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The promoters of two U2 small nuclear RNA genes isolated from the sea urchin Lytechinus variegatus were
mapped by microinjection of genes into sea urchin zygotes. One gene, LvU2E, is expressed only in oocytes and
embryos and is found in a tandemly repeated gene set, while the other gene, LvU2L, is a single-copy gene and
is expressed in embryos and somatic cells. The promoters each contain a TATA sequence at -25 which is
required for expression, a proximal sequence element (PSE) centered at -55 required for expression, a
sequence at -100 which couples the core promoter (PSE plus TATA box) to the upstream element, and an
upstream sequence which stimulates expression fourfold. The PSE together with the TATA sequence is
sufficient to determine the transcription start site. There is no sequence similarity between the -100 and PSE
sequences of the two genes. The -100 sequences can be interchanged between the two genes. The LvU2E PSE
functions in the context of the LvU2L gene, but the LvU2L PSE functions poorly in the context of the LvU2E
gene.

The U series of small nuclear RNAs (snRNAs) are among
the genes most rapidly transcribed by RNA polymerase II.
The vertebrate snRNA genes are also unique among genes
transcribed by RNA polymerase II in that initiation from an
snRNA promoter is necessary for formation of snRNA 3'
ends (7, 21). Most of the snRNA genes are transcribed by
RNA polymerase II, although U6 snRNA is transcribed by
RNA polymerase III (8, 24), as is U3 snRNA in plants (36).
Surprisingly, there are common promoter elements for the
snRNA genes transcribed by RNA polymerases II and III (3,
9). The promoters have been best characterized in the cases
of the vertebrate Ul (18, 21), U2 (1, 23, 32), and U6 (5, 27)
genes as well as plant snRNA genes (35, 37). There are two
major cis-acting elements, the distal sequence element
(DSE) and the proximal sequence element (PSE), which are
necessary and sufficient to accurately drive the transcription
of vertebrate snRNA genes (23). The DSE is located around
positions -200 to -250 and is often composed of a perfect
octamer motif combined with one or more transcription
factor binding sites (22). The PSE, located at about -60, is
absolutely required for transcription, defines the selection of
the initiation site (23, 33), and, by interaction with the DSE,
directs the assembly of a unique transcription complex
capable of recognizing the snRNA gene-specific 3' end
formation signal (6, 23). The U6 gene, in addition to the DSE
and PSE, has a TATA box at about 30 nucleotides (nt) from
the start site (5). The 7SK small RNA gene, which has an
internal promoter and is transcribed by RNA polymerase III,
also contains a TATA box.
The promoters of invertebrate snRNA genes have not

been as well studied. The sea urchin U7 snRNA promoter
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(29) has an upstream sequence element which enhances
transcription only fivefold. There is a proximal element,
mapped as an AT-rich sequence extending from -25 to -57,
which is absolutely required for expression (29). The sea
urchin Ul promoter has two major elements, one at about
-300 and one at about -50, which are absolutely required
for expression (37a), although neither of these elements is
similar to the vertebrate sequence elements. Several Cae-
norhabditis elegans snRNA genes (34) have been cloned,
and, on the basis of sequence conservation, a consensus
PSE was proposed. Drosophila snRNA gene promoters have
not been mapped, but a consensus sequence has been
proposed for the PSE and DSE (2, 25). None of these
putative elements have been functionally tested. There is no
sequence conservation between the cis-acting elements of
vertebrate and invertebrate genes, and hence the failure of
invertebrate snRNAs to be expressed in Xenopus oocytes is
not surprising (31).

In contrast, plant snRNA promoters have a completely
different structure (35). They contain only two required
elements, the -30 TATA box that selects initiation site and
the -70 upstream sequence element that is indispensable for
transcription. It is interesting that the spacing between these
two elements determines the polymerase specificity of a
promoter (36).

Recently, we have described the cloning of tandemly
repeated U2 genes from Lytechinus variegatus and Strongy-
locentrotus purpuratus, LvU2E and SpU2E, respectively,
and of an isolated L. variegatus U2 gene, LvU2L (30). The
tandemly repeated U2E genes are expressed early in devel-
opment and are not expressed in somatic cells, while the
LvU2L gene is expressed constitutively. Here we describe
experiments to characterize the promoters of both the
LvU2E and LvU2L U2 snRNA genes from the sea urchin L.
variegatus. Surprisingly, each promoter contains an essen-
tial TATA sequence at about -25, as well as an essential
PSE between -50 and -60, an important element at about
-100, and distal upstream sequences which have a lesser
effect on expression. Other than the TATA box, the pro-
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FIG. 1. L. variegatus U2 snRNA genes. (A) The structures of
the U2 snRNA genes from L. variegatus, the tandemly repeated
LvU2E gene and the LvU2L gene, are shown. The restriction
enzyme sites used in constructing the modified U2 genes are shown
and are as follows: ClaI ( ), HincII ( ? ), NcoI ( + ), and Sall ( ).
(B) The modified U2 genes used in the microinjection experiments
are shown. The U2EH gene contains the promoter of the LvU2E
gene and the first 120 nt of the U2 coding region which were fused
to the 3' end of the L. variegatus U1.2 gene by using a synthetic
linker. The U2LH gene is identical except that it contains the
promoter of the LvU2L gene. The LvU2M gene contains an inser-
tion in the coding region of the LvU2L gene. The inserted sequence
contains the same synthetic linker used to join the U2 and U1 genes
to make the hybrid genes. The deletion and linker-scanning exper-
iments were done with the hybrid genes, while the LvU2M gene
served as an internal control. For the riboprobe assay, an antisense
riboprobe complementary to the LvU2LH gene was synthesized (see
Fig. 2B).

moter elements of the constitutive and embryonic U2 sn-
RNA genes are different.

MATERIALS AND METHODS

Construction of the test genes and the internal standard
gene. We have previously described the isolation, character-
ization, and temporal expression of two U2 snRNA genes,
the embryonic LvU2E gene and the constitutive LvU2L
gene from L. variegatus (30). The LvU2EH and LvU2LH
hybrid genes were constructed by fusing the 5' portion of the
appropriate U2 gene at the NcoI site at nt 120 to the 3'
portion of the LvU1.2 gene (38) by using a synthetic poly-
linker containing an NcoI site (Fig. 1). Deletions of the 5'
flanking regions of the hybrid genes were constructed by the
exonuclease III-mung bean nuclease method. Site-directed
mutagenesis was performed by the method of Kunkel (10),
which was modified for phagemid vectors. The identity of
each of the mutants was confirmed by dideoxy sequencing.
The internal standard gene (LvU2M) was constructed by
inserting 30 nt including the same synthetic polylinker used
in construction of the LvU2H genes and 20 nt of the U1.2
gene coding sequence (nt 120 to 140) into the NcoI site of the
LvU2L gene.

Construction of the genes with portions of the promoters
exchanged. The LEPL gene was made by truncating the
LvU2LH gene starting with a deletion mutation extending to
nt -21 and inserting the LvU2E promoter fragment extend-

ing from nt -26 to -118 5' of this deletion. The LvU2L gene
fragment from nt -893 to -151 was then fused to the 5' end
of this construct, yielding the LEpL gene. The EL60E and
LE60L genes were made by creating unique PstI and Sall
sites at positions -43 and -80 of the early gene promoter
and at positions -39 and -83 of the late gene promoter by
site-directed mutagenesis. These sites are contained within
the linker-scanning mutants LS 38-47,74-83 and LS 34-43,76-
85. Then the PstI and Sall fragments were exchanged
between the genes. Similarly, the EL14oE and LE14oL genes
were made by exchanging the SstII-SalI fragments between
the genes by using the SstII site created by site-directed
mutagenesis at position -124 of the early and -132 of the
late gene promoter. These sites are present in the mutants
LS 74-83,118-127 and LS 76-85,126-135.

Microinjection of DNA into sea urchin embryos. Microin-
jection of DNA was performed essentially as described by
McMahon and coworkers (17), as modified by Colin et al.
(4). Briefly, the test gene and internal standard gene were
linearized at the 3' end, the concentration of DNA was
adjusted to 50 ,ug/ml, and equal amounts of the test DNA and
standard DNA solutions were mixed together. Lytechinus
pictus eggs were dejellied by shaking in seawater, pH 4.5,
and layered on a petri dish coated with protamine sulfate.
Eggs were fertilized and injected immediately after forma-
tion of the fertilization membrane. Ten to 20 pl of DNA
solution was injected per embryo, and about 100 embryos
were injected per test gene. Embryos were grown at 15°C to
the hatching blastula stage (20 h), and the embryos which
developed normally were collected and the total cellular
RNA was prepared.
RNA analysis. Embryos were washed in 0.5 M NaCI-50

mM EDTA-10 mM Tris HCI (pH 7.4) and dissolved in 200 ,ul
of 0.1 M NaCI-1 mM EDTA-10 mM ethylene glycol-bis(p-
aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA)-10
mM Tris HCl (pH 7.4)-0.5% sodium dodecyl sulfate. The
solution was extracted with water-saturated phenol-chloro-
form, and the RNA was recovered by precipitation with
ethanol. A 449-nt antisense LvU2LH riboprobe, extending
from nt + 121 to -151 and uniformly labeled with
[a-32P]UTP, was synthesized with Sp6 RNA polymerase.
The RNA samples were hybridized to the antisense LvU2LH
probe in 80% formamide-50 mM N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid (HEPES)-0.4 M NaCl at 50°C
for 10 to 15 h. The reaction was digested with RNase A, and
the RNase-resistant fragments were resolved on an 8%
polyacrylamide gel in 7 M urea as previously described (30).
This riboprobe simultaneously protected the following: tran-
scripts from the hybrid gene giving a fragment of 177 nt,
transcripts from the LvU2M internal standard gene giving a
fragment of 158 nt, and transcripts from the endogenous U2
snRNA genes giving a fragment of 120 nt (Fig. 2). The
intensity of protected bands was estimated by densitometry
or directly by using a Betascope, and the expression of the
test clone was calculated relative to the coinjected internal
standard gene.

Nucleotide sequence accession numbers. The GenBank ac-
cession numbers for the sequences in this report are M58447
and M58448 for LvU2E and LvU2L, respectively.

RESULTS

We have previously reported the isolation of two U2
snRNA genes from the sea urchin L. variegatus (30). One of
these genes, LvU2E, is repeated about 50 times in a 1-kb
tandemly repeated unit, while the other gene, LvU2L, is an
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FIG. 2. Expression of deletions of the LvU2E gene. (A) 5' deletions of the U2EH gene were injected into sea urchin zygotes together with

the LVU2M gene. The embryos were harvested at the blastula stage, and the RNA was analyzed by using a riboprobe from the LvU2LH gene.
The assay is diagrammed below the figure. Lanes 1 and 11 are marker pUC18 digested with Hpall, lane 2 is analysis of 10 ,ug of
Saccharomyces cerevisiae tRNA, and lane 10 is RNA from an equal number of control embryos. Lanes 3 to 9 are analyses of RNA from
embryos injected with the 5' deletion clones. The numbers underneath each lane indicate the 5' boundary of the deletion. The protected
fragments are as follows: for U2H, 177 nt, protection of the transcripts from the U2EH gene; for U2M, 158 nt, protection of the fragments from
the LvU2M gene; for U2, 120 nt, protection of the endogenous U2 snRNA. M, marker; C, control. (B) Summary of deletion analysis of the
LvU2E gene promoter. The relative expression of various deletion mutants is given as a percentage of the maximal expression and plotted
against the lengths of the 5' flanking sequences. The positions of the critical cis-acting elements described in the text are indicated.

isolated single-copy gene. On the basis of the results of
microinjection experiments, we found that the tandemly
repeated LvU2E gene was expressed at the same rate as the
LvU2L gene in early development (up until the blastula
stage) and fourfold less than the LvU2E gene at the gastrula
stage (30). We have studied the promoter elements of these
two differentially expressed U2 snRNA genes.

Construction of hybrid and maxigenes. To assess the
expression of the sea urchin U2 snRNA genes, we injected
modified U2 genes into sea urchin zygotes and determined
the amount ofRNA accumulated from the injected genes just
after hatching. The parent LvU2L and LvU2E genes are
shown in Fig. 1A. The hybrid genes were made by fusing the
promoter and first 120 nt of the coding region of the LvU2E

and LvU2L genes with the 3' end of the Ul snRNA gene
from L. variegatus, to give the U2-U1 hybrid genes U2EH
and U2LH, which were described previously (30). These
hybrid genes encode the same RNA. A maxigene, the
LvU2M gene, constructed by inserting a portion of the Ul
snRNA gene into the U2 gene by using an oligonucleotide
linker, was injected as an internal control. The LvU2M gene
contains the LvU2L promoter. The structures of the hybrid
genes and the maxigene are shown in Fig. 1B. All mutations
tested were in the 5' flanking regions, and the mutant genes
were microinjected together with the LvU2M gene as an

internal control into L. pictus one-cell embryos. The L.
variegatus genes are expressed well in L. pictus embryos
since these two species are closely related.
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RNA was prepared from embryos collected after hatching
(20 h), and the transcripts were mapped by using an RNase
protection assay. As shown in Fig. 2, transcripts from both
the hybrid genes (U2H, 177 nt) and the maxigene (U2M, 158
nt) as well as the endogenous U2 snRNA (U2, 120 nt) were
all mapped as distinct fragments by using the riboprobe from
the U2LH gene. Thus the relative expression of different
genes can be assessed by comparing the expression of the
hybrid gene and that of the maxigene. We have previously
shown that the ratio of expression of the control and test
genes reflects the relative expression of these two genes over
a range of DNA concentrations (30).
We show below that there are four major cis-acting

elements in each of the sea urchin U2 snRNA genes: an
upstream activating sequence(s) (UAS) located more than
200 nt 5' of the start site, a sequence at -100 which is
required for maximal expression, a PSE at about -55
required for expression, and the TATA box, which is also
required for expression.

Expression of deletion mutations of the LvU2E gene. A
series of deletion mutants was constructed, and the results
with deletions of the LvU2E gene are shown in Fig. 2A. The
LvU2E deletion mutants were coinjected with the LvU2M
gene. At least two separate injections into different batches
of eggs were performed for each gene. The longest construct
contains 560 nt of 5' flanking region, which we assume
contains all the necessary cis-acting elements, and this gene
was assigned 100% expression. Deletion of the early pro-
moter from -560 to -275 did not affect the expression of the
hybrid gene (Fig. 2A, lanes 3 and 4). However, deletion of
the region between -275 and -210 resulted in a fivefold
decrease in promoter activity (Fig. 2A, lanes 4 and 5),
indicating that these 65 nt contain a sequence that has a
moderate effect on expression. We refer to this as a UAS to
distinguish it from the DSE of the vertebrate promoters since
it exhibits a quantitatively weaker effect and it is not known
whether it is an enhancer. This element was not further
characterized.

Additional deletions were created to define the minimal
promoter. Two additional deletions, -120 and -75, had no
affect on the residual activity (Fig. 2A, lanes 6, 8, and 9).
Thus a promoter containing only 75 nt of 5' sequence has
about 20% of the activity of the complete promoter. Further
deletion to -25 abolished expression (Fig. 2A, lane 7). Note
that the results of two separate injections of the deletion
mutant -120 are shown (Fig. 2A, lanes 6 and 8) and that this
gene was expressed identically relative to the LvU2M gene in
each experiment. The microinjection experiments are highly
reproducible when an internal standard is included.
From the above analysis, we conclude that the LvU2E

promoter has a basal promoter which contains at most 75 nt
of 5' flanking sequence. In addition, there is a sequence
between nt 210 and 275 which has a fivefold effect on
expression. These results are summarized in Fig. 2B. The
positions of the TATA sequence and the UAS are indicated,
as are the PSE and -100 sequences, which are defined below
(see Fig. 3B).

Linker scanning of the LvU2E promoter. To identify essen-
tial cis-acting elements within the basal promoter defined by
the deletion analysis, we constructed linker-scanning muta-
tions in the proximal region of the LvU2E promoter. Some
double mutants were made to create the unique restriction
sites later used for swapping critical elements of the promot-
ers.

Figure 3A shows the sequence of the LvU2E promoter
together with the positions and sequences of the mutations.
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FIG. 3. Elements in the LvU2E promoter identified by linker
scanning. (A) Sequence of the LvU2E gene promoter and the
nucleotides which were substituted to create the linker-scanning
mutants. (B) The linker-scanning mutations shown in panel A were
injected together with the LvU2M gene into sea urchin zygotes, and
the embryos were harvested at the blastula stage and analyzed as for
Fig. 2A. The protected fragments are labeled as for Fig. 2A. Lanes
1 and 13 are pUC18 digested with HpaII; lanes 2, 8, and 12 are RNA
from uninjected control embryos; and lane 3 is analysis of from
embryos injected with the complete U2EH gene. Lanes 4 to 11 are
analyses of RNA from embryos injected with the linker-scanning
mutants. Beneath each lane the nucleotides changed are indicated.
Where two regions are given, both regions were changed in the same
mutant. C, control; M, marker; WT, wild-type.

The results of microinjection experiments are displayed in
Fig. 3B. The linker-scanning mutations revealed two sepa-
rate elements in the LvU2E gene promoter. There is an
essential sequence located between nt 48 and 57 (Fig. 3B,
lane 11), and expression is also greatly reduced when nt 54 to
63 are altered (Fig. 3B, lane 10). By analogy with the
vertebrate snRNA promoters, which also have an essential
element located in this position, we have named this element
the PSE. The PSE is probably quite large since the mutant
LS 64-73 (Fig. 3B, lane 9) is also expressed at reduced levels.
Nucleotides 48 to 53, at the 3' end of the PSE, may be
particularly important since mutation of this region com-
pletely abolished expression (Fig. 3B, lane 11) while the
other mutations (Fig. 3B, lanes 9 and 10) in this region only
reduced expression. The double mutant in which nt 38 to 47
and nt 74 to 83 were changed was expressed at about 50% of
the wild-type level (Fig. 3B, cf. lanes 3 and 4). Similar results
were obtained with single mutations in these regions (data
not shown). These two mutations flank the PSE and thus
show that the maximal size of the PSE is 25 nt, from -48 to
-73.
Comparing the tandemly repeated LvU2E gene with the

tandemly repeated U2 gene from S. purpuratus, which is
presumably the homolog of the LvU2E gene, there is a single
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TABLE 1. Linker-scanning mutants of the U2 promoter'
LvU2E % LvU2L %
gene Expression gene Expression

27-30 0 22-26 0
38-47 100 34-43 100
48-57 0 44-53 10
54-63 15 54-63 0
64-73 30 65-74 30
74-83 100 76-85 100
88-97 50 86-96 >100
98-107 25 96-105 5
118-127 >100 105-118 >100

126-135 100
a The relative expression of the different linker-scanning mutants of the

LvU2E and LvU2L genes compared with the intact gene is given. The relative
expression was calculated by comparing the expression of the mutant genes
after densitometric analyses of the polyacrylamide gels shown in Fig. 3 and 5.

major region of extensive identity, a sequence (-96 to -109)
which is nearly identical (13 of 14 nucleotides) to a sequence
(-105 to -118) at a similar position in the SpU2E gene (30).
This sequence is the most conserved sequence in the U2E
promoters between the two species. Although no function-
ally important sequences could be detected by deletion
analysis across this region (Fig. 2A, lanes 8 and 9), when
linker-scanning mutations were constructed across this se-
quence, an element which stimulated expression was de-
tected. Alteration of sequences between -74 and -97 (Fig.
3B, lanes 4 and 7) did not significantly affect expression.
However, altering the sequences from -98 to 107, the
precise region conserved between the two species, reduced
expression about fourfold (Fig. 3B, lane 6), indicating the
presence of an element in this region required for maximal
expression. We term this element the -100 box, since there
is an important element in the LvU2L gene located at a
similar position. Alterations of the sequence from nt -118 to
-127 resulted in a slight increase (about twofold) in expres-
sion compared with that of the intact LvU2E gene (Fig. 3B,
lanes 3 and 5).
The essential difference between substitution analysis and

deletion analysis is that in the former the rest of the promoter
is intact while in the latter the upstream sequences are
missing. The relative expression of the mutant LS 98-107 is
comparable to that of the deletion mutants lacking the UAS

A

(Fig. 2A, lanes 5, 6, 8, and 9). Thus substitution of nt 98 to
107 reduced expression of the LvU2E gene (Fig. 3B, lane 5)
by the same amount as removal of the UAS. This result
suggests that in the presence of the UAS, the -100 sequence
is functionally important. However, it is not essential for
promoter activity since deletion of this sequence did not
cause any further reduction in activity from that observed
after deletion of the UAS (Fig. 2). Additional evidence that
a cis-acting element resides between nt -83 and -118 is
presented later (see Fig. 7). The linker-scanning data ob-
tained with the mutants of the LvU2E gene are summarized
in Table 1.
The LvU2L promoter is more complex than the early LvU2

promoter. A similar deletion analysis was performed with
the LvU2L gene promoter. To ensure inclusion of all pro-
moter elements in our analysis, we first tested the clones
having 2.5 kb and 893 nt of 5' flanking sequence. These genes
were expressed identically (data not shown) and are defined
as having wild-type expression. Figure 4A shows the relative
expression of various mutants. There is no change in activity
if the promoter is truncated up to nt -685 (Fig. 4A, lanes 1
to 3). However, there is a fourfold decrease in expression if
the region between nt -685 and -352 is removed (Fig. 4A,
cf. lanes 3 and 4) and an additional twofold decrease upon
deletion of the sequence between nt -352 and -256 (Fig.
4A, lanes 4 and 5). The residual activity of the -256 deletion
is about 10% of the wild type.
We made additional deletion mutations within the -685

and -352 boundaries. A threefold loss of activity results
from removal of nt -516 to -445 (Fig. 4A, lanes 7 and 9).
This result suggests that the LvU2L gene has an element
which is functionally equivalent to the LvU2E gene UAS
and which has a relatively small effect on expression.
To delineate the minimal promoter requirements, addi-

tional deletions were made extending closer to the gene.
There was at most a twofold decrease in expression upon
removal of the region between -256 and -134 (Fig. 4A,
compare lanes 5 and 10), and this low level of expression
declined only slightly when the deleted region was extended
to -73 (Fig. 4A, lane 11). However, activity is abolished
when an additional 8 nt are deleted (Fig. 4A, lane 12). The
minimal promoter of the LvU2L gene is about 75 nt, like the
minimal promoter of the LvU2E gene. The results of the
deletion analysis of the LvU2L gene are summarized in Fig.
4B.
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FIG. 4. Expression of deletions of the LvU2L gene. (A) 5' deletions of the U2LH gene were injected into sea urchin zygotes together with
the LvU2M gene. The embryos were harvested at the blastula stage, and the RNA was analyzed by using the riboprobe assay described in
the legend to Fig. 2A. Lane 6 is pUC18 digested with HpaII and lane 8 is analysis of RNA from an equal number of control embryos. The
other lanes are analyses of the 5' deletion mutants. The numbers underneath each lane indicate the amount of 5' sequence present. The
protected fragments are as follows: for U2H, 177 nt, protection of the transcripts from the U2LH gene; for U2M, 158 nt, protection of the
fragments from the LvU2M gene; for U2, 120 nt, protection of the endogenous U2 snRNA. C, control; M, marker. (B) Summary of deletion
analysis of the LvU2L gene promoters. The relative expression of various deletion mutants is given as a percentage of the maximal expression
and plotted against the lengths of the 5' flanking sequences. The important cis-acting elements described in the text are indicated.
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Linker scanning of the LvU2L promoter. The wild-type
sequence and the substitutions introduced into the LvU2L
gene are shown in Fig. 5A. Figure SB presents the results of
the analyses. Two important elements between nt -34 and
-135 were defined by the linker-scanning analyses and were
located in positions similar to those of the PSE and the -100
box defined in the LvU2E gene. Alteration of nt 54 to 63
(Fig. SB, lane 9) abolished expression, while alteration of the
nucleotides flanking this sequence, nt 44 to 53 and nt 65 to 74
(Fig. SB, lanes 12 and 13), greatly reduced expression.
Alteration of sequences on either side of the PSE (nt 34 to 43
and nt 76 to 85) did not alter expression whether the two
regions were altered simultaneously (Fig. SB, lane 3) or
separately (Fig. SB, lane 8 and data not shown). Thus the
PSE of the LvU2L gene is located between 44 and 74 nt 5' of
the gene, with the most critical region located between 54
and 63 nt 5' of the gene.
A second important element is located between nt 96 and

105. Alteration of this sequence reduced expression at least
10-fold (Fig. SB, lane 6), although expression was not
abolished. Alteration of the sequences directly flanking this
region did not significantly affect expression (Fig. SB, lanes
4, 7, and 15), defining the -100 box as a much smaller
element than the PSE. Like the -100 element in the LvU2E
gene, the -100 element in the LvU2L gene functions only in
the presence of the upstream promoter sequences. Substitu-
tion of the -100 sequence in the LvU2L gene reduced
expression about the same amount as deletion of the distal

A
U2L GENE

126 109 96 86 -76
TTCAGATGAGTCTTGGCCATTTTCCGTAATTACTCTTCGTTATGCGCCACGCGGCAAATATGGA

GAACCGCGGT GGACAGATCT AGGTCGACAT
GGATCCGACT AATATTTAAA

65 54 44 34 22 -11
GGGAGTTGTATTTCTCCAACGAGAACTAAAAAGGTTGAATTAAGTAGTCATATACTTTGAAAACG
TCTAGAAGCA TGGTACCTCC CGCGG

GAATTCATAT CAGCTGCAGT

B

elements of the promoter (Fig. 4A, lanes 10 and 11, and Fig.
SB, lane 6). Each of these mutants was expressed at about
5% of the wild type. These results suggest that the -100 box
interacts with upstream elements of the promoter rather than
with the PSE. The similarity of the structural organizations
of the LvU2L and LvU2E promoters, with important ele-
ments located at similar distances from the start site, is
striking.
A TATA sequence is required for expression of both LvU2

genes. There is a TATA-like sequence located around posi-
tion -25 in both the LvU2E and LvU2L genes as well as in
the tandemly repeated SpU2E gene isolated from the sea
urchin S. purpuratus (30). Although TATA boxes are not
found in vertebrate snRNA genes, we decided to investigate
their possible role in the sea urchin U2 genes because the
sequence was conserved in all three sea urchin U2 genes we
have isolated. We replaced the TATA sequence of both the
LvU2E and LvU2L genes with a GC-rich sequence by
site-directed mutagenesis, creating the mutants LvU2E-
TATA and LvU2L-TATA (the sequences are shown in Fig.
4A and SA, respectively).

Neither of these mutations in the TATA sequence was
expressed when the genes were injected into sea urchin
embryos, even though the PSE, the -100 box, and the
upstream sequences were intact (Fig. 6, lanes 4 and 6). Not
only were there no normal-size transcripts, but we could
detect no incorrectly initiated transcripts. In particular, any
transcripts from the LvU2E gene starting upstream of nt -5
would have been detected as a single protected fragment 5 nt
longer than the normal transcript, since the riboprobe used
(derived from the LvU2L gene) diverged from the LvU2E
gene 5 nt 5' to the start of the gene. The results show that the
TATA box, like the PSE, is necessary but not sufficient for
expression of the LvU2 genes.
Table 1 presents the summary of the results of the expres-

sion of the linker-scanning mutations of the LvU2L pro-
moter and compares them with the results reported above
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FIG. 5. Elements in the LvU2L promoter identified by linker scanning. (A) Sequence of the LvU2L promoter and the nucleotides
substituted in creating the linker-scanning mutations. (B) The linker-scanning mutations shown in panel A were injected together with the
LvU2M gene into sea urchin zygotes, and the embryos were harvested at the blastula stage and analyzed as for Fig. 2. Lanes 1, 5, and 16 are
analyses of RNA from uninjected control embryos. Lane 11 is pUC18 digested with HpaII. Lanes 2, 10, and 12 are analyses of RNA from
embryos injected with the intact LvU2L gene. The other lanes are analyses ofRNA from embryos injected with the linker-scanning mutants.
Beneath each lane the nucleotides changed are indicated. Where two regions are given, both regions were changed in the same mutant. The
protected fragments are labeled as in Fig. 2A. C, control; WT, wild type; M, marker.
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FIG. 6. An essential TATA sequence in the LvU2 snRNA genes.
The sequence of the wild-type LvU2E promoter and start of the U2
RNA is shown in Fig. 1C. The mutations introduced into the TATA
sequence of the LvU2E (nt 27-31) and LvU2L (nt 22-27) genes are
shown in Fig. 4A and SA, respectively. The U2E-TATA and
U2L-TATA genes have a GC sequence substituted for the TATA
sequence. The genes were injected together with the LvU2M gene
into sea urchin zygotes, the embryos were harvested at the blastula
stage, and RNA was prepared. The expression of the injected genes
was assayed by using the riboprobe assay described for Fig. 2A.
Lane 1 is pUC18 digested with HpaII. Lane 2 is analysis of RNA
from uninjected embryos. Lane 3 and 5 are analyses of RNA from
embryos injected with the intact LvU2E and LvU2L genes, respec-
tively. Lanes 4 and 6 are analyses of RNA from embryos injected
with the U2E-TATA and U2L-TATA genes, respectively. The
protected fragments are labeled as in Fig. 2A. M, marker; C,
control; WT, wild type.

for the LvU2E promoter. For both the LvU2E and LvU2L
sea urchin U2 snRNA genes, we have identified three
elements at the same positions: the TATA box at about -25,
the PSE at about -55, and a sequence at about -100 which
play a major role in expression. In addition, there is an
upstream element(s) required for maximal expression of
both genes, and the upstream elements are quantitatively
more important in the LvU2L gene.
The -100 elements are interchangeable in the two genes.

Since the two LvU2 genes contain sequence elements lo-
cated in similar positions, we investigated whether the
elements from one gene would function in the context of the
other gene. Using the linker-scanning mutations constructed
for the promoter analysis, we interchanged the -100 element
and the PSE between the two genes. The constructs are
diagrammed in Fig. 7A. Also shown in Fig. 7A is the LEpL
gene, which has the TATA box, the PSE, and the -100 box
from the LvU2E gene inserted into the LvU2L gene. To
exchange the -100 boxes between the two promoters, we
took advantage of the unique SstII and Sall sites created by
the double linker-scanning mutants, LS 74-83,118-127 of the
LvU2E promoter and LS 76-85,126-135 of the LvU2L pro-
moter. We exchanged the 34-nt fragment including the -100
element of the LvU2E gene with a 40-nt fragment containing
the same region of the late gene, creating the EL1ooE and the
LE100L genes (Fig. 7A). These genes were coinjected with
the LvU2M gene in parallel with the control genes (LvU2E:
LS 74-83,118-127; LvU2L: LS 76-85,126-135) which had the

same changes introduced in the sequences flanking the - 100
element, and the relative expression of each gene was
estimated.
Both the LE1ooL and the EL1ooE genes were expressed

well. The LE1ooL gene was expressed at a level similar to
that of the reference gene, LvU2L (LS 76-85,126-135) (Fig.
7B, lanes 3 and 5), and the EL1ooE gene was expressed at
about 50% of the level of the reference gene LvU2E (LS
74-83,118-127) (Fig. 7B, lanes 2 and 4). Thus, the -100
sequences function well in the context of either gene,
presumably interacting with the upstream sequences of each
gene. Note that random alteration of the LvU2L -100
sequence reduced expression of the LvU2L gene by at least
90% (Fig. 5B, lane 6), although substitution of the LvU2E
-100 sequence allowed normal expression (Fig. 7B, lane 5).
This convincingly shows that the LvU2E -100 sequence is
an important cis-acting element which can replace the
LvU2L -100 element.
The LvU2E PSE can function in the LvU2L gene. The

LvU2E promoter, including all the sequences from the
TATA box to the -100 box, functions with the LvU2L
upstream sequences. In the LEpL gene, the LvU2E TATA
box, PSE, and -100 sequence were introduced into the
LvU2L promoter but 16 nt 5' of the first nucleotide of the U2
RNA. A single transcript which was about 16 nt longer than
the normal U2 RNA was formed from this gene (Fig. 7C,
lane 9), and the LEpL gene was expressed at about the same
level as the LvU2L gene (Fig. 7C, lanes 8 and 9). Thus, the
LvU2E proximal promoter elements (-20 to -120) are
sufficient to determine the start site of transcription and
interact with the upstream elements of the LvU2L promoter.
To see whether the LvU2E PSE alone would function in

the context of the LvU2L gene, we constructed the LE60L
gene by replacing the 47-nt PstI-SalI fragment of the LvU2L
gene created in the linker-scanning mutant LS34-43,76-85
with the corresponding region of the LvU2E gene. This
replaces 32 nt (from -44 to -75) with 28 nt of the LvU2E
promoter (-49 to -73), including the PSE, of the LvU2L
promoter with the PSE of the LvU2E promoter (Fig. 7A).
(The other 15 nt were introduced in constructing the linker-
scanning mutations). The EL60E gene was constructed in a
similar fashion and has a 32-nt sequence (-44 to -75)
containing the LvU2L PSE introduced into the LvU2E gene;
the LvU2L PSE replaces nt -48 to -73 of the LvU2E PSE.
In each of these genes, the distances between the PSE and
the TATA sequence are identical to those in the respective
wild-type genes.
The LE60L gene was expressed well when it was injected

into L. pictus zygotes (Fig. 7C, lane 5). The level of
expression was similar to that of the LvU2E control gene
(Fig. 7C, lane 2) and about 25% of the level of the control
LvU2L gene (Fig. 7A, lane 4). There were two transcripts
formed from the LE60L gene, one the size of the normal U2H
transcripts and the other slightly shorter (Fig. 7C, lane 5).
The LvU2E PSE is 4 nt closer to the normal start site of the
U2 snRNA in the LE60L gene than it is in the natural LvU2E
gene. The shorter transcripts result from initiation of tran-
scription inside the U2 RNA sequence, probably at the first
purine in the U2 snRNA, the G at +4. Note that the LvU2L
TATA box is in its normal position relative to the start site of
the U2 RNA in the LE60L gene. The shorter transcript
probably is a result of the PSE sequence being 4 nt closer to
the start site and playing a role in the determination of the
start site.
The LvU2L PSE does not function well in the LvU2E gene.

The EL60E gene (Fig. 7A) has the LvU2L PSE substituted
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for the LvU2E PSE, with the distance between the PSE and
the TATA box constant. As a result of the different distances
from the TATA box to the start site in the LvU2E and
LvU2L genes, the LvU2L PSE is 4 nt farther 5' of the start
site in the EL60E gene than it is in the intact LvU2L gene.
The EL60E gene was expressed at very low levels (<10%)
compared with the control gene (Fig. 7C, lanes 2 and 3).
Since it is possible that the alteration in distance between the
PSE and the start site affected expression, we deleted 4 nt to
obtain the EL60E* gene, which has the PSE in its proper
location relative to the start site. The EL60E* gene was
coinjected with the LEpL gene (Fig. 7C, lane 10). The
EL60E* gene is clearly expressed but still at a very low level.
From these data we conclude that while the LvU2E PSE
functions well in the context of the LvU2L gene, the LvU2L
PSE does not function efficiently in the context of the
LvU2E promoter. The expression of the EL60E gene is
similar to the expression of the LvU2L gene, with all but 75
nt of the promoter deleted (Fig. 4A, lane 9). This suggests
that the factor(s) which interacts with the PSE sequence of
the LvU2L gene does not interact with the factors which
bind the distal sequences from the LvU2E gene.

In summary, the two differentially expressed U2 snRNA
genes contain four different promoter elements, the TATA
box, the PSE, the -100 box, and a UAS. The two genes
have similar overall promoter structures, but different fac-
tors probably interact with the PSE and the -100 element in
the two promoters. It is likely that one or both of these
factors is developmentally regulated, accounting for the
developmental regulation of expression of these genes.

DISCUSSION

The isolation of two U2 genes from the same sea urchin
species provided us with a unique opportunity to analyze the
promoter elements of genes encoding identical RNAs that
show different temporal patterns of expression. snRNA
promoters are of particular interest since they differ signifi-
cantly from the promoters of genes encoding mRNAs (22).
Although many of the snRNAs are transcribed by RNA
polymerase II, it is relatively easy to change the polymerase
specificity of the promoters of both the vertebrate (12, 16)
and the plant (36) snRNA genes. In addition, common
factors are normally involved in transcription of the snRNAs
by RNA polymerases II and III (11, 20, 27).
We can draw several major conclusions about the struc-

ture of the promoter of the sea urchin U2 snRNA genes from
this study.

(i) There are four cis-acting elements involved in expres-
sion: a UAS which has a fourfold effect on expression; a
sequence located at -100 nt 5' to the gene, which interacts
with the UAS to stimulate the expression of both genes but
is not absolutely required for expression; a PSE sequence at
about -55 which is absolutely required for expression of
both genes; and a TATA sequence at -25 which is essential
for expression of both genes.

(ii) Either of the sequences at -100 functions well in the
context of the LvU2E or the LvU2L promoter.

(iii) The LvU2E PSE functions well in the context of the
late promoter, but the LvU2L PSE functions only weakly in
the context of the early promoter.

Deletion analysis of the sea urchin U2 snRNA genes. Dele-
tion analysis allows detection of upstream elements which
play a role in the expression of the genes. Both the LvU2E
and LvU2L genes contain an upstream element (termed the
UAS) which has a modest stimulatory effect on expression

of these genes. The UAS in each gene enhances expression
only three- to fourfold, much less than the vertebrate DSE,
the deletion of which greatly reduces expression of the
vertebrate Ul and U2 genes (1, 18, 28). The UAS of the
LvU2E gene is located between nt -275 and -210. The
UAS of the LvU2L gene is located between the -516 and
-445, farther 5' than any known stimulatory elements in
other snRNA genes (22). Within the LvU2L gene promoter,
there are also other weak upstream elements located be-
tween nt -445 and -134. There is residual expression of
both sea urchin U2 snRNA genes from promoters with only
75 nt of 5' flanking sequence, indicating that the minimal
requirements for expression include the PSE. A similar
amount of sequence 5' of the gene is required for expression
of the sea urchin U7 gene (29).
An essential TATA sequence. Each gene contains an essen-

tial TATA element at about -25, a PSE at about -55, and a
stimulatory element at about -100. The TATA sequence is
located in the normal position for a TATA box, which
determines the start site and is required for efficient expres-
sion of many genes transcribed by RNA polymerase II.
However, TATA sequences are generally not found in
snRNA genes transcribed by RNA polymerase II. This is
true for both the sea urchin Ul (39) and U7 snRNA genes
(29). TATA sequences are present in the promoters of some
vertebrate snRNA genes transcribed by RNA polymerase
III, including the 7SK snRNA (19) and U6 snRNA (5, 13,
27). In the U6 snRNA, transcription factor IID is involved in
transcription of the gene by RNA polymerase III (14, 15, 26).
TATA sequences are also present in plant snRNA genes,
and the distance from the TATA sequence to the upstream
element determines whether RNA polymerase II or III
transcribes the plant snRNA gene (35-37). We speculate that
the LvU2 TATA box, by binding the ubiquitous polymerase
II transcription factor IID, contributes to formation of the
transcription initiation complex. Alternatively, it is possible
that there is a unique factor for U2 snRNA transcription
which interacts with the TATA sequence. Mutation of the
TATA sequence might lead to incomplete or unstable initi-
ation complex assembly, resulting in inactivation of the
promoter. The exact sequence of the TATA element is not
conserved among the different sea urchin U2 genes (30).
However, while the TATA sequence is essential for expres-
sion of the sea urchin U2 snRNA genes, it is not the sole
determinant of the transcription start site.
The position of the PSE affects the choice of the transcrip-

tion start site. Characteristic of snRNA genes from verte-
brates is a conserved essential sequence at about -50 to -60
termed the PSE (22), and this element determines the
position of the transcription start site. The PSE has a central
role in expression of the LvU2 genes. We have shown that
the LvU2 PSE is absolutely required for expression and may
also play a role in selecting the U2 start site. In both the
LvU2E and LvU2L genes, the critical portion of the PSE is
at the 3' end, located at about -50. Substitutions 5' to the
core sequence out as far as -75 nt reduce expression but do
not completely inactivate the promoter, suggesting that the
entire PSE spans about 25 nt. The nucleotides close to the 3'
end of the PSE appear to be most critical for its function.
Interestingly, Lobo and coworkers have found that the 3'
end of human U2 PSE is primarily involved in selection of
the transcription start site (13).

Neither the PSE nor the TATA box alone is sufficient to
unambiguously determine the start site of transcription.
About 50% of the transcripts from the hybrid LE60L pro-
moter initiated 4 nt 3' of the normal start site. In the LE60L
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FIG. 7. Exchange of elements between the LvU2E and LvU2L
promoters. (A) Schematic representation of genes constructed by ex-

changing sections of the promoters. The LvU2E promoter from -26 to
-118 was substituted into the LvU2L gene to give the LEpL gene. The
regions around PSE and -100 were exchanged between the two genes

to give the LE100L, EL100E, LE60L, and EL60E genes, respectively, as

described in Materials and Methods. The solid boxes represent regions
of the LvU2L promoter. The open boxes represent regions of the
LvU2E promoter. The hatched boxes represent regions in which
nucleotides were changed by site-specific mutagenesis to facilitate
swapping of the PSE and -100 sequences, or in the case of the LEpL

U@ gene, polylinker sequences were used in joining the two promoters.
The sequence of the promoter of the LEpL promoter is given below the
figure. The numbers not in parentheses indicate the normal positions of
the nucleotides in the promoter relative to the start site, and the
numbers in parentheses indicate the distances these nucleotides are

from the first nucleotide of U2 snRNA in the LEpL gene. The numbers
above the sequence refer to the LvU2L promoter, and the numbers
below the sequence refer to the LvU2E promoter. (B) The -100
regions between the LvU2E and LvU2L genes were exchanged as

diagrammed in panel A. The genes were injected together with the
LvU2M gene into sea urchin zygotes, the embryos were harvested at

,f the blastula stage, and RNA was analyzed as for Fig. 2A. The
protected fragments are as labeled for Fig. 2A. Lanes 2 and 3 show
injection of the appropriate control genes for lanes 4 and 5. Lane 6
(CON) is analysis of RNA from uninjected embryos. Lane 1 (M) is
pUC18 digested with HpaII. (C) The PSEs were exchanged between
the LvU2E and LvU2L genes as diagrammed in Fig. 7A to construct
the LEPL, LE60L, and EL6WL genes. The genes indicated beneath the

*./ lanes were injected in sea urchin zygotes. The control gene coinjected
was the LvU2M gene in lanes 2 to 5 and lanes 8 and 9, and the LEpL
gene in lane 10. The embryos were harvested at the blastula stage and
the RNA was analyzed as described by using the LvU2LH riboprobe.
The riboprobe protection assay is diagrammed below the figure. Lanes

osition with 1, 7, and 11 are analyses of RNA from uninjected control embryos.
[he PSE was Lane 6 is marker pUC18. Lanes 2 and 4 are analyses of RNA from
than in the embryos injected with the LvU2E and LvU2L control genes, respec-
IvU2L gene tively, and lane 8 is analysis of RNA from embryos injected with the
ores proper intact LvU2L gene. Lanes 3 and 5 are analyses ofRNA from embryos
electing the injected with the EL60E and LE60L genes, respectively; lane 9 is
PSE alone analysis of RNA from embryos injected with the LEpL gene; and lane10 is analysis of RNA from embryos injected with the EL60E* gene.

5 transcripts The protected fragments are labeled as for Fig. 2A. U2_16 represents

I start site. protection of the transcripts from the LEpL gene. CON, control; M,
transcripts marker; WT, wild type.
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initiated at the normal start site, albeit very inefficiently,
even when the PSE was displaced 4 nt. Thus, it is likely that
proper initiation requires interaction of the PSE and the
TATA box.
The -100 sequence is required for interaction with distal

elements. The third element adjacent to the start of the gene
involved in expression is a sequence located at about -100
nt from the start of the U2 snRNA. Deletion of this sequence
did not have a major effect on transcription when the 5'
deletion mutants were analyzed. The -100 sequence is not a
part of the core promoter but rather is necessary for coupling
the upstream sequences to the core promoter (PSE plus
TATA sequence). The sequence of the LvU2E -100 se-
quence differs completely from that of the LvU2L late gene
-100 sequence and interacts with different factors (unpub-
lished results).
Some of the U2 snRNA promoter elements are interchange-

able. Despite the fact that the -100 sequences of the LvU2E
and LvU2L genes are completely different and interact with
different proteins (unpublished results), these two elements
are interchangeable. The factors which interact with the two
-100 sequences are each capable of coupling the UASs to
the core promoter.
The two PSEs do not share any sequences, suggesting that

these two elements probably interact with different factors.
The LvU2E PSE functions well when it is placed in the
LvU2L gene, either with or without other elements of the
LvU2E promoter (Fig. 7C). However, the LvU2L PSE
functions very weakly when placed in the LvU2E gene (Fig.
7C). It is not clear why the LvU2L PSE does not function
well in the context of the LvU2E promoter. The LvU2L PSE
is able to function together with the LvU2E -100 sequence
in the LE10JL gene (Fig. 7B). We can only speculate that the
LvU2L PSE does not interact well with the LvU2E -100
sequence and upstream elements in the context of the
complete LvU2E promoter. An alternative possibility is that
the LvU2L PSE requires its cognate TATA box to function.

Sequence comparison of the PSEs of various sea urchin
snRNA genes. The sea urchin PSE may be analogous to its
vertebrate counterpart with respect to the function but not
with respect to conservation of the PSE sequence among
different snRNA genes. Inspection of the sequence around
position -60 in cloned sea urchin snRNA genes revealed a
limited degree of conservation among the tandemly repeated
Ul and U2 snRNA genes of different sea urchin species.
Preliminary results indicate that different protein factors
interact with the LvUl PSE and the LvU2E PSE (37a). The
LvU2L gene PSE differs completely from the other sea
urchin snRNA gene sequences. It is likely that the LvU2L
PSE interacts with factors different from those with which
the LvU2E PSE interacts (unpublished results). There are
also no obvious similarities between the sea urchin U2 and
the sea urchin U7 promoters (29), while the mammalian U7
sequences show conserved proximal and distal elements like
those of other mammalian snRNA genes. Thus, it seems
possible that each of the sea urchin snRNA genes character-
ized thus far (the Ul, U2, and U7 genes) has a different PSE
sequence interacting with different protein factors. This is
different from the situation in vertebrates, which seem to
have a common PSE sequence (although the factors which
interact with this sequence have not yet been characterized)
and from the nematode sequences, in which there is a
strongly conserved consensus sequence in the PSEs of all
the spliceosomal snRNAs (34).
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