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ABSTRACT
The nucleotide sequence of a cloned DNA fragment corresponding to a gene

for 5S ribosomal RNA from the sea urchin Lytechinus varieqatus has been deter-
mined. This sequence j representative of the dominant species of 5S rRNA
labelled in vivo with P04 during the cleavage stage of Lytechinus embryonic
development.

INTRODUCTION
The nucleotide sequences of 5S ribosomal RNAs have been determined for a

number of prokaryotic and eukaryotic organisms, and appear to be highly con-
served throughout evolution (1-3). In all eukaryotes studied thus far, the
genomic DNA encoding 5S rRNA (4) is found in multigene families in tandem
arrays (5-11). In Xenopus, for example, the rRNA genes occur in two classes,
one of which is expressed in oocyte cells, and the other, in somatic tissue
(3,12). Current work on the structural organization and expression of 5S
rRNA genes has been stimulated by the development of in vitro transcription
systems which allow accurate transcription of single 5S rDNA repeats (13-16).
The fidelity of this transcription suggests that each 5S rRNA gene includes
the information for initiation and termination of transcription, and raises
the possibility that additional regulatory signals may also be present.

Neither primary sequence data nor evidence for the genomic organization
of 5S rDNA has been obtained for the sea urchin, an echinoderm which has been
used extensively for studies of differential gene expression during embryonic
development. Nijhawan and Marzluff (17) have recently reported that in the
sea urchin Lytechinus variegatus there are about 175 copies per haploid
genome of the gene encoding 5S rRNA. We have found that the Lytechinus 5S
rDNA repeat contains a single recognition site for the restriction endo-
nuclease Hae III. Cleavage of 5S rDNA with this enzyme yields fragments with
chain lengths of 1.2 and 1.3 kilobases (18). The pattern of partial diges-
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tion products we obtain from Hae III cleavage of total L. variegatus DNA is
consistent with an arrangement of 5S rRNA genes in at least two tandemly
repeated, non-interspersed families. We have cloned Eco Rl fragments of
Lytechinus DNA enriched in 5S rDNA sequences into the plasmid vector pACYC
184 (18). As a first step in our studies of sea urchin 5S rRNA gene expres-
sion,we present in this report the nucleotide sequence for the region of the
Lytechinus DNA insert corresponding to a 5S rRNA gene. We show also that the
5S rRNA synthesized during the cleavage stage of development yields RNase T1
and RNase A oligonucleotides which are consistent with the cloned 5S rDNA
sequence.

MATERIALS AND METHODS

Materials
Dimethyl sulfate and diethylpyrocarbonate, hydrazine, and piperidine

were from Aldrich, Eastman Kodak,and Fisher, respectively. [y-32P]ATP (3000
Ci/mmol) was purchased from New England Nuclear, and carrier-free [32P]ortho-
phosphoric acid, from Amersham. The following chromatographic materials were
used for RNA sequencing: polyethyleneimine (PEI)-cellulose thin layer plates
(Brinkmann), DEAE paper (DE 81, Whatman), Avicel thin layer plates (Analtech),
and Cellogel strips (Kalex). Calf thymus alkaline phosphatase was a gift from
I. Sures, Stanford University. The restriction endonuclease Hae III was puri-
fied by the general procedure of Bickel et al. (19). Eco RI was purified from
E coli strain RY13(Rl) as described by Modrich and Zabel (20). Other enzymes
were obtained commercially: T4-polynucleotide kinase (P-L Biochemicals); Alu I,
Hpa II, Mbo II, and Hha I (New England Biolabs); RNases Tl, T2, and U2 (Cal-
biochem); RNase A (Worthington); and snake venom phosphodiesterase (Boeh-
ringer-Mannheim).

Preparation of Sea Urchin 5S DNA fragments
Sea urchin (Lytechinus variegatus) DNA, prepared as described previously

(21), was enriched in 5S DNA sequences by several steps of actinomycin D-cesium
chloride equilibrium density gradient centrifugation (7). DNA preparations
were digested with the restriction endonuclease Eco RI, and the resulting
fragments were ligated to pACYC 184 DNA cleaved with Eco RI (22). Clones con-

taining plasmids with 5S rDNA inserts were identified among the tetracycline-
resistant, chloramphenicol-sensitive transformants (23) by hybridization with
purified [125 ]-sea urchin 5S rRNA (24). Of four clones carrying plasmids
with 5S rDNA-containing insertions of about the same size, one denoted pLu

1840



Nucleic Acids Research

103 has been used for further studies. The position of the 5S rDNA within
the 1.34kb insert in pLu 103 was determined by hybridizing 125I -labelled
sea urchin 5S rRNA to the restriction fragments generated by the endonucleases
Alu I, Eco RI, Hae III, Hinf I, Hha I, and Hpa II. Details of the cloning
experiments and restriction endonuclease mapping will be presented elsewhere
(18). The cloning of these recombinant DNA molecules and all subsequent pro-
pagation of the pLu 103 plasmid in E coli strain JC1569 were conducted ac-
cording to the NIH Guidelines (P2/EKI).

Plasmid DNA from pLu 103 was prepared as described previously (25).
Following cleavage with Hae III, the Hae III fragment of approximately 1.02
kb (Fig. 1) was purified by polyacrylamide gel electrophoresis, and redigested
with the following restriction enzymes to obtain fragments suitable for DNA

sequencing: Hpa II, Alu I, Mbo II and Hha I. These restriction enzymes were
used according to the suppliers' recomnendations.

DNA fragments were fractionated by electrophoresis on 3 cm tubes or
19xl9xO.3 cm slab gels of 6% acrylamide (29:1 acrylamide:bisacrylamide)/50
mM Tris-borate, pH 8.3/1 mM EDTA. The positions of DNA fragments in the gel
were identified by UV fluorescence after staining with ethidium bromide
(1 ig/ml) or by autoradiography. Gel slices were subjected to electrophoretic
elution (26) at 180V for a minimum of three hours in 5 mM Tris-HCl, pH 7.4/
2.5 mM sodium acetate/0.1 mM EDTA. Residual gel particles were removed from
the eluate by its filtration through a layer of glass wool in a syringe.
Magnesium acetate and ammonium acetate were added to DNA solutions to give
final concentrations of 0.01 M and 0.1 M, respectively, and the DNA was pre-
cipitated with 2 volumes of ethanol. After 15 minutes in a dry-ice-ethanol
bath and centrifugation at 12,000 x g for 15 minutes, the precipitated DNA
was dissolved in 0.3 M sodium acetate, pH 6.5, and reprecipitated as above.

5'-Terminal Labelling of DNA Fragments
DNA samples, dissolved in 90 ul H20, were brought to 0.1 M Tris-HCl, pH

8.0, and treated with 0.02 units of calf thymus alkaline phosphatase for one
hour at 37°C. After adding 0.3 ml of 0.1 M Tris-HCl, pH 8.0, the reaction
mixture was extracted twice with phenol and then once with ether. Following
ethanol precipitation as above, end labelling was carried out as described by
Maxam and Gilbert (27), using 10 units of polynucleotide kinase for 45 minute
at 370C per 30-50 pmole sample of single-stranded DNA.

Strand Separation
The strands of the 76 bp Hpa II/Hpa II fragment and the 249 bp Mbo II/
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Mbo II fragment (Fig. 1) were separated using minor modifications of the pro-
cedure described by Maxam and Gilbert (27). The double-stranded fragments,
labelled at their 5' ends with 32p, were denatured by heating for three
minutes at 90°C in 40 Pil of 10 mM Tris-borate pH 8.3/2 mM EDTA/0.002%
xylene cyanole FF/0.002% bromphenol blue/80% dimethyl sulfoxide/2.4%
glycerol. The sample was chilled quickly to 0°C, and loaded immediately in
3.2 cm slots in a slab gel (18x40x0.25 cm) of 5% acrylamide (60:1 acrylamide:
bisacrylamide)/50 mM Tris-borate, pH 8.3/1 mM EDTA. Electrophoresis at 130V
was carried out at4°C for 14 hours to prevent renaturation of the separated
strands, and then continued at room temperature once the DNA molecules had
moved well into the gel. Electrophoretic elution of the separated strands
was as described above. After ethanol precipitation of the single stranded
DNAs, using 35 ug of unlabelled sonicated calf thymus DNA as carrier, final
resuspension was in 20 pl of water.

DNA Sequencing
Nested sets of 5' end-labelled fragments were produced and fractionated

by electrophoresis on polyacrylamide gels as described in the chemical degra-
dation DNA sequencing method of Maxam and Gilbert (27), with minor modifica-
tions. An additional ethanol precipitation was included in the protocol prior
to piperidine cleavage to ensure complete removal of the hydrazine. Aliquots
of the products generated by the four reactions G, A>G, C and C+T were frac-
tionated on 14% acrylamide gels containing 7 M urea. After electrophoresis
at constant voltage (700-900 V), gels were covered with Saran Wrap and exposed
to flash-sensitized Kodak XR-1 X-ray film at -20% (28).

Isolation and Analysis of[ P]5S rRNA Labelled in Vivo
At the blastula stage of development, 20 mCi of 32P0 was added to a 1-46liter solution of phosphate-free sea water (29) containing about 5.5x106

Lytechinus variegatus embryos which had been fertilized 5 hours earlier.
Development was allowed to continue, and at the pluteus stage, the embryos
were collected on 44 micron Nitex screens (Tetko), washed with cold water, and
transferred to centrifuge tubes. After centrifugation for 10 min at 12,000
x g, the pelleted embryos were washed once with 25 mM Tris-HCl, pH 7.5/
25 mM NaCl/l mM spermidine/l mM dithiothreitol/0.5 mM phenylmethyl sulfonyl
fluoride/2% Triton X-100, and resuspended in 7 volumes of the same buffer.
Following 15 strokes of a tight pestle in a 40 ml dounce homogenizer, the
homogenate was centrifuged at 12,000xg for 10 minutes. Ribosomes were isola-
ted from the 27,000xgsupernatant as described by Palmiter (30). Ribosomes
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were dissociated in 0.05 M sodium acetate, pH 5.0/0.1 M NaCl/ 1% sodium
dodecyl sulfate, and proteins removed by four extractions with equal volumes
of phenol. After ethanol precipitation, the RNA was dissolved in 10 ml of
water. NaCl was added at a final concentration of 4 M, the sample placed at
-200C overnight, and the high molecular weight RNA removed by centrifugation
for 15 minutes at 17,000 x g. This supernatant was dialyzed against 1 liter
of water which had been treated with diethylpyrocarbonate prior to autoclaving,
and reprecipitated with 2 volumes of ethanol. 5S rRNA was purified by electro-
phoresis on slabs of 10% acrylamide (29:1 acrylamide: bisacrylamide)/50 MM
Tris-borate, pH 8.3/1 mM EDTA, and eluted electrophoretically as described
above. The uniformly-labelled[32P]5S rRNA was analyzed using standard Sanger
sequencing techniques (31). Secondary RNase U2 digestion products were frac-
tionated by electrophoresis in pryidinium acetate, pH 3.5, on Whatman DE81
paper, and mononucleotides were in general separated by chromatography on thin
layers of Avicel (32).

RESULTS AND DISCUSSION
A Lytechinus gene for 5S rRNA

From our initial hybridizations of 125I-labelled sea urchin 5S rRNA to
restriction fragments derived from the recombinant plasmid pLu 103, we obtained
evidence that a nucleotide sequence corresponding to 5S rRNA was contained in
an Alu I fragment with a chain length of about 380 base pairs (18). Based on
the position of this fragment in the pLu 103 restriction map, we selected for
sequence analysis several sets of restriction fragments including this region
of the sea urchin DNA insert which would provide complementary data from
both DNA strands and give appropriate overlaps between restriction fragments.
These are shown schematically in Figure 1. Nucleotide sequence analysis of
these fragments was carried out using the chemical degradation methods of
Maxam and Gilbert (27). From the data obtained, we are able to deduce the
sequence of 248 base pairs shown in Fig. 2. Centered within this sequence
is a region (designated 1-120) which has a high degree of homology with other
eukaryotic 5S rDNAs. In particular, this sequence differs by only 16 nucleo-
tides from Drosophila 5S rDNA and by 18 nucleotides from the Xenopus laevis
oocyte 5S rDNA.

There is currently no 5S rRNA sequence information for the echinoderm
phylum of which the sea urchin Lytechinus variegatus is a member. To deter-
mine whether the 5S rRNA-like sequence in pLu 103 is represented in in vivo 5S
rRNA, we labelled developing embryos with 32po and analyzed the purified 5S

P04
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Figure 1: Restriction map and sequence strategy for the analysis of the
Lytechinus variegatus insert ( ) in the pLu 103 plasmid. The coding
region for 5S rRNA is indicated by the open box. In the more detailed diagram
for the map between Hae III restriction sites, which includes the 5S rDNA se-
quence (dotted line), numbers refer to restriction fragment chain lengths, in
base pairs, determined from the DNA sequence. The 5' to 3' polarity and re-
gions of DNA single strands analyzed by the DNA sequencing method of Maxam
and Gilbert (27) are indicated by arrows. Given above each arrow is the
restriction fragment, designated by its left and right cleavage ends, from
which the sequence information was obtained. The set of overlapping restric-
tion fragments described below were generated from a Hae III fragment of about
1.02 kb which we had found to contain sequences hybriWffable to 1125I]5S rRNA.
The Hae III fragment was exised from the plasmid as described in the Materials
and Methods. The three largest fragments obtained from this after Hpa II
digestion were purified by acrylamide gel electrophoresis and labelled with

P at their 5' ends. The singly labelled Hha I/Hpa II and Hpa II/Alu I
fragments were then generated by cleavage oTiHae III/Hpa II and HpaIT/ Hpa II
(X,350 bp) with Hha I and Alu I, respectively. The strands of the 76 bp Hpa II/
Hpa II fragment were separated as described in the Materials and Methods,
and each strand was subjected to chemical sequencing. Following cleavage of
the 1.02 kb Hae III fragment with Alu I and subsequent polynucleotide kinase
treatment of a 380 bp fragment, the fragments Alu I/Hpa II and Hpa II/Alu I,
labelled uniquely at their Alu I ends, were generated by Hpa II Ieavage.
Each strand of a 5'-end labelled 249 bp Mbo II product obtained from the 1.02
kb Hae III fragment was analyzed.

rRNA by standard Sanger RNA sequencing methods (31). The two-dimensional

RNase Tl and RNase A fingerprints we obtained are shown in Fig. 3. The

compositions of all oligonucleotides determined from further analysis
(Tables I and II) are in full agreement with those predicted by the pLu 103
DNA sequence. These results suggest that the cloned rDNA sequence is repre-
sentative of the dominant species of 5S rRNA synthesized in vivo at this stage
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TABLE I

Sea Urchin SS rR11A Ti Rhase Oligonucleotides
Oligonucleotide RANse A Digestion llas U Oligonucleotide

Number Products Digestion Proucts Seqence Predicted
from DNA Sequence

T2' Cp, Up(l.0:1.0)

T3 A-Op

T4 Cp(0.9), A-Op()

TS A-A-Op

T6 A-Cp(0.8), Cp(l.3), Ap(0.9), C-C-Op(i)
Op(1)

T7 PGrib pi

T8 Up, 4P(- :1 )

T9 Cp, up, p(% :I : )

TIO Up, A-Op (%l:i)

TI1 A-Up,Op (.1:1)

T12 Cp(1.6), Up(0.9),

T13 Cp(1.9), Up(0.7), C-Ap(i.i),U-Ap(i.3)
A-Up(i.1), A-A-Op (U,CAp(0.4)
(1.1). A-Op(1) (U,C)A-Ap(U.5)

AP- (3)
T14 Cp(O.5), Up(l.0) (C U)Ap(1.8),

A-Cp(l.1). Op(1) C3;p(i)
T1S Cp(1.2),A-Up(l.1), Ap(O.9),(U,C)Ap(i.2)

A-Cp(i.i),Op(i) C-C-Op(i)

T16 Cp(0.8),A-Cp(l.0) Ap,U-Ap,A-Ap,C-C-Gp
A-A-Up(I .0).G(1)

T17 Cp(i.4),A-Cp(l.8), Ap,U-Ap,C-C-Ap. U-Gp
A-Up(2.i),Op(1)

n8 Cp(i.I),A-Cp(0.8), Ap(0.9),A-Ap(0.8)
A-Upl1.0).AA-Up(I.1 ) U-Ap(2.5),C-C-Gp(1)

Tr9 U(US).A-Op(1) U-U-Ap,Gp

T2n Cp(i.3).Up(5.0), U-Ap,(U ,C1)Gp,
A-Cp(I.i),Op(2) (U ,C )Op

T21 Up(i.8),Op(i)

Tad Cp(0.8),Gp(1)

Tb Cp(l.4),6p(1)

Gp

C-U-UOH
A-Gp

C-A-Gp

A-A-Gp

A-C-C-Gp

pGp
U-Op

C-U-Gp

U-A-Gp

A-U-Gp

C-U-C-Gp, U-C-C-Op.
C-C-U-Gp

U-C-A-A-Gp
C-A-U-A-Op

C-C-U-A-C-Gp

A-U-C-A-C-C-Gp

A-A-U-A-C-C-Gp

A-C-C-A-Li-A-C-C-A-U-Gp

A-A-U-A-U-A-C-C-Gp

U-U-A-Gp

li-U-C-U-C-up
U-A-C-U-U-Gp

U-U-Gp

C-Gp

C-C-Gp

Experimental Expected
Molar Yield Yield

8.3 12

0.8 1

1.4 1

0.9 1

0.8 1

1.0 I

0.2 -

1.2 1

0.9 1

0.8 1

1.0 1

2.6 3

1.6 2

0.6

0.7

0.8

0.7

0.7 1

1.2 1

1.7 2

1.0 1

0.6 U

(1.3 0

Table I. MRse Ti oligonucleotides from 32P-labeilled sea urchin embryo SS rRNA were analyzed using Sanger
sequencing ethods (31). Oligonucleotide numbers correspond to Fig. 3a. The relative molar yields
of primry oligonucleotides were normlized to the yield of ACCG(T6). Expected yields are based on the
region of the pLu 103 DNA sequence proposed to encode a SS rRA. Ratios aong secondary RkAse A and
NWase U2 digestion products are expressed relative to the yields of the Gp-containing products.
In some cases approximte ratios ur determined (v) by visual inspection. Where an underdigestion
product obtained with U Nase helps to order a T1 RNase oligonucleotide sequence, it has been included
in the Table. The copsitions of each product wre confirmed by complete digestion with RNase T2 and
subsequent fractionation of onoucleotides by thin layer chromtography (32).

aThe single product obtained from complete digestion of oligonucleotide T2 with snake venom phospho-
diesterase was pU.
bT7 was identified as pGp by its mobility on DE81 paper in pyridinium acetate, pH 3.5 and on thin layer
Avicel plates in the isobutyric acid-NH3 and t-butonol-HCl solvent systems (32).

cDigestion of T20 with U Reuse gives U-Ap and two oligonucleotides which have mobilities, relative to
mrkers, that are consistant with lengths 4 nucleotides and 6 nucleotides, respectively.

of development.
The oligonucleotide maps of the 32P-labelled in vivo 5S rRNA also provide

information about the 5' and 3' ends of the mature 5S rRNA. The properties of
three oligonucleotides are those expected for the 5' and 3' termini. The RNase

1847
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TABLE I I

Sea Urchin 5S rRNA RNase A Oligonucleotides

RNase Tl Oligonucleotide
Digestion Products Sequence Predicted

= from DNA Sequence

Experimental Expected3
Molar Yield Yield

Gp(l.2),Cp(l)

A-Gp(0.9), A-Cp(0.7).Gp(i.0),Cp(l)

A-A-Gp(l.4). Cp(l)

A-Up

Gp(1.2). Up(l)

P1,P2 Usp.Up 15.4

P3,P4
C>p,Cp 13.2 1515.4 1 1

13.2 15

S.0 6

3.0 2

2.0 2

1.0 1

5.6 4

4.8 3

O .1 _

1.4 1

1.4 1

1.4 1

1.2 1

0.9 1

1.0 1

1.5 1

3.0 2

0.8 1

1.0 I

1.1 I

Gp( . 9), A-Up( )

A-Gp(l .1 ), Up()

A-Gp(1.6),Gp(l.)pCp(l)

Gp(.3), A-A-Up( l )

A-Gp(l.P), Gp(l.8)pCp(l)

A-A-Gp(P.4), Gp(l.1),Up(l)

Gp(l.4)-A-Up()
Gp(2.8), Upp(l)

A-Gp(1.3), Gp(3.6), A-Cp(l)

Gp(2.2). A-A-Up(l)

Gp(3.1), Up(l)

Table IH. RNase A oligonucleotides.obtained from sea urchin 5S rRNA labelled with 32p()4 in vivo.we.rp
chiaracterized usinqI stdndard .anqer sequencinq nethods (I ). Oliqonucleotide numbers
correspond to the fin(erprint of rig. 31i. The molar yields of primary RNase A oliqonucleo-
tides were norsalized to the yield of AAGC (IT.), which oc(urs uiniqluely in the seuillence. Ex-
pected yields are based on thf- p,lu 1l1 50 rl)NA sequie-m Yield%s of cconmldiry RNiase ri
di jestion products dre expres.ed r(ml itive to th( pdtriili,lmon-umt,itiitlIrimluc t dl i emitb
coinpositions were cornfiriun-d by dip-e%tion t,, thise iniononucliotitlb livel withi RNase T2. followed tv
thin layer clironautosqrdaphy (32).

dThe T2 diflestion products obtained fron.i 1113, aS identified by thini ldyer chromatography in the
isobutyric acid-Nil3 and t-butanol-lICl solvent systeiis (31). were pGp and Cp.

Ti product designated T2 does not contain the G residue characteristic of all

RNase Ti digestion products derived from internal regions of an RNA molecule.

When digested to completion with RNase T2, which generates nucleoside 3' mono-

phosphates, oligonucleotide T2 gives Cp and Up in a 1:1 ratio. Parallel diges-
tion with snake venom phosphodiesterase, which produces nucleoside 5' mono-

phosphates, gives only pU. These data, taken together with the observation
that a nucleoside diphosphate (pXp) is not found among the snake venom phos-
phodiesterase products, indicate that oligonucleotide T2 has the sequence

C-U-UOH and represents the 5S rRNA 3' terminus. A corresponding CTT sequence

is present at position 118-120 in the pLu 103 DNA sequence (Fig. 2). Our oligo-
nucleotide data (Fig. 3a, Table I) and, in addition, preliminary analysis by
chemical sequencing methods of the sea urchin 5S rRNA labelled in vitro with

1848

01 igonucleotide
Nuwber

PI, P2

P3,P4

P5

P6

P7

P8

P91 Pi 0

PlI.P12

P13a
P14

P15

P16

P17

P18

P19

P20

P21

P22

P23

P24

U>p'Up
C> P. Cp
A-Cp

G-Cp

G-A-Cp, A-G-Cp

A-A-G-Cp
A-Up. A-U>p

G-Up. G-U>p
pG-Cp

G-A-Up

A-G-Up
A-G-G-Cp
G-A-A-Up

A-G-G-G-Cp
G-A-A-G-Up
G-G-A-Up
G-G-Up

G-G-G-A-G-A-Cp
G-G-G-A-A-Up
G-G-G-Ilp
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[32P]pCp (33) (A. Lu and D. Stafford, unpublished results) give no evidence
for length heterogeneity at the 3' end. The other two oligonucleotides of
interest, Tl RNase product T7 and RNase A product P13, both contain ribosyl 5'-
monophosphate moieties derived from the 5' terminus. Within the limits of
our analysis, these are the only ribosyl 5' monophosphates detectable in RNase
Tl and RNase A fingerprints. From appropriate analysis, T7 is pGp and P13,
pGpCp. Since the pLu 103 DNA sequence contains the GC dinucleotide at two

positions, at -6 and 1 (Fig. 2), the pancreatic RNase oligonucleotide pGpCp
does not unambiguously define the 5' terminal residue. From chemical sequenc-
ing analysis of 5S rRNA labelled in vitro with [32P]pCp (33), however, we are
able to conclude that the 5S rRNA does not extend to the -6 position (A. Lu
and D. Stafford, unpublished results); hence the second GC (1) corresponds
to the RNA 5' terminus.

The 5' monophosphorylated oligonucleotides T7 and P13 are observed re-
producibly, although in low molar yields, in the fingerprints for several
preparations of in vivo 32P-labelled 5S rRNA. If the sea urchin 5S rRNA
is a primary transcript, as appears to be the case for other eukaryotic organ-
isms (1,13,15,16), it should have a 5' end generated directly by transcription
initiation rather than by secondary cleavages during processing events. One
would expect it therefore to carry a triphosphorylated nucleoside. However,
monophosphorylated nucleosides have generally been found by others as well at
the 5' ends of the 5S rRNAs isolated from several eukaryotic organisms (1)
for which other criteria suggest that the 5S rRNAs are primary transcripts
(13,15,16). We have found that our preparations of 5S rRNA from sea urchin
eggs can be capped with an efficiency of up to 16% with the vaccinia virus
capping enzyme (gift of B. Moss) in the presence of [a-32P]GTP (N. Blin and
D. Stafford, unpublished results). Since the capping enzyme preparation re-
quires a di- or triphosphate for activity (34,35), the capping result suggests
that these 5' termini are most likely represented in the population of egg
5S rRNA molecules, even though they are not detectable in fingerprints. The
5' terminal pGpCp we observe thus may be a degradation product of a nucleo-
side triphosphate moiety.
Features of the 5S rDNA sequence

We have examined the 248-base pair Lytechinus DNA sequence including the
gene for 5S rRNA, and have used the computer program developed by Korn et al.
(36) to search for repeated sequences, symnmetric regions, and dyad symmetries
that could prove significant in defining the secondary structure of the 5S
rRNA and in protein interactions with 5S rDNA. The more striking examples
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from each class are designated by arrows below the sequence shown in Fig. 2.

We have also compared the sea urchin 5S rDNA to other eukaryotic 5S rDNAs,

and find that the high degree of homology the sea urchin 5S rRNA shares with

the 5S rRNA of other species does not extend to the flanking sequences. Fea-

tures of the 5S rRNA gene are discussed below.
The 5' noncoding region is relatively AT-rich; 22 of the 30 base pairs

preceding the RNA start site are A-T base pairs. The coding region exhibits
a number of dyad symnetries which presumably reflect the existence of second-
ary structure in the 5S rRNA molecule. The positions of potential base-paired
regions in the sea urchin sequence are consistent with secondary structures

which have been proposed for eukaryotic 5S rRNAs (2).
The region of the sea urchin 5S rDNA sequence in the vicinity of the

RNA 3' terminus has several features similar to sequences at the ends of
other eukaryotic genes. As shown in Fig. 2, there is a stretch of 6T's fol-

lowed by 12C's beyond the CTT of the sense strand. In other eukaryotic genes

analyzed there are clusters of at least 4T's beyond the residue corresponding
to the RNA 3' end: 4T's in the adenovirus VA RNA, gene (37), 5T's in a

Drosophila 5S rRNA gene (38), a stretch of 21 or 29 T's in y9ast 5S r-RNA genes

(39,40), and a T-rich sequence TTTTCMCTTTATTTT in a Xenopus laevis oocyte

5S rRNA gene (41). In the sea urchin gene the AT-rich region generated by
the cluster of T residues is preceded by a relatively GC-rich region; this
includes a dyad symmetry (Fig. 2) which would correspond in 5S rRNA to a

7 base-pair stem closed by a loop of 5 residues. These features, a GC-rich
region and dyad symnetry followed by an AT-rich region, have been observed at

the ends of other eukaryotic genes (42) and at prokaryotic transcription ter-

mination sites (43). As has been observed for the other eukaryotic genes, the
dyad symmetry is separated by a gap of several base pairs from the cluster
of T residues. At prokaryotic termination sites, by contrast, the string of T
residues is immediately adjacent to a dyad symmetry. In the sea urchin sequence
a stretch of CG base pairs with a perfect purine/pyrimidine strand bias follows
the T cluster. This could possibly function to prevent readthrough by RNA poly-
merase. A final interesting feature of this region is a purine/pyrimidine
strand bias that begins at position 118 (Fig. 2) and continues as far as our
sequence analysis has been extended. This appears to be distinctive of the
3' noncoding region. The autoradiograms of DNA sequencing gels shown in Figure
4 are given as illustrations of this strikingly asymmetric distribution. The

single-stranded DNA sequences shown represent segments of the 3' noncoding
region beyond that presented in Fig. 2. The strand bias does not occur in
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Figure 4: DNA sequence gels showing the nonrandom distribution of purines
and pyrimidines discussed in the text which occurs on DNA strands in the
region following the 5S rRNA coding sequence. The display shown in a,
obtained from the strand of the Hpa II/Alu I fragment labelled at the 5'
Hpa II end, gives the products for the region of the sense strand corres-
ponding to approximately +35 to +75 (bottom to top). The pattern in b,
obtained from the complementary strand of Hpa II/Alu I labelled at the 5'
Alu I end, shows the region corresponding to approximately (bottom to
tJop) +172 to +129.
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the 140 nucleotides we have examined in the 5' noncoding region.
In the fingerprints of 32P-labelled in vivo 5S rRNA, a few oligonucleotides

which are not predicted by the DNA sequence appear in fractional molar yields.
If they are not derived from contaminating RNAs, these products possibly reflect
heterogeneity within the 5S rRNA species. To look for sequence heterogeneity
among the sea urchin 5S rDNA coding regions and to determine whether the genomic
rDNA exists in distinct arrays of genes expressed differentially in development,
we are currently examining additional copies of cloned 5S rDNA repeats, and
analyzing the 5S rRNAs synthesized during different developmental stages.
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