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The extent of evolutionary conservation of DNA complimentary to RNA stored 
in the mature oocyte of the sea urchin S. purpuratus has been assessed. To do 
this, such DNA was hybridized with total genomic DNA of S. purpuratus and S. 
franciscanus and the thermal stability of the resultant dlplexes was measurzd 
by two methods. In the first method, the duplexes were bound to hydroxylapatite 
and thermally eluted; the difference in thermal stability between homologous 
and heterologous duplexes averaged 6.9" C in duplicate determinations. In the 
second experiment, the same hybrids were thermally melted in 2.4M tetraethyl- 
ammonium chloride, then assayed with Sl nuclease; the difference in thermal 
stability of homologous and heterologous duplexes was 4.8" C. Either value is 
significantly lower than the divergence of total single-copy DNA among these 
species as measured by the same techniques. This demonstrates that DNA sequences 
complimentary to maternal RNA are conserved during evolution, and thus that a 
high fraction of them are likely to be physiologically functional. 

An important interface in modern molecular biology is that between the 

study of evolution and of development. To further our understanding of the 

evolution of developmental processes at the molecular level, it is important to 

examine the evolutionary history of developmentally significant molecules. A 

particularly interesting population of such molecules is the RNA stored in the 

mature sea urchin oocyte. These sequences, termed "maternal RNA", have been 

extensively studied, but neither their structure nor function is well under- 

stood. The complexity of sea urchin maternal RNA is about 6% that of the 

genome, i.e. enough to code for about 30,000 proteins. This value is higher 

than that of messenger RNA populations of any other embryonic or adult tissue 

(1). Maternal RNA is not extensively translated in the oocyte (2), but the 

molecular mechanisms which "mask" maternal RNA from the translation machinary 

of the oocyte are not well understood, and have been the subject of a great 

Abbreviations Used: EDTA, ethylenediaminetetraacetic acid; HAP, hydroxylapatite 
(BioRad); oDNA, DNA complimentary to RNA stored in the mature sea urchin oocyte; 
SDS, sodium dodecyl sulphate: TEACl, tetraethyl ammonium chloride. 
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deal of research (eg. 3). The state of processing of sea urchin maternal RNA 

is not known. However, recent studies indicate that at least some of the RNA 

sequences are stored in the oocyte in a nonprocessed or incompletely processed 

form (4,5). After fertilization, maternal RNA is "unmasked" and recruited onto 

polysomes where some or all of it directs translation during early embryogene- 

sis. 

The work reported here deals with the extent of evolutionary conservation 

of DNA which codes for maternal RNA (termed oocyte DNA or "oDNA") in sea 

urchins. The genus Strongylocentrotus is particularly advantageous for such a 

study because, through the fossil record, a reasonable estimate exists regard- 

ing the time of divergence of the evolutionary lines leading to at least two 

species, i.e. 2. purpuratus and S. franciscanus. The estimated time of their - 

divergence is about 10 million years ago (6). Also, extensive measurements 

have been made of the degree of sequence divergence of the total single-copy 

DNA of these congeners. Using methods similar to those reported here, the 

sequence divergence of these genomes has been estimated to be 10-19X depending 

on conditions of measurement and numerical handling of the data (7,8,11). 

Thus, the data reported here allow comparison of the extent of evolutionary 

divergence of DNA which codes for maternal RNA, with divergence of single-copy 

DNA as a whole. 

Methods 

Preparation of driver DNAs 

Unlabelled DNA for hybridization was prepared from frozen sperm of 
several individual sea urchins by SDS lysis and phenol extraction as described 
elsewhere (7). Driver DNA of average fragment length 800 nucleotides was 
prepared by shearing in a Virtis 60K homogenizer. The size of the resultant 
fragments was measured in isokinetic alkaline sucrose gradients which were 
centrifuged at 41,000 RPM for 24H in a Beckman SW 41 rotor and compared to 
internal size markers. 

Preparation of oocyte RNA 

RNA of mature oocytes of 2. purpuratus was prepared by lysis in 7M urea by 
Dounce homogenization, then deproteinization in 1:l of phenol:m-cresol:8- 
hydroxyquinoline plus chlorofonn:isoamyl alcohol (24:l). The deproteinized RNA 
was precipitated, then treated with DNase (100 ug/ml), then proteinase K. The 
RNA was phenol extracted again, precipitated, resuspended, passed over a 
Sephadex G-100 column, then precipitated and stored at -20° C. This isolation 
is described in greater detail elsewhere (9). 
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Preparation of H3-labelled single-copy DNA 

Unlabelled S. purpuratus single-copy DNA was prepared by sequential self- 
hybridization anTi passage over hydroxylapatite as described elsewhere (8). It 
was labelled in vitro with tritium by "gap-translation", then bound to hydroxyl- -- 
apatite to remove unincorporated nucleotides. Self-hybridizing duplexes which 
can be artifactually generated by "gap-translation" were removed by disassacia- 
tion, brief reassociation and hydroxylapatite binding. The specific-activity of 
the tracer was about 5 x 106 cpm/pg and the fragment length was about 300 
nucleotides. 

Preparation of H3-labelled oDNA 

The H3-labelled, single-copy DNA described above was enriched for those 
sequences present in mature oocyte RNA as described in detail elsewhere (9). 
Briefly, the labelled DNA was reassociated twice with a 700 fold excess of 
oocyte RNA; after each reassociation, unreacted RNA was digested with RNase, 
the DNA-RNA duplexes were phenol extracted, then bound to hydroxylapatite in 
0.12M phosphate buffer. RNA was removed from the final duplex by treatment 
with KOH. 

Assay of interspecies divergence of oDNA by hydroxylapatite chromatography 

An excess of sheared, unlabelled, driver DNA of S. purpuratus or S. 
franciscanus was heated to 95" C with H3-labelled oDNA,both of which were 
prepared as described above. Reassociation reactions were carried out in 
glass capillary tubes; each reaction contained 100 ug of driver DNA and 
3 x 103 counts of tracer in a volume of 50 ul of 0.41M Nat phosphate buffer 
(pH 7.4), lo-3M EDTA and 0.05% SDS at 50" C. Each hybridization was continued 
until completion of reassociation, then adjusted to 0.12M phosphate buffer 
and bound to 0.4 g columns of hydroxylapatite. Stability of the duplexes was 
determined by sequential increase in temperature and elution of fragments 
rendered single-strand at 4" C increments. 

Assay of inter-species divergence of oDNA by digestion with Sl nuclease 

The same amounts of driver and tracer DNAs as above were denatured, then 
reassociated to completion in 50 ul of 1.5M tetraethyl ammonium chloride 
(TEACl). The reassociated duplexes were treate 
specific Sl nuclease in O.lM NaAc, 0.05M HAc, 

4 with 3 ul single-strand 
10' M ZnS04 (pH 4.3) for 1 hour 

at 37O C such that 90% of single strands were digested. An aliquot of the 
digestion products was saved for sizing (see below) and the rest was adjusted 
to 2.4M TEACl by passage over Sephadex G-100. The DNA was distributed into 
16 Epindorf tubes which were placed in holes of an aluminum block which was 
heated at one end and cooled at the other to produce a temperature gradient 
(8). The aliquots were heated for 30 minutes; then digested with Sl nuclease 
as above, except with ten times more nuclease such that 99% of single-strands 
were digested. The extent of digestion in each aliquot was calculated from the 
fraction of counts excluded from Sephadex G-100 columns. The data of Figure 2 
have been normalized to 100% digestion with Sl at the highest temperature; 
actual digestions were 90.2% for 2. purpuratus and 91.0% for S. franciscanus. - 

Measurement of duplex length by electrophoresis through alkaline agarose gels. 

Measurement of stability of duplexes was corrected for the effect of duplex 
length. This was determined using an aliquot of the hybridization mixture 
described above, taken after the first treatment with Sl nuclease. This material 
was electrophoresed through a 3.5% agarose gel in 0.03M NaOH, 2 x 10W3M EDTA 
(8). In parallel lanes were run size standards generated by Hin Fl digestion 
of the plasmid pBR322 (eight fragments ranging in size from 1629 to 75 nucleo- 
tides). The gel was sliced into 1 cm pieces, then each piece was melted in 
0.2M HCl, adjusted to neutrality, and counted in a liquid scintillation counter. 
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Results and Discussion 

The objective of the work reported here was to assess the extent of evolu- 

tionary divergence of DNA coding for maternal RNA relative to the previously 

determined divergence of total single-copy DNA in two species of sea urchin. 

To do this, a tracer made by sequential hybridization of S. purpuratus H3- - 

labelled single-copy DNA to excess S. purpuratus maternal RNA, was hybridized to - 

an excess of total DNA of S. purpuratus and S. franciscanus. The resultant - - 

duplexes were analyzed in two ways to determine their thermal stability. Since 

each degree reduction of TM l/2 (the half-melting point) corresponds to about 

1% nucleotide sequence divergence (lo), comparison of homologous (same species) 

and heterologous (different species) melting profiles can approximately quanti- 

tate the extent of evolutionary sequence change. 

In the first experiment, H3-labelled S. purpuratus oDNA was reassociated - 

with sheared, unlabelled, total DNA of S. purpuratus and S. franciscanus. The - - 

resultant duplexes were bound to hydroxylapatite, then eluted by washing the 

column at sequentially elevated temperatures. Figure 1 shows the thermal 

elution profiles obtained using driver DNA of the two species of sea urchin. 

In the second experiment, the same DNAs were reassociated in the chaotropic 

solvent TEACl. TEACl has several effects on DNA reassociation, including 

increasing the rate of hybridization and decreasing the melting temperature 

(8). Most importantly in context of these measurements, TEACl reduces the 

effect of base composition on thermal melting (ll), thus yielding a sharper and 

more accurate melting profile. Other parameters, such as the relationship 

between TM reduction and sequence divergence, and the relationship between TM 

and fragment length, are not affected by TEACl. After reassociation, the 

duplexes were digested lightly with Sl nuclease to render them more soluble. 

The DNA was divided into sixteen aliquots and heated individually to increasing 

temperatures, then assayed to determine the fraction in duplex by nearly complete 

Sl digestion and passage over Sephadex G-100 (see Methods section and reference 

8). The resultant melting profiles are shown in Figure 2. 
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Figure 1: Thermal elution profile of S. 
k 

urpuratus oDNA hybridized with S. purpuratus 
(0) and 2. franciscanus (0) totar DNA. H labelled S. purpuratus DIA complimen- 
tary to maternal RNA was prepared and hybridized with total, unlabeled DNA of 
the two sea urchin species as described in the Methods section. The resultant 

of hvdroxvlapatite in water-jacketed class duplexes were bound to 0.4 g columns 
columns at 50°C in 0.12M phosphate 
eluted by washing the columns with 
was increased in 4“C increments. 

buffer and 6.05% SOS. The-hybrids -were 
0.12M phosphate buffer as the temperature 

nuclease of duplexes formed between 2. Figure 2:Profiles of resistance to ST 
purpuratus oDNA and total DNA of S. purpuratus (0) and S. franciscanus (0). HJ- 
labelled S. purpuratus DNA complimentary to maternar RNA was prepared and 
hybridizea with total, unlabelled DNA of the two sea urchin species in 1.5M 
TEACl as described in the Methods section. The resultant duplexes were adjusted 
to 2.4M TEACl and aliquoted into 16 tubes which were heated to increasing 
temperatures. The fraction of DNA in duplex at each temperature was mjnitored by 
resistence to Sl nuclease as described in the Methods section. Tm /2 values 
(Table 1) were calculated not as the 50% point on the graph, but rather as the 
temperature at which half the counts which were resistent to Sl at 25" C were 
rendered sensitive to Sl. 

It is necessary to correct TM l/2 values generated by thermal melting to 

account for the effect of duplex length (10). This was measured by electro- 

phoresis of Sl trimmed duplexes through alkaline agarose and monitoring of 

their mobility relative to standards (see Methods and reference 8). The average 

lengths of Sl resistant duplexes measured by this method were 281 nucleotides 

for 2. purpuratus and 200 nucleotides for S. franciscanus; it is to be expected - 

that sequence divergence in the heterologous duplexes would result in a slight 

reduction in duplex length relative to the homologous case. The data of Figures 

1 and 2, corrected for the effect of duplex length, are listed in Table 1. 

As shown in Table 1, since the evolutionary separation of the lines lead- 

ing to S. purpuratus and S. franciscanus, oDNA has diverged 4.8-7.4“ C (i.e. - - 

4.8-7.4%), depending on the method of measurement. Any value in this range is 
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Table 1. Thermal stability of S. purpuratus oONA reassociated with 
total DNA of S. purpuratus and S. franciscanus - 

A. Hydroxylapatite Method 

Species 
HAP HAP Bound Corrected 
5ound(%)a (Normalized %)b T, l/2 ("C)' Tm l/2 ("C)d ATm( 

S. purpuratus 88 - 100 75.2 77.3 

6.5 (7.4)f 

S. franciscanus 81 92 67.8 70.8 - 

aFraction of input counts which bound to hydroxylapatite at 45Y. 
bFraction of input counts which bound to hydroxylapatite at 45'C normalized 

to 100% of homologous reaction, 
CTemperature at which 50% of bound counts eluted from hydroxylapatite 

(see Figure 1). 
dT, l/2 corrected upward to normalize for the reduction due to fraament 

l;ngth (reduction ("C) = 600/length). Fragment lengths were 2. pirpuratus, 
281 NT; S. franciscanus, 200 NT. 

eDifference between Tm l/2 in the homologous (S. purpuratus) and heterologous 
(S. franciscanus) thermal elutions after correction for fragment length. 

fVzlue generated in a duplicate run (data not shown). 

B. TEACl Method 

Sl Resistant Corrected 
Species &istant(%)a (Normalized %)b T, 1/2(Y)' Tm 1/2("C)d AT, 1/2("C)e 

S. purpuratus - 48 100 54.3 56.4 

S. franciscanus 44 - 92 48.6 51.6 

aFraction of input counts which were Sl resistant at room temperature prior 
to the second (i.e. more stringent) Sl digestion step (see Methods). 

bAs above, but normalized.to 100% resistance in the homologous reassociation. 
CThe temperature at which half the DNA resistant to Sl at room temperature was 

rendered Sl sensitive. 
dCorrected for the effect of fragment length on T l/2. 
eDifference between Tm l/2 of homologous and hete:ologous duplexes. 

significantly below the divergence of total single-copy DNA in these species 

which has been reported to be 10-19” C, depending on the method of measurement 

and data analysis (7,8,11). 

There are at least three possible interpretations of this result. The 

first is that there are selective pressures which constrain the evolutionary 
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sequence divergence of all or most of the DNA which codes for maternal RNA. A 

second interpretation is that some DNA coding for maternal RNA molecules is 

under heavy selection pressure which allows very little sequence divergence, but 

DNA complimentary to other maternal RNA molecules is free to diverge about as 

rapidly as total single-copy DNA. The measurements reported in Table 1 would 

then represent an average of these two classes of maternal RNA-coding DNA. 

Finally, each maternal RNA molecule might be composed of regions of high and 

low divergence, the average of which is reflected in the measurements reported 

here. 

It appears that much or all maternal RNA is stored in the oocyte in an 

unprocessed, or incompletely processed, form (5). This incomplete state of 

processing may contribute to the "masking" of maternal RNA from translation 

prior to fertilization. If, as is likely, the structure of maternal RNA is 

similar to the structure of nuclear RNA, part of each molecule would consist of 

protein-coding sequence and part would consist of introns, leader/trailer 

sequences and possibly flanking sequences as well. In some systems, protein 

coding DNA is known to diverge more slowly during evolution than total 

single-copy DNA (e.g. 12). Thus, it seems quite possible that each maternal RNA 

molecule consists of conserved, protein-coding regions and less conserved 

non-coding sequences, and that the measurements reported here reflect this 

configuration. 
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