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Summary. Electron microscopy of the partially heat denatured ribosomal DNA (rDNA) from sea urchin (Lytechinus 
variegatus) sperm has demonstrated that it consists of repeating units of 3.6+0.2 Ixm, corresponding to a mol.wt of 
7.2+0.4x 10 ~ Based on differential denaturability, each repeat unit is divided into 2 regions. The larger region of 
2.47_+0.11 ~tm (mol.wt 4.9__+0.22• 106) corresponds in length to the ribosomal precursor RNA of sea urchins and the 
smaller, GC-rich, subunit of 1.16+_0.09 ~tm (mol.wt 2.3_+0.18x 106) is presumed to contain non-transcribed spacer 
sequences. 

The ribosomal DNA (rDNA) of eukaryotes consists of 
repeating units, each of which contains a transcribed region 
and a non-transcribed spacer. While transcribed part of the 
rDNA exhibit considerable sequential homology of all 
eukaryotic species, both transcribed and non-transcribed 
spacer DNA contain sequential as well as length heteroge- 
neity3 9. Extensive information is available on the structure 
of rDNA of Xenopus laevis 6-8,1~ 16. Relatively little is known 
about the structure of sea urchin rDNA. Earlier investiga- 
tions have shown that the rDNA from sea urchin (Lyteehi- 
nus variegatus) sperm is composed of uniform repeating 
units of mol.wt 5.2 x 106 which includes sequences comple- 
mentary to 18S and 28S ribosomal RNA, and there is no 
non-transcribed spacer 17-2~ The present investigation is 
designed to study the structure of rDNA from L. variegatus 
sperm using the technique of denaturation mapping 15,21. 

Material and methods. Isolation of DNA from the sperma- 
tozoa of L. variegatus and purification of high mol.wt 
rDNA satellite by repeated cycles of CsC1 centrifugation 
have been previously described 22,23. 
Electron microscopy. The rDNA was prepared for electron 
microscopy using the basic protein film technique with 
some modification 24,25. Purified rDNA was dialyzed against 
0.02 M NaCI - 0.005 M EDTA (pH 7.5) for 24 h. 5 ~tl of 
rDNA was mixed with 5 ~tl 36% HCHO (previously neutra- 
lized, boiled and filtered) in a Pyrex glass tube. It was 
sealed and heated to denaturation temperature for 20 min 
in the cuvette chamber of Gilford 2000 spectrophotometer. 
The temperature of the cuvette chamber was equilibrated 
by a flow of glycerol-water from a temperature regulated 
water bath. The equilibrium time was 30 min. The control 
of temperature, minitored by a linear thermosensor, was 
recorded on the chart of the spectrophotometer. Partially 
heat-denatured rDNA was then immediately chilled in ice 
and 10 ~tl of cold 2 M Tris - 0.02 M EDTA (pH 8.5) buffer 
containing 20 ~tg/ml cytochrome-c (Calbiochem) was 
added. After adding 20 Id of redistilled formamide (Fisher 
Company, reagent grade), it was carefully mixed and the 
solution was immediately spread on a hypophase. The 
hypophase was 0.2 Mammonium acetate in a 90-mm 
square plastic petri dish. The glass slide was rinsed with 
0.2 M ammonium acetate and allowed to drain dry just 
before its use as a ramp. The cytochrome-c-DNA film was 
picked up near the ramp solution boundary within 30- 
40 sec. The copper grid (200 mesh) was used to pick up the 
film. It was coated with Parlodion film from a 1% w/v 
solution in isoamylacetate. Parlodion coated grids were 
used within 24 h. The DNA-cytochrome-c film was stained 
by dipping the grid into 5x 10 5 M uranyl acetate - 
0.05 • 10 -3 M HC1 in 90% ethanol for 30 sec. The stain 
solution was prepared fresh and used within 15 min. The 
stock solution was stored in the dark. The stock solution 
was 5.0• 10 -2 M uranyl acetate - 0.05 M HC1. 
Micrographs were taken with a Zeiss EM 9S2 electron 
microscope at a magnification x 4570 and the resulting 
negatives were then enlarged x 21 on a screen; molecules 
were traced on paper. These tracings were measured with a 

Keuffel and Esser 620 300 map measurer. The magnifica- 
tion of the microscope was determined from micrographs 
of a grating replica (54,864 lines/inch; E. Fullam). Nega- 
tives were printed on No. 6 Kodabromide paper. 
Results. Purification of rDNA satellite. Figure 1 shows the 
profile of 3rd CsC1 centrifugation of the pooled heavy 
fractions of the sperm DNA. Fraction No. 14 of this gra- 
dient was further centrifuged to equilibrium in a Spinco 
Model E analytical ultracentrifuge. The banding profile 
(figure 2) thus obtained shows that this fraction contains 
only rDNA (density 1.722 g/cm 3) with no detectable 
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Fig. 1: Profile of 3rd CsCI centrifugation of the sperm DNA from 
L. variegatus to purify the rDNA satellite. After 1st CsC1 centrifuga- 
tion, heavy fractions were pooled and subsequently centrifuged 
twice to obtain this profile. 4 ml gradient was overlayered with 
paraffin oil and centrifuged in a 65 rotor for 72 h. in a Model L 
ultra centrifuge at 25 ~ 0.1 ml fractions were collected. 
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Fig.2. Analytical centrifugation of the fraction No. 14 of figure 1 in 
a Model E analytical ultracentrifuge to determine the purity of 
rDNA (density 1.722 g/cm3). The marker is Tetrahyrnena DNA 
(density 1.685 g/cm3). 
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amount of any non-rDNA. Fractions 10-13 were pooled 
and the rDNA contained in them were used for electron 
microscopy. 
Analysis of the structure of rDNA satellite by electron 
microscopy. From 68.7+0.25~ to 71.0~ 6 different 
stages of denaturation were obtained. A regular pattern of 
denaturation seemed to recur in some of the molecules 
denatured at 70 ~ These molecules showed an average of 
33% denaturation (figure 3). Each repeating pattern of 
denaturation showed 2 general regions, one contained 
several denatured sites and the other remained mostly 
native. The beginning and the end of these 2 regions in 
each repeating unit are marked by arrows in the accompa- 
nying trace (figure 3). This pattern of denaturation was 
found to recur in about 27% of the rDNA molecules. From 
this population, 12 molecules each exhibiting at least 
2 repeating patterns were carefully aligned with respect to 
native and denatured regions, and their denaturation map 
was constructed by measuring the denatured sites at an 
interval of 0.05 ~tm 26 (figure 4). An average length of the 
repeat was calculated from 24 repeats and this was found to 
be 3.6_+0.2 ~tm. 
The relationship of the contour length of rDNA to its 
mol.wt was determined by using slightly nicked ~ • 174 RF 
DNA molecules under similar conditions of heat denatura- 
tion. An average contour length of ~ • 174 RF DNA was 
found to be 1.64+0.06 Ixm. Therefore, the relationship 
between the contour length and mol.wt is such that 1 txm of 
DNA length would contain 2.0• 106 of DNA. Using this 
factor, the mean length of the rDNA repeat can be convert- 
ed to a mol.wt of 7.2-+0.4• 106. 
Denaturation maps within rDNA repeat. Pattern of denatu- 
ration within the rDNA repeat has also been obtained for 
the temperatures 68.7, 69.0, 70.3 and 71.0 ~ and these have 
been represented in figures B-F. By looking at these 
histograms, it becomes obvious that 1 region of about 1 Ixm 
within the repeat remains native even in highly denatured 
samples. A gradient of denaturation pattern resulting from 
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heating rDNA in the presence of formaldehyde at the 
temperatures mentioned above allows the construction of 
the map shown in figure 5B. Here the different parts of the 
repeat unit have been designated as a, b, c and d in order of 
increasing resistance to denaturation. 
Discussion. Recurrence of a pattern of denaturation along 
the rDNA molecule of L. variegatus suggests the mol.wt of 
the repeat unit to be 7.2+_0.4x 106. Furthermore, the pat- 
tern of denaturation within the repeat unit allows its 
subdivision into 2 regions: 1 with a mol.wt of 4.9+0.22 x 106 
and the other with a mol.wt of 2.3+0.18 x 106 (figure 5A). 
Studies on ribosomal RNA of sea urchins, Paracentrotus 
lividus 27 and L. Pictus 28, seem to suggest that the transcribed 
part of sea urchin rDNA should have a mol.wt close to 
5.0x 106 with an approximate GC content of 57%. On this 
assumption the larger part of the repeat unit may be 
designated as the transcribed part and the smaller part as 
the non-transcribed spacer. Since the mol.wt of the repeat 
unit has been calculated to be 7.2_0.4x 106 and its GC 
content 63% 17, taking the GC content of the transcribed 
part to be 57%, the GC content of the non-transcribed 
spacer is calculated to be 76%. Biphasic melting curve of 
the rDNA at 260 nm and the results of the hyperchromic 
spectral analysis also point to the existence of a late melting 
component of 76-77% GC content 29. Information on the 
generalized structure of the repeat unit where g refers to the 
transcribed part and s to non-transcribed spacer is given in 
figure 5A. The region a of the repeat unit is of highest AT 
content and the region d of highest GC content (figure 5 B). 
The regions c and d belong to the so-called non-transcribed 
spacer s. 
These results, however, are not in agreement with those of 
Patterson and Stafford ~9,2~ who found the mol.wt of the 
repeat unit to be 5.2x 106. In their studies, determination of 
the mol.wt of rDNA repeating unit was based on saturation 
hybridization studies and renaturation kinetics. The relative 
inaccuracy of the percentage rRNA hybridized coupled 
with less stringent control of renaturation conditions may 

Fig. 3. Electron micrograph of the 
rDNA of L. variegatus denatured 
at 70~ The arrows in the ac- 
companying trace point to 2 gen- 
eral regions in the rDNA that 
differ in their degree of denatura- 
tion. The numbers indicate the 
length in ~tm of the rDNA be- 
tween arrows. 
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be the possible sources of  error  in  the com pu t a t i on  o f  the 
mol.wt in ear l ier  studies 19,20. Moreover ,  hype rch romic  spec- 
tral analysis of  Pa t te rson  and  Stafford 19'2~ canno t  give any  
plausible exp lana t ion  of  the size of  the r D N A  subuni ts  
because of  the wrong  selection of  pa rame te r s  29, Purif icat ion 
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of  the r D N A  by p lye thylene  glycol-dextran 2-phase  system 
is also cons idered  unsat isfactory 23. 
In the present  exper iment ,  it is difficult  to expla in  the 
occurrence of  i r regular  dena tu r a t i on  pa t te rn  in a n u m b e r  of  
r D N A  molecules.  It is possible,  bu t  not  proved,  tha t  there  is 
some length  he te rogene i ty  a m o n g  r D N A  repeats  o f  L. varie- 
gatus and  this may  account  for i r regular  d e n a t u r a t i o n  
pat tern.  Results  o f  Wel lauer  et al. 7 indicate  tha t  most,  i f  no t  
all, t a n d e m  repeats  a long a single molecule  of  ampl i f ied  
r D N A  are equa l  in  length.  In contrast ,  be tween  50-.68% of  
the adjacent  repeats  in a given molecule  o f  c h r o m o s o m a l  
r D N A  differ in  length.  It implies  tha t  in t r amolecu la r  ar- 
r angemen t  of  length  he te rogene i ty  is d i f ferent  in  ampl i f ied  
and ch romosoma l  rDNA.  In ampl i f ied  rDNA,  cons iderab le  
length he te rogene i ty  is m a i n t a i n e d  7. In the present  work, 
r D N A  has been  pur i f ied f rom sperm where  little or no  
ampl i f ica t ion  of  r D N A  is expected,  a l though  some amplif i -  
cat ion has b e e n  repor ted  in the spe rmatogon ia  3~ I f  sperm 
r D N A  of L. variegatus is a s sumed  to be most ly  ch romo-  
somal, sc rambled  a r r a n g e m e n t  o f  the he te rogeneous  repea t  
lengths may  be expected to occur  in these molecules.  This  
might  mask the recurrence of  clear pa t te rn  of  d e n a t u r a t i o n  
of  un i fo rm length.  
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Fig. 4. Denaturation map of the rDNA molecules obtained at 70 ~ 
A Denaturated sites of 12 aligned molecules were counted at the 
interval of 0.05 rtm; B-F, denaturation map of the rDNA repeat 
unit obtained for different temperatures mentioned against each 
set. Fraction denaturation was computed after dividing the repeat 
unit at the interval of 0.05 ~tm. 
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Fig.5. Diagram of the generalized structure of the rDNA of 
L. variegatus based on denaturation mapping. In 5A, region g 
corresponds to the transcribed part of the gene and s to the non- 
transcribed spacer. The mol.wt (x  10 6) of these 2 parts are given in 
parentheses. In 5B, the repeat unit has been divided into regions of 
increasing resistance to denaturation: a, b, c and d. The sub-regions 
c and d belong to the non-transcribed spacer. 
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