat ively dist inct populations of RNA. They did not demonstrate 

that the distinctive RNA molecules are actively translated mRNA. We 

t approached this quest ion by subject ing the proteine synthes ized by 

isolated micromeres. mesomeres. and macromeres, to two dimensiona1 

electrophoresis (0' Farrell, 1975). 
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c UPERUŒRTAL PROCImURES 

Preparat ion of eggs and removal of fert ilizat ion membranes 

Strongylocentrotus purpuratus were obtained from Pacific Biomarine 

Ine. For each el\periment spawning was induced in a single gravid female 

by the inj ect ion of KCl. 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 0 for 90-1,20 sec, and then diluted 

with 40 vol seawater at 4° CEpel et al., 1970). Eggs treated in this 

manner fait to ral.se a fertilization membrane upon fertilization. Eggs 

were routinely incubated with a 50',OOO-fold dilution of sperm for 1 min, 

the time required for fertilization to be more than 95% complete. 

t Demembraned eggs tend to clump upon fertilization if maintained in a 

concentrated suspension. Fertilized eggs Oess than 106 ) were 

therefore diluted into l liter of seawater and washed 2-3 t imes by 

set t ling through this volume. For cul turing, embryos were suspended in 

500 ml seawater containing 50 ug/ml penicilltn and streptomycin ,and 

allowed to deve10p at 14°. At this temperature synchrony of early 

cleavage is opt imal, and embryos reached fourth 

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

dithiothreitol had no effect on normal development to pluteus stage. 

Separation of b1astomeres 

At the 16-cell stage, embryos were collected by light 

centrifugation, and resuspended and washed 3 times in 10 ml seawater 

( lacking calcium and magneSlum ions in order to dissociate the hyalin 



( 

,. 

t 
41 

layer. Brisk as.pirat ion of a 2 ml suspens ion 5-8 t imes through a 

Pasteur pipette dissociated most embryos into single blastomeres. These 

were layered onto 30 ml linear gradients of 5 to 50% (v/v) isotonie 

sucrose (lM) ln seawater laeking Ca2+ and Mg2+ ions, and allowed to 

settle by gravity. After 30-45 mIn, three bands of cells are visible 

eorresponding to the three types of blastomeres. The approximate 

posit ions and ident ificat ion of these bands are: mieromeres 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 1n a similar band separated frcm the bottcm of the mesomeres 

by less than 0.5 cm. 

the gradient (about 6 

Undissociated embryos sediment to the bottom of 

cm below the surface). The gradients were 

fract ionated by gradually lowerI.ng a capi llary tube supported by a small 

jack. The tube was attached to a peristaltie pump and fractions were 

collected into cold centrlfuge tubes. To minimize cross contamination, 

mesomeres were wi thdrawn fram the top of the b~nd and macromeres fram 

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

estimated by mieroscopy. In the investigations reported, no larger. 

blastomeres are seen among hundreds of micromeres. Micromeres were 

never observed among macromeres. There lS sorne cross cont aminat ion 

between mesomeres and macromeres, but it is less th an 5%. Occasional 

smaller cells which might be unusually large micromeres were sometimes 

observed among mesomeres, but such poss ib le cont aminat ion lS less than 

2%. Fr ac t ionat ed blastomeres were e ither colleeted by light 

centr ifugat ion and frozen or resuspended in seawater for incubat ion with 

[ 35 8 lmethionine. 
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c Labeling of proteins 

A suspension of 200,000 embryos laeking fertilization membranes ln 

5 ml seawater was incubated at 14° with 100 uCi/ml [3SSJ-methionine 

(about 700 Ci/mole) obtained from Amersham. Labe ling was hal ted by 

inmersio,n in eold seawater lacki'bg calcium and magnesitml ions. For .. 
labeling separated blastomeres, each type was suspended in 1 ml seawater 

containing' 250 uCi/ml (35s1 met hionine for 1 h. Label ing was stopped 

by washing in cold seawater foltowed by freezing in a dry ice-ethanol 

bath and storage at -70·. 

Two-dimensional polyacrylamide gel electrophoresis 

Samples were prepared by a modification of the method of AIton_and 

Lodish (1977). Frozèn cells were rapidly resuspended in SDS sample 

buffer (in which 0.1 M dithiothreitol 15 substituted for 

B-mercaptoethanol) and immersed in a boiling water bath for 1 min. 

Aliquots were withdrawn for determination of radioactivity and protein 

content and the remainder was frozen and s tored at -70'. 

The amount of radioactivity ln proteln was determined by 

precipitation ln hot 15% trieh1oroacetic aeid and collection on 

Millipore filter5. The amount of protein was determined according to 

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

the addition of 10 u1 of thawed extract to 9 mg urea (BlO-rad 

electrophoresis grade) and dllution with 80 ul 1y8i8 buffer containing ,Il 

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

Isoe1ectric focu8ing was according to O'Farrell (1975). Samples to be 

compared contained equa1 amounts of protein of similar speci.fie 

act ivi.ty. 

• 
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To determine the fraction of radioactive protein entering the 

i$oelectric focusing gels. a paralled gel was sliced into 0.5 cm , 

lengths. Each' s lice was incubated for 8 h at 70 Oc in a capped 

scintillation vial containing 0.5 ml 30% H202 • The dissolved s1:ices 

were counted in Aquasol-2 (New England Nuclear). More than 85% of the 

radioactive protein loaded entera the iaoelectric focusing gel. The pH 

range was about 4.5 to 7.2 as measured oy a mi<:roelectrode (Bio-rad 

propHiled inserted into the gels. 

Isoelectric focusing gels were equi l ibrated with four changes~ of 

SDS sample buffer over 1 h and subjected to electrophoresis on slab gels 

consisting of a 10-16% exponential gradient of acrylamide (Brandhorst, 

1976j O'Farrell, 1975). 

'1 The method used to prepare prqtein extracts results in the 

;olubilization of virtually aIl the radioact ive protein of the embryo8. 

The molecular weight standards were as previous ly described CHutchins 

.", 

and Brandhorst. 1978). t 

.. 
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RlSULTS 

Proteins synthesized by isolated miçromeres» mesomeres» and 

macromeres are shown in Fig. 1. Th~ labeling period of 60 min covered 

about 90% of the time interval between foul'th' cleavage and fifth 

cleavage. which was just beginning. Of the approximately 1000 spots 

detectable (after various exposure times) no consistent qualitative 

diffel'ences were observed. Occa~ional dlfferences between blastour.eres 
)" 

have somet imes "been noted', but these are nevel' reproducible. For 

example, in Fig. 2 a group of spots is shown in which t\10 spots app~ar 

to be re~tricted to macromeres (Figs. 2A and B); however 1 these, 

differences are not seen when the same preparations of proteins are 
f 

electrophoresed again (Fig. 2C), or when bla.tomeres from different 

batches of embryos are used (data not cBhown). These inconsistent 

differences are apparently.lYto local distortions ~ the gels and 
, <lo 

emphasize the need to base conclusions on the comparison of several 

gels. TIJere are u8ually a few consistent differences between the 

patterns of" protein synthesis in early embryos derived from different 

female adults; forùexample, compare Figs. 1 and 3. As shown in Fig. 3, 

nearly a11 the proteins"" synthesized by 16-cell embryos af the same 

specimen shawn that the patt ern of protein synthes is in both is the 

same, indicating that the dissociation and separation of blastomeres 

does not perturb prote in synthes is. This al so ind iestes that spot s 

thought to be identical ln separated blastameres 

/""
different spots having similar coordinat es since they 

spots in intact embryos. 

are not 

ç:ear 

actually 

as single 
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C' To investigate the possibility that a pretein synthesized prior te 

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

em~yos, were continuously labeled with methionine after the fi~st 

cleavage until they were dissociated immediately after the fourth 
,-

cleavage. Again, no consistent differences were observed between 
(J 

, blastomeres. 
( 
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Fig. 1. Tw-dÏJaenaioilal gel electrophoresis of proteins 

synthesized by isolated blastomeres. Blastomeres isolated~from l6-cell 

embryos were incubated with [35S1methionine for 60 m~n. Extracts 

containing 7 x 105. dpm in protein were layered onto isoeleetrie 

focusing gels and subjected to two-dimensional electrophoresis. 

Autoradiograms were exposed to 1010 disintegrations (±10i.), which 

results in the appearance of 995 distinct spots. Approxirnate pH values 

for the isoelectrie focusing dimension are shown on the horizontal axis 

and molecular weights (xlO-3 ) are shown on the vertical axis. 
1 

Spot 

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

referenee to the sarne spot ~n Fig. 2. (A) Micromeres, (B) Mesomeres, 

(C) Macromeres. 
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Fig. 2. Analyais of artifactual differences ~n electrophoretic 

pattern. Apparent qualitative differenees were noted ln Fig. 1 when 

comparing the area surround ing spot R . Comparison of panel A 

(macromere pattern) and panel B (mesomere pattern, Identleal to 

micromere pattern) suggested that spots s and u were present 

exclusively ln macromeres. Since thlS had not been seen ID previous 

experiments. maeromere proteins from the same extraction were again 

layered onto isoeleetrie foeusing gels and subjeeted to two-dimensional 

electrophoresis. The resulting pattern lS shown in panel C, and i5 

indistingulshable from the pattern ln B, suggesting that spots Sand 

u are artifacts. A shorter exposure was used in pane l c in an 

attempt to determine if spots u or v were composed of spots 

migratlng close together. 

can be seen that spots S 

It appears that eaeh is a single spot. It 

U , and W ln panel A maintain the same 

relationship to eaeh other as T v , and P in panel B except 

s , U and W are shifted toward a higher molecular weight. 

Shifting S U and W downward in panel A so that S eomigrates 

with T yields a pattern identical to panel s B and C (Spot N is 

most likely obscured in panel A by spot U ) . 

• 

.. ' 
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Fig. 3. Tvo-diaensional electropboresis of proteins synthesized by 

unfertilized eggs and 16-cell e.bryos. About 10,000 unfertilized eggs 

ln 1 ml were incubated with 250 uCi [35S]methionine for 3 h, and 

16-cell embryos were incubated under the same conditions for 1 h. 

Extracts containing 7 x 105 dpm ln protein were subjected to 

two-dimensional electrophoresis. Autoradiagrams were exposed ta 1~2 x 

1010 disintegrations (:i:lO%). Spot 1 i6 detected ln 16-ce Il embryos 

but not ln eggs and is shown also in Fig. 1. Spot s 2, 3, and" 4 

are detected in eggs but not in 16-cell embryos. ,Spot 5 1.5 detected 

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

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

1 
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DISCUSSION 

We cannat detect any qualitative differences among the proteins 

synthesized in different blastomeres of the 16-cell embryos, ln spite of 

theirF belng comm1tted ta different developmental fates. We have 

detected approximately 1000 spots, almost a11 of which correspond to 

single polypeptides (O'Farrell, 1975). Galau et al. (1974) have 

estimated that there are about 15,000 different mRNA sequences present 

in gastrulae of ..ê..:. purpuratus; most of the mass of mRNA is accounted for 

by a much hl.gher number of sequences. 'Wilt (1977) has shawn that 

polyadenylated egg RNA has a similar sequence complexity and that 

different sequences are present 1n a broad range of abundances. 

Consequent ly, it lS likely that at the 16-cell stage several times as 

many different mRNA sequences are being translated than have been 

detected 8S translation products on two-dimensional gels. We presumably 

~re detecting the translation products of the most abundant sequences, 

which account for mast of the mass of ~A. Few changes in the pattern 

of protein synthesls occur between the m~ture egg and hatching blastula 

stages (Brandhorst, 1976). Many rapid changes occur, however, during 

the formation of mesenchyme and the onset of gastrulation, indicating 

two-dimensional electrophoretic analyses are sensitive ta 

qualit at ive regulation of protein synthesis during embryonic 

development. 
, 

We concluded that cotmnitment of individual blastomeres to the 

formation of mesenchyme is not accompanied by changes in their pattern 

of protein synthesis relative ta other blastomeres. This agrees with 
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the recent observation that the commitment to vegetalized development of 

embryos prior to hatching 1S not accompan1ed by deteetable changes in 

the patterns of protein synthesis, though the express10n of this 

commitment 16 accompanied by marked dif ferences compared ta normal 

embryos (Hutchins and Brandhorst, 1979). It remains 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 segregat ion 1S responsible for developmental determination. 

Moreover, it is pOSS ib le that mRNAs cod ing for dlst inct populat ions 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 RNA sequences are segregated into 

different blastomeres at the 16-cell stage. Specifically, they 

{ eoncluded fram nucleic acid hybridization investigations that some 

sequences of the hlgh-complexity class of total RNA present ln eggs are 

not àetectlble ln mlcromeres but are detectable in a mixture of 

mesomeres and macromeres. Since these sequences are unlikely to be 

abundant enough to be detect ab le as translation products on 

two-dimensional gels, Slnce they may not be translated at the 16-cell 

stage, and sinee they might not be mRNA at aIL, there is no discrepancy 

between our observations and those or Rodgers and Gross (1978). It is 

posHble that the RNA which has been segregated by the 16-cell stage 

serves a regulatory role, as proposed by Davidson and Britten (1972). 

Since we failed ta detect qualitative differences between the 

patt~rns of protein synthesis of the three types of blastomeres, we were 

concerned that the simllarities might be due to cross C}ontamination of 

the separated blastomeres. Our method for isolation of blastomeres i8 
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modified from methods described by' Hynes and Gross (970) and Spiegel 

(1975) and, in our hands, yields fractions of even greater purity than 

these other methods. Of particular importance lS the use of a 

relative1y small number of synchronous embryos. We could not detect any 

cross contaminatlon between micromere and macromere fractions which have 

extremely , different slzes. The s light posslble contamination 

(unconfirmed) of the imesomere tract lon should be much less than the 

1 imit of sensitivity to large quantitative differences; large 

quantitative differences are extremely rare. 

A variety of evidence suggests that maternaI mRNA 15 segregated 

into different blastomeres having different an,d restricted deve10pmental 

tates during early cleavage of spiral ian eggs (eg., Newrock and Raff, 

1975; Donohoo and Kafatos, 1973; Cheney and Ruderman, 1978), tunicate 

eggs <Whitaker, 1977). and amph ibian eggs (Moen and Namenwirth, 1977). 

It will be interesting to determine whether a common feature of 

organisms having determinative embryonic deve10pment is a qualitatively 

different pattern of protein synthes'Ïs in isolated early blastomeres. 

Such comparisons may shed light on the relatively regulative development 

of sea urchin embryos. 

\ 
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ABSTRACf 

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~. droebachiensis as weIl as S. purpuratus eggs 

fertilized with Lytechinus pictus sperm. No proteins specifie to the 

paternal species were detectibly synthesized at the 2-4 cetl stage. ~y 

hatching blastula stage the synthesis 9f a few proteins specified by the 

paternal genome was detected, but these did not increase significantly 

during later development, and the synthesis of most distinctly paternal 

proteins was never detected. Ra.dioactive cDNA probes were prepared by 

t reversed' transcription of polysome-enriched polyadenylated RNA of S. 

purpuratus or ~. pictus gastrulae. The rate and extent of annealing oF 

these probes to homolog~us sperm DNA or hybrid embryo DNA lndicated that 

DNA coding for mRNA normally translated in embryos of the paternal 

species lS fully retained in S. purpuratus xL. pictus hybrid gas":, 

trulae. Hybridization of these probes to excess cytoplasmic polyadenyl-

ated RNA of hybrid embryos indicated substantial underrepresentation of 

paternal transcripts, part icularly t hose which are normally prevalent. 

These ob8e~vations may be explained if much of the mRNA translated into 
1 

• 
protein8 detected on two-dimensionai gels 18 persistent maternaI RNA. 

,Alternatively, the synthesis or processing of many paternal mRNA 

sequences may be impaired ln the hybrid embryo8. 
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'" lNUODOCTIOB 

Interspecies hybrid embryos have long been used to assess the 

rèlative contributions of ,the maternaI and embryonic genomes to early 

development. In echinoid hybrids influence on morphological and bio-

cnemical parameters by the paternal genome bec-omes detectib'te on1y at 
.. 

lat'e 'blastula or latér stages -in most crosses (for reviews, see Giudice) 

1973; Davidson) 1976). It has not been determined if the fai'lure of 

detection of "pa~ernal" traits in these experiments represents lack of 

expression or alternatively lack of sufficient sensitivity of the BStay 

employed. 

The delayed appearance of paternal traits is usually aS8umed ta be 

a resuit of the embryo's reliance during early development on a store of 

maternaI gene products which are synthesized during oogenesis. 

Following fertilization stored mRNA 1S recruited into polysomes and 

accounts for most of the protein' synthesis in early embryos (Gross et v 

al. , 1964; Humphreys, 1969, 1971) . As deve lapment proceeds. newly 

transcribed rnRNA makes an increasing contribut ion to embryonic protein 

synthes i6) unt i 1 by the gastrula stage mast funet ioning mRNA in the 

embrya ean be accounted for by new synthesis (Br:,andhorst and Humphreys, 

1972; Galau et al., 1977). Early development does not rely solely on 

stored mRNA, however. It has been shown using cloned probes in a 

sensitive aasay that both maternaI and paternal histone mRNAs are 

associated with polysames as early as the 16-cell'stage in Strongylocen-

trotus purpuratus x Lytechinu8 pictus hybrida and transcripts appear in 

.-
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~The eytoplasm by the 2-c;ll stage (Maxson, and Egrie, 1980): 

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

and histones may represent an exception to the general pattern of 

embryonic gene activation. The timing and extent of expression of the 

embr10nic .genome in e.arly stages of" sea urchin ~bryogenesis has 

remained uncertain. We chose to examine the express ion of hundreds of 

no~-histone proteins rep~esenting much of the mass of protein 

synthesized in hybrid embryos by analyzing' radioactively labelled 

proteins by two-dimensional electrophoresis (Q'Farrell 1975). We thus 

restricted our analysis to proteins synthesi;-ed in the embryo, whereas 

previous investigations using protein staining or enzyme assays detected 
l', 

oogenetic products as weIL. Analysis of three ~ybrid crosses, S. 

purpura.tus eggs with S. droebachiensis sperm. S. droebachiensis eggs 

with S. purpuratus sperm, ~nd the interordinal cross!. purpuratus eggs 

with~. pictus sperm revealed a gross underrepresentation of paternd 

species specifie proteins as late as the pluteus stage of development. 

The extent of expression of paternal proteins in plutei as revealed by 

'electrophoretic\ analysis was not greater than in the hatehing 

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

eleavage stage embryos. Nue le ie acid hybridizs't ion measurements 

indicate that while the DNA _of bath specles persists throughout 

development ln the S. purpura tus xL. pictus hybrids, there is an 
• 

. , 

underrepresentation of paternsl mRNA on polysomes in hybrid gastrt1u-tlolla~--

embryos. 
~ . 

1. 
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KATERIALS AND KKTHODS , 

Strongylocentrotus purpurat'us and Lytechinus pictus were obtained 

f rom P aei fic Biomarine, Venice, California. St rongylocentrotus 

droebachiensis were collected in New Brunswick. Shedding of gametes was 

stimulated- by intracoelomic injection of 0.5 M KCl into gravid adult 

urchins. .Eggs were fertilized 1n a 0.002% (v/v) suspension of '(à 

homologous sperm. For the format ion of hybr id embryos, eggs were 

extensively washed in artificial seawater and concentrated ta more than 

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

droebachiensis males (SpxSd) and the ree iprocal crosses CSdxSp) wer~ 

made by fertilization in a 0.005% sperm suspension for 5 min. SpxSd 

fertilization was 50% complete while SdxSp was more than 95% complete. 

The other cross of S. purpuratus eggs fert ilized wit'h L. pictus sperm 

(SpxLp) was more than 70% complete within 10 mln 1.0 a 1% sperm 

suspension. A cross of L. pictus eggs with S. Eurpuratus sperm could 

not be used sinee less than 1% fertilization occured within 20 min in a 

3% sperm suspension. After extens ive wash ing to remove excess sperm. 

• 
dilute suspens ions of embryos were allowed ta devélop at 14

0 

for LpxLp, 

\ 

SpxLp, SpxSd and Spx~nd at 5_8 0 for SdxSd and SdxSp. Nearly aIl 

eultured embryos developed inte well formed plutei. Unfertil ized eggs, 

lacking raised fert ilization membranes, were remQved by filtration 

through Nitex mesh. After hatching. cultures were further purified by 

settling of unfertilized eggs. Unfertilized egge at no t ime represented 

more than 5% of the embryos in cultures use5:Ï for labelling of protein or 

isolation of RNA. The presence of these un:fertil ized eggs ,,- which do Dot 
.r 
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incorporate much methionine, should not alter the interpretation of the 

• results. 

Labelling of prot eins 1 sample preparat i on, and electrophoresis. , 

Samples of 12,000 or 20,000 embryos were removed from growing 

cultures at 2-4 cell, hatching blastula, and pluteus stages .and 

incubated ln l ml artificial sea water with 50-100 uci of 

[35 s J-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 0
• Frozen 

samples were resuspended in 0.2 ml of 0.01 M Tris (pH 7.4),5 mM MgC12; 

1 mM phenylmethylsulfonyl fluoride. RNase and' DNase (100 ug/ml) were 

added and samples were incubat ed on ice for 30 min. Samp les were then 

1yophilized, and suspended ln 50 ul lysis buffer <O'Farrell, 1975) 

containirrg O. 2i.: SDS. Extract s of S. droebachiens is eggs and embryos 

have a tendency to cause streaking on two-dimensional gels. The sample 

preparation protocol used reducedrthis problem below that observed for 

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

identically. Aliquots of esch ss.mple were obtained for determination of 

radioactivity by precipitation in hot trichloroacetic acid. 

Electrophoresis ln two dimensions was according to O'Farrell (1975) 

essent ially as described previously (Tufaro and Brandhorst) 1979; 

chapter 2) this the sis). Samples to be compared contained equal amounts 

of protein ofSIinilar specifie activity. Autoradiogr7s~ were exposed 

for varying lengths of time t~ optimize sensitivity and reso-lution. 

... 

• 
, 
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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 modificat ions. Briefly, 

embryos were washed 2-3 times through 1.2 M dextrose, and lysed in 0.4 M 

KCI, 12 mM MgC1 2 , 25 mM EGTA, 50 mM Pipes (pH 6.5), containing 0.5% 

Triton X-lOO. ,Pol1somes were pelleted through sucrose for 1.5 h at 

105,000 x g. After extraction with phenol and chloroform and subsequent 

precipitation from ethanol, po1yadenylated RNA' was purified by affinity 

chromatography on oligo(dT)-cellulose (Brandhorst et aL. 1979). The 

OD260/0D280 ratios of RNA were greater than 2.0 in aIl cases. Gastru1ae 

were labe11ed for 90 min with [3H]-urid ine and the RNA extracted as 

\ 

above. About 48% of the radioact ive RNA was in the po1y(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 weIl. 

cDNA preparat ion 

Tritiated DNA complementary ta polyadenylated RNA ,was synthesized 

using reverse transcriptase (Savage et al., 1978). A mixture containing 

50 mM' Tris (pH 8.3)" 10 mM dithiothreito1, 10 mM MgC1 2 , 60 mM NaC1, 

10 ug/ml actinomycin D, 1 mM each of dATP, dTTP. dGTP and 80 uM 

[3H]-dCTP (16 Ci/romoI), 10 ug/ml oligo (dT)12-18' 5 ug polyadenylated 

RNA temp1at-e; and 2-5 units AMV reverse transcriptase (the kind ,gift of 

J.'W. Beard, L~fe Sciences, Inc.), was incubà'ted in a 50 ul reaction 

volume at 42° for 15 min. The reaction was terminated, brought to 0.3 N 

NaOH" and incubated r at 37 0 for 16 h for hydrolysis of the RNA. The 

tni.xJure wu then neutralized and passed through a Sephadex G-50 column. 

.. 
: 
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Leading radioactive fract ions elut ing in the void volume were collected 

by ultracentrifugat ion at 140,000 x g for 16 h. The pellets were 

resuspended and stored in buffer at -70·. 

DNA-RNA hybridizat ion with cDNA 

Trace amount s of PH] -cDNA were incubated with excess RNA at 70· in 

0.6 M NaC1, 1 mM EDTA, 10 mM Hepes (ptt' 7.8). The reaction mixture was 

. 
incubated at lOOoe for 3 min prior ta initiation of the reaction. At 

appropriate times, 5 u1 al iquots containing 1000-2000 cpm of cDNA were 

removed. The aliquot was quickly diluted into 1 ml of assay buffer 

containing 0.03 M sodium aeetate, a .03 mM ZnS04' and 0.01 M NaCl (pH 

4.5). The amount of cDNA driven into hybrid molecules was assayed by 

resistance to SI nuclease (Boehringer Mannheim ~iochemicals). Each 

sample was incubated for 60 min 
~ , -'"'-

at 37" with 500- U SI nuclease and then 

( precipitated in cold 15% TCA for 60 min, collected on Whatman GF/A 

filters, and counted. ln aIL experiments. the amount of Sl-resistant 

cDNA at the start of the reaction (le. after reaction was boiled for 3 

min ta denature the nucleic acids and before incubation at '10°) wae 

subtracted as background. Each react ion was carried out at least three 

times with slight ly different excess amounts of driver RNA. AlI values 

were correct ea for the increased rate of react ion in 0.6 M NaCl compared 

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

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

1977; see appendix III) 

Purificàtion of DNA 

DNA used to drive cDNA-DNA hybridization reactiona wu prepared 

(~ from L. pictus and S. purpuntus .perm by tvo metbod •• One pro~edure 
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wu described previously (Britten et aL, 1974) and is a modification of . 
that descr'ibed by Marmur et al. (1961). Alternat ively, DNA was isolated 

according to Glisin et al. (1974) except the DNA band was retained. 

suspended in CeCI (p-l. 57) containing 0.45 mg/ml ethidium bromide J and 

centrifuged for 60 h at 100,000 x g. DNA was visual ized by UV' and 

removed from the tube. Ethidium bromide vas removed by shaking vith 1 

volume isoamyl alcohol several times. DNA was dialyz:ed against 0.1 X 

SSC at 4 0 and then sonicâted to approximately 400 nuc1eotides average 

size. DNA from S. purpuratus x~. pictus hybrid embryos wu obtained 

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

al. (974). 

DNA-cDNA hybridization 

( 
Reactions were carried out -1n lM NaC1, 0.01 M ph?sphate buffer, 

0.001 M EDTA CAngerer et al.. 1976). Driver DNA concentration was 5'-6 

mg/ml. Samp!es were boiled for 5 min to denature double stranded DNA 

and then incubated at 68 0 for the appropr iate times. The amount of cDNA 

hybridized was assayed by SI nuclease digestion as described for 

RNA-cDNA hybridizations. AlI Cbt values were corrected for the 

increased rate of react ion in lM NaCl compared to standard condit ions 

(Britten et al.. 1974), and are expressed as equivalent Cot or ECOT. 
~ 

" 
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USULTS 

Patterns of protein synthesis 

Embryos were analyzed at three stage's of development: 2-4 cell, 

hatching blastula and pluteu8. Embryas were incubated with [ 35SI-

methionine at a stage of development defined by morpholog ical charac

terist i.1:s, S1nce the rate af development of different species and inter

specifie hybrids varied. S. purpuratus and S. droebach iensis were 

chosen for analysis since the'se two species forro reciprocal hybrids 

which, unlike many other eehinoid hybrids, develop into plutei (Fig. 

4c,F). The gross morphologiesl characteristics of the hybrid embryos 

are very similar to thase of the maternaI species (Fig. 4D,EL Hybrids 

formed between!. purpuratus eggs and .!!.. pictus sperm (SpxLp) occur in 

one direction only, but again the resulting embryos reach the pluteus 

stage of development and are very similar in appearance to the maternal 

plutei (Fig. 4A,B) •. 

To assess the appearanee of paternai proteins (ie. those prateins 

which can be unambiguously identifieçl as being synthesized only in 

embryos of the paternal species) lysates of embryos labelled with [35S]-

methionine were subjected ta electrophoresis in two dimens ions 

1 

(Q'Farrell, 1975). Fig. 5 is a series of gels of the~. purpuratus x 

~ .. droebachiensis reciprocal cross, labelled at the hatehing blastula 

stage. Approximately 500 proteins were re.solved which were comman to 

SpxSp and SdxSd embryos at this stage. In addition 80 proFeins were 

unique to SdxSd embryos and 60 proteins were unique to SpxSp embryos 

based on a camparison of Fig. 5A and 5E; these data are summariz.ed in 

.. 
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Fil. 4. Pluteua stage parental and hybrid ellbryoa. Embryos vere 

removed trom cul ture, incubated in di lute Janus Green for several min 

and photographed. (A) 1:_, pictus (xI20), (B) S. purpuratus x~. 

pictus hybrids (x120), (C) .2,.. purpuratus x !. droebachiensis hybrids 

(xl60), (D) !. purpl,lratus (xI20), (E) S. droebachiensis (XSO), (p) 

S. droebachiensis x S. purpuratu8 hybrids (xI20). 

• 
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Fig. 5. Two-dimensional electrophoretic detection of paternal proteins 

synthesized by hatcbing blastula stage bybrid embryos. Embryos of ..ê.. 

purpuratus, s. droebachiensis and the reciprocal hybrida fonned between 

them were incubated with [ 35SJ-methionine for 60 min. Extl'act5 contain-

ing 2 x 106 dpm (±lD%) ln protein were layered onto isoelectric 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. Approxilllate pH values for the 

isoelectric focusing dimension are shown on the horizontal axis and 

mo1ecular weights are shown on the vertical axis. 

specifie spots while open circles m~ corresponding 

Arrows point ta 

areas on gels Ln 

which these spot~ cannat be detected. Spots 1-5 represent S. 

droebachiens i5 apec ifie proteins synthesized ~n S. purpuratus x S. 

droebachiensis hybrid embryos. Spots 7, 8 and 9 represent S. 

purpuratus specifie spots synthesized 1.n S. "droebaehiensis x S. 

purpuratus hybrid embryos. Cons istent numbering lS used for aIl gel s. 

(À) ~. purpuratus blastulae, (B) !. purpuratus x S. droebachiens is 

hybrid blastu1ae, cCC) a mixture of extraets of S. purpuratus and 2,.. 
1\ 

droebachiensis blastulae, (D) S. droebaehiensis at the 2-4 cell stage, 

(E) s. droebachiensis blastulae, CF) s. droebaehiensis x S. 1 

purpuratus hybrid blastulae. 
" 
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Table 1. In a comparison of Fig. SA and SB, 5 S. droebachiensis 

specifie spots were seen to be synthesized in the SpxSd hybrid embryo 

( Spots 1-5). These proteins were normal1y synthesized in S.' 

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

hatching blastu1ae of SpxSp and SdxSd were mixed and coe1ectrophoresed, 

all the species specifie spots could be detected (Fig. SC). Thus the 

failure to detect more than the 5 paterna1 spots in Fig. SB is not due 

to a 1055 of reso1ution of paternal pr~teins in the presence of maternaI 

egg tytoplasm. Spots labe11ed 1-4 were reproducible ln severa! 

experim,ents on e~gs from different females. Spot 5 was not synthes'ized 

Ln embryos from other S. droebachiens is females ana1yzed and may 

represent a polymorphism. In an analysis of the reciprocal cross SdxSp 

at this stage, (Fig. SE and SF), no~. purpuratu8 specifie proteins were 

detectible in the hybrida out of a total of 60 potentially distinct 

spot s at this st age. 

Limited expression of the paternal or "embryonic" genome at the 

hatching blastula stage of development was not surprising in light of 
r;-

experiments showing the apparent ability of embryos to re1y on stored 

mRNA early in development prior ta the mesenchyme blastula stage (Gross 

et al., 1964). we did, however, expect ta see extens ive synthesis of 

paternal proteins ~p. hybrid" embryos at later stages. Plutei were 

labelled with [35SJ-methionine and the proteins were analyzed by 

electrophoresis as for h.atching stage embryos. Fig. 6 ia an en1arged 
1 

gel summarizing the paternal expression seen at this stage. Of 

approximately 90 possible paternsl spec if ic proteins resolved, only S 

were synthesized in the SpxSd plutei, 4 of vhich vere also synthesized 

in hatching blastulae. Spot S was no longer synthe.i2:ed in SdxSd 

• " 
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." 
Fig. 6. Two-dimensional electropboresis of li mixture of prot.eins 

synthesized by S. purpuratus and S. droebacbiensis pluteus stage 

eœbryos. Embryos of~. purpuratus and S. droebaehiensis were incubated 

with [3SS J-methionine for 1.5 and 3 h respectively. Extraets containing 

l x 106 dpm in protein from each speeies were mixed and subjected ta 

two-dimensional gel electrophoresis. The autorad iogram shown was 

exposed Eor 1.2 x 1010 dis,integrations and ,contains approximately 850 

detectible prateins. Approximate pH values Eor 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 siml1ar to that of Fig. 5. The results are summarized on this 

gel sinee it contains the proteins synthesized hy bath species embryos. 
, 

Arrows point to specific spots while open squares note the absence of a 

spot. Spots 1-4 were S. droebachiensis specifie proteins synthesized 

ln S. purpuratus x S. droebachiensis hybrid embryos and were first 

detected at the hatchlng blastula stage as shown in Fig. 5. Region 6a 

corresponds to where a prominent ~. droebachiensis protein mlgrated in 

one exper iment . It was not observed ln other experiments using 

different S. droe&achiens is spec imens . It appeared as a prominent ~. 

droebachiens is protein synthes ized in the correspondi ng hybr id embryos ,{" 

and is shawn in Fig. 7. Spots 7, 8 and 9 are~. purpuratus specifie 

polypeptides synthesiz~d ln S. droebachiensis x S. purpuratus hybrid 

plutei. " 
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embryos and would not be expected t? appear on any gep at this st"age. 

The square labelled 6a 'indicates the position of a major S. 

) 
droebachiens i8 spot which is not observed in aIl crosses (burS,ee Fig. 

7E). Spot 6b is an S. droebachiensis protein which Jas not" dltected in 

SpxSd hybrid plut ei in this experiment but was detected in SpxSd hybl:'id 

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

synthesis of many new species of proteins became detectible aiter" 

hatching of normal embryos, only n. of the paternal specifie pfpteins 

were detected in this hybrid. In addition, 3 S. purpuratus spots were' 

synthesized ~n the SdxSp hybrid (Spots 7,8,9), 

synthesized aiter hatching in SpxSp embryos as shown in Fig. SA. Fig. 7 

0\ contains enlarged gel sections showing f the appearance o~ paternal " 

proteins in the pluteus larvae of the SdxSp and SpxSd hybrida. 

Different batches of eggs were used for Figs. 7 and 8. but the pat..terns 

are very reproduc ib le. The appearance of spot 9 was r'estricted to 

~ 

crosses including S. purpuratus sperm. It may be spec ified by a male " 

sex chromosome, The appearance of spot 68 similarly required the' 

presence of S. droebachiensis sperm 1.n those crosses Hl which it 

appeared. The labelling of spot 9 occurs predominant 1 Y ln the ec~odenn 
) 

of S. purpuratus embryos (Bruskin et al .• 1982) • 
'-. 

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

stage of S. purpuratus vary by only a few s pots out of about 1000 
~ 

analyzed (Tufaro and ~randhorst, 1979); many changes occur afte'r' 

hatching (Brandhorst, 1;976; Bédard and Brandhorst, 1982). In an 
tJ 

analysis of 2-4 cell hyblrid embryos, careful comparison of the gels d{d 

not reveal any "p.aternal express ~on. Some of the paternal prote~ns 

which appear in hybrida at the hatching blastula stage or plut eus stage 

't 
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Fig ... 7. Bigh resolution analysis of paternal species specifie Proteius1 

synthesized in pluteus. stage hybrid embryos. Embryos were labelled 

with [35S]-methionine and prd'tein extracts were subjected to 

two;-dimensional gel electrophores.is as in Fig. 6; different batches of 

eggs were used in Figs. 6- and 7. A~radiograms were photographed and ... 

enlarged to 1.B,x actuai size. Regions containing spots ~hich represent 

synthesis of p+ternal proteins in hybrid embryos were cut out and 

compared. Tqe ~bering of spots corresp~nds to that used in Figs. 5 

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

Only a few of the paternai 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" 

and E correspond to a different set • 

.. 
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) TAilLE. 1 

Detection of !=ynthuh of Plternal, Prote in, in Hybrid Embryo, 

II_ber of 'atemal S~t, 

Hlbrid Crol,1 Nua-.ber of Cleavlaec aatchinsc Pluteulc 

En Spera COIIIII,on Spoteb Oh. d hp.e Oba_ d E.~.e Obs. d , E"p.e 

Sd Sp 50~ 0 60 0 60 3 70 

Sp Sd 500 0 ao 5 90 5 90 

Sp Lp 275 0 120 1 120 2 130 

eS~eciea used vere .h purpuratui CSp), h droebachiell8Ï1 (Sd), and h pictui JJ.pL. 

bthia reprelenta the nUl;her of Devly .yntbesized polypeptidea .c:_n to both spect .. 

clehcted on tva dilIIensicnal ,eh. lt vu deteraiD'" by __ rleppilll autoradiolraph. 
, 

of labellecl proteine of the two .pecLe. c.p.recl and by confirain, th. identity of 

tb ... apot. on a lei cori'tainina a .ixture of the protdu of botb .pecin. !rumber. 

are approximete md are lilDited by th~ re.olut iOD of th. ,el beyin, the poore.t 

relolutioa. Onl1 prote iD' vhich cou Id he conailUDtly and una.biluouely analyzed 

vlr. couDted_ 

CSta._ of etIIbryonic develop"'.nt aDdyzad. 

lIne D ... ber of .pot. dhtinct to tbe paterntal epeei .. ob.erYecl _. proteine 

lyDtbeeizecl b, bybrid e~bryo. of that .tIBe. 

eThe 'D ... ber of paternelly dht iDcr IPOt. "l'~~"ed for ealbryol of the paternel lpeci~1 

of tbet Itl.a and expected if al1"pacllruit
c 

lenel are exprel.ed in hy"bridl ea:bryol. 

tIodifi.d fro. Tufaro and I!randho~.t (1982); reproducecl vith peraiuion of Acadeaie 

Pre •• , lac. 
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.were synthesized in the paternal speeies at the 2-4 eell stage, while 

• 
others appeared on1y later in deve10pment (Fig. 5D). The latter group 

of proteins May be translated !rom mRNA synthesized only during 

embryonie deve lopment . , / 
While only 3-n: of the paternal specifie proteins appear in these 

hybrids, an assessment' of the extent of expression of the paternal 

genome LS limited since the majoHty of proteins comigrate on gels and 

therefore cannot be detected as' being species specifie. In fact, aIl 

overlapping proteins might represent paterna1 expression, such that a 

majority of the paternal' 'proteins might b+ synthesized: To elaborate on 

thi~ possibility, we extended our analyses ta the hybrid cross of S. 

purpuratus x .h. pie tus (SpxLp) in which only 65% of the polypeptides 

comigrate on two-dimensional gels. In this experiment, paternal 

representat ion in the pluteus stage SpxLp hybrid embryo was 2% or less 

as -summarized in Table 1. Thus the maximum paternal expression assuming 

full expression of aIl overlapping pro~eins was only 66% of the total 

number of paternal proteins detected on gels and LS probab 1y far less. ,. 
The data fram electrophet ic analyses are summarized in Table 1. In all 

croese~nalyzed, there were examples of proteine whieh were not 

synthesized at a particular stage in the hybrid' but n011l'ally were 

synthesized at that stage in the maternaI homologous crosses. These 

~hanges represent .on1y a small number of spots but are reproducib le. 

Paternal DNA 

A possible trivial explanation for the restricted expression of the 

paternal genome in _ hybrida is that a selective 1088 of paterna1 DNA 

might occur. L088 of paternal DNA or chromosomes has been reported for 

. 
1 • 

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

prematurely arrested (for review, see Giudice, 1973>. To invest: igate 

this possibility, [3H]-CDNA was .... synthesized by reversed transcription of , , 

polysome-enriched cytoplasmic polyadenylated RNA of ~. pictus and S. 

purpurat~s gastr~lae. Fig. 8 shows the kinetics of hybridization of 

esch parental cDNA with h~ologous sperm ONA and -ONA prepared from SpxLp 

hybfid gastrùlae. the hybridization reactions were nearly indistin-

guishable in both - kinetics and extent when driven with sperm DNA or 

hybrid embryo DNA. The sequences reac t îng represent those coding for 

proteins normally synthesized in gastrulae of S. purpuratus or L. 

pic tus. ThuEl the DNA sequences complementary to the se probes were 

present in the DNA of the SpxLp hybri<! embryos at the gastrula stage in 

" normal amount and complexity. This analysis should have been quite 

( " sensitive to 1088 of DNA sequences aince there is on1y an 11.5% cross 

reactivity between the nonrepetitive ONA'a of L. pictus and S. 

purpuratus (Angerer et al.. 1976) which compares well to the observed 

14% cross reactivity of the .!::.:.. pictus cDNA probe with !:. purpuratus 

ONA. _ A similar investigation of the SpxSd and SdxSp hybrids was not 

att~mpted because of the extensive' (68%) s'equence homology between 

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

al.. 1976) • 

.. 

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 cDNAs used for the 

( DNA-cDNA hybridization were used as probes to determine the kinetics of 
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rig. 8. ReàC:tioa. of c:DIU. vith .zee .. DRA. The [3U]-cDNA transcribed 

from pOlysome-enriched cytoplasmic RNA extracted from ! .. purpuratu8 and 

L • pictus .gastrulae was incubated with DNA isolateœ fram sperm or ..... 
pluteus stage hybrid embryos in 8xl05 fold mass excess. (A) S. 

purpuratus cONA reacted vith excess S. purpuratu8 sperm DNA (e) or S. 

purpuratus x L. piCtu8 hybrid plutèu8 stage embryonic DNA (0). (1) 

L. pictus cONA reacted vith excess L. piCtU8 sperm 'DNA <e) or S. 

purpuratus x L. pictus hybrid pluteus stage embryonic DNA (0). 
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an RNA driven hybridization. reaction. To usess the reactivity of the 

probes these cDNAs were hybridized, with their homologous templates as 
,. '\ 

h . F . 9A B S \ \ l' " d l s OWQ ln 19. ,. equence comp eXlt les an preva ences were 

\ 
estimated ~ from these data using \a computer as~isted curve fitting 

program (Pearson e't al.. 1977) and are summarized in Table 2. When 

• SpxLp nybrid gastrula polyadenylated RNA was used to drive.2,. purpuratus J 
cDNA into hybrids, tpe feaction proceeded with slightly altered kinetics 

and reacted to ~O% of the homologous termination value. The 10% of the 

mass of the probe whieh ,diV not react by EROT 2500 cor~responds to 

Jequences redueed or absent in the RNA of hybrid embryos. Fig. 9B shows 

~he !:,: pictu8 eDNA probe drfven with SpxLp 'gastrula polyadenylatedJ RNA. 

Only 45% of the potent ially react ive probe hybridized by EROT 3000, 

indicating a consid,rable reduct ion in the paternal RNA representation 

of these hybrid' embryos~ The aecressed hybridizat ion i8 not due ta 

-) limited reactivity of the probe sinee the homologous react ion showed 

that the probe i8 reactive. RNA driver from hybrid embryos was not 

degraded sinee it was able to drive!. purpuratus eDNA into hybrids in a 

'parallel reaetion. White this analysis does not establish the eomplex-

ity of sequences mis.sing, the slow reae tion kineties and protein 

- 1 
electrophoresis data ind ieate that some of t,he transcripts reduc'ed in 

hybrid embryos are nO'fIDal1y abundant in L. pictus embryos. 
i 

J 

) 

• 
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Pige 9. BybridizatioD of cORA vith eKce., RRA. The L. pictus and S. 

purpuratus gastrula stage cDNA probes used ill: Fig. 8 were ~ncubated vith 

excess homalogous (templaOte) RNA or excess polysome-enriched RNA from 

hybrid 'gastrulae of the; S. purpuratus xL. pictus cross. (A) S. 

purpura.tus cDNA ·reacted with exCe8s S. purpuratus RNA (e) or S. 

purpura.tus x L. pictus hybrid e1$1bryo RNA (O). (R) L. pictus. cDNA 

react'el with excess L. pictus RNA (e), hybrid embryo RNA (0), or S. 

purpuratus gastrula RNA (Â). Final reaet ivity of each probe when driven 

by excess temp1ate RNA was ·86% for .!:.. pictus cDNA and 74% for !. 

purpuratus cDNA. All hybridizad~~':'>plots shawn 

100% probe react iv ity. 
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'r~qu.nc;y dhtribution of pol)'ldenytlud UA Hquencu in!:.. pietu. alld .!.. purpuratui 
,utnla .tI" _r)'o •• 

Fractioe of 
'IIybnd iI;~b le tDIIA 

Rot (Hall!!'" 1-) I.cl 
Oble"ed 
cOrreeted 

Complexity 
nucl~otide. 

Number of 
d~fferent 

RNA speci •• e 

lt 10-.6 

!:.. pioctui cDMA 

Prevalenel! 

Very BiBb 8igh Interaaedi .. u Law 

16 24 35 25 

0.03 0.90 14.44 114.20 
0.0048 0.32 S.05 28.55 

0.0048 0.320 S.OS 28.5 

2.4 110 1S1S 14,250 

S. p"rpur.t~ cD"" 

Bigh Inte~edi .. t, Law 

18 38 44 

0.93 16.8 110.0 
0.17 6.4 48.4 

0.170 6.38 48.0 

3190 .24,000 

a 1.. piet". eDtlA ddun b,. 1:,. pietu. UA v .. but ht ta four prevalence cl ... el, whil. 

S. purpurltui cOMA dri.,en b)' .!. Erpuneu. UA wu ft t eo three prtvalence el .... e •• 

b 'Comp1exit)' _ deter.ined l1Iin, a glo&in RNA .tandard: 1.2 tb comple.1t)', Ilot -0.0012. 

c Based Oll lIVetl,e .ue of 20«;10 nuc1eotid ... 

" 
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Our data indicate that most dïstinctly paternal proteins are not 

detectibly synthesized in any of thr~e interspecies hybrida. Of the few 

that are ,eynthesized nearly all have appeared by the time of hatching 

in~icat ing that the paternal genome can be transcribed inco) mRNA before 

. gaatru1ation. The restriction in appearance of paterna1 products is not 

due to losa of DNA coding for mRNA sequences normally trana1ated in the 

SpxLp cross. The steady staCe population of cytoplasmic' polyadenylated 

, 'RNA, enriched for polysoma1 RNA,' of the SpxLp gastru1ae has a great 1y .. 
reduced representat ion of sequences normally found in po1ysomes of LpxLp' 

J ~, , 

gascrulae. 1 
) 

.. Limited synthesis of ~ternal1y coded proteins in echinoid inter· 

species hybr·ids has been reported previously by Whiteley et al. (1975). 

Serological characterization of soluble prote.in antigens synthesÎl;ed in 

hybrids o'f Dendraster excentricus eggs fertilized by.!. purpur_tus sperm 

indicate that there ia very Uttle detectible contribution of the 

paternai genome by gastruLa stage,' at which stage development is 

arrested. Only maternal forms of several developmentally regulated 

enzymes cou Id be de t ec t ed in the hybr ids . DNA-driven nucleic acid 

hybridi~tion reactions with newl! synthesized hybrid' embryo "polysomal 

RNA detec)ed no reduction in the paternal mRNA compared to maternaI mRNA 

sequences; Cot values were obtained a110wing hybridization of RNA to 

nonrepetitive DNA (Whiteley et al., 1975). It is not clear whether the 

contrast with our observation that .,paternal' mRNA ia under1;'epresented ia 

ri 
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due 'cc differe~ees ' in the hybrid to differen'ces • 

in the populations of mRNA analyzed versus pulse 

labelled). It appears certain, though,' that imited synthesis of . 
o 

paternal proteins in che SpxLp hybr id embryos is due to a 

correspondingly limited presence of paternal mRNA t s in polyaomes. 

. We analyzed about 500 proteins in each of the three crosses 

enabling us ta screen for 
/ 

a large number of distinctly paternal , . 
proteins. Our anÎllysis ia restricted ta proteins having isoele-ctr1c 

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

daltons. a range which includes most of the m~ss of newly ~ynthesized 

proteins (Brandhorst. 1976L but excludes 'some- major proteins J notably 

hiMone. Galau et al. (1974) have estimated that about" 15,000 diff~rent 

mRNA sequences are translated i~!.. purpQ.ratus gastrulae,. MOSt of them 

rare. The newly synthesized polypeptides we detect on two-dimensional 
,"'" 

gels presumably correspond ta the mo..}e prevalent maNA' s. 
i 

• The kinet ics of hybridizat ion of the paternal L. pictu8 cDNA probf:t 
1 -

ta excess SpxLp hybrid RNA indicates that a substantial mass of paterna! 

transcript is present and thus transcribed. The sequence comp'l~xity of 

thes_e paternal transcripts cannat be determined from our data, but the 

paucity of paternal spots on two-dimensional gels and retardèd reaetion 

kin'ecies for paternal cDNA indieate that much of the mass of normally' 

prevalent transcripts is reduced or absent. ln S. purpuratus gastrulae 

prevalent transcri'pts aecount for about ohal f tlle mass of cytoplasmic RNA 

(Table 2; see also Lasky et aL, 1980; Shepherd and Nemer, 1980) and 

nearly all of the cytoplasmic sequence complexity is represented in 

po 1 ys OII1es (Hough-Evans et al. J 1977). 
11 

Bence it is !,08sible that 

virtually aIl the sequence compl,xity and mass of rare mRNA' normally 

/ 
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J 
found on polysomes of LpxLp embryos is' also transcribed and translated 

\ 
'in SpxLp hybr id embryos • Cabrera et al. (1984). have shown that by 

y , 

gastrula stage most or aIl rare mRNA Molecules are newly sy~thesized. 

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 maternaI RNA. Contrary to this proposaI is 

the oblJervation that by gastrula stage 3-4% of the mass of RNA on 

polysomes 1S accounted for by newly synthesized embryonic RNA 

(Brandhorst and Humphreys, 1972; Galau et al., 1977). Thus MOst or a11 

of the mass of mRNA expected to be in polysomes can ~~. accounted for by 
. 

transcripti0!l of the embryonic genome, but this observat;ion does not 

exclude the possibility that some maternaI transcripts remain in 

poyso~es or continue to be recruited into polysomes in late stage 

embryos. Cabrera et al (1984) have shown that the accumulation of newly 

synthe~ized RNA during embryonic development cannot account for the 

total mass of some cloned prevalent mRNA species at prism stage. 

Consequent ly, some maternaI mRNA May pers ist .throughout embryonic 

development. By gastrula stage Many polypeptides are synthesized wnich 

were ..... not detect ib ly synthesized 

Bédard and Brandhorst, 1982). 

in early embryos (Brandhorst, 1976; 
1 

j , 
Comparison by two-dimensional electro-

phoresis of the products of celi-free trans lat.ion of cytoplasmic RNA 

with proteins ,synthe'sized in vivo indicates that for most proteins there 

is a close quantitative correlation between the amount of translatable 1 
. RNA in the embryo and its translation in vivo (Brandhorst et al. ~ 1979; 

~ 
Infante and ReHman, 1980; Bédard and Brandhorst, unpubllshed obser-

~I 
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vadons) • Thus if Most of the spots d~.tectib le on a1,Jtorad iograms of 

two-dimensional separations of pr~teins synthesized in Iate stage 

embryos are product s of translat ion of ~rsist ent maternaI RNA, those 

mRNA's would necessarily reside in a forro untranslatable ln the 

reticulocyte, or wheat germ cell-free systems used in those analyses. A 

posttranscr~nal regulatory event would be required for the stage 

specifie 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 lat~ as the plut eus stage, the structure of much of the 

stored maternaI. polyadenylated RNA in eggs and early embryos suggests 

that it is in a preprocessed,.possibly untranslatabl~) form which might 

be quite stable and processed into active mRNA during embryonic 

development (Costantini et al., 1980; Thomas et al., 1981). Other 

possible explanations for the restricted expression of the paternal 

genome include impaired synthetl-L-s, processing, or -transport to polysomes 

of paternal mRNA. The egg cytoplasm may contain factors which are 

required for. the synthe.sis or processing of mRNA derived from ·the genome 

of the maternaI species but which do not allow expression of the 

paternal genome. We are engaged in an analysis of the metabolism of 

specifie paternal transcripts in embryos of the homologous crosses and 

in" the hybrid embryos (see chapter 4). 

It has been shown that in the SpxLp cross 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). Substant ial syhthes is of paternal Hl histone occurs in e~rly 

embryos of ech,inoid interspecies hybrids (Easton and Whiteley, 19·79) • 

(;enes 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 rapidly 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). fiistone mRNA's have sorne unusual 

features ~s well, including absence of poly(A) tracts and lack of a 

nuclear precursor requiring splicing out of intervening sequences 

(Hentschel and Birnstie1, 1981), which may allow their expression in 

interspecies hybrid embryos. lt ia not surprising then that we failed 

to detect th~ synthesla of paternJl proteins in early embryos. Indeed, 

most investigatio.ns of echinoid hybrid embryos failed to detect any 

evidence of paternal genome expression prior to gastrula stage (except 

for histones), whÏle 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 nesrly both dis~in-

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 ~ssion 1n cells of embryos and ~atut::e 

adults. The transcription of X. borealis ribosomal DNA is repressed by 

either!. laevis maternaI cytoplasm or X. laevis ribosomal DNA in hybrid 

embryos (Honjo and Reeder, 1973). 

The interpretation of many investigations uti1izing echinoid 

interspecies hybrid embryos 18 dependent on the assum.pe: ion that the 

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

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

\ 

.. 
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1 
ind icate that caut ion should be attached to such interpretat ions. 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 pate't'nal genome rather than .the 

1 • utilization of stored maternaI .mRNA for the synthe~is of hatching enzyme 

(Showman and Whiteley, 1980). Clarification of the restriction on 

expression of the paternal genome 1.n inte;rspecies hybrids may have 

important implications for an understanding of thè program of gene 

-
expression which normally oper~tes during embryonic deve~opment • 

.. 

t 
'. 
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A library of cloned cDNA mlecules representing L... pictus gastrula 
., '" 

E!lt>ryo cytoplasmic RNA' was constructed. The library was screened to 

select La. pictus species-specific sequences indetectible in SpxLp hybr id 

E!lt>ryos. It was also screened to identify transcripts which accumulate 

during normal embryonic developnent. My data indicate that mst patemal 

species-specific aburx:lant transcripts do not' accurrulate to nornal levels 

in the cytopl~ of interspecies hybrid embryos. Of the 20 cloned 

sequences of this type analyzed, only 2 (16B7, l6Cl2) accumulate to a 

level similar to that in embryos of the patemal species, La.. picttl§. One 

of these, l6B7, contains a repeat sequence which is expressed in nany 
1 

transcripts t.ilich appear in SpxLp hybrid enbryos as early. as the 64-cell 
~ 

stage. One sequence, 1506, acc1lImÙates in LpxLp plutei to a level 50-fold 

over that of the L... pictu§ egg. '!he 1506 transcript accurrulates in SpxLp 

hybrid plutei to a level about 2-fold higher than in ok. pictus eggs. RNA 

chain-extension in isolated nuclei indicates that the 1506 gene is 

actively transcribed in nuclei isolated fran both I.pxLp and SpxLp 

mesenchyme blastula anbryos, a stage of developnent in which the nature 

transcript is accumulating extensively in LpxLp anbryos but not in SpxLp 

E!!tt>ryos. A third c10ned sequence, 1604, represents a transcr ipt of a 

conserved gene expressed in a temporallY..-distinct nanner in the two 

species. SpxLp hybrid embryos acctlI1l11ate the transcript in an apparently 

independent and additive nanner, although the nass is greatef in hybrid 

E!lt>ryos than would be expected. T.here is no apparent restriction of the 
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expression of this gene in SpxI.p E!li>ryos. l prévious1y proposed (Tufaro 

and Brandhorst, 1982), that transcripts up-regulated duÏ":l.ng developnent 

might acctmlllate normally in erbryos, and that the 

umerrepresentation of {:atemal transc;r ipts in SpxLp ent>ryos might be due 

to persistent materna! RNA which is not nOrmally rep1aced significantly in 

normal ett>ryos. '!he data presented in this chapter 'exc1udes this 

mechanism as the only exp1anation for the restrictéd eq>ression of 

paternal genes in hybrid eut>ryos. 

, 
.' 
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One appr~i t~ distinguishing bf;tween the expression of the maternal 

and zygotic genane during developnent bas been to use interspecies hybrid , 
embryos to assess the relative contribution of the p:1temal, and hence the 

embITonic genane to developnent. Echinoid interspecies hybrida have been· 

extensive1y investi.gated 't'or' nearly a cent~ (for review, see Davidsœ, 
• a~ ~ ~~ • 

1976; "Giudice, 1973). '1l1e conclusion which is usually drawn fran this 

large body of literature is ~t the influence on biochemica1 and 

nDrphological characters by the pa~emal genane becanes detectible only at , 

the late blastula or later stages in !OOst crosses. 

'!he interpretation of rnany investigations uti1izing echinoid 

interspecies hybrid embryos is dependent on' the assumption· that the 

paternal genane is expressed to the same extent, and with the same timing, 

as the matemhl genane in normal embryos. ., Recent observations (Tufaro and 

Brandhorst, 1982; Lee- and Whiteley, 1982) indicate that caution should be 

attached to such interpretations. Analysis of three hybrid crosses 

revealed an underrepresentation of patemal 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 persista throughout developnent in s.a. pux::purab15 x 

La. pictus (SpxLp) ercbryos, there is an underrepresentation of p:itemal 

. mRNl\. on polysanes in (SpxLp) hybrid gastrula anbryos. There are two 

'. 
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possible explanations for these observations. First, JIIlch of the mRNA . -
translated into' protein detected on two-diIœIlSional gels might be 

persistent matemal ~ not normally rep1enished dur ing enbryonic 
) 

developnent. Recent observations suggest that certain transcripts may 

persist throughout emblllYogenesis (Cabrera f!t .al., 1984). Altematively, 

the synthesis, processing 1 nuclear export 1 or, stabiliza tion of many 

paternal mRNA transcripts may he inpaired in the hybrid embryo. ,.. 

If the restricted ac'hmulation of patemal . transcripts in hybrid 

E!li:>!::yos is 1argely the resul~ of persistence of a large mass of maternal 

~ transcripts, it might be that the signals -for RNA transcription and 

processing are conserved hetween the two species and RNA accunulation in 

interspecies hybrid embryos· r.eflects normal expression of the patemal 

genane during developnent. One predictj.on resulting fran this is that 

transcripts acCUIIlllating in normal annryos should also accunulate in 

hybrid anbryos. Conversely 1 failure of proper transcript accumulation in 
, 

hybrid embryos would indicate that the rnechanisms which regulate 

accumulation in normal enbryos are not functioning. 

Ta test this prediction, a library of cloned cDNA molecules 

~epresenting lu. pictus gastiJla embryo cytoplasmic RNA was constructed. 

'!he library was screened to select clones for species-specific cytoplasmic 

transcr ipts indetectible in hybrid anbryos. Most pre'lalent 
"or~\ 

species-specific transcripts identified accumulate by mass in Aybtiè 

embryos, contrary ta the prediction. It i5 clear fran the results of this 

analysis that the use of highly specific cloned probes ta study gene 

reguJ.ation in interspecies hybrid embryos may yield inportant insights 

into the regulation of gene expression during enbryonic developnent. 
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AlI solutions were autoclaved, if possible, and all glassware was 

baked before use. Enbryos were layered over 1.2 M dextrose (eggs 'bver 4':1 
, 1 

seawater:1.1 M sucrose) and collected. '!he pellets were washed oncè wi1ùl 

dextrose, then once in lysis buffer (50 rrf! Pipes (pH 6.5), 400 nM NH4C1, 

12 nt1 MgCl21 25 rrf! mTAL:· 
• 

RNà used for cloning was isolated fran early gastrulae erbryos (22 h 

at;, 170). 'lbe embryos for this preparation were lysed by ~sing th~ 

through a 21 gauge needle or by honrJgenization in a Dounce tooogenizer. 

RNA pçeparations used for gel blot hybridization exper1ments were made by 

1ysing eIt>ryos in lysis buffer containing 0.5% ,Triton, using a Dounce 

hanogenizer. 

For each sanp1e, the lysates was centrifuge(j' at 11,000 rpm in a 

Beckman JA-20 rotor for 10 min, and the RNA was precipitated fran the 
-

supernatant by the addition of an equal volume of 4M Lie1, 8M urea, 0.5 trfl 

.EDTA, 20 nM Tris (pH 7.5), on ice for 1-16" h. 
.. 1 

. 'Ibe RNA was colleèted and 

disso1ved in 0~1 M. sodium Acetate (pH 5), 0.5% SOS, 25 rrf! EGTA and 

extracted with an equal volume of phenol-chloroform (saturated with 

Acetate .buffer 1 pH 5.0). Extraction was performed at R'l' and at 500, and 

the aqueous phase was precipitated fran ethanol at -200 OIN. 
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rpœtzuçtjM of' a cfR\ T.jhr;u:y 

cON! SWtbesis 
, ' 

First'stranQ 

Avian mye1ob1astosis virus reverse transcriptase was used to 

synthesize CDNA from an RNA template under conditions which yie1d a high 

proportion of full 1ength copies (Bue11 ~ al., 1978). Reactions were 

~. l' carried out in, ~utoclaved, si1iconized 1.5 ml test' tubes.' A standard 

;êaction. mixture was 50 mm Tris (pH 8.3) at 420 , 140 nt-1 KCl, 10 ~ 

30 'Iltt1 B-1nercaptoethanol, 500 uM of 'each deoxynucleoside 
<; 

triphoS};ilate, and 100, lÇ of oligo(dTh2-1a!ml. Actinanycin D was 

çm!tted in order to inCrease second~trand synthesis (Wickens .et. .al., . 
1978). RNA tenplate was added to a final concentration of 20-40 lXJ/ml. 

Reverse transcriptase was added to 1000 U/ml, a leve1 which yields maxinllm 

cœIA mass for tlie ÇUIDunt of RNA used. Reactions were assert>led on ice,. 

vortexed --gently, centrifuged briefly, and incubated at 420 "for 20 min. 

'lhis short reaction t1me minimizes transcription fran ribosanal. RNA. 

Second strand 

Reversed transcription reactions were stoR;led by chilling on ice, and .,' 

centrifuged briefly. RNA-DNA hybrid mlecules were denatured by boiling 

and quickly coo1ed • Denatured protein was col1ected into a pellet by 

brief centrifugation. 

'!he supernatant containiB3 single-str~ed cJEA was added to an equal 

volume of 200 ntt Hepes (pi 8.0), and 500 uM of each deoxynucleoside 
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triphosphate. E. Coli D'NA po1ymerase (15 U) was added and the mixture was 

'incubated for 2 hr at 150. 

Second strand synthesis was s~ by chilling on ice, followed br 
1 • 

the addition of 100 ul of 10 nit1 cr;'lP, 0.1% SOS, and 25 ug yeast t:RN.l\. 'lbe 

reaction was extracted at roan tarperature with 0.4 ml of chloz;:oform and 

the organic phase and interphase were re-extracted with 100-200 ul of 20 

J1tt1 NaCl. 

Sl=nuc1ease DJ,gestion 

Fractions which were exc1uded from ~ex G-100 were phenol 

extracted and precipitated fran, ·ethanol. '!he mA was collected by 

centifugation at 38,000 RPM in a BecJanan type 50 rotor. 'lbe mA pellet 

was resuspemed in 300 nff NaCl, 30 ZIf! NaOAc (pH 4.5), and 3 ni"t ZnCl2' 

SI nuc1ease was added to 50 O/ml and the reaction was incubated for 10 min 

at 150. 'lbe reaction was Iilenol extracted, and the aqueous phase was 

passed throU!Jh a 4 ml Sephadex G-50 co1umn. tP Excluded fractions were . 
poo1ed, EDTA was added ta 20 J'Iiot, and the INA was precipitated fran 

ethano1. 

Taili~ of the dJNA wjth Termioal neoxyrjJxmucleotidYl Transferase 

. 
Double-stranded cDNA was tai1éd at the 3' e.OOs with teItlliJ:l.9). 

deoxyribonuc1eotidy1 transferase (Tdt) in a 100 ul reaction containing 140 

nH cacodylic acid {free acid, Sigma Biochanicals}, 60 nt! Tris base 

adjusted with Kœ to pH 7.6, ,1 nt! cobalt clùoride, 0.1 rrM dithioth.r~itol, 

and 4 uCi [~2PJ-dCI.'P (400 Ci/~l, New EDgland Nuc1ear). 'Ibe reaction 

-.,. 

• 
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was preincubated for 5 min at 370 and clù.l1ed on ice. Exactly 300 '!'dt 

was added am the reaction tube was incubated for 2 min at 150't during 
, 

which time 20-30 nucleoside residues were' added to each.end. ~e reacftion . . , 
was terminated by heating the mixture for 5 nù.n at 600 in 0.5 M NaC1, 10 

" . 
rrM IDm, extracted with phenol; and precipitated fran ethano1 twice. 

!'! 

Cesium-purified' pBr322 p1asmid mA was cleaved with Pst l and . 
cD1P-tailed with Tdt as described above. . , 

Construction of Recœbinant Plasm,id DNl\ 

Tailed ds-cDNA was mixed in JIl)lar ratios of 1:2 or 1:8 with 250 ng 

vector/ml in 10 nf.1 Tris (pH 7 .5), 100 nM NaCl, 1 nfl IDTA. '!he xoo1ecules 

were annealed at 680 for 5 min, 420 for 2 br and ~ coo1ed slow1y to roan 

teuperature durin9 a 4 br periode '!bis DNA was used to transform E. coli 

as described below. 

Tranafor:mation of E. Coli 

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

transformations (B'anahan and Meselson, 1980). Brief1y, fresh colonies of 

DHl bacteria were incubated in 'sœ broth (20 9/1 bacto tryptone, 5 9/1 

yeast extract, 20 llf1 MgCl2' 10 Jtftt NaC1 (pH 7.0) unti1 the culture 

reached mid-log t;X1ase. '!lie culture was made 15% in sucrose, 5% in IMSb 

and stored snall aliquots ,at -850 
ft About 14-20 hr before 

transformation, a c1unp of frozen cella was spread on a rich plate aOO 

streaked. Single colonies formed ovemi9ht at 370. A 2 mm colony was 

picked and disperse9- in 1 ml SCB. '!bis was used' to innoculate 50 ml 
" 
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pre-war:Iœd SCB. 'lbe culture was incubated at 30~ with shaking until it 

contained 5 x 107 cel1s/ml. '!he cel1s were collected in 50 ml Falcon 

tubes, cooled on iee for, 15 min, centrifuged at 2000 RPM for 12 min at 

40 , and resuspended in 8 ml cold,' autoclaved, millipore-filtered 

transformation buffer (10 nM CaC12' 35 rrM KOAc (pH 5.9), 12.1 mg/ml 

rubidium chloride, and 8.9 ng/nù nanganese àù.oride). After 10 min on 

iee, the cel1s were pelleted at 2000 RPM for 10 min at' 40 , and 

resuspended gently in 2 ml transformation buffer. Fresh, 

spectrophotanetrically-pure J:XtJSO was added (35 ul), the celIs were swirled 
• 

occasiopal.ly for 15 min and an additional 35 'uI œso was added. 'lbe cel1s 

were swirled occasionally for 5 min. Fran 200-210 ml aliquots were 

dispens~ into 15 ml siliconized, autoclaved glass centrifuge ~Sf Or 
r _ "'";. ... _ 

the entire vollnne was poured into one 50 ml flask. mA, s~ in 5-25 

ul of TE (10 nto1 Tris, 1 ntt EDTA), was added to the celIs. '!his mixttirè 

was placed on iee for 30 min and swirled occasionally to allow the ee1Is 

to contact mA. 'lbe cella were therl subj ected to a 420 heat shock for 
1 1 ' 

90-150 sec, aOO cooled' on iee for ~ min. At least four volumes of 

pre-warmed SOB was added to the cell suspension ~ich was then ineubated 
• 

for 60 min· at 370 to allow çelIs to recover. Aliquots were plated onte . 
LB plates 0 (per liter: 10 9 baeto-tryptone, 5 9 yeast extract, 10 9 NaCl, 

, 
, adjusted toc ~ 7.6 with Naœ, 20' 9 agar) containing 10 uq/ml 

.tetracycline. Colonies were allowed to form for severa!' days"before beinq 

further manipulated. Colonies were picked onta LB plates containing '10 
~ 

ug/ml tetracycline. '!he bacteria which gre'tl on tetracycline were t~ted 

for their ability" to grow an aq;>ieillin (50 ug/ml). Colonies which were 

tetracycline resistant but anpieillin sensiti ~ were selectêa for the 

library. 

.' 
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rd hratY Storage 

Colonies were transferred fran agar plates to individual wells 'of . 

96-well microtiter dishes. Fach well contained 200 ul of L broth 

suwlenented with (g/l) 6.3 K2HR)4r 0.45 sodium citrate, 0.09 MgS04, 

0.9 (NlI4) 2004' 44 glycerol (adapted fran Gergen .et ~., 1979). 

CUltures were grown ta saturation at 370. Dishes were sealed and stored 

at,-85°. 

rilter rm;>liçae 
{ 

Filter replicas of the library were made by dipping a _rePlicating 
/ 

deviœ in the 96-well dishes and placing it onto a piecé of Gene Screen 

JDE!Ji:>rane -qn a large L broth Agar plate cont:ainrç 25 ug/ml tetracycline. 

COloniès (Jilin diameter) l'ormed in 24.~ br at wtdCh time the filter was / 

rEmOVed and placed onto an L broth agar plat~ containing 250 ug/nù(/) 

chloraqilenicol for 24 br at 370 to ~lify the plasmid [fiA. Bacterial 

[fiA was innDbilized on th~ filters by a IOOdification of the methoc:l hOf 

i Grunstein and Rogness (1975). To lYSé the bacteria, the filters were 

lifted off the' chlor~enicol plates and placed onto a stack of Whatman 
. 

3MM fUter IEPer soaked in 0.5 M Naœ for 5-10 min at which time the 

filter was subjected to suction for 5 min to immobilize ~e released DNA 
~ -

aOO to reDOVe the solution. 'lbe filters were then successively 

placed, for 10 

(pB 7.4), 2) O. 

3nm soaked in 1) 1 M Tris 

is, 0.15 M NaCl, pH 7.4, 3) 20K SET (lX SET = 0.15 M 

HaCl, 0.03 M Tris, 2 1IH EDTA), and--4) 2X SEl' and were baJçed for 2 hr fit 

80-900 in YAQIO. 
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Nycleic Actd lM2ridization 

Fil ters were washed in 4X sm, 5X Denhardts (lX Denhardts: o. 02\ 

Ficoll, 0.02% PVP-40, 0.02% BSA), 5 mM ~ for 1-2 hr at 680. Co10ny . . 
-

debris adhering to the filter was wiped off with a !loved ha{ld. 'lbe 

filters were incubated :in hybridization solution (4X SET, 5X Denhardt's, 

0.1% sodium pyrophosphate, 25 ~ P10sphate buffer, 50 ug/ml poly (rA), 50% 

deion!zed formamide, and 10\ dextran sulfate) for 4 hr at 370 • -. 
cD~ probes were made as previously described except that specifie 

j 
activity wag' optimiZed at the expense of mass conversion. Fran 

107-108 cpn of [32p]--cI)NA was added to hybridization solution for 

each assay, which was inj ected into sealable plastic bags containing 1 or 

2 fUters, and incubated for 16 h at 370. Filters were then washed in a 

500 ml solution of 2X Sm', 0.2% sodium pyrophosphate, 0.5% SDS for 5 min 

at roan temperature. Oextran sulfate sticking ta the filters was wipéd 

off and filters were agitated in about 500 ml 2X sm, 0.2% sodium 

pyrophoS{hate, 0.1% SIlS 1;or l h at 680. Finally, filters were gently 

agitated in 500 ml O.lX, SEr, 0.2% sodium pyrqtlosphate, 0.1% sos for 30, 

min at 6SO, p1aced on Whatman 3nm paper unti1 dry, wrapped in saran Wrap 

and exposed for various times (indicated in figure 1egems ) to Kodak 

x-omat RP film wi th 1 Dupont Cronex Lightning-p1us intensifying screen at 

-850 • 

fJ;asrpid Pregarations 

, . 
Plasmids containing insert s~s were iso1ated in ug quantities by -. 

t 

severa! rapid isolation procedures. In ale procedure, 2 ml L broth 
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-innoculated with a fresb bacterial colony was incubated for 2 hr at ,370 

with agitation. Fran 50-100 ml M9 broth oontaining 1% glycerol and 2% 

caseamino acids was innoculated with this starter culture, and incubated 

at 370 with a<]itation until As50=O.7-o.9. Chloranphenicol was added 

to 200 ug/ru and the culture was incubated for 12-18 br at 370. '!he 

cells were collected in two 50 ml tubes by centrifugation, and resuspemed 

in 550 u1 STEr (8% sucrose, 5% Triton X-IOO, 50 nfti Tris (pH 8.0), 50 ni-1 

EDTA. 'Ihis solution was distributed evenly to three 1.5 ml test t;ubes 

each~ containing 25 u1 of 10 trg/ml lysozyme (Siglna) , vortexed, and placed __ -=~ 
~ 

in boiling water for exactly 45 sec. - ceH debris and ~ .Qlli DNA were 
-,," 

renoved by centrifugation for 12 min at roan tE!f'li)erature, and the plasmid 

DNA was precipitated fran the supernatant by the addition of 200 ul SM 

Nli40Ac and 1 ml cold isqpropmol. 'l11e tubes 'Nere placed at -200 9 for 

10 min and centrifuged for 10 min at 40. 'ltle DNl\ pellets were washed in 

70% isopropanol, 0.3% NH40Ac, dried under vaCUtml for 30 min,' resusperxled 

in 10 Jtttt Tris, 2 IrH EDTA (pH 7.4) éUX.i stored either at 40 or at -200 

in a l)0n-defrosting freezer. 'lbe:œA isolated in this manner can be 
, 

cleaved by IOOst restriction endonucleases without further purification. 
1 

'Ibis [fiA is also suitable for dot blot hybridization assays, but contains 

significant aIOOunts of oontaminating bacterial RNA. -

Dot Blots 

IH\ and RNri was . dotted onto Gene Screen membrane (New Erçland Nuclear) 
f 

or nitrocellulose (Schleicher and Schuell, BA-8st--bY a IOOdification of the 

metOOd of Kafatos' ('1975). A 96-well cht blot manifold (Bethesda Research 

Laboratories)~ used for ~_preparations. 
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'[lqA dots 

Plasmid ~'was either restricted or acid-depurinated to insure 

efficient denaturation and binding to filters. Typically, 'a mixture of 10 

ul DNA (see figure legends for concentrations), 80 ul H20, 10 ul 3 M HCl 

was assembled in a 1.5 nù 'f:ube' on ice, and placed at 220 for 5 min. '!he 
~ 

DNA· was then denab.1red by adding 10 ul 3M Naœ and incubating the mixture 

for 15 min at 370. '!he INA WB neutralized with NlLIOAc.and Hel aOO 

aliquots were loaded into wells under low vacuum. '!he œA on the filter 

was rinsed with lM NH40Ac before being baked onto the fil ter for 2 hr at 

80-900 in ~. 

mm, dots 

RNA was s~ed in lX SRr, heated to 650 for 5 min, quiokly cooled 

and loaded directly into the wells. '!he filters was rinsed with lX SET . 
prior to being baked onto the fUter for 2 hr at 80-900 in yacuo, 

lfibridi2:àtion QmditiQDS 

'!he "procedure for hybr idizing radioactive probes to dot blots was 

similar to the procedure used in colony screening except the filters were . 
. not pre-washed, nor was dextran \ sulfate usually included. Details are 

contained in tbe figure leg~. 

Gel Blot Bibtidizatlgn 

Electrqghoresis and traosfer of RNA 
J 

RNA wu suspended in lX f«)PS buffer (20 mM K>PS, 5. nfII sodium acetate, 

,,- . / 
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1 ltM ~ (Pl 7.0), 6% formaldehyde, 50% deionized formamide), heated to 

650 for 10 min, quick coo1ed and èlectrqiloresed on a 0.8-1.5% agarose 

gel (Bio-Rad agarose, low Mr ) in lX M:>PS buffer containing 6% 

formaldehyde. Following electrOJ;tloreE!s, RNA was visualized by staining 

with ethidimn branide or acridine orange and Iilotographed umer IN 

illmnination. Sanetimes gels were soaked in NaŒ to nick the RNA for IOOre 

efficient transfer of lat:ge m:>lecules. Gels were neutralized for 30 min 

in 25 nft1 phoSJ;ilate buffer aoo blotted to a Gene SCreen membrane 

overnight. Filters were rinsed briefly in 25 nft1 IiloS};ilate buffer, 

sanetimes tilotographed umer IN illumination, am baked for 2-3 hr at 

80-900 .in vacua. 

Electrgghoresis and transfer of rœ. 
'!he procedure was essential1y that of Southem (1975) • 

electro];iloresed in 'mE buffer (0.04 Tris-acetate, 0.002 M EDTA, pH 8.0), 

denatured in 1.5 M NaCl, 0.5 M Naœ for 45 min, neutralized in 1 M Tris 

(pH 8.0), 1.5 M N~Cl for 20 min, soaked in 25 ITM IiloS{i1ate buffer or lX 

SSC for 20 min, am blotted to a Gene Screen membrane. When blotting was 

c:œplete, the filter was baked for 2-3 hr at 80-900 .in yacuo. 

~ridization conditions for blQts 

Hybridization was carried out at 370. Filters were p1aced in 

plastic bags ànd incubated with 5X SET, 0.2 M P'loSJ;ilate buffer, 5X 

Denhardts, 250-500 ugml sheared salnon sperm OOA, 100 ug/ml poly(rA), and 

50% formami.de. Pr:e-hybridization continued for 4-16 hr, at which time the 

solution was reooved, arXl 0.5 ml of fr~h solutio~ containiD:J 20-50 rç/ml 

nick-trans1ated probe (0.5-2 x 108 ctJIV'ug) was added per c:Ml of filter 



( 

c. 

area. '!he probe was allowed to hybridize for 16-24 hr • 

washed as described above for colony hybridization. 

Niçk~translatiQn of DNA 

96 

Fil ters were 

Routinely, 200-500 ng of plasmid IH\ was niek-translated using a BRL 

nick-translation kit to a specifie activity of 0.5-2 x loB cpn/ug • 

ReactiQps were \ carried out for 0.5-1.5 h at 150, at which time the J:lqA 

was denatured and {:aSsed through at Sephadex G-50 column to reoove 

unincorporated nucleotides. IH\ was denatured again before being used as 

a probe. .. 
t-

SUb-clo~ ioto w,Age Ml3 

AlI of the procedures used for constructing and identifying c10ned 

sequences were exacUy as pub1ished previous1y (MessÙY3 ilt .al..., 1981). 

Replicati ve-form OOA of Ml3-Mp8 and Ml3-Mp9 was a kind gift fran Dr. 

D.P.S. Verne. 

Recoyery of mA frnu Gels 

!garase gels 

1he procedure of Girvitz .et al. (1980) was used for isolating 

restriction fragments fran gels. Brief1y, the mA was electroIilOresed 

onto a piece of Whatman 3MM taper backed by a single layer of dialysis 

tne!lt>rane. '!he DNA. was eluted off in 0.2 M NaCl., 0.1% sa:; and precipitated 

fran ethano1. 
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Jlol,yaçrylamj,Qe Gels 

'lbe procedure of Maxam ,am Gilbert (1977) was used to extract I:NA fran 

0.7 mn thiek, 0.4% polyacrylamide gels. Briefly, a barrl containing DNA 

was eut out, crushed, and the I:tm. was eluted in 0.5 M anroonium acetate, 1 

Jttt1 EDTA (pH 8.0) at 370 OIN, am precipitated fran ethanol. 

Isolation of Nuc1ei 

-
Sea urchin enbryonic nuclei were isolated according to the prOcedure 

of l-k:>rris and Marzluff (1983). AlI nanipulations were performed at 

0-40. Briefly, embryos were washed witb 1) 0.55 M RCl, 2) 2-3 vol 0.25 

M Sucrose, 100 Jttt1 Tris (pH 8.0), 0.1 nM IDrA: and resuspended in 5-10 vol 

of Buffer l (0.32 M sucrose, 5 nM MgC12' 10 ri'M Tris (pH 8.0), 1 I1"M OOTA, 

1 IIio1 IJrI' , 1 IIi>1 Spe rrnidine) • EnDryos were haoogenized in a Dounce 

haoogeruzer. About 2 vol of Buffer II (Buffer l containing 2 M suerose) 

was added to the hOIOOgenate which was then gently 1ayered onto a 2 ml pad 

of Buffer II. Nuclei were subjected to centrifugation at 50,000 x 9 for 

40 min, and resusperrled in glycerol storage buffer at 3-5 x 108 

nuclei/ml (25% glycerol, 50 rrft1 Tris (pH 8.0), 1 mM EGTA, 1 Jtto1 Sperrnidine, 

1 I1"M D'l'l', 5 rrft MgC].2' 0.1 IItt PMSF), arx1 used irrmediately or stored 

frozen in liquid nitrogen. 

Chai D=fXtension ~iQn 
, . 

AlI reactions were' asSEmbled on ice. Typically, 200 ul reactions 
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contained 100 ul reaction buffer (40 rrM N~Cl, 100 rrM potassium acetate, 

2.5 JItt1 MgC].2, 0.3 M glycine, la ITitt Tris [a.o) and 50 uM each ATP, C'l'P, 

GTP and 250-300 uCi [32p)-tn'P (>3000 Ci/II1lDl, Arnersham). Reactions 

were initiated by adding 100. ul nuclei in glycerol storage buffer and 

placing the reaction at 200. Tc ronitor the reaction, aliquots were 
'" 

spotted onto DE-BI filters, which were then washed extensively in 0.5 M 

~oSIilate buffer (pH 6.5) or in 0.3 M anrronium formate followed by 0.3 M 
~ 

amoonium bicarbonate, and counted. After 20-30 min, reactions were frozen 

or RNA was isolated imnediately. 

'nle RNA. isolation procedure was adapted frem Groudine .et .al., 1981). 

Briefly, nuclei were treated with 20 ug/ml DNase l for 5 min at 200, and 

100 ug Proteinase K for 30 min at 42°. 'Ille reaction mixture was 

extracted with tnenol-clùoroform, am the RNA in the aqueous J;ilase 

precipitated fran 5% cold '.OCA containing 1.5% sodium pyro{i1osphate. After 

30 min, the precipitate was oollected onto a nitrocellulose filter 

(Schleischer and Schuell, BABS) by gentle suction, and rinsed with 30 nù. 

cold 3% '.ICA. 'Ille filter disk was placed in a glass vial and 1.8 ml DNase 

buffer (20 nM Hepes (pH 7.5), 5 rrM MgC12, 1 rrM caC12) and 25 ug DNase 

l was added. After 3 a min at 370, IDrA was added to 15 rrt-1 and SŒ) to 

1%, and the RNA was eluted off of the filter at 650. After 10 min, the 

eluate was ranoved and the filters were "incubated for an additional 10 min 

in 0.5 1TÙ 1% SDS, 10 ItM Tris (pH 7.5), 5 nf1 IDrA at 650 • 'nle e1uates 

were COIti>ined and treated with 25 ug/ml Proteinase K at 370 for 30 min, 

phenol extracted, and the aqueous phase was precipi tated frem 0.1 M NaCl .. 
and 2.5 vol cold ethanol at -200. 'lbe RNA precipitate was oollected aIXl 

resusperrled in hybridization solution or stored in 10 dt TriS (pH 7",5), 2 

dt EDrA at -850 • 

~-- --------~~-----------
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'Transcription in the Presence of« -amanitin 

.. , 
a-amanitin (1 tg/ml) was added to nuclei and transcription vas allowed 

( 

ta proCeed f outlined above for 25 min. A piralle1 control reaction 

without oc.-amanitin was run to establish the leve1 of normal 

transcriptiok activity. Aliquots were reooved at 3 min intervals a.rXl 

spotted onto DE-81 filters, which were then washed and counted. 

~ridizat.ion of RNA to Plasmid POts 

Plasmid Dtti\ was dotted onto nitrocellulose filters as described above 

for DNA dot blots. Pre-hybridization was carried out for l h in 

hybridization solution con~ 10% Dextran sulfate (Wahl. ~ Al.., 

1979) • Hybridization of heat denabJred, chain-exterxled RNA probe was 

allowed to proceed for 72-90 h at 370. Filters were washed in 2X sml 

for 15 min at 220, 3 x in 2X sm, 0.1% srs for 1 h at 680, and 1 x in 

O.2X SE'!' at 680, and exposed to Kodak XAR-5 film with intensifyl.Dj 

sereens at -850. '!he autoradiographie signal was quanti tated by 

densitametric scanning (Bio-rad densitameter) and the traeings were 
~ 

integrated using, a Hewlett-Paekard 3390A inte:jrator. Spots wère also eut 

out and scintillation counted. 

• 
• 
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rmat;mçHm of a GM1zn1 a dfi\ T.jhraq 

Cytop1asmic RNA fran La.. picj:uS gastrula enbryos (LpxLp embryos, 1ysed 

in the absence of detergent to reduce mitochondrial RNA contamination) was 

iso1ated and transcripts were selected by affinity 

chromatography on o1igo(dT) -cellulose. 'nlis fractionation step eliminated 

roost of the mass of ribosanal RNA, and sane of the residual mitochomrial 

transcripts. It is known that the 16S mitochondrial ribosanal franscripts 

can be retained on oligo(dT)-ce11ulpse (Ojala et al., 1982,; IMorkin and 

Hershey, 1981; INorkin et al., 1981). S<lQe mitochondriaJ. * transcripts are 

inc1uded in the ~ 1ibrary (see be1ow). 
ct 

Oligo(dT)-primed cmA synthesis using the poly(A) -containing RNl\. as 

template was carried out, the ha001ogous strand was synthesized, and the .. 
doub1e-stranded cDNA was talled with C residues. 'nlis talled c.I:'m. was 

annealed with Pst l restricted, G-tai1ed pBr322 and these recombinant 

p1asmids were used to transform bacteria. Colonies forming after several 
1 

daye of growth were picked into individual wells of 9-6-wel1 microtiter 

dishes. 

1030 colonies were picked for further analysis. About 90% of the 

original tetracyçline-resistant colonies were ampicillin-sens~tive, .. 
indicating the presence of an insert in the plasmide 'nlis "library" of . 

cDNA sequences waS réplicated by transfe~ring and growing 2-3 nm c:ol'Onies 

directly anto Gene Screen IDelIbranes which were placed on agar containing 

, 
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tetracycline. '!he colonies were lysed and the DNA was denatured .in .s.itl4. 

and prepared for colony hybr:Ldization • . ' 
• 

Screening the dB\ t.thraty b.r Oùony ~jdjutim 

Prelimjnar,y Characterization 

l first screened thé colonies with cDNA transcribed fran I.pxLp 

gastrula poly (A) -RN1\.. It is known that sea urchin and other organisms 

conta in transcripts that are present in the Cytoplasm in a raD;Je of 

abtmdance and this should be reflected in ,the intensi ti es· of hybridization 
. 

te dlfferent colonies. TWo filters were incubated with 2.5 x 107 cpm of 

[32PJ:-labelled cmA. '!he hybridization. solutions contained 10% dextran 

sulfate to increase the rate of hybridization of the single-stranded prcbe 

ta the DNA on the filters. Incubation was for 36 h an3 was fçllowed by 

eXtensive waàhing of the filters. Filters were exposed to X-ray film for 

1-4 days. Orùy 15% (157 COlonies) of the library gave clear positive 

signals (compared to the background hybridization ta pBr322) in this 

screen. Clones correspording to less prevalent transcripts gave very low 
• 1-

signals and were not selected for further analysis. '!he selected colonies 

were rep1ated on plates 15 and 16. 

Fig .10 (LL Gast.) shows a typical hybridization of gastrula ëmA to 

the selected colonies. 'lhe hybridization signals indeed represente:l a 

range of abundanœ which were arbitrarily divided into four ~ignal 
< 

levels. Clone l5Al is highlyaburoant and is of mitochondrial or igin , 

16Cl2 is abundant and non-1li.tochondrial, l6Hl is rooderately abundant; ard 
. 

1600 is bare1y detectible above background but does contain an insert . -

(henceforth, mitoclDndrial clones will be designated. with an M after the 

library position nunber) .. 
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Pig.10. 

transcript 

eabr:yœ. 

,. " 

Co1œy filter bybrid;zaticn analysis of gastrula Stage 

preva1enœ 
. 

Library dishes (15 and 16) containinç 157 colonies of 

cloned sequences were replicated onto Gene Screen. '!he fU ters were th~ 

probed with 2.5 x 107 cpn cDNA prepared ta RNA of: LI. mG, La. pictus 

\ eggs7 LL GAST, La. piçtys gastrulael SL GAST" :S.... RUtPUI'ahm x lu.. piçtus 

early gastrulae, SB GAST, s.... puœ1ratus early gastrulae. . . Library 

positions are identified by: dish l)l1Itber, raw letter, and collml nUl'ltler. 

POsitions 15m.2 ë!nd 16H12 represent anpicillin- and tetracyc1ine-resistant 

colonies which establi' the 1evel of background hybridization. 'lbe 

autoradiographs shawn wer1e expœed for 24 h with itltensifying screens~ at 

-700 • 

," 

, . 

'. 

--~. , - - --~- --------~-



FILTER 15 

J 3' 5 v 7 9' T 1 v 

."'.ftt:::.. . ' _ ... 
• -. 

lL EGG 

.. .' '. 
~LGAST. 

I~ 

SL GAST. 

'. • ~ 

.( fO 

t 1 ., 4. ... -. 
SS GAST. 

n 

. r. 

16 

1 

" 

3 S v 7 9 11 u..' 

B ..... '. ~ • C. •..• .• 
~ r:· •• :, 
~ e ,: : .: ~I.:. ' • 
H '. •. eTl,~ 

1 v v 
B .'-e •• • 
C Ir-•. o •••••• , 

D' •. #1 •••• 
l , 

E . •••• .., • 
F' ••• ___ _ 

G •••• 
H ____ •• e. 

1 v. v 
B 

' •. "" • <;' _ • • • C l , •• .., ... 
0 ••• • .. •• • E • • .. ••• 
F •••• -ft ' G ~ 
H .... i. 

V "V 
B • • C • • • • • 
0 • • .. , 
E • • • • 
F '" . -&. • .•. " . 
G 

H - • 



.. 

t, 

'. Q 

103 

cDNA probes were then prepared using!exLP egg, I.pxLp gastrula, SpxLp , . 
hybrid gastrula, an.i spxSp gastrula Cs. ... Pllz:puratlls) RNA as tenplates in 

01igo (dT) -pr i.med reactions. Replicates of fUters 15 and 16 were 

hybridized as above and the results are shawn in Fig.10. Mitochondrial 

DNA was also isolated frân IpxLp erbryos and nick-translated ta high 

specifie acti v~ty. '!bis DNA was hybridized to colonies on filters 15 ard 

16 to iÇlenti,fy mitochondrial sequerx:es; 32% of the colonies were shawn to 

contain sequences hoIOO1ogous to rnitochondr iaI I:NA. Of the 107 

non-mi tochondr ial clones remaining, 25 or about 24% showed r"eproducible 
, 

increases in relative signal intensities between egg and gastrula stages. 

Sare Species-specific Traoscripts Aeeu!Dn] ate With Pevelopœnt 
, . 

, 
Sane 23 clones were specifie ta LpxIe embryos at the gastrula stage of 

,- , 

developnent when compared to SpxSp embryos in the c:010ny screens; 20 of 
" , 

these were developnental1y up-regulated to various degrees. '!he variety 
-

of ,<!1evels of accumulation of specifie transcripts with deVelopmœnt is 

well illustrataI in Fig.10. While 16B7 accunu.tl.ation 18 subtle, 1506 

accumulation is spectacular. " 

Mitochondrial seqUences qeneral1y were c:onserved between species am 

not developnentally regulated, although exceptions to both 

characterizations were evident. 15F1OM is species-specific While' l6F4M, 
o 

." 

l5BlM; '.,16EJ.2M and 16C7M are note l6G8M is developoentally up-requl.atErl 
-', 

and spec'ies-specific. Further characterization_ of sane of these sequences 

is conta1rled Î:l1 AppenéUx I. 

~rid ~tnJlae 

Few ' develqmentàlly up-reguIated . species-specific 
.; 

tranécr !pts 

• c 
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accUl1ll1ate in spxLp hybrid gastrulae.. l5C9;' 1506, and 1507 are eispecial1y 

notable; these 0' clones have been ~shCMl to contain di~~erent insert 

sequences. '!he strikinq increase of these sequences in the cytoplasmic 

RNA fraction of LpxLp gastrulae with deve10pnent makes it unlikely that 

the lack of SpxLp hybr id expression seen is due to artefacts or 

~limitations of the scr~ng procedure. 
-

16B7 and l6Cl2 appeared to accumulate to near norml' levels ,in SpxLp 

bybrid enbryos. '1be many sequeœes which appeMed - to remain at a constant 

prevalence in LpxLp ~ sanples between egg ~ gâstrula stagés represent 
J, 

maternaI sequences which nay or may not be replaced during' developnent. 

'lhe lack of information about the transcription of these particular ---
sequences dia Ilot allow me to conclude whether expressiow of these 

sequences in SpxI.p hybrid ~ryos waS normal or abnormal in relation ta 

~ the expression in I.pxI.p embryos. One of these sequences (1604) was 

se1ected for further investigation on the basis of its behaviour "in 

plasmid screens (see below)! 

St:reenq of i sol atM pl asejdB 

Plasmids were iso1ated fran colonies containing" sequences whldl were 

still of interest after the colony screens (principally 

• -.ncn-mitochondr~).. 'lhe plasmid mA isolated fran DHl pacteria for ~ 

clone" was isolated fran single œcterial colonieS ~ich_ -were then pick~ 

and anplified. Fig.ll shows a sanple of plasmid mA Cbts hybridized with 

cIH\ transcribed' fran cytq>lasmic,poly(A)-RNA fran IpxI,p eggs and 4;7xLp 

plutei. Wh.lle different dotted clones do not contain the same mass of 

insert sequence, the dots to he catplred bet:weEn eac:h filter do contain 
o 
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Pi9.11. PJr=id la dot blot bybr;jdi?'.aticn aaalYs1s of egg and 

pluteœ stage traœcript prevalence. Plasmid mA fran a subset 

of colonies analyzed in fig.IO was isolated, linearized, denatured, and 
" 

fran 1-5 ug of ea.ch preparation was Cbtted' onto Gene SCreen. An equal 

mass of ,each plasmid was spotted on each of the two fil ters, whereas the 

IIBSS of different plasmid sanples were not necessarilY identical. '!he 
l , 

p1asmid IEAs were then probed with l x ~o6 cpn [32p]~ prepared to 

RNA of: A, La.. pictus eg91 B, La.. pictus p1utei; and detected by 

auto radiog raphy • ibe autoradiographs sbown were exposed for 8 h with 
• 5 

intensifying screen at -700. Alphanumer1c syntlols ind1cate: C3 , cloner 
,# 

l5C3; 06, clone 1506: D7, clone 1507; B7, Clone l6B7; Cl2, clone l6C12; 

'04, clone 1604. " 

. . , \ 
> 

, 
f 

. a 

J 

) 
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the same masse '!he mst highly developnentally up-regulated sequences 

identified in the colony screen again are shawn to accurulate extensively 

during eni:>ryogenesis; f9r exanple, 1506 and 1507 accumulate extensi~lY by 

the p1uteus stage. 15C3 does not accumula te as extensively in the p1uteus 
, . 

stage embryo (Fig.IIB), or gastrula s~ge enbryo (not shawn) as it, appears 

to in colony hybridizations. 'Ibe aroount of developnental up-regulation of 

15C3 transcripts ~pparent in the colony screen (Fig.IO) is artefactual and 

is probab1y due to contamination fran the mitochondrial colony adjacent to 

15C3 in the library • 16Cl2 and 16B7 did not appear to accumulate as 

dramatical1y in thts screen as in the colonY screens. 1604 transcripts 
\ 

appear to decrease in p1utei canpared to eggs, but aPPeared to be present 

in similar ~unts in eggs aDj gastrulae. 'Ibis pattern of 1604 expression 

was unique am:>ng the cDNA clones analyzed • 

. 
1667 and 1604 cDNA Clones Inc1ude Repet~tive SeQUences 

Sheared LpxLp gastrula DNA was nick-translated and hybridized ta 

p1asmid DNA dotted on filters. 'Ibis was performed principally by Roriald 

Conlon. It was found that while oost of the signals were low 

(particularly for 1506} , the signal for 16D4 was sigoificantly higher than 

oost and 16B7 was hundreds of times higher than 1604. '!he 1GB7 c10ned 

insert thus iocludes a highly repetitive sequence of the type which have 

been shawn to exist in the genane of oost organisms, including sea urchins 

(see Davidson and Posakony 1982, for reviéW) • Hybridization of 

nick-translated 16B7 DNA to restricted sea urchin genanic DNA blotted onto 

nitrocellulose filters confirmed the presence of a highly repetitive 

sequence elanent. The structure of the 16B7 ~ clone is being further 

analyzed by Ronald Conlon. 
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Cytoplasmic RNA. was prepared fran a developnental series of LpxLp, 

SpxLp hybrid and ~ embryos. To minimize degradation during' 

preparation and to minimize loss of transcripts which may be nDre 

. prevalent in one fraction than another, this RNA was not fractionated into 

poly A-containing and -lacking fractions. RNA sarrples were subjected to 

electrophoresis in agarose gels oontaining formaldehyde. RNA was 

visualized by ethiditml branide or acridine orange stainin9 and 
. 
photographed. . RNA was 'transferred fran the gels onto Gene Screen 

membranes by standard blotting procedures. 8anetizœs, the Gene Screen 

blot was visuaiized by lN light and Iilotogcaphed to establish the 
." 

efficiency of transfer and fidelit:y of blotting across gel lanes (see 

~ix 2). Gel blots were also prepared fram mJ isolated fran 

different cultures to minimize the chance of artefactual patterns of 

transcript expression. It should he noted that significant differences in 

transcript size or relati ve prevalence were never observed. 
, 

Nick-translated recombinant plasmid DNAs were hybridized to the .RNA filter 
1 

blots. Specific activities of 0.5-2.5 x 108 cpm/ug were routinely 

obtained for these probes. 

Fig.12 illustrates pre1iminary restriction rnaps' of the three clones 

analyzed. 16B7 has the largest insert identified in the library to date. 

These maps facilitated sub-cloning in later experiments. 

16B7 ~ridizes te Many Transcd,pts 

This repeat-containing transcript hybridizes to a smear of bands on 

gel blots raDjing in size fran less than l kb to greater than 30 kb 

1 

'1 
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Fiq.12. PreUwdnary rest:rict1œ aIpI of ~SD6, p:p;l6DI, and 
.~ ~---

pt:p;l6B7. Plasmids were cieaved with restricti~enzymes, 

resolved on agarose.or polyacrylamide gels and detected by staining with 

ethidium bramdde. DNA in a<jarose gels WB blotted onto Gene. Screen and 

-hybridized to nick-translated restriction fragments to detect small 

fragments cbscured by bacterial RNA contaminating . the plasmid 

preparations. MarkerÉ used were lanDda tttage cleaved wi th Bind III, 

pBr322 cleaved with various enzymes, and the 123 bp ladder ootained fran 

Bethesda Research Laboratories. Restriction sites Which were searched for 

and not detected are listed. 

.' 

) 
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{Fig.13J. 'Ibis pattern of expression ooes not change significantly during 

developnent. Sing1e-copy fragments of l6B7 have not yet been identified; 

repetitive sequence élements are distributed over at least the internal 

1200 nucleotides of the insert (R. Conlon, personal cormumication). 'Ibe 

transcripts sharing sequences with l6B7 are highly enriched in nuclei of 

anbryos (R. Cortlon, persona! cammmication), and the cytoplasmic 

transcripts observed in Fig .13 might be the resul t of artefactual nuclear 

leakage. 

'!his striking pattern of transcript expression appears in SpxLp hybrid 

embryos as early as the mrula (64-100 cell) stage of developnent 

(Fig.13) • 'Ibe discreet barrl (upper arrow) does not appear at this stage 

but does appear by the hatching blastula stage. It is interesting that 

the tentire ~r appears at the same time as if the regulation of these 

sequences were ooordinated in sorne fashion. The transcripts are not 

detectible in egg or anbryo RNA, thus confirming the 

species-specific expression of these transcripts. 'Ibe SpxLp hybrid RNA 

sanples were made fran the same batch of .s..... pw:pl1ratup eggs. While l 

cannot rule out the possibility that the similar transcript pattern 

observed for SpxLp and lpcLp RNA samples are made up of entirely ~fferent 

transcripts as a result of alnormal expression of the la.&. pictus genane in 

the "hybrid environment", this seens wùikely, particularly because of the 

appearance of the discreet barDs having identical mbilities. '1be overall 

prevalence of the transcr ipt smear does not reach the 4'XLP p1uteus level 

at any stage of SpxLp develo~t analyzed. Since few prevalent bands are 

resolvable, the smear may represent the expression of many relatively rare 

transcripts. l conclude fran this data that the genes representing l6B7 

are active in SpxLp hybrid E!Ibryos at an early stage of developnent. 

1 
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fig.D. blot bybridizat:i.cm analysis of 16B7 . 

Total cytop1asmic was prepared, and after' 

denaturation, 10 ug sanp1es in each 1ane were separated on agarose gels 

containing formaldehyde. After transfer to Gene SCreen, the Rm was 

probed with nick translated 16B7 p1asmid mA, am detected by 

autoradiography. LL 1anes correspond 1:0 RNà of k pictus eut>ryos of 

various stages, while SS, and SL lanes correspond to .6.&. pl.1.I:purab15 

ent>ryos and.6.&. ~ra1;l1a x k pictus hybrid ert>ryos, respective1y • ., 'lbe 
• 

positions of size markers are shawn. Arrows indicate discrete bards and 

are discussed in Reau! ts. 

stages: E, egg; 2-16, b1astanere nœbersl M, lOOrula (6,4-100 cells); 

H, hatching b1astuJ.a; EMS, early mesenchyme blastula; G, gastrula; PL, 

p1uteus • 

, " 

• 

r 
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. 
'!here i5 not a gross underrepresentation of these transcripts by nass in 

hybrid embryos. 'lhese transcripts accurm.ù.ate in the SpxLp cytoplasm and 

remain . al.Ioost constant in mass dur ing develO~t of La. pictus embryos. 

-'!hese data confirm the res\Ùts of the colony hybridization screen. 

1604 Tranacripts Accumylate in FQrJ y C1eavage and Degrade by the Gastrula 

Stage 

1604. contains a 420 bp insert representing a 900 nt transcript. '!he 

single transcript has detectibly increased in rnass by the 8-cell stage in , 
anbryos (Fig .14A) • '!he transcript accumulates during early 

developnent reaching a peak in hatching or mesenchyme blastulae and then 

" .- rapidly disappears fran the cytoplasm of IpxLp .gastrulae (Fig.l4A,B,C,). 

'!he changes in prevalence of 1604 transcripts are plotted in Fig.lS. It 

declines to a level consistently lower in gastrulae than in the eggs, and 

is ten-fold lower in plutei than in gastrtùae. 

SUrprisingly, this sequence is not species-specific and has a . 
coWlterpart in' SpxSp enbryos, which accumulate a transcript unresolvable 

in size fran the LpxLp transcript. 'lhe pattern of expression is sanewhat 

different however. 'l1lere is no detectible aGcumulation by the 16-œll 

stage, and the transcript declines in prevalence earlier than it does in 

I.pxIe enbryos. 'lhe rapid and dramatic decline in transcript prevalence is 

precisely conserved' between the species but the timing is different. . ~ 

Pl;uteus and gastrula stage levels \Vere confirmed by RNA dot blots. 

'!hree blots are included in Fig.14 to illustrate the reproducibility 

of this pattern in different ~ preparations on different gels. While 

the exposures are not equalized, the ];ëlttern of expression is 

reproducible. While it was difficult ta obtain RN1\. sanples fran the same 

'-
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Pig.14. blot 161)1 
.l 

trallSCCipt represaltatim in li. p1çtœ, ~ puggahJ8 and hybrid 

eIIIbryœ. Total, cytoplasmic RNA was prepared am, after 

denaturation, 10 ug sanples in each lane were separated on agarose gels 

containing fornaldehyde. After transfer to Gene Screen, the RNA was 

probed with nick translated 1604. plasmid"\ DNA, and detected by 

autoradiography. LL lanes correspotXi to RNA of La. pjctus etbryos of 

various stages, while SS aOO sr. lanes correspond to S.a. plll:purab1s enbryos 

and .s.... pUl:purabls x La.. pictus hybrid enbryos, respectively. A, B, and C 

represeht different transfer blots. '!he developnerital series of LI. RNA 

wi thin each blot was prepared by fertilizing the E!ggs of a single La. 

pirn1S with the sperm of a 'single lu. pictus • '.the series of SS and SL RNA 

sauples were prepared 'by fertilizing the E9gs of a single .s.... pw:puratus 

with the sperm of a single .s.... pw:purabls or the lu. pictus used ta create 

LL enbryos, respectively. LL RNA sanp1es in A and C are fran the same 

preparations. Filter B was washed in an identical manner to filters A and 

C and was then treated with 1000 U S1-nuclease for 30 min at 370 before 

exposing. 'Ibis reduced non-specific filter backgroWld while it preserved 

the relative signal intensities. The RNA on filter C was previous1y 

probed with nick-translated 1506 and is shawn in fig.lS. 

stages: E, Fqg; 2-16, b1astaDere nuni:>er; B, blastula; G, gastrula; M, 

IOOrula (64-100 cella); P, p1uteus. 

Dashed 1ines indicate blank lanes. Arrows serve as lane narkers to 

indicate positions of low or indetectible signal. dA 900 nt size marker is 

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

1 ' 
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Owntitatiw analysis of 1604 transcript: repr:esent:at:iœ 

Diçtus, and 
-

autor~diographic signal on each film was scanned~ Dy ref1ectance using a 

Bio-rad densitometer and integrated using a Hew1ett-Packard 3390A 

integrator. Exposures in the 1in~t range of the film were corrpared and 

numerical, data were corrected for the different tirnes of exposure. '!he 
... ~ () 0 

stages of developnent are p10tted for clarity am cb not represent· a 

llnear time scaJ.e. 'n1e egg to 16-cel1 stage represents 3 h, 45 Jnin of 

deve10pnent while am to PR repreâent 25 h of developnent at 160: 

Stages:E, El3g; 2-16, b1astanere ntmter; M, mrula (64-100 cella); U!B, 

1ate mesenchyme b1astula~ G, gast.rulA~ PR, priam; PL, p1uteus. 
o 

Synix>ls: (e) I.pxI.p; (0) SpxSp; «» SpxIp interspecies hybrida. 

o 

.. 

1 • . 
1. C> 
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bat:ch of embryos for all stages evaluated, closely spaeed developnental 

time-points wère always obtained fran the same batch of sea urchinS. 

'!he expression' of 1604 in SpxLp hybrid embryos is also shawn in 

Fig.l4A; s... pw:puratus eggs start off with a lower materna! leve1 of l6D4 

transeript than ~ pictua eggs. '1he ~p hybrid embryo quickly overcanes 

this defieiency so that the l6-cell anbryo contains at least as Irllch 

t~anseript, by mass, as the LpxLp' anbryo, and is clearly higher ~ the 

SpxSp embryo at this s~e. The timing of expression in the principa1ly 

materna! 'cytoplasm appears to be that of the paternàl genane, whether or 

not the actual transcription is fran one or both parental cœplements. 
1 

Eventually, the SpxLp expression ~overshootsll the level of either parental 

carplement, and is. greatèr than the SUffi of the two. 'lbe nipid decrease ip 

transer ipt prevalence in gastrula embryos is similar to that seen in the 

• paternal speci~. 

'Ule Exgression 
~7 

of 15p6 ~oplasmic Transcript , 15 Restricted in Spxr" 

~rid EADryos 

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

respectively for 1 &>6 cytoplasmic transcripts in LpxLp, SpxLp hybrid anl 

SpxSp erbryos. 1506 wh'1:'eh bas an insert of 560 bp, is homologous to two 

small transcripts in lu.. pict\,W eggs and either one or two (unresolvable) 

transeripts in later stages of develotments. 'Ihe smaller egg transcript 

is 900 nt, and is unresolvable from the 16D4 transcript in Fig.l4C 
-

(Fig.l4C is the second usage of the sarne gel b10t shown :in Fig.16). The 

larger egg band is about 1100 nuc1eotides and may represent a forro of the 

lCMer band differing ,in the extent of polyadenylation (Tansey and 

Ruderman, 1983). 'lbe larger faint transcript is approximately 1700 nt and 

_____ .D _._. __ ~ __ ~_ 
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Pig.16. blot hybr:idizat:iœ analysis of 

!...~. t • "'-= , and ~id 

ailQœ. Total cytoplasmic was prepared, after 

. denaturation, 10 \J3 sanp1es in each 1ane were separated on agarose gels 

containing formaldehyde. After transfer ta Gene Screen, the RNA was 

ttanslated 15D6 plasmid mA, and détected by probed with nick 

autoradiography. LI. lanes correstX>nd to RNA of La. pictus enbryos 

of various stages, wi1e and SL lanes correspond to 

s.a. purpuratus erbryos and s.a. pm;puratus x La. pictus hybr id arbryos, 

respecti ve1y. 

Stages: E, egg; 2-16, blastanere nUIIi:>ers: MS, mesenchyme blastula; G, 

gastrUla: PR, priam: PL, pluteus. The positions of size markers are 

shown. 
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Fig.17. Quantitative analysis of 15D6 transcript rq;>resentation in 

.L. picWQ, s... pw:purat115 and hybrid rnbryos. RNA gel blots were 

exposed to film for va.rious tiIœs. See legend to Fig .15. 

stages: E, Egg; 2-16, blastomere mnnber; N, morula (64-100 cells); 

IMB, late mesenchyrre blastula; G, gastrula; PR, priSffi; PL, pluteus. 

Symbo1s: (e) LpxLp; (0) SpxSp; () SpxLp interspecies hybrid • 

• 
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may represent aggregation of the smaller transcripts or a nuclear 

precursor which has leaked mto the cytoplasm. 

l5D6 represents a highly species-specific transcr ipt as can be seen in 

the SpxSp gastrula lane (Fig.16). 'lbe transcript is not detectible in 

SpxSp plutei ei ther , as determined by RNl\ dot blots (not shown). 'Ibe 
, 

SpxLp hybrid pluteus lane. shows a low level of expression in these 

embryos, apprmçinately equalling that reached in the LpxLp cleavage stage 

samples. 'Ibis level was also low in SpxLp hybrid gastrulae as determined 

by dot blots. '!he profound di fference in expression in SpxLp hybrid 

embryos corrpared to LpxLp anbryos for this very developnentally 

up-regulated transcript confirms that sorne prevalent transcripts do exist 

which are normally accumulated in LpxLp anbryos during developnent but 

which are grossly underrepresented in the RNA of SpxLp hybrid enbryos. 

While the expression is limited in hybrids, the size of the transcript in 

SpxLp hybrid embryos appears to be identical to the normal transcr ipt in 

LpxLp anbryos. '!he 1700 nt larger band is also clearly evident at darker 

exposures of the blot. , 
'Ihere are several possible explanations for this {ilencmenon. 'l11e DNA 

catq?lerœnt may have been lost fran a majority of the anbryos in culture, 

even though the anbryos develop into plutei. Secondly, the transcription 

of the 15D6 gene may not be activated correctly, even though other 

patemal genes ~eg., 16B7) are known to be active. Thirdly, the gene 

could be actively transcribed but the transcripts may not acClU'llUlate in 

the cytoplasrn in SpxLp hybr id embryos. l decided to distinguish aroorg 

these possibilities by assaying the level of transcription of the gene by 

a chain-extension assay in isolated nuclei. 



118 

15D6 Harplogues are Transcribed in S.pxLp Hybrid Nuc1ei 

La.. pictus and ~ pw:puratus eggs were fertilized wi th the sperrn of the 

La. pictus male, and SpxLp and SpxSp embryos were collected fram the same 

s.a. pWJ2uratus female. LpxLp, SpxLp, and SpxSp rnesenchyme blastulae were 

co11ected and nuclei were isolated by centrifugation through cold 

sucrose. .L.... pictus anbryos were expected to be actively transcribing the 

1506 gene at this stage, because the cytoplasmic transcr ipt is acti vely 

accumulating in masSe '!he purified nuclei were incubated for 20 min at 

200 • The nuclei incorporated [32p]-UTP into macromolecules in a 

linear fashion for this perioo of time (See Fig.18). By 30 min, recovery 

of labelled product was the same or less than at 20 min. 'lbe RNA fran 

50-100 x 108 nuclei per sarrple was isolated and extensively purified by 

IIIl1.tiple rounds of DNAase and Proteinase K digestions, 'ICA precipitation 

= and 'OCA washes to renove unincorporated nucleotides, binding and elution 

fram nitrocellulose filters, phenol extraction and ethanol precipitation. 

'Ibis method, rrodified frem Groudine et al. (1981) greatly reduces filter' 

background. From 1-2 x 108 cpn/5 x 107 nuclei w-ere obtained, and fran 

1-2 x 107 q:m was used for each hybridization assay. 

Isolated plasmid DNA frem clones 1506, pSpecI (gift frem Dr. William 

Klein), l6B7 (in pBr322 and one strand in Ml3-Mp9) and 1604 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 renoved fran the 

radioactive probe and washed extensively at 68°C in 0.15 M NaCl buffer. 

Exposure times varied' fran 2h to 3 days and are indicated in the figure 

legerxis. 
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- . 
Fig.1B. Quantitative aœlysis of :RR& cbaiJH!rteoded in the 

~, 

presence of Ol-illlD1itin. Nuclei were incubated with 100 uCi 

[32p] -Ul'P in the presence or absence of ~-amanitin. Sanples of the 

reaction were renoved at various tilDe points and incorporation of 

nucleotides into macranolecules was assayed by spotting ont;o DE-Sl filters 

(see Materials and Methods). 'lbe presence of this low dose of ~-amanitin 

inhibited 97% of the incorporation of [3 2p] -{]l'P after 25 min of 

incubation. 

Synt>ols: (.) control; (0) + l ug/ml ~-amanitin. 
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Fig.19A shows an 18 hr am a 2 hr exposure of a set of filters. 

t;i3r322 background was slightly higher for SpxLp hybrids, but this was 

partly due to non-specific binding of radioactivity to ~e nitz;ocellulose 

in the region arourrl the p3r322 ?,ntrol. 

scanned by densitanetry, and quanti tated. 

A variety of exposures were 
. 

'll1e 1506 sequence is 

transcribed in SpxLp hybrid enbryos at levels approximately 80% of the 

normal LpxLp enbryo level, a slight reduction which is insignificant 

COII'Çared to the differences in cytoplasrnic transcr ipt prevalence • . ' 
16B7-pBr is equally transcribed in SpxLp hybrid anbryos and LpxLp 

embryos, but reduced in SpxSp E!Ibryos. 'Ibis is to he' expected frem gel 

blot analyses of transcript prevalence. The extensive transcription 

slX3gests that many genes are u active at this stage of developnent. '!he 

16B7-Mp9 single-stranded insert lights up equally wel1 when probed' with 

RNA synthesized by LpxLp, SpxLp, and SpxSp nuclei. 'Ihere is apparently a 

related repetitive sequence in .s.a.. ~u.z:puratus which is actively transcribed 

but does not accumulate in the cytop1asrn, or alternative1y, only one 

" strand is principal1y expressed in SpxSp enbryos, and it is represented by 

the c10ned sing1e-strand. I..pxLp and SpxLp hybrid embryos transcribe both 

strands, but predominantly the strand opposite to that represented by 

B7-Mp9; SpxSp embryos may be transcribing only the strand represented by 

B7-Mp9. 

16D4 genes are transcribed in SpxLp and SpxSp embryos. LpxLp data was 

not obtained for this clone. pSpecl is transcribed with sirnilar activity 

in SpxSp and SpxLp hybrid anbryos and represents normal transcription fran 

a "maternal" ge~e (Bruskin et al., 1981). 
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œiDg 

ma. dot blot hybrjdizatiœ aaaJ.ysia of 

(A) <llain-extended RNA. was 

.isolated fran nuelei as described in Methods, denatured, and hybridized to 

Lsolated pJ.asmid or phage DNA dots contained on nitrocellulose filters, 

arXi detected ~ autoradiography. AlJ;hanUIœric symbols identify the OOA 

dotted onto each filter as follows: pBr, pBr322 plasmid DNA; 06, 1506 

plasmid DNA; Speel, pSpecl plasmid WA (gift fran Dr. B. Klein); B7-+!p9, 

single-stranded ])NA isolated from Ml3-Mp9 containinq the PstI/Hind III 

restriction fragment of clone 16B7; B7, 16B7 plasmid œA; D4, 1604 œA. 

Source of probe: IL, I.pxLp- mesenchyme blastula nuclei; 

mesenchyme blastula nuclei; St, SpxLp hybrid ert>ryo nuc1ei. 

ss, SpxSp 

. '!he syubols 1ab aIXl 2h refer to exposure tines of the. fUters shawn. '!he 

signal for l5D6 represents 0.006% of the totaJ. input CJ:M. 

(B) Clone 1506 was cleaved with Pst! and subc10ned into vector Ml3-Mp9. 

Single-stranded IJïlA was isolated fran 10 "plaques" and spotted onto Gene 

Screen. 'Ibe Pst! insert fragJœnt iso1ated fram 1506 was nick-translated 

and hybridized to the D'NA on the fi1ters am detected by autoradiography. 

DNA dots: Al, Ml3-Mp8 DNA; Al, Ml3-B7 DNA; A3, A4, B2, B3 , Cl, C2, C4, 

" 

contain DNA ftem 1506 subclones. l 

(Legem continued on fol1owing page) 
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(continued frân previous pag'e) 

(C) Single- am double-strarrled IH\ isolated fran clones Cl and Al 

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

x 107 cpn SpxLp hybrid Iœsenchyme blastula chain-extended ~ was 
~ 

hybridized to the DNA and detected by autoradiography. 

DNA oots: MpS, clone K1" (+) and RF form tNA; 06, clone Cl (+) am RF fOr:Jll 

n;JA. 

(D) I.pxIp gastrula RNA end-labelled with polynucl.eotide kinase was 

hybridized to DNA dotte:i on Gene SCreen am detected by autoradiosraphy. 
o 

A 24 h exposure is shawn. D6 was not detectible after a 96 h exposure 
, 0 • 

" 

o (not shawn). DNA dots: B7, clone Al; 06, clone Cl (described in (B). 

(E) Cllain-extemed RNA isolated fran SpxLp mesenchyme blastula nuclei, 

and used in the hybri~ation of fUter (C)I, was hybridized te a duplicate 

of fUter (D) , ~ detected by autoradiography. A 24 h exposure is 

shown. No D6 signal was detected at lOBjer exposure times. 'Ibis 

indicates that the chain-extended RNA isolated fran SpELp styOS is ~ 
. ~ 

. synthesized fran the same straIXi as the RM fran ~ gastrulâ used in 

(D) above. 
o r. 
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ISll6 Nnc1 ear Tx:fV'scripts ru · i i'· f Res t Fran ~tr c 1 Transcr$J,Qn Q the 

'lb e1im:i.nate the possib~ity that this c:bt hlot assay was measuring 

transcription_ fran artefactœlly initiated sites of nicked mA resulting 
" 

fran nuclease activity during nuclear isolation, severa! experiments were 

performed. 1506 in P3r322 was digested with Pst l, the insert was 

iso1ated fram an agaJ:ose gel, annealed and 1igated to Ml3-Mp8 rep1icative 

forro DNA • Recanbinant rm1ecules were transfected ioto JM103 bacteria. 

Sing1e-stranded DNA, iso1ated frem "plaques" was dotted onta 

ni troce11ulose and probed with nick-trans1ated [32p]-~led 1506 

.j.nsert (both strands) •. Fig .19B shows an array of these dots. Dot ru. 
contains cesium-purified MP8 (+) strand DNA, spot A2 contains B~-Mp9 used fi' 

in Fig.19A., and the ranaining 10 cbts represent var~ous caOOidates for , . 
15D6-Mp8 subclones. A4, B2, and Cl elicited strorç signals. 1hese were 

checked for canplementarity to each other and ~re found to represent the 

&ame.strand of 1506 insert. 

Clone Cl was grown in culture, and (+) - strand and RF mA was 

isolated. 1hese were dotted onta filters in a 1:2 mass ratio to insure 

that equal masses of the (+) and (-) strand were dotted. Fig.l9C shows 

this filter. '!he 1eft two dots .represent controis for (+) and (-) strand 

vector, while the right dots conta in 1506 (+) and (-) strand in equal 

masses. - 'lllis filter was incubated with SpxLp chain-extended nuclear RNA 

fQr 72 h. 'llle filters were washed arrl exposed for 18 hours. 'nle strOBJ 

signal due to hybridization to th~ opPosite strand of the RF form confirma 

that the 1506 transcripts are overwhelm:i.ngly synthesized fran only one 

strand of the gene. 

In another experiment, kinase-labelled cytcp~asmic RNA of IpxLp 

.. 

'", 

) 
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9astrul~ was lÏybridized to Ml3 sub-clones as shawn in Fig .190. 'Ibis probe 

bas the same -sense- as the nuc1ear RN1\. and 15D6-Mp8 did not light up, but 

B7-Mp9 did. Chain-extended SpxLp hybrid nuclear RNA was then incubated 

with an identiçal. fil ter for 72 h (see Fig.19E). 'lhere again was no 
" 

hybridization to 15D6-+tp8. l conc1ude that the transcript synthesized in 

SpxLp hybrid nuc1ei ~ fran the same strand .as that which is in the 

cytoplasm of I.pxLp gastrulae. '!he same RNA which was hybridized to the 

filter shawn in 19F was hybridized to the filter shown in 19C. 'Ibe strorç 

hybridization elicited by this RNA with 1ittle filter backgrotmO shows 

that . the nuclear RNA is stable "in hybridizktion reactions for at least 4 

days and probab1y mudl lorçer. 

'1lle TraÏlscription of 1506- and 1681 la Sensitive ta OHm!anitin 

RNA po1ymerase II, which is responsib1e for the synthesis of mRNl\, is 

sensitive to low 1evels of o(.-amanitin whi1e polymerase l and III are nota 

'" Nuclei were incubated in the presence of 1 ug/ml oe.-amanitin (a low dose) 

and 100 ~Ci [32p]-UTP. Sarrples of the reaction were taken at varions 

tiIœ points and incorporation of nucleotides into macroroo1ecules was 

assayed by spotting onto DE-81 filters. 'lbe results are shawn in Fig.18. ~ 
t1' 

'lbe oc..-atnanitin inhibited 97% of the incorporation of [32p]-U1'P at 25 

min. '!he lesser inhibition at ear1ier t~ ___ points rnay indicate that there 

is a short time lag before ~-amanitin becames effective. 'lbe extensive 

polymerase II activity for isolated sea urohin nuclei has been reported 
C 

previously (Morris and Marzluff, 1983). When this chain-exterx3.ed RNA 

synthesized in the presence of low o:;.-amanitin was hybridized with 1506 and 
\ ' 

16B7 plasrnid DNA dotted onto nitr,llulose, the signal intensities were 

decreased by greater than 95% (R. corilon, persona! conmmication) • '!hua 
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the transcription of these genes ls carried out by polymerase II in the 

isQlated nuclei. 
. , 

'nle data obtained frau a varie1=Y of experiments indicate the existence 
o , 

of prevalent transcripts which are greatly reduced in SpxLp hybrid enbryo 

cytoplasm at stages of deve10pnent when· they are normally accumulating in, 

~ anbryos; in the case of 1506, this restricted accumulation is 

primarily the result of post-transcriptional events. It is possible ~t 

transcription is occuring at the stage analyzed 'and subsequently is turned 
o 

off in hybrids. Pre1iminary data obtained by chain-extension analysis in 

hybrid nuclei of later stages indicate that the 1506 gene is transcribed. 

'lbe relative incorporation into a c10ned tRNA gene i8 the same in all 

isolated nuclei of a particular stage (LpxLp, Spx:Lp, SpxSp), indicating 

that there are no gross alterations in relative activities of polyrnerase 

II and III in hybrid nuc1ei. 

'nlese resul ts obviate the need for estab1ishing the presence of a full 

carq;>lement of 1506 DNA sequences in SpxLp hybrid embryos, sinee the rate 

of transcription is unlikely to occur without the gene being retained in 

JOOst cells nonnal1y transcribing the gene. DNA dot blot hybridization 

experirœnts indicate that s.a.. pur:puratus DNA bas little hœoology with 1506 

sequences, accounting for the fai1ure to detect 1506 transcripts in the 

cytoplasm of SpxSp embryos. 

• 
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In a previous J:8Per, l analyzed the kinetics of hybridization of a 

patemal La.. pictus gastrula cDNA, probe to excess SpxLp mRNA (Tufaro and 

Brandhorst, 1982). 'lbe data indicated that a substantial nass of patemal 

~ is present and thus transcribed in SpxLp embryos. The retarded 
~ 

reaction kinetics for patemal cDNA, and the paucity of patemal 

species-specific spots on two-diIœnSional gels indicated that IIllch of the ... 
mass of nornally prevalent paternal rnRNAs is reduced or absent in SpxLp 

hybrid RNA. In a s~.fTlilar analysis of the echinoid cross ~ excentricus x 
',. 

a... pur:puratys, Lee and Whiteley (1982) reported that paternal transcripts 

made in the hybrid embryos may he uOOerrepresented in the ItDre abundant 

classes of RNA norrnally present. !n light of these data, it was decided 

to analyze cloned sequences representing prevalent and 

IOOderately-prevalent transcripts. 'Ihese transcripts are also !OOst easily 

analyzed in a quantitative sense by blotting m:thods. Lasky .e:t.al. (1980) 

hybridized cDNA probes répresenting gastrula RNA to gastrula stage cDNA 

cloned sequences fran S.a.. purpurabls and found that about 80% of the 

gastrula clones represent transcripts present in fewer than 10 

copi es/ cell, and about 55% of these are present in fewer than 3 

copies/cell. l analyzed 1050 clones of which about 15% reacted strongly 

with cDNA. probes. These represent the ItDre 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 di vergence of gastrula polysanal RNA sequence 

between ~ pictus and ~ pu~uratus is about 86%; using hybridization 

conditions of similar stringency. The gastrula mRNA population contains 

transcripts of about 14,000 genes active in S.a. pw:puratus gastrulae, and 

thus represents a large sarnple of structural genes (Galau ~ .al., 1974) 

Although structural genes sequences do not appear ta be more highly 

conserved than single-copy DNA sequences in general (Angerer ~ ~., 

1976} , a small fraction of non-repetitive sequences appears to be highly 

conserved (Harpeld and Craig, 1978). In ~ purpuratus gastrulae, 

prevalent transcripts (including those of mitochondria) account for about 

half of the mass of cytoplasmic RNA (Lasky .et .s11., 1980~ Shepherd and 

Nemer, 1980; othis thesis ch.3) and nearly all of the cytoplasmic sequence 

complexÜ:y is represented in polyscrnes (Hough-Evans .et ~., 1977). Hence, 

it is possible that the highly conserved structural sequence fraction 

detected by Harpold and Craig (1978), while representing a srnall fraction 

of the complexity, rray corrprise nost of the Imre prevalent transcripts. 

The failure to detect a large proportion of species-specific proteins 

(Tufaro and Brandhorst, 1982), nost 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 canposition. In 
~\ 

addition, the apparent conservation of aburrlant sequences may he due to 

selection pressure to maintain amino acid sequences and/or sorne 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 corrplex interactions wi th other proteins. 

Interestingly, 80% of the developnentally-regulated cloned .La. pictus 

sequences analyz€d were species-specific. 'Ibis indicates that the 

majority of prevalent transcripts having conserved sequences are not 

developmentally-regulated. Hence, they may serve functions which are 

needed at all times by all echinoid anbryos during deve1topnent, such as 

those required 

biogenesis. 

for rracrOIOOlecular synthesis, cleavage or rnerrt>rane 

'!he c10ned sequence 1604 is an exarnple of a deve1opnentally-regulated 

transcript which bas been highly conserved between the two species. 

Although its nucleotide sequence has not been determined, high stringency 

hybridization conditions indicate that its sequence is highly conserved 

and that the nature cytoplasmic transcript is identical in size in the t'wc 

species, within the resolution of the agarose gel systan used. '!he 

transcript is present in maternal RNA, increases during the period of 

rapid cleavage and declines by the gastrula stage. '!he tarporal pattern 

of expression is not precisely the sarœ between these species. While 

limited divergence of the transcripts expressed in the two species could 
c 

account for the lower apparent nass, in SpxSp gastrulae, this seem unlikely 

since the transcript is detected easily in SpxSp rrnrulae, although a 
i 

higher level of expression in SpxSp rrnrulae than in LpxLp rorulae could be 

occurring. If the ~ pm:puratus transcript is less detectible due to 

sequence divergence, the conclusion that the l6D4 gene is actively 

expressed in hybrids is even roore convincing. 

'!he pattern of expression of the L.... pictus l6D4 gene suggests that the 

IœChanism for regulating this gene enters with the sperm genane. '!he 

autonaoous timing of expression of a paternal actin gene in echinoid 
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hybrid enbryos bas recently been reported (Crain and Bushnan, 1983). '!his 

apparent phenanenon is not limited to echinoid hybrids, as Drosophila 

interspecies hybrid 1arvae express each parental structural al1e1e for ADH 

according to the deve10pnental prograrn characteristic of the speciEfS frem 

which it is derived. In this system, there is strong evidence for a 

~-acting control element (Dickinson and Carson, 1979) Evidence for such 

~-actihg regulators has also been obtained in studies of strain-specific 

quantitative differences in the pattern of expression of enzymes and other 

proteins in mice, such as B-g1ucuronidase (paigen, 1964), B-galactosidase 

(paigen, 1976), ary1-sulfatase (Daniel, 1976) and H2 antigen (Boubelik .et 

.a.J... , 1975). '!he oorrelation of the appearance of 1604 transcript with 

ear1y rapid cleavage and pre-gastru1ar deve1opnent, and thè strong 

conservation of the gene Sllg'gest that it may have an irrportant function in 

early enbryonic deve1opnent. 'Ibis is currentiy being dlaracterized lIK:>re 

extensive1y. 

Clone 16B7 was initial1y detected as being species-specific, 

containing a highly repetitive sequence element, and expressed in SpxLp 

hybrid arbryos. 'Ibe RNA gel blot pattern indicates that the 16B7 repeat 

sequence element is included in many relative1y rare transcripts, many of 

which are expressed to an apfarently normal extent in SpxLp hybr id 

embryos. 'lbe transcript pattern in hybrid enbryos is very sirnilar to that 

of k pjctus enbryos, but the structural equivalence of these transcripts 

between LpxLp and SpxLp embryos bas not been directly dernonstrated. It is 

like1y tbat many of the transcripts containing the 16B7 repeat are 

expressed in both hybrid and normal anbryos. The isola tion of unique 

sequences contiguous to this repeat sequence should allow a partial 
~ 

determination of structural equivalence, am this is currentiy being done. 
\(~ 
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'!he mass of 16B7 tr:anscripts in SpxLp early hybrid enbryos is reduced 

COJIpired to I.pxLp early anbryos, since the S.a. purpuratus egg lacks the 

normal complement of stored 16B7 RNA. 'Ihe rapid accumulation of 16B7 

transcripts in SpxLp hybrid embryos probably reflects the rapid decay of 

16B7 maternaI transcripts and replacement by new transcription in paternal 

embryos. 

It has been convincingly deIoonstrated that there are sets of diverse 

transcripts in- the egg that share hOlOOlogous repeat sequences, and several 

examples belonging to such sets have been cloned and their structures 
( 

analyzed (Posakony.et...al., 1983). 'Ihe presence of interspersed repeats in 

maternaI RNA is directly raniniscent of the structure of nuclear RNA, and 

it has been suggested that a major fraction of the stored maternal rnRNAs 

may not be fully processed (Davidson .et. .al., 1983: ch.l, this thesis). It 

bas been proposed that cytoplasmic processing dur ing developnent could 

represent a mechanism for regu1ating the utilization of maternal 

information. Maternal transcr ipts might inc1ude sequences, such as camoon 

repeats, which are recognized by proteins, snRNAs or other RNAs (Davidson 

and Britten, 1979) which regu1ate their uti1ization by contro11ing 

turnover rates, processing events, spatial localization, or other 

interactions. In light of this, the expression of 16B7 genes in SpxLp 

anbryos 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 anbryo. It is tœq;>ting to speculate that 

cytoplasmic prevalence of maternaI RNA is regulated by the level of 

maternal RNA i tself. 

'!he majority of the species-specific cloned transcripts analyzed which 

are utrregulated are l.lIXlerrepresented in SpxLp anbryos. One cloned 
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sequence, 1506, has been analyzed in sane detail. Restriction of 

expression rould be due to 1) 10ss of the paternal gene, 2) absence of 

appr&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 stabi1ize the transcript, 5) autoregulation of transcript 

p~evalence by accumulation of translation products unab1e to associate 

with maternaI structural proteins. Hybridization of 15D6 to genanic DNA 

on filters deroonstrated that the DNA, at least in r::art, was retained in 

hybrid anbryos, bu~ is not detectible in S.a.. pm:puratus. Hybridization of 

a 1506 probe to DNA cleaved with restriction enzymes is a Irore sensitive 

assay, but restriction site polyroorphisms between individuals make these 

data difficult to interpret. RNA chain-extension analysis in isolated 

nuclei allowed :rœ to investigate the retention of the gene while at the 

sarne tirne demonstrate that the gene is actively transcribed. 

RNA chain-extension in isolated nuclei bas been carried out for a wide 

variety o~ genes and organisrns to investigate transcription. Iso1ated 

nuc1~i are read~y per:rœab1e to ribonuc1eoside triphosphates and to a 
-, 

variety of other smal1 r001ecules, as weIl as to seme proteins and nuc1eic 

acids (Manley .et. .al., 1979). Iso1ated nuclei are capable of synthesizing 

significant masses of RNA having high specific radioactivities (Marz1uff 

.et. .al., 1973; Wu and Zubay, 1974; Manley .et. .al., 1979), and also of 

retaining the strand-specificity of transcription observed ln ~ 

(Vennstrem and Phi11ipson, 1977). Levy .et..al. (1978) demonstrated that 

,nuclei isolated frem sea urchin oocytes synthesize discrete species of RNA 

containing sequences complementary to c10ned historie INA. It has been 

shawn for Ac]-2 transcripts synthesized in nuclei fran infected HeLa cells 

" 
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that ..in yfuQ-synthesized RNA is of high IOOlecular weight and that a large 

percentage of these molecules oontain discrete 5' and 3' termini which 
.' 

correspond to the termini of viral nuclear RNA in.Yi.Y.o. (Manley ~ al. ~ 

'. 1979). The prirnary transcription unit of the rnouse B-globin gene was 

established by analysis of RNA extended in isolated nuclei (Hofer and 

Darnell, 1981). Available evidence suggests that the rnajority of RNA 

synthesis in isolated nuclei represents elongation of already initiated 

RNA chains (Evans.et.~., 1977) and that RNA processing in isolated nuclei 

is :inefficient even for already completed RNA chains (Blanchard .et. ~., 

1978). It bas 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 (l1orris.et.~., 

1983) • 'Ibe relative incorporation of nucleotides into a p3.rticular 
1" 

transcript by chain extension in isolated nuclei is considered to be a 

measure of the fraction of RNA polymerase nolecules engaged in 

transcribing that gene .in .Y..iYQ.. In sane instanc~s, estimates of 

transcription rates in vivo confion this (eg. Derman .et. .al., 1981). In 

addition, transcriptional regulation of ovalbumin and conalbumin genes in 

isolated oviduct (McKnight and Palmiter, 1979) and haoog1obin switching in 
:l 

chick/ €fIbryos (Groudine .et..al., 1981) has been convincingly dem:mstrated 

by chain-extension assays. l thus regard this chain-extension assay as an 

appropriate measure of relative transcriptional activity .in ~. 

l measured transcripts synthesized in isolated LpxLp and SpxLp nuclei 

which were at 1east p:trtly horro1ogous to the 1506 insert sequence by 

dot-blot hybridization. The structural equivalence of the ~cripts 

fram each type of nucleus cannot be demonstrated by this,approach, 

however. The fact that transcription occurred using polymerase \ II fran 
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one strand of the gene having the same sense as that coding for the 

cytoplasmic transcript which accumula tes in LpxLp embryos rnakes it ltkely 

that transcription was occurring .in.riJln prior to the isolation of the 

nuclei rather than as the result of sane non-specifie gene activation due 

to !:NA nicking or damage to the chranatin. Quantitation of the assay 
ct 

indi~7es that the l5D6 gene is nearly as acti vely transcr ibed per nucleus 
l. 

in the SpxLp hybrid as in LpxLp embryos of the same stage, Since there is 

only one half the mmber of gene copies in hybrid nuclei, the 

transcription rate suggests that sane dosage ~tion has occw::red. 

'!he continuous accumulation of 1506 transcripts in LpxLp embryos suggests 

that the gene is maintained throughout anbryonic developnent in a 

configuration which allows active transcription; chain extension assays 

are consistent with this interpretation, but not all stages have been 

analyzed. 

Hybridization of nuclear RNA to fractionated genamic DNA has indicated 

that oost single-copy RNA sequences are shared by all nuclei (Kleene and 

HllI1P1reys, 1977). Merover, tissue- or stage-specific mRN1\s can be 

detected among the nuclear RNA sequences of other stages and tissues (Wold 

.et .al., '1978; Shepherd and Naner, 1980) • 'Ibis suggests that absolute' 
~~ 

transcriptiohal control is not the mechanism regulating gene expression, 

and that po~t-transcriptional regulatory events may predominate. Genes 

coding for abundant tissue- or s tage-speci fic genes rnight be 

transcriptionally rnodulated during development, but there are too few of 

those to detect by the saturation-hybridization techniques frequently 

lJSed. 'Ibe sirnilar relative rates of transcription of the 1506 gene in 
\ 

isolated nuclei fram cells which accumula te different masses of 

cytop~asrnic transcripts is strong evidence that a post-transcriptional 

regulatory event is being perturbed in the hybrid embryos. 
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In recent years, severa! processing steps 'leading to the formation of 

mature ~ have been identified. Transcription Wlits for mRNAs are 

genera11y 1arger than the mature ~ products. < 'lbe sequence of events 

1eading to the fornation of stable mRNA' inc1ude initiation, capping of the 

5' end of the transcript, c1eavage and the addition of adenylic acid 
, 

rèsiclues at sites in the prinary transcript to create 3' po1y(A) tracts, ,,1 

and the sp1icing out of introns (for review, see Darnell, 1982~ Breathnach 

and Cllantx>n, 1981) • Gene regulation may be exercised at each of these 
" 

processing steps, in transport of mRNA fran the - nucleus, and in the 

stabi1ization and efficiency of translation of the rnRNA. Not al1 nuclear 

~ sequences are destined to become cytop1asmic rnRNA. In Sea urchins, the 
t 

sequence cornp1exity, .of hnRNi\ is about 10 tiIœs greater than the complexity 

of cytoplasmic RNA (Wo1d.et. SÙ,., 1978). 

Post-transcriptional mechanisms of regulation of particular 

transcripts have been deIoonstrated in a wide variety of systens. Nuclear 

processing of rnRNA precursors in differentiating rnulticellular 

Dictyostelium discoideum aggregates is markedly slower than in grCM'ing 

arooebae (Mangiarotti ~ .al., 1983). In this systan, mRNAs encoded by 

different genes display different ti.mes of transit to the cytoplasm and, 

pifferent efficiencies of nuclear processing. Kantor .et. SÙ,. (1980) 

provided evidence that a deficiency in B-glObin production in certain 

patients with B-thalassania may occur because of a mutation which affects 

RNl\ processing and, consequently, cytoplasmic transcript levels. Esumi.et. 

~. (1982) demonstrated that in analbuminanic rats, which 1ack serum 

albumin and albumin mRNA transcr ipts in the cytop1asm of the li ver, there 

are clear1y albumin mRNA precursors in the nuclei of liver cel15 at almost 

normal 1eve1s, and concluded that the rats have a IIUltation affecting 
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albumin mRNA maturation. 
" , 

'!he cyt~lasmic amunts of tubulin mRNAs in 

Clinese hamster ovary cells or diploid ht.1l1laI?- fibroblasts 0 are regulated. 

post~transcriptiBnally by levels of unpolymerized tubulin subunits 

(Cleveland and Havercroftir, 1983). A simllar feedback regula tory mechanism 

may restrict the accurrlll.ation of patemal1y-specified subunits of cellular 

structures in hybr id embryos. '!he prevention of the accllllUlation of 

aberrant, structural proteins in sane echinoid hybrid ànbryos may permit 

those anbryos to deve10p through larval stages, rather than suffering 

developnental arrest. 

It is like1y that transcript-specific intrace1lular mechanisms result 

in different stabilities of different rnRNAs, depeooing on' secondary 

structure, protein binding, terminal sequence e1ements, localization, or 

sequestration. cabrera - .et.al. (1984) have shown that sea urchin mRNAs can :.: 

have very different rate constants for decay. In hybrid embryos, the 1506 . 

gene rnay be inefficiently or atnorrnally ~processed, inefficienUy 

transported to the cytopl~, or rapidly degr'aaed due to a failure of as 

yet unidentified rœchaniSltls. Establishment of the structure of the 1506 

transcription unit and its processinJ p:tthway, rnay enab1e us to evaluate 

which step in gene expression is aberrant in the hybrid anbryos. 'Ibis în 
, 

turn may lead to a better understanding of the mechanisms regulating 

transcript prevalence in normal sea urchin ~ryos and other eukaryotic 

cells. 

o 

" 
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Bea urchin, eggs have C been the classic system for investigati.ng ,the 
. 

nature and role of naternal rnRNA. In this thesis, l investigated the 

extent ta which embryogenesis results fram a progression of developnental 

events directed by the Embryo or an expression of a pre-formed naternal 

program. 

, Since the establis~t of the stored mRNA hypothesis, it bas been 

proposed frequently that ne.ternal mRNAs my act as, localized JOOrphogenetic 

determinants in eggs and anbryos (Raff ~d Showman, 1983,., Brandhorst et 

al., 1984). l approached this question by subjecting the proteihS 

synthesized py isolated micromeres, mesomeres,' and IIBcraneres to 

two-dimensinoal electrophoresis. Of approxinately 1000 spots resolved, 

there" are no qualitative differences among the three blastomere types. 

When anbryos were labelled between the first and fourth cleavage, and 

blastomeres then isolated, no qualitative difference in protein synthesis 
.- -~ . \ 

were observed. Moreover, there' are very few changes when unfertilized 

e<J9ll are carpared to l6-cell etbryos. '!bus cellular determination during 
{ 

enbryonic developnent is not accoopanied by quali tati ve changes in the 

distribution within the E!lbtyo of abundantly synthesized proteine, 

virtually all of which are coded for by sequences present in the ,egg. If éà. 

remains possible that less extensively labelled proteins or prot~ins 
.:::. 

already present in the .egg and IlOt detectible by my rnethods nay be 

segr~ated intO different blastomeres at the fourth cleavage and that this 

segregation iS resp::>nsible for developnental determination. Moreover, it 

-----------is possible that mRNAs coding for distinct populations of proteine are 

/ 

.. 
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segregated into the ,different ::; blastomeres at the 16-cell stage. It is 

also possible that the RNA which bas been segregated by the 16-cell stage 

serves a regulatory role, as proposed by Davidson ana Britten (1972). 

There has been rnuch inter est -in establishing when the zygotic genome 

of sea urchins becomes actively expressed, and to what extent it 

participates 
. 

in embryonic development (Davidson, 1976, for review) • 

In1;:erspecies hybrid' enbryos have been used ta assess the relative 

~ contributions of the materna! and embryonic genomes to early development. 

l have used two-dimensional electrophoresis ta analyze the synthesis of 

paternal proteins in embryos of three interspecies hybrids which form 

healthy pluteus larvae: the reciprocal crosses of ~ purpuratus and ~ 

droebachiensis as well as li... purpuratus eggs fertilized with lu- ~tne 

sperme The synthesis of most distinctly paternal pro teins was never 

d~tectef\ ~ the stages of develo~t~ analyzed. Nucleic acid 

hybridization analysis revealed that mA coding for mRNA normally 

translated in embryos of the paternal species is fully retained in ~ 

pm:l)uratœ x lu. ~içtœ hybrid gastrulae. Nucleic acid hybridization 

experirnents revealed that there is a substantial underrepresentation of 

paternal transcripts, particularly those which are normally prevalent in 

'the cytoplasmic I]Olyadenylated .RNA of hybrid arbryos. 

There are two possible explanations for these observations. First, 

IItlCh of the mmA translated into protein detected 00 two-dimensional gels 

might be persistent maternal rnRNA not normally replenished during 
, 

e!It>ryonic dev"elqxnent. Recent observations suggest that certain 

transcripts nay persist throughout eIDryogenesis (Cabrera et lU., 1984) • 

Alternatively, the synthesis, processing, nuclear export, or stabilization 

of nany paternal ml&. transcripts my be inpai~ed in the hybrid E!liDryo. 
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If the restricted, acclmlllation of paternal transcr1pts in hybrid 
• 

arbryos is largely the resu! t of persist,ence of a large 11BSS of maternaI 

transcripts, i t might be that the signaIs for mA transcription and 

processing are conserved betw~ the twô\ species and RNA aCCUIrllla~ion in 

interspecies hybrid embryos reflec~ normal expression of the paternal 

gename during development. One prediction resulting fram this is that 

transcripts accumulating in normal embryos should also accwrulate in 

hybrid embryos5 COnversely, failure of proper transcript accumulation in 

hybrid ert>ryos would indicate that the nechanisms which regulate RNA 

aCCUIllllation in normal ent>ryos and are aberrant in hybrid E!ti:lryos. 

To test this prediction, a library of cloned ~ 1OO1ecUles 

representing ~ 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 

arbryos, contrary to the predicti9fl. One cloned SEquence, 1506, bas been 

analyzed in sorne detail. Restriction of expression could be due to 1) 

loss of the paternal gene, 2) absence of appropria te maternaI factors 

required for transcription, 3) alteration of the gene prohibiting proper 

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

required in order t6 process, transport or otherwise stabilize the 

transcript, 5) autoregulation of transcript prevalence by accumulation of 

translation products unable to associate wi th maternaI structural 
r-~. 

"...,., -~roteins. RNA chain-extension analysis in isolated nuclei allowed me to 

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

that the gene is actively transcribed. 

"1 



l "'. 

( 

/ 

.136/c 

1 measured transcripts synthesized in iso1ated lpxI.p and SpxI.p nuc1ei 

which" were at least part1y haoo1ogous to the 1506 insert sequence by 

dot-b1ot hybridization. Transcription occurred using RNA polymerase II 

from ooe strand of the gene having the sarne sense as that ooding for the 

cytop1asmic qanscript which accumulated in LpxI.p anbryos. 'Ihese data 

indicate that the l5D6 gene is nearly as actively transcribed per nucleus 
\ 
" 

in the SpxLp hybrid as in LpxI.p atbryos of the same stage. '!he' oontinuous 

acct.llWlation of 1506 transcripts in LpxLp enbryos suggests that the gene 

is maintained throughout embryonic deve10pment in a configuration which 

a110ws active transcription. An alternative possibi1ity is that the ~ 

pictus genome contains severa1 copies of the 15D6 gene and that .. 
transcription fran other 15D6 genes occues in hybrid nuclei but does not 

produce the cytop1asrrdc transcript. If the 1506 transcript is derived 

from ooe of several transcribed holoologous genes, a reduction in its 

relative transcriptional activity rnight not have been detectib1e in nuclei 

iso1ated fram hybrid embryos. dot-blot hybridization of 

nick-translated genornic mA to 15D6 plasmid DNA indicate that the 15D6 

sequence is present no roore than a few copies per haploid genome, but nay 

be part of a nultigene family. Southern blot hybridization of genomic DNA 

with 15D6 probes will al10w an estimation of gene copy mmœr. 

EstablishmEnt of the structure of the 15D6 gene transcripFion unit and 

its processing p9.thway nay enable us to evaluate which step in gene 

, expression is aberrant in the hybrid anbryos. 'Ihis in turn rnay lead to a 

better understanding of the tœchanisrns regulating transcript prevalence in 

normal sea urchin enbryos and other euk.aryotic cel,ls. A collection of 

cIfA clones have been identified correspondiB3 to transcripts haviB3 

/ Î 
/ 
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. 
interesting deve10pmental histories. 'lhe investigation of these will 

hopefully provide rore iMormation about the regulation of gene . expression 

in sea urchin E!lbryos and its relationship to inportant developoental. 

events. 

t 
". , 
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APmIJJI 1 

',' Results fran colony hybridizations (Fig.ID.) SlJggested that sone of 

the mitochooor ial cDNA clones represented transcripts which are 

developnental1y-regulated. Several were also detected as bejng stroBjly 

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 (abo~ 28s) are detected 

in gastrula aOO pluteus RNA sanp1es when prOOed with 16G7 plasmid INA, 

which contains an insert which is relati ve1y conserved bet:ween La.. piçtus 
~) 

and Sa. pw::purat!13. The transcripts detected, for each developnental stage 

are different in size, however. In Fig.2OB, ·the pattem of expression of 
, 

species-specific 16FIO transcripts does not inc1ude large transcripts. 

Arrows indicate the positions of discret;:e transcripts, which can be seen 

ta differ for each probe. 

Fig.2OC shows a typical dot blot hybridization analysis. Since 15D2 

is present in all stages and specie..c; analyzed, it was used to insure that 

dot b10ts contained RNA which was availab1e for hybridization. This was 

art effective control for the efficiency of dot blotting. 

\, .. 



/ 
138 

Pig.20. IR transfer blot bybridizaticn analysis of 16G7 and 

16P10 mitDcbœdrial transcript representatiœ in 10 piçtne 

E!IIbtyœ. Total cytop1asmic 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 (A) 16G7 or (B) l6FlO plasmid rNA, and 
o 

tletected by autoradiography. Arrows indicate discrete bands and are 

discussed in AppeOOix I. '.llle positions of l8s and 28s RN\' are indicated. 

(C) autoradiograph of an RNA dot b10t probed wit;h nick-translated 1502 

r::t:JA. LL, SL, and SS refer to RNl\ iso1ated fran I.pxLp, SpxLp and SpxSp 

eut>ryos, respectively. 

Stages: E, egg; G, g~a; P, pluteus • 

.. 
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'1be quantitation of specifie RNl\ transcripts in a population of Rm. 

depends in large p!lrt on the efficlency of blotting RNA ~t of a gel and 

onto a fllter. Gene SCreen was used in this analysis ainee it bas 

superior RNA binding capability (F. Fuller, persona! canm.mication). AlI 

of the RNA blots shawn in this thesis were ~otographed urx3er T.N 

illumination to all(')l',jll semi-quantitation of the effieiency of blotting RNA 

fran each lane of the gel (see Fig. 21) 0 'Ibis insured that the 

differential signals detected on autoradiographs were an accurate 

measurement of a particul.ar transeript in a givén IDaSS of ~ applied' to 

the gel. 

\ 
'. 

) 
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Fig.n. Analyais of the eFficitl!lJlCy of blott.iDg la frai an 

~ gel œto Gene Screen. 'lbe two praninent l:lan3s represent 
, 

18s am 28s ~. (A) photograph of ethidimn branide pattern of lU\ 

electrophoresed in an agarose gel containing formaldehyde. 

(B) tiletograph of ethidilUll brcmidè pittem of RNA blotted ento a Gene 

5creen ment>rane. 'lhe ethidium branide IBttem Iilotographed resulted fran 

ethidium bromide which blotted with the RNA; the filter was not restained • 

. " 

• 



·. 

• 

.. 

) 

-

A 

) 

1 
II 
l' r ~ 
l, 
" 

B 



{ 

141 

AftJR)JXXII 

EttEJUOTZATIŒ KI rmrxc MF.ASŒŒJttNœ 

A cœputer program was used for the rapid calculation of non-linear 

least equare solutions for data fitted to functions normùly used in 

reassociation and hybridization kinetic measurements (see Pearson, et al., 

1977) • 'lbe program is designed to converge on a solution yielding 

parameters which minimize the least squares deviation of the function fran 
~ 

a set of data. SOlutions generated by the program are indeperoent of 

input parameters and insensitive to further iterations. 
1 

Data ootained fran RNA-excess hybridizations were fit as pseudo first 

order reactions. DNA reassociation data 'riere fit ta a second order 

func:tion nlXIified for reactions assayed by Sl-nuclease digestion (see 

Pearson, et al., 1977). 
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