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The Ul snRNA gene repeat from the sea urchin
(Strongylocentrotus purpuratus): the 70 kilobase tandem
repeat ends directly 3' to a Ul gene
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ABSTRACT
Lambda phage clones containing multiple copies of the
1.1 kb tandemly repeated unit of the sea urchin (S.
purpuratus) Ul RNA genes were isolated from a gene
library. The 1.1kb repeat unit encodes a single copy
of the predominant Ul RNA expressed in oocytes and
embryos prior to the blastula stage. The tandem repeat
unit is about 80 kb in size and is probably present one
time per haploid genome as judged by pulsed-field
electrophoresis of sperm DNA digested with restriction
enzymes which do not cut in the repeat unit. Two of
the phage contained DNA flanking the repeat unit as
well as several repeat units. The tandem repeat unit
ends just 3' to the Ul coding region. There is only
limited homology in the 5' flanking region with Ul
snRNA genes from the sea urchin L. variegatus.

INTRODUCTION

The small nuclear RNAs are required components for the
processing of pre-mRNAs in eucaryotes (1,2). The snRNAs are
among the most abundant RNAs in higher eucaryotes (3) and
they are encoded by multiple genes in most species (4). In
mammals (5) and birds (6) there are a limited number of
functional U1 genes. In organisms such as sea urchins and frogs,
which have large eggs and whose early development is
characterized by very rapid cell divisions, there is a much larger
demand for snRNAs, both during oogenesis and early
embryogenesis. In both Xenopus (7,8) and sea urchins (9,10) the
genes for Ul RNA are present in tandemly repeated units which
encode the major Ul RNAs expressed in oogenesis and early
embryogenesis. There are other Ul RNAs expressed late in
embryonic development and in somatic cells in both frogs (11)
and sea urchins (12), indicating that there must be other genes
for U1 RNA, which are present in lower copy number. A minor
gene family for Ul RNA has been isolated from Xenopus (8).

EMBL accession nos X56629, X56630

The tandemily repeated sea urchin Ul RNA genes are an
example of developmentally regulated genes, which are expressed
early in embryonic development and are not expressed after
mesenchyme blastula (13) or in somatic cells (12). The sea urchin
Ul RNA genes are not expressed upon injection into frog eggs
(14,15) so the sequences required for their expression must differ
from those of the vertebrate Ul RNA genes. We have isolated
the tandemly repeated Ul snRNA gene set from the sea urchin
S. purpuratus in phage containing multiple copies of the repeat
unit. Two of these phage contain the same flanking DNA which
is at the 3' end of the tandemly repeated clusters. This flanking
DNA is present in a 80kb EcoRI fragment containing the entire
Ul repeat unit.

MATERIALS AND METHODS
Screening of phage library
A genomic library prepared in EMBL3 from sperm DNA of S.
purpuratus (16) by partial digestion with Sau3A was a generous
gift of Dr. Bill Klein. 150,000 plaques were screened with the
plasmid pUIC (10), which contains nucleotides 30 to 140 of the
L. variegatus Ul RNA gene. The five positive phage were
plaque-purified and DNA was prepared from liquid lysates.

DNA sequencing
Appropriate restriction enzyme fragments were cloned into
pUC 18. DNA was sequenced by the dideoxynucleotide method
(17) using Sequenase (U.S. Biochemicals.). The sequence of both
strands were obtained from over 90% of the sequence and where
only one strand was sequenced the regions were sequenced at
least twice.

Pulsed field gel electrophoresis of sea urchin sperm DNA
The general procedure of Finney (18) was followed with some
modifications. Sperm was collected, diluted with 1 volume 0.55
M KCI, and embedded in 1% agarose plugs (UltraPure grade,
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BRL). Each 18 mm plug contained 4 Al diluted sperm and 176
1d molten agarose. The sperm was lysed by incubating overnight
at 50°C in lysis buffer [10 mM Tris-HCl, pH 8, 100 mM
Na2EDTA, 1% SDS] containing 100-200 Ag/ml proteinase K
(BRL). Lysis was continued with fresh buffer and enzyme at
37°C for a second overnight period. Plugs were then washed
3 times, 1 hour each, with 10 volumes of TE buffer [10 mM
Tris-HCl, pH 8, 10 mM Na2EDTA] containing 1 mM PMSF
(Sigma), followed by 3 times, 30 minutes each, with 10 volumes
of Tris-HCl, pH 8. All washes were performed at room
temperature. Several plugs were lysed and washed at the same
time, and were stored in TE at 4C until further use.
For digestion with restriction enzymes, plugs were cut into

4 mm pieces, and the plugs were placed in ice-cold
microcentrifuge tubes containing 140 M1 of 1 x restriction enzyme
buffer and 20 ug BSA (Sigma). After 30 minutes on ice, 100
units of restriction enzyme were added, and the tubes were kept
on ice for another 30 minutes before they were transferred to
a 37WC water bath. Digestion was first carried out overnight,
then continued for a second overnight period with fresh buffer
and enzyme as described before. At the end of digestion, plugs
were placed in fresh tubes and soaked in 1 ml lysis buffer at 50°C.
After 8-12 hours, plugs were placed in 1 ml fresh lysis buffer
containing 100-200 Mg proteinase K, and incubated at 50C
overnight. Plugs were stored in this solution at 4°C until further
use.

Electrophoresis of the digested sperm DNA was performed
on a GeneLine instrument (Beckman) which uses the Transverse
Alternating Field Electrophoresis system (19,20). Electrophoresis
was carried out at 14°C for 20 hours in 1 x TAFE buffer [10
mM Tris-acetate, pH 7.6, 0.5 mM Na2EDTA]. Pulse times
started at 5 seconds for the first 2 hours, and continued with 5
second increments for each of the 9 remaining 2 hour stages.
At the end of electrophoresis, the gel was stained with ethidium
bromide for 15 minutes and photographed. The gel was then
depurinated with 0.25 N HCl, denatured with 0.5 N NaOH, 1.5
M NaCl, neutralized with 1 M Tris-HCl, pH 8, 1.5 M NaCl,
and finally soaked in the transfer buffer [lOx SSC]. DNA
fragments were then transferred to ZetaBind membrane filters
(CUNO) as per manufacturer's instructions. After transfer was
complete, the filters were washed at room temperature in
2 x SSC for 10 minutes, followed by a 1 hour wash at 65WC in
0.lx SSC, 0.5% SDS, 10 mM Tris-HCl, pH 7.5.
The filters were pre-hybridized for 4-6 hours at 60WC in

S x SSC, 0.1% SDS, 0.1% sodium pyrophosphate, 0.4 mg/mil
heparin (Sigma). The probe (Ul.l or U1.2, labeled by the
random primer method) was added directly to this solution and
hybridization was carried out at 60WC for 18 hours. The filters
were then washed twice at 60WC in 2x SSC, 0.1% SDS and
exposed to X-ray film.

RESULTS AND DISCUSSION
The sea urchin U1 RNA genes are present in 1.1 (S. purpuratus)
to 1.4 kb (L. variegatus) tandemly repeated units. We isolated
the Ul genes from the sea urchin, S. purpuratus, by screening
a genomic library constructed by partial digestion with Sau3A
(16). We obtained five positive phage, four of which have been
extensively characterized. Three of these clones contained solely
DNA from the Ul repeat unit, while the other two phage
contained flanking DNA in addition to several repeat units.
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Fig. 1. Characterization of phage containing the U1 repeat unit. Ethidium bromide
stained gels of restriction digests of four lambda phage containing the Ul genes
of S. purpuratus repeat unit are shown. Above each lane is given the number
of the phage (1-4). Below the lanes are the restriction enzymes used. Lanes
M are marker lambda DNA digested with HindIII. The fragment labeled 1.1
represents the repeat unit. Fragments labeled E are the end fragments. E is the
BglIl end fragment. E1 is the BgIll-SalI fragment from phage 1 and 2 which was
sequenced. The bands labeled E2 are the Sall flanking fragments from phage I
and 2. The band labeled E3 are the flanking fragments from the 5' portion of
the repeat in phage 1 and 2. Bands labeled X are derived from the phage DNA.
A schematic of the repeat unit showing the structure of phage 1-4 is shown
below. T BglII; ? BamHl; T Sall.

In Figure 1, we show the ethidium bromide stain of restriction
enzyme digests of four lambda phage. If a phage contains only
copies of the repeat unit, then digestion with an enzyme which
cuts within the repeat unit one time will release multiple copies
of the repeat unit.
The library was constructed from a partial digest of genomic

DNA with Sau3A. Sau3A cuts the repeat 4 times, once at the
BglIl site and at 3 additional sites all of which are within 150
nts of the BgIl site. Cleavage of the phage DNA with an enzyme,
BgII, which cuts once in the repeat unit will release multiple
copies of the repeat unit (fragments labeled 1.1 in Fig. 1). There
will also be fragments produced from the lambda phage vector
as well as fragments which extend from the BgllI site in the repeat
to the first BglIl site in the vector. BglII digests the phage DNA
within 100 nts of the polylinker site near the short arm, so these
fragments should be about 1.1 kb or less than 250 nts. If there
is additional DNA present which is adjacent to the repeat units
than these will yield fragments which are longer than 1.1 kb.
This was observed in phage 1 and 2 (Fig. 1, left panel, fragments
labeled E).

Digestion with BgllI released a major fragment of 1.1 kb which
is clearly present in multiple copies in each phage. BglII cleaves
the parent phage about 100 bp from the SailI site in the short arm.
From phage 1 and 2, BglII released longer fragments (4.3 and
2.1kb respectively, designated E in Fig. 1). These fragments must
represent pieces of DNA which do not contain the repeat unit
and may be end fragments of the tandemly repeated cluster.
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Based on these restriction enzyme digests, a model for the
repeat unit is presented at the bottom of Figure 1. Phage 1 and
2 contain 8 and about 11- 13 copies of the repeat followed by
flanking DNA from the 3' end of the repeat. Digestion of phage
3 and 4 with BgllI and SailI gave no fragments of sea urchin DNA
larger than 1.1kb consistent with these phage containing only
multiple copies of the tandem repeat (not shown). A partial digest
of phage 3 and 4 with BglIl gave a ladder of fragments which
were multiples of 1.1 kb (not shown).

152 * 161 *** *** * ********** ** **

REPEAT CGCTATCTCCT ACAAAA CGAATGTAAAGAAAAGTAAATAAAGTTGTCCTTTGT +42

END CGCTATTTCCT ACAATTTCGAATTCGAAGAGAGC GTTGTTCT +35

**** ** * * ****** ** * **** ***** * * **** ** ** **** *** *

R +43 AAGTTCTACG CCTCTCATTC ACACCAAATC CAAACTTTGA TTCGTGCACA TATCTATCTC

E +36 CTCATTCATG ACGTGATATC CTACGACGCT TCCTTTATTA CAGTTCAAAT GCATTTATTT

Fig. 2 The S. purpuratus Ul repeat unit. (Top). The sequencing strategy used
for determining the sequence of the Ul repeat is shown. The plasmids pSpU1(2)
and pSpU1-B were constructed by cloning 2.2 and 1.1 kb fragments from a partial
digest of phage 3 with Bgfll into the BamHl site of pUC18. The plasmid pSpU1-P
was constructed by subcloning the PstI fragment from pSpU1(2) into pUC18.
The BglII-BglII end fragments were subcloned from phage 1 and 2 and sequenced
from the 3' end of the gene. The subclone pSpUl-E was constructed by inserting
the 0.86 kb BglII-SalI fragment from phage 2 into pUC 18. A BglIH-BamH1
subclone and a BamH 1-Sail subclone from this plasmid were also sequenced.
t AccI; t BamHl;T BglH; T PstI; ? Sall.
(Bottom). Sequence of DNA flanking the U1 repeat. The sequence of the BglII
to SalI fragment flanking the Ul repeat is shown. The numbers refer to the distance
from the end of the U RNA gene. The end fragment (E) is compared with the
repeat (R) for about 100 nucleotides starting with the last 10 nucleotides of the
Ul coding sequence.

Digestion of the phage DNA with SalI, which cuts in the
polylinker, will release the insert sea urchin DNA if only the
repeat units have been cloned, since there is no SalI site in the
repeat unit. If there is additional sea urchin DNA beside the repeat
unit and this DNA contains a SailI site then an additional DNA
fragment will be obtained. This DNA fragment represents DNA
which flanks the repeat unit in genomic DNA. This was observed
in phage 1 and 2 (Fig. 1, center and right panel, phage 1 and
2, fragments labeled E2). Phage 3 and 4, which contained only
repeat DNA, released a single fragment of about 15 kb upon

digestion with Sall. Phage 1 and 2 had a Sall site in the insert,
resulting in two fragments of sea urchin DNA. Phage 1 contained
fragments of 9 and 3 kb, while phage 2 contained fragments of
about 15 and 1.3 kb. The shorter SailI fragments are derived from
flanking DNA and are designated E2 in Fig. 1.

Finally digestion with both SailI and BgllI will release the repeat
units plus any end DNA fragments. These fragments must be
less than 1.1 kb if only the repeat units are cloned and indeed
must be either about 1 kb or less than 180 nts given the location
of Sau3a sites in the repeat unit, relative to the BglIl site. Any
other fragments, particularly larger fragments, must come from
the flanking DNA. Digestion of phage 1 and 2 with SailI and BgI
resulted in the Sall-Sall fragment (labeled E2) described above
and an additional BglII-SalI fragment of 0.9kb (labeled El in
Fig. 1 center panel). The 0.9kb fragments from phage 1 and 2
are identical (see below) and result from cleaving fragment E
(Fig. 1, left panel) with SalI. In addition to fragment E1, the
expected fragments from the other end of the phage (labeled E3
in Fig. 1, center panel) were obtained. Fragments E3 contain a

partial repeat unit.

Sequences of the S. purpuratus Ul repeat
Both a 1.1 kb BgIll monomer, pSpUl-B, and 2.2 kb Bgll dimer,
pSpUl[2] of the repeat derived from a partial digest of phage
3 were subcloned into the BamHl site of pUC 18. Since the sea
urchin Ul coding region contains a BglIl site at nucleotide 140,
only the dimer 2.2kb clone contains an intact gene. A 1.1 kb
repeat unit containing an intact Ul gene (pSpUl-P) was

constructed by digesting the dimer pSpUl[2] subclone with PstI
which cuts once in the repeat unit outside of the gene. The
sequence of 800 nts of the Pstl subclone (pSpUl-P) was

determined by dideoxy sequencing using the strategy shown in
Fig. 2. The sequence of 900 nucleotides of the BglII subclone
(pSpUl-B) was determined. From these two sequences, the
complete sequence of the 1.1 kb repeat unit was deduced. In
addition the 0.9kb BglIl-SalI fragments were cloned from both
phage 3 and 4, as was the 4.0kb Bglll fragment from phage 1

and the 2.3 kb BglII fragment from phage 2. The restriction map
of the two 0.9 kb BglIl-SalI fragments were identical, as was

the sequence for 380 nucleotides starting at the BglIl site,
indicating that these two fragments were identical.
The 1.1 kb tandem repeat unit contained a single copy of the

Ul gene. The coding region differs in two nucleotides
(nucleotides 122 and 123) from the sequence of the tandemly
repeated L. variegatus Ul genes (21), as we previously reported
from studies based on RNA sequencing of Ul RNA from S.
purpuratus eggs (12).

The tandem repeat ends immediately 3' to a Ul gene

The 4.0 and 2.1 BglIl fragments from phage 1 and 2 were

subcloned into pUC18. The 0.86 kb BglIl to Sall fragment was
subcloned from each phage and sequenced. The sequences of
the two fragments were identical. At the BglIl site there was the
3' end of a Ul gene starting at nucleotide 140 (Fig. 2). There
was one change in the coding region sequence a T for a C at
nucleotide 157. There was some similarity between the flanking
DNA and the normal repeat DNA for 35 nucleotides from the
3' end, although much of the purine-rich sequence required for
3' end formation has been deleted or altered. The sequence of
the first 95 nucleotides of the end fragment is compared with
the repeat unit in Figure 2. There were no significant similarities
to the sequence of the U1 gene or the rest of the 1.1 kb repeat
present in this 860 nt 3' flanking sequence. The complete
sequence of the repeat unit and of the end fragment has been
deposited in the data base (Accession numbers X56629 and
X56630, respectively).
These results strongly suggest that we have cloned the DNA

3' to the S. purpuratus Ul repeat unit. The repeat unit ends
directly 3' to a Ul RNA gene. Since the presumed signal required
for 3' end formation is altered significantly in this gene, it is
possible that the last gene in the repeat is not functional. We did
not isolate a fragment which contains the other end of the tandem
repeat and hence do not know that the boundaries of the repeat

pSpUl-B [ t t
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5' FLANKING

**** ** * ***** ** * ***** * ***** ** *

S -608 AATAAACTCTGCAAATTTCATTGAGTTAAT... -400 ... GTTTTTCACTGGCTGGCTGC
L -482 ATATTAAGCCTCACATT TCTAAAATG ..-373 . .. TTGCCCAAGTAAGACGACGA

* ******* **************** **** * * **

S -381 CCGACAAAA TACAATCCTTTTGCTGATTT TCGTATGACGCTTTTGTTATTTAAA
L -354 CCGATAAAAGAAAGGTTGACCCGATAACAGGATGCGAGTAAGCTGACGCTTATGTCATTATAA

**** ******* * ** * * **************

S-320 CC GTGACGTCC AAGTATCTGCGTGTTATATTCATGAATATGCACCTCATCAACAATACCGT
L-287 TCTGCAACGTCAGTAAAGTTA TTGTGAAGTTCATGAATATTCACATCC

** * ** * ** *** ** ******* * ** *** *** *****

S-260 TTACTCAGTCATATGCTGCGGCCTTATCGAAAGAGTGTAACTATTTCTTCCCAAATTGTGATT
L-251 TTACTTCTTCACATCTTACGTGCAATTTTGTACTTGTTATTACGTTTAAATTATAGAATTACATG

** ******** ** **************************************************

S-194 TTTCAAGAGGGATGGCAAAGAAAATGCCGGCCATCTGTAGGAACACTTTCATAGTGCCAAGAAAC
L-187 GATACGTCATTAATGTTG

********* * * * **** * **********************

S-130 TGCAGTCACACCTCCAAAGTGGGGCATAGA TGAGATTC
L-167 CTCCAGAGAGGGGCACAGAGATTTGAGGTTTCTTTCTCTCAAAACTTGCCAAAAT

S-108 TGCATGTGA TTTCTTGCTGGAGGACTG GATGTTTAACCG TTT
L-112 TGTACAAATTCATAAAATCATGTGACTGTTTTCTCTTTGTAGT GTGAGATGTTTCACTGCTTTC

S -50 TATGTCATCCAAGG
L -48 TATCGCAGATAAG
Ul Coding 2

** * * *** ** * 1
SGATTTGATCAAGAACTGCGACCGATTCTTTCGAAGC ATACTTACCTGGC
ATTTGATCAAGTACGGCGACCGAGGATGGGGAGC ATACTTACCTGGC

26 TTGATCAAGAAGGA 39
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Fig. 3. Analysis of the U1I repeat by pulsed-field electrophoresis. Sperm was
immobilized in agarose plugs, digested with restriction enzymes and then analyzed
by pulsed-field electrophoresis. A. S. purpuratus. On the left is the ethidium
bromide stained gel. The filter was hybridized to a labeled plasmid DNA containing
the Ul coding region and then exposed to X-ray film for 1 hour (left). Labeled
DNA was included so that the markers could be visualized. The filter was then
stripped and exposed to X-ray film for 24 hrs (center). The filter was then
hybridized to the 3' flanking 800 nt EcoRl to SalI fragment and exposed to x-

ray film for 24 hours (far right). Lane 1. Sperm DNA digested with BamHl;
Lane 2: Sperm DNA digested with EcoRl; Lane 3: undigested sperm DNA;
Lane 4: phage DNA digested with Hindu; Lane 5: phage concatamers. The sizes
in kb are indicated alongside the gel. B. L. variegatus sperm DNA was analyzed
by pulsed-field electrophoresis and hybridized with labeled L. variegatus Ul
plasmid DNA. Radiolabeled phage DNA was included in the hybridization to
visualize the markers. On the left is the ethidium bromide stained gel. On the
right is the autoradiograph of the filter. Lane 1: L variegatus sperm DNA digested
with BamHl; Lane 2. L variegatus DNA digested with EcoRl; Lane 3: undigested
sperm DNA; Lane 4: X phage DNA digested with HindIll; Lane 5: X phage
concatamers. The sizes in kb are indicated beside the gel.

are the same at each end of the repeat. If they are then we would
predict that the repeat unit would initiate with sequences just 3'
to the Ul gene and hence the first gene in the tandem repeat would
have an intact promoter sequence (containing all the flanking
sequences). There is no particular feature of this sequence which
suggests a reason for it marking the boundary of the repeat unit.
As we show below this fragment is attached to the single large
cluster containing the U1 snRNA genes.

In our study of repeated sea urchin small nuclear snRNA genes,
we have isolated 37 phage from the sea urchin L. variegatus
which contain repeat units. Of the 37 phage obtained only one

might have contained flanking DNA (22), despite the fact that

3' FLANKING

161 *** * * * * * ****** **

S. p. AGATCTGCGTTCGCGCTATCTCCT ACAA AACGAATGTAAAGAAAAGTAAATAAGTTGTCCTT
L. v. AGATCTGCGTTCGCGCTATCTCCT ACAATTCAACTAATGCAAAGAAA GAAAACAAAAGCCACCC
VERTEBRATE GTTTNO_3AAAYNNA GA

Fig. 4. Comparison of sequences 5' and 3' to the U1 gene from L. variegatus
and S. purpuratus. The regions of homology are underlined. The sequence from
-19 to -34 is similar to a sequence from nts 26 to 39 in Ul RNA. Asterisks
indicate where the two sequences differ. S and L refer to the S. purpuratus and
L. variegatus sequences respectively. The 3' end sequences are compared with
the vertebrate consensus sequence (29). The purine-rich region at the 3' end of
the signal is similar to the sequences 3' to the sea urchin genes.

the repeat unit is only 70-90 kb (see below). Screening of
additional phage from the S. purpuratus library containing Ul
repeats did not result in isolation of phage containing DNA
flanking the 5' end of the repeat. Some tandemly repeated clusters
(e.g. the sea urchin U2 snRNA gene cluster) are not represented
in these same gene libraries (our unpublished results) and hence
it is likely that certain DNA fragments containing tandemly
repeated units are incompatible with cloning in phage.

Size of the Ul gene cluster
To determine the size of the Ul gene cluster and to definitively
show that the sequence flanking the Ul gene cluster in the phage
clones also flanks the cluster in the genome, we analyzed sea
urchin sperm DNA using pulse-field electrophoresis (20). The
sperm DNA was digested with two restriction enzymes, EcoRl
and BamH 1 which do not cut within the repeat unit. The DNA
was resolved by pulse-field electrophoresis and the blot probed
with the Ul repeat and with the 0.8kb SalI to fragment 3' of
the repeat unit. In Figure 3A the size of the tandemly repeated
unit is estimated from the size of the fragment released by EcoRI
(lane 2), since the BamHl digest was not complete. The EcoRi
fragment was estimated at 71 kb which represents the Ul gene
cluster (Fig. 3A). This fragment contains about 60 copies of the
U1 repeat, allowing for the flanking DNA of unknown length
which extends to the first EcoRi or BamHl site in this region.
A fragment of identical size was detected by the 0.8 EcoRI-SalI
fragment which was at the end of the cluster in the cloned phage
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DNA (Fig. 3A, right). This confirms that this fragment does
indeed represent the 3' flanking sequence to the tandemly repeated
Ul snRNA cluster.

Similar results were obtained when the L. variegatus sperm
was analyzed using the same procedure. Figure 3B shows that
both BamHl and EcoRI released a 90 kb fragment containing
the tandemly repeated Ul snRNA genes. Since the repeat unit
containing the L. variegatus Ul gene is 1.4 kb, larger than the
1.1kb S. purpuratus repeat, it is likely that the copy number is
about the same, 60 genes per repeat unit. This number agrees
well with previous estimates of the Ul copy number by saturation
hybridization (23). These results suggests that there is a single
cluster of tandemly repeated Ul genes per haploid genome in
each sea urchin species and that the cluster contains about 60
copies of the Ul gene.

Sequence similarities between the Ul repeat units of the two
species
In the 400 nucleotides 5' to the start of the Ul gene, there are
four regions which have been highly conserved between the L.
variegatus and S. purpuratus Ul repeat (Fig. 4A). The first of
these is just 5' to the gene (-12 to -35 in both species) and
is over 90% conserved (2 changes out of 24 nucleotides) between
the two species. Eleven nucleotides (-33 to -23) of this
conserved region are identical (in S. purpuratus) to the sequence
from nucleotides 26 to 36 in the Ul coding region. It is possible
that this internal sequence is involved in the expression of the
Ul genes. This is a particularly attractive possibility since under
some conditions the sea urchin Ul genes (Yu et al., unpublished
results) and a modified frog U2 gene (24) can be transcribed by
RNA polymerase HI. This region includes the area where a
TATAA sequence would be expected in most genes transcribed
by RNA polymerase II. There is no TATAA sequence conserved
between the two genes, suggesting that a TATAA sequence is
not important in the function of this promoter.
There are also blocks of sequence similarity further 5' to the

gene. The next 60 nucleotides (-35 to -95) have 60% similarity.
Further 5' there is a 19 nucleotide sequence which is highly
conserved (16/19) between the two species. This sequence is
located from -148 to -167 in L. variegatus and from -101
to -119 in S. purpuratus. The 5' sequences are then completely
divergent up to nucleotide -252 where there is an 18 nucleotide
sequence which is highly conserved (16/18) with a similar
sequence starting at -275 in S. purpuratus. The final large
conserved sequence block is from nucleotide -321 to -340 in
S. purpuratus which has 80% (16/20) similarity to a sequence
from -288 to -307 in L. variegatus.
There are two other short regions of high homology 5' to the

gene. There is a 12 nucleotide sequence at -370 in the
S. purpuratus gene and at -353 in the L. variegatus which show
virtual identity (11/12). The final region of similarity is an 11
nucleotide sequence at -473 in the L. variegatus gene and at
-598 in the S. purpuratus gene which are very similar (10/11).
It is significant that all of these sequences are included in the
highly conserved regions between the two types of L. variegatus
repeat units (21). The inter and intra-species similarity is
consistent with these blocks of conserved sequence having
functional importance. In contrast, there is only a limited region
3' to the gene which is conserved either between or within species
(see below).
The vertebrate snRNA genes have a common sequence with

the octamer motif, located about 200 nucleotides from the start
of transcription in the U1 genes and a conserved proximal

element, located about 60 nucleotides from the start of
transcription, which are required for expression (25-27). Neither
of these sequence elements is present in the sea urchin Ul genes.
This is consistent with the failure of sea urchin snRNA genes
to be transcribed after injection into Xenopus oocytes (14).

Similarities in the 3' flanking regions
The first 30 nucleotides 3' to the S. purpuratus Ul gene show
83% similarity with the L. variegatus sequence. Following the
first 30 nucleotides there is no similarity between the two species
(Fig. 4B). We had previously noted (10) that the sequence 3'
of the L. variegatus Ul gene is a CAAAGAAAGAAA sequence
similar to that found 3' of the sea urchin histone genes (28) and
necessary for 3' end formation of the histone genes (29). The
changes in the Ul genes between the two species alter the C-
AAAGAAAGAAA sequence so that the 3' flanking sequence
in the S. purpuratus gene is not as similar to the sequence at
the 3' end of the histone genes. The sequences required for 3'
formation of the vertebrate snRNAs are also purine-rich and
located in a similar position. The sequence requirements for
vertebrate snRNA 3' end formation are not very stringent (30)
and a similar situation may exist in sea urchins. The sequences
3' to the sea urchin U7 genes (31) show moderate similarity to
the Ul genes and all of these sequences fit into the vertebrate
consensus sequences. Based on the correct functional expression
of the sea urchin U7 gene with a Xenopus U2 promoter in
Xenopus oocytes (14), it is likely that the sea urchin 3' sequences
function in vertebrate cells.

Evolution of the tandem repeated units
The two sea urchin species L. variegatus and S. purpuratus
diverged about 100 million years ago. The sequences of the
coding region show two nucleotide changes between the two
species, the same amount of change as has occurred among
mammals (mouse and human) which diverged at about the similar
time. Outside of the coding region there are only about 100
nucleotides of sequence which have been highly conserved, 4
short blocks 5' to the gene and a short sequence 3' to the gene.
This is similar to the sequence conservation found among the
mammalian Ul genes (4). One of these sequences immediately
5' to the gene is similar to a sequence within the 5' portion of
the Ul RNA. It is likely that these sequences are involved in
either the expression or correct developmental regulation of these
genes. The tandemly repeated gene set is expressed in oocytes
and early embryos and then is not expressed in later
developmental stages or in somatic cells. In this respect they are
similar to the highly repeated histone genes of sea urchins (32)
and the 5S rRNA genes (33) of Xenopus.

This is first example we are aware of in which the sequences
flanking a tandemly repeated sequence have been identified. The
U1 tandem repeat ends immediately 3' to the U1 gene. Indeed,
there has been enough variation in the 3' flanking sequence that
it is likely that the terminal Ul gene is not functional. There is
no special feature of this sequence which suggests why it might
mark the end of the tandem repeat. The relatively high frequency
with which the end fragment was obtained (2 out of 5 phage
isolated) is consistent with the relatively small size of the tandem
repeat. Two independent phage were isolated which contained
the same terminal sequence suggesting that this is indeed the end
of the repeat. We did not obtain any phage which had the S' end
of the cluster so it is not yet known whether the two ends of
the cluster define an intact repeat unit.
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