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The Proximal Element Is Capable of
Determining Proper Temporal Expression of
the Embryonic Sea Urchin U2 snRNA Gene
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There are two gene sets for U2 snRNA in the sea urchin L. variegatus, the U2E gene, which is expressed in
oogenesis and early embryogenesis and then silenced, and the U2L gene, which is expressed constitutively.
There are four major promoter elements found in both U2 snRNA genes; an essential TATA box at —25 to
—30, a proximal element (PSE) at —55 required for expression, an element at — 100 necessary for maximal
expression, and an upstream activating sequence (UAS) necessary for maximal expression. The elements of
the U2E and U2L promoters were interchanged and the effect on the temporal pattern of expression deter-
mined after microinjection of the genes into sea urchin zygotes. When the U2E PSE element was introduced
into the U2L gene, the temporal pattern of expression of the gene was changed to that of the U2E gene.
Converting the U2L gene proximal element into the early U2 gene proximal element by altering 14 nucle-
otides in the promoter also changed the temporal pattern of expression of the U2L gene. Factors that interact
with the U2E PSE, detected by a gel mobility shift assay and DNasel footprinting, were present in blastula
but not late gastrula embryos. In contrast, interchanging the — 100 element did not greatly affect the temporal
pattern of expression, and factors that interact with the U2E gene — 100 box were present in both late gastrula

and blastula embryos.

THE snRNAs are critical molecules necessary for
the processing of mRNA precursors (Maniatis and
Reed, 1987; Sharp, 1987; Lithrmann et al., 1990).
During early embryonic development in the sea ur-
chin, there is rapid synthesis of snRNAs, starting at
the 16-32 cell stage (Nijhawan and Marzluff, 1979).
The majority of the Ul snRNAs synthesized in early
development are transcribed from a tandemly re-
peated gene set (Nash et al., 1989). After hatching,
the rate of synthesis of snRNAs drops and the tan-
demly repeated gene set is silenced (Santiago and
Marzluff, 1989). The snRNAs synthesized later in
development and in adult cells are derived from a
gene set present in low copy number. There is a
similar temporal pattern of expression of the sea ur-
chin U2 snRNAs; a tandemly repeated gene set ex-
pressed in oogenesis and early embryogenesis and a
low copy number set expressed later in embryogen-
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esis and in adult cells (Stefanovic et al., 1991). A
similar temporal regulation of snRNA expression in
early development has been described for frog Ul
and U4 snRNAs (Forbes et al., 1984; Lund and
Dahlberg, 1987), and there are developmentally reg-
ulated variants of mouse Ul snRNAs (Lund et al.,
1985; Lobo et al., 1988) and chicken U4 snRNAs
(Korf et al., 1988).

snRNA promoters differ from the promoters of
other genes transcribed by RNA polymerase II. In
vertebrates, there is an essential proximal element,
the PSE, located at about —50 to —60, which de-
termines the start site. There is also a distal se-
quence element, the DSE, that has many properties
of an enhancer (Dahlberg and Lund, 1989; Parry et
al., 1989). All vertebrate snRNA genes, including
genes from mammals, frogs, and birds (Korf and
Stumph, 1986) isolated thus far, and including the
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poorly expressed U7 (Phillips and Turner, 1991;
Gruber et al., 1991) and Ul1 snRNA genes (Suter-
Crazzolara and Keller, 1991), have common PSE
and DSE sequences. The sequences involved in dif-
ferential expression of different snRNA genes have
yet to be identified.

The sea urchin snRNA gene promoters have a
similar spatial structure to the vertebrate promoters.
However, the sea urchin snRNA genes are not ex-
pressed in Xenopus oocytes (Strub and Birnstiel,
1986), and hence the sea urchin snRNA promoter
elements are not recognized by vertebrate transcrip-
tion factors. There is an essential element in the sea
urchin U2 (Stefanovic and Marzluff, 1992) and Ul
(Weldelburg and Marzluff, 1992) snRNA genes lo-
cated 50 to 60 nts 5’ to the start of transcription.
However, this element is not conserved among the
sea urchin Ul, U2 (Stefanovic et al., 1991), and U7
snRNA (Southgate and Busslinger, 1989) genes.
The sea urchin U2 snRNA genes differ from the
vertebrate SnRNA genes transcribed by RNA poly-
merase II in that they also contain a TATA box at
—25 to —30 that is required for expression (Ste-
fanovic and Marzluff, 1992).

We have previously described the isolation of
two U2 snRNA genes from the sea urchin L. var-
iegatus, the U2E, which is tandemly repeated and
expressed early in embryogenesis, and the U2L gene,
which is a single-copy gene expressed constitutively
during embryogenesis (Stefanovic et al., 1991). Both
genes have similar promoter structures, with a TATA
box, a PSE at —60, an element at — 100 required
for complete expression, and an upstream activating
sequence (Stefanovic and Marzluff, 1992). Other
than the TATA box, the promoter elements of the
U2E and U2L genes do not share any common se-
quence elements. We describe experiments demon-
strating that the PSE element is an important
determinant of temporal expression of the U2E gene,
whereas the —100 box and upstream sequences
play, at most, a minor role in temporal regulation.

MATERIALS AND-METHODS
Construction of Clones

The U2E and U2L U2-Ul hybrid genes (U2Ey
and U2Ly) containing the respective U2 promoters
and Ul 3’ ends have been described previously
(Stefanovic et al., 1991). The LE,L gene that con-
tains nucleotides —27 to —118 of the U2E pro-
moter inserted into the U2L promoter has also been
described previously. These genes are shown in Fig.
1. The creation of the site-specific mutants and
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swapping of the —60 and — 100 elements has been
previously described (Stefanovic and Marzluff, 1992).
The substitution of the U2E gene PSE element into
the U2L gene (LEpggl) was done by site-directed
mutagenesis using the method of Kunkel (1985).
The riboprobe used for mapping of transcripts was
an antisense RNA extending from the nt +330 to
nt — 152 of the U2Ly template, synthesized in vitro
using SP6 polymerase.

Microinjection Into Sea Urchin Zygotes

Microinjection was performed by the method of
Davidson and coworkers (McMahon et al., 1985),
modified as described previously (Colin et al., 1988;
Stefanovic et al., 1991; Stefanovic and Marzluff,
1992). Briefly, DNA from the test gene and the in-
ternal standard LEpL gene were linearized with a
restriction enzyme that cuts 3’ of the gene, adjusted
to a concentration of 50 pg/ml, mixed together in a
1:1 ratio and injected into L. pictus fertilized eggs
immediately after formation of the fertilization mem-
brane. Embryos were grown at 15°C until the hatch-
ing blastula stage (20 h) or until the late gastrula—
early prism stage (66-72 h). About 100-200 embryos
were collected per experiment; the RNA was ex-
tracted and analyzed by an RNase protection assay,
as described previously (Stefanovic et al., 1991).
The protected fragments were resolved by polyacry-
lamide gel electrophoresis and detected by autoradi-
ography. Quantitation was done using a Betascope
or by densitometric scanning of the X-ray film.

Preparation of Embryonic Nuclear Extracts

L. variegatus embryos were grown at 23°C to the
blastula (8 h) or gastrula (24 h) stage. Highly puri-
fied nuclei were prepared as described (Morris and
Marzluff, 1985). Starting with 2 ml of purified nu-
clei (10°/ml), nuclear extracts were made by the
method of Morris (Morris et al., 1986) and dialyzed
against buffer C (20 mM Hepes, pH 7.8, 40 mM
KCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mM PMSF,
and 20% glycerol) for 4 h. Total blastula nuclear
extract was used in all binding experiments except
those in Fig. 5B. The extract from gastrula nuclei
(and blastula nuclei for Fig. 5B) was fractionated
over a 1 ml heparin-agarose column to enrich for
DNA binding proteins. After loading the extract, the
column was washed with 5 volumes of TM (100
mM Tris, pH 7.8, 12.5 mM MgCl, 1 mM EDTA,
1 mM DTT, and 20% glycerol) + 0.1 M KCl and
the proteins eluted with 2 volumes of TM + 0.4 M
KCl. The eluate was dialyzed against buffer C for 4
h. All of the —100 box and PSE binding activity
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present in blastula extracts was present in the 0.4 M
KCl fraction. The protein concentration was esti-
mated by the Bradford assay and was 1.5 pg/pl for
the blastula extract and 0.3 pg/pl for 0.4 M KCl
fraction from the heparin-agarose column of the
blastula and gastrula extract.

Gel Mobility Shift and Footprint Experiments

For gel retardation experiments the early gene
PSE probe was prepared by digesting the U2Egq,
DNA with Pstl and Sall to release a 41 nt fragment
containing the PSE. The fragment was labeled at the
3’ end using the Klenow fragment of DNA poly-
merase I and [a-*’P)dCTP and/or [a-*’P]dATP. In
the competition experiments a S50-100-fold molar
excess of the same restriction fragment was used as
a specific competitor. The restriction fragment cor-
responding to the PSE element of the U2L gene PSE
was also used as a competitor, and an oligonucleo-
tide with the sequence of part of the coding region
of a mouse histone H3 gene was used as a nonspe-
cific competitor. The U2E probe for the — 100 box
experiments was prepared by digestion of the U2Eg ¢
gene with the Sall and SaclIl and filling in the Sall
site with the Klenow fragment of DNA poll and
[0-*2P]dCTP. The U2L — 100 box probe was pre-
pared similarly starting with the U2Lg,o gene. The
same unlabeled restriction fragments were used as
competitor DNA. The labeled DNA (2 ng) was in-
cubated with nuclear proteins in the presence of 2
pg of dI/dC (Pharmacia) and the indicated competi-
tors, in a total volume of 15 pl of 20 mM Hepes,
pH 7.8, 60 mM KCl, 5 mM MgCl,, 1 mM DTT,
8% glycerol. Complexes formed were resolved on a
4% nondenaturing polyacrylamide gel in 40 mM
Tris-glycine, pH 8.3.

The probes used for DNasel footprinting were
derived from the U2E gene promoter fragment ex-
tending from nt — 119 to nt — 25, which was cloned
into pUC18. For footprinting of the — 100 box, the
plasmid was linearized with HinDIII (near nt — 119),
labeled on the 3’ end as described above or on the
5’ end with polynucleotide kinase and [y->’P]ATP
following removal of the 5’ terminal phosphate with
calf intestinal phosphatase. The labeled fragment
was released by digestion with EcoRI. For footprint-
ing the PSE element the plasmid was linearized with
EcoRI, end-labeled as described above, and the la-
beled fragment released with HindIII and the labeled
DNA fragment purified by preparative gel electro-
phoresis.

The nuclear proteins were preincubated in 20 mM
Hepes, pH 7.8, 60 mM KCl, 5 mM MgCl,, 1 mM
DTT, 8% glycerol plus 0.1% NP-40 for 15 min on

ice. Aliquots of 8 pl were incubated with 2 ng of
probe and 1 g of dI/dC in a total volume of 10 i
for 30 min at room temperature (in the case of 3’
end-labeled probes) or on ice (in the case of 5’ end-
labeled probes). The samples contained 4.8 g of
total blastula nuclear proteins and 1.8 pg of the
partially purified gastrula nuclear proteins, unless
otherwise indicated. Following the incubation, 10 pl
of 5 mM CaCl,, 10 mM MgCl, was added and
samples were digested with the indicated amounts of
DNase for 1 min on ice. The digestion was stopped
by the addition of EDTA and 1% SDS; the DNA
was extracted with phenol/chloroform and precipi-
tated with ethanol. The DNA fragments were re-
solved on 7 M urea-8% polyacrylamide gels. For the
competition experiments, 1000- and 2000-fold ex-
cess of double-stranded oligonucleotides were in-
cluded in the incubation. The sequence of the specific
competitor was nts 46-67 of the U2E PSE and the
nonspecific competitor was GATCTTCA-
TGAATATTCACATC.

RESULTS

To study the sequences responsible for regulation
of developmental expression of the two sea urchin
U2 and snRNA genes, we constructed two chimeric
genes (U2Ey and U2Ly) that have the promoter and
first 120 nts of the U2 snRNA genes and the 3’ end
of the L. variegatus Ul snRNA gene. These two
genes express identical RNAs and the transcript
from these genes is readily distinguished from the
endogenous snRNAs. We have used these genes to
map the important elements in the U2 snRNA pro-
moter (Stefanovic and Marzluff, 1992) and have
demonstrated that these two genes are temporally
regulated when they are injected into L. pictus em-
bryos (Stefanovic et al., 1991). The U2Ly gene is
expressed at a higher rate than the U2E,; gene at the
late gastrula (prism) stage than at the blastula stage.
This is likely due to the inactivation of the U2E
gene in the later stages of embryogenesis (Stefanovic
et al., 1991). We describe experiments defining the
sequences responsible for the temporal regulation of
the U2E promoter.

The U2Ey and U2Ly genes are shown in Fig.
1A. Also shown in Fig. 1A is the LEpL gene, which
we used as an internal control gene in most of these
studies. This gene contains a fragment of U2E pro-
moter extending from nt —27 to nt —118 intro-
duced in place of the sequence in the U2L promoter.
The three important elements necessary for expres-
sion of the U2E gene, the TATA box, the PSE, and
the —100 box, are all contained on this fragment.
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U2E &

u2L X

LEpL *2

-120 -100
D2K ATAACTATCG TCCTTTTAAA AGATAATGAG GTTGTTATAA
D2L TTTCCGTAAT TACTCTTCGT TTATGCGCCA CGGGGCAAAT
-80 PSE
U2E GGTTAAACTC TTTGAAATGC CTCACTGTTT ITCTTTATTA
u2L ATGGAGGGAG TTGTATTTCT CCAACGAGAA CTAAAAAGGT
40
D2B AAATTTAAAG TATACATGTT TCAGAAAACA GCAATTCGGT
D2L TGAATTAAGT AGTCATATAC TTTGAAAACG TTCAATCGGT
LEpL CAAATGATTC QTCTTggacg
tcgAACTATC GTCCTTTTAA AAGATAATGA GGTTGTTATA
AGGTTAAACT CTTTGAAATG CCTCACTGTT TTTCTTTATT

AAAATTTAAA GTATAactta QgtCCCCCgac gtcgCTTTGA AAACOTTCAATCGGT
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FACING PAGE

FIG. 1. U2 gene constructs and the riboprobe protection assay. (A) Hybrid genes were constructed by fusing the U2E or U2L gene with
the LvU1.1 gene as described previously (Stefanovic et al., 1991; Stefanovic and Marzluff, 1992). These two genes give rise to identical
transcripts driven by two different U2 promoters. The LE,L gene has the U2E promoter sequence from —27 to —118 including the
TATA box, the —60 sequence, and the — 100 sequence, introduced into the U2L hybrid gene. The numbers on the figure indicate the
distance of the sequence from the first nucleotide of U2 snRNA. The solid boxes are sequence from the U2L gene and the open boxes
from the U2E gene. The hatched regions are the sequences introduced during construction of the clone. The sequence of the LE,L
promoter is given in (C). The transcript from this gene starts 16 nt 5’ of the normal U2 start site because the U2E promoter sequences
have been displaced from the normal U2 start site by 16 nucleotides. This gene was used as an internal control in all of the experiments
described. Below the genes is a schematic of the riboprobe protection assay used to analyze the expression of the injected genes. Using a
single probe, transcripts from the endogenous U2 genes, the U2-U1 hybrid genes, and the LEGL gene can be distinguished. (B) Expres-
sion of the U2 genes during development. The U2Ey (lanes 1 and 4) and U2Ly (lanes 2 and 5) genes were injected into sea urchin
zygotes together with the LEpL gene. The embryos were harvested at the blastula (20 h, lanes 1-3) or late gastrula (66 h, lanes 4-6)
stage, and the RNAs were assayed using the riboprobe procedure outlined in (A). Lanes 3 and 6 are uninjected control embryos. This
figure is the same analysis presented previously (Stefanovic et al., 1991). The protected fragments are U2: 120 nts protection by the
endogenous U2 RNAs; U2y 177 nts protection by the transcripts from the U2E,; and U2Ly; U2 4: 193 nts protection by the transcripts
from the LEpL gene. (C) The sequences of the proximal promoter region of the U2E and U2L genes are given. The — 100 box, the PSE
elements, and the TATA boxes are underlined. These elements have been defined previously (Stefanovic and Marzluff, 1992). The se-
quence of the region of the promoter of the LEpL gene is also given. In italics are the sequences from the U2L gene and in lower case
are the polylinker sequences introduced during cloning. The — 100, PSE, and TATA box of the U2E gene are underlined. The start site

of transcription is the A, which is underlined.

The U2ZL gene upstream activating sequence is also
present in the LEL gene. In constructing the LEL
gene, a 16 nt fragment of the polylinker was in-
serted between the TATA box and the start of the
U2 RNA. As a result, the LE,L hybrid promoter
initiates transcription about nt upstream of the nor-
mal start site, allowing us to distinguish this tran-
script from the transcript of the U2, genes (Fig.
1B).

The sequences of the 120 nts prior to the start
site containing the critical elements for expression
of the U2E and U2L genes are shown in Fig. 1C.
The sequence of the same region of the LEpL gene
is also presented.

Sequences Between —27 and — 118 Determine the
Temporal Expression of the U2E Gene

To demonstrate that the LEL gene was tempo-
rally regulated like the U2E gene, equal amounts of
the U2Ey or U2Ly genes and the LE;L gene were
microinjected into L. pictus zygotes. L. pictus is
closely related to L. variegatus and the LvU2 genes
are expressed well in L. pictus. Embryos were grown
to hatching blastula stage (24 h) and late gastrula
(prism) stage (66—72 h), and the embryos that de-
veloped normally (100-200 per experiment) were
harvested and cellular RNA was extracted. The ri-
boprobe assay used to map the different transcripts
is also shown in Fig. 1A. Using as a probe the
U2Ly gene, we can map the endogenous U2 RNA,
the transcripts from the hybrid genes, and the tran-
scripts from the LEpL gene as separate protected
fragments.

Because we are measuring the accumulation of an
RNA from the time of injection to the time of har-
vesting, it is important that the test gene transcripts
and control gene transcript have a comparable sta-

bility. Because the LE,L gene produces an RNA
that has only 16 additional nt at the 5’ end, and the
rest of the sequence is identical to the U2y genes,
these two RNAs are likely to have similar stabili-
ties. This assumption is supported by the fact that
the LEL and U2E,; RNAs accumulate to similar
amounts after microinjection.

Figure 1B shows the result of an experiment in
which the U2Ly and U2E,; genes were separately
coinjected along with the LEpL gene and embryos
harvested at the blastula and late gastrula stages.
The ratio of expression of the U2Ey and the LEL
gene was similar at the two stages (Fig. 1B, lanes 1
and 4). In contrast, the ratio of expression of the
U2Ly to the LESL gene was fourfold higher at the
late gastrula than at the blastula stage (Fig. 1B,
lanes 2 and 5), indicating that the LE,L gene has
the same temporal pattern of expression as the U2E
gene. This is the same magnitude of change seen
when the intact U2Ly and U2E; genes are com-
pared (Stefanovic et al., 1991). Thus, the sequences
required for temporal expression lie between nucle-
otides —27 and — 118. We used the LEpL gene as
an internal control for the early pattern of temporal
expression.

The choice of an internal control gene for expres-
sion in early development is not a simple one. All
the genes that have been studied from the sea ur-
chin change transcription rates during development.
Thus, we have chosen to use a gene that has the
same temporal expression pattern as one of the U2
genes, the U2E gene, as a control in subsequent ex-
periments. Because there is variation in the absolute
amount of expression of the microinjected genes be-
tween different batches of embryos, it is essential to
compare the expression of two genes that have been
injected into the same embryos simultaneously. The
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FIG. 2. Role of the PSE sequence in developmental regulation of the U2 gene. (A) The U2ER60 and U2LR60 genes
have substitutions in nonessential regions that result in introduction of restriction enzyme sites that were used in
interchanging the -60 sequences. The solid boxes are sequence from the U2L gene and the open boxes from the
U2E gene. The hatched regions are the alterations made by site-specific mutation to introduce the restriction en-
zyme sites used for swapping the sequences. The sequences of the site-specific mutations have been described pre-
viously and the sequences of the swapped regions are in Fig. 1C (Stefanovic and Marzluff, 1992). The EL"E gene
has the -60 region of the U2L gene introduced into the U2E gene. The LE”~L gene has the -60 region of the
U2E gene introduced into the U2L gene. The numbers indicate the position in the promoter relative to the start of
the U2 snRNA in the gene from which the fragment was derived. (B) The genes in (A) were injected together with
the LE~L gene into sea urchin zygotes and the embryos harvested at the blastula (20 h, lanes 2,4,6,8,10) or the
late gastrula stage (62 h, lanes 3,5,7,9,11). Total cell RNA was prepared and analyzed using the riboprobe protec-
tion assay. The protected fragments are described in the legend to Fig. IB. Lane 1 is pUC18 digested with Hpall.
Lanes 2 and 3 are uninjected control embryos. The genes used are indicated below each lane. Lanes 10 and 11 are
a darker exposure of lanes 8 and 9. The two protected fragments from the LE~L gene are due to heterogeneous
start sites from this gene, which have been described previously (Stefanovic and Marzluff, 1992).

LEpL gene meets the criteria for a control gene that readily measured in a single assay, allowing direct
is easily distinguished from the test genes, is ex- comparison of the same RNA samples with a single
pressed in similar amounts as the test genes, and is probe.
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LEpseL gene

-70 -11
U2L  TTGTATTTCTCCAACGAGAACTAAAAAGGTTGAATTAAGTAGTAGTCATATACTTTGAAAACG

U2E CCTCACTGTTTTTC

FIG. 2. Continued. (C) The LE~L gene has the sequence from -63 to —49 from the U2L gene replaced
with the corresponding sequence from the U2E gene. The sequence shown is of the U2L gene and the 14
nts introduced to give the LEpseL gene are shown below the figure. This gene was injected into sea urchin
zygotes together with the LEPL gene and the embryos were harvested at either the blastula (lane 4) or late
gastrula (lane 5) stage. Lanes 2 and 3 are uninjected embryos harvested at the blastula and late gastrula
stage, respectively. Lane 6 is a lighter exposure of lane 4. Lane 1is pUC 18 digested with Hpall. (D) Sea
urchin zygotes were injected with the LEPL gene together with the U2E-75 gene, which contains only 75 nts
of 5' flanking sequence. Embryos were harvested at either the blastula (lanes 2 and 4) or late gastrula (lanes
3 and 5) stage. Total cell RNA was prepared and assayed using the riboprobe protection assay. The pro-
tected fragments are labeled as in Fig. 2. Lanes 2 and 3 are control uninjected embryos. Lane 1 is pUC18

digested with Hpall.

The PSE Element Is Sufficientfor the Temporal
Regulation of the U2E Gene

Three different experiments demonstrate that the
U2E PSE sequence is sufficient to confer proper
temporal regulation. We exchanged 25 nt contain-
ing the PSE element between the U2E and the U2L
genes. We created unique restriction enzyme sites
(Pstl and Sail) within the 10 nts flanking the PSE
elements of both genes. These double mutants, U2ERB0
and U2LR60, were the reference genes (Fig. 2A).
The EL”E and LEGOL clones were constructed by
exchanging the Pstl-Sall fragments between the genes
and are also shown in Fig. 2A. Expression of the
reference genes U2ERA and U2LR&0 and the EL"E
and LEGOL genes, was estimated relative to the in-
ternal standard LEPL gene at the blastula and the
late gastrula stage. The reference genes showed the
expected temporal pattern of expression (Fig. 2B,

lanes 4-7; Table 1). The U2ERBD gene was ex-
pressed in a constant ratio to the LEPL gene at the
blastula and the gastrula stage (Fig. 2B, lanes 4 and
5), demonstrating that it was expressed like the U2E
gene. The U2LR&0 gene showed a six- to eightfold
higher expression at the late gastrula stage compared
with the LEPL gene (Fig. 2B, lanes 6 and 7), as
expected for a U2L gene.

The LE”~L gene gives rise to two transcripts with
different start sites of transcription (Stefanovic and
Marzluff, 1992). This is probably due to the fact
that the U2E PSE sequence is four nucleotides closer
to the first nucleotide of the U2 snRNA in the
LE~L gene and as a result about 50% of the tran-
scripts initiate at nucleotide 4 in the U2 snRNA se-
quence (Stefanovic and Marzluff, 1992). The relative
amounts of the two transcripts did not change be-
tween the blastula and the late gastrula stage, and
we expressed the amount of expression of the LEAL



TABLE 1
DEVELOPMENTAL EXPRESSION OF THE U2 snRNA PROMOTERS

Relative Expression

Blastula Gastrula
LE.L 1.0 0.95
U2L 3.1 (1.0) 11 (3.5
LEpgeL 0.33 (1.0) 0.27 (0.8)
LE,L 0.25 (1.0) 0.31(1.2)
E-75 0.09 (1.0) 0.08 (0.9)
Egor 0.33 (1.0) 0.23 (0.67)
Leor 1.3 (1.0) 8.5 (6.2)
EL,oE 0.16 (1.0) 0.15 (0.9)
LE, gL 0.67 (1.0) 1.25(1.8)
E o0r 0.8 (1.0) 0.7 (0.9
Lioor 3.0 (1.0) 1 @37

The relative expression of the various promoter mutations of
the U2L and U2E genes was determined by laser densitometry or
by scanning the gels in a Betascope. The expression of the LEpL
gene was calculated relative to the U2Ey gene and was 50% of
the expression of the U2E gene in the blastula stage. Expression
of all the other genes was calculated relative to the LE;L gene.
The degree of temporal regulation (expression at blastula divided
by the expression at gastrula) is given in parentheses. The results
are the average of at least two independent assays of the genes,
which differed by less than 20%.

gene as the sum of these two transcripts. The LEg,L
gene is expressed equally well relative to the con-
trol gene at both the blastula and late gastrula stages
(Fig. 3B, lanes 12-15). Two exposures of the gel
(Fig. 2B, lanes 8-11) are shown for better compari-
son of the relative intensities. This is the character-
istic temporal expression of the U2E gene and it is
in a sharp contrast to the fourfold change in the ra-
tio of test gene to internal standard gene observed
for the wild-type late U2Ly gene (Fig. 1B) and the
reference gene U2Lgq, (Fig. 2B, lanes 6 and 7).
Thus, simply changing 32 nts, including the PSE,
converts temporal expression of the U2L gene to
that of the U2E gene.

To demonstrate the change in the temporal pat-
tern of expression was due precisely to the PSE se-
quence, we converted the U2L PSE element into the
U2E PSE element by changing 14 nucleotides of the
promoter. The nucleotides chosen were the critical
nucleotides required for expression of the gene (Ste-
fanovic and Marzluff, 1992). The sequence of the
PSE element in the LEpggl. gene is shown at the
bottom of Fig. 2C. The LEpqL. gene was expressed
when it was injected into L. pictus zygotes. A sin-
gle transcript, initiated at the first nucleotide of U2
snRNA, was produced from the LEpgL gene, be-
cause the PSE element is now positioned at the
“‘normal’’ place relative to the start site (Fig. 2C,
lanes 4-6). The temporal pattern of expression of
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the LEpggl gene was identical to the control LEpL
gene (Fig. 2C, cf. lanes 4 and 6 with lane 5). Lane
6 is a shorter exposure of lane 4 to allow better
comparison of band intensities. Thus, by substitu-
tion of just 14 nt of the U2E gene PSE element with
a sequence of the U2L PSE, we were able to alter
the temporal expression of the U2L gene to that of
the U2E gene.

If the PSE element is responsible for temporal
regulation, then the U2E gene deletion mutant (U2E-
75) containing only 75 nt of 5’ flanking sequence
(including the PSE and the TATA box) should re-
tain the regulated temporal expression characteristic
of the U2E gene. The U2E-75 gene is expressed at
20% of the wild-type level (Stefanovic and Mar-
zluff, 1992). Figure 2D shows the expression of the
U2E-75 gene at the blastula (lane 4) and late gas-
trula stage (lane€ 5) compared with the expression of
the LESL gene. The expression of the U2E-75 gene
parallels the expression of the LEpL gene during
development. Thus, only 75 nucleotides of 5’ flank-
ing sequence, including the PSE element, is suffi-
cient to confer proper temporal expression on the
U2E gene. Taken together, the above results allow
us to conclude that the U2E PSE element, the se-
quence of which is completely different from the
U2L PSE, is a major cis-acting sequence responsi-
ble for temporal expression of the U2E genes in
embryonic development.

The ELE gene was expressed very poorly, ap-
parently due to the inability of the PSE element of
the U2L gene to interact with the other promoter el-
ements of the U2E gene, and hence the temporal
regulation of this gene could not be determined
(Stefanovic and Marzluff, 1992; data not shown).

The results of the expression experiments are
summarized in Table 1. The absolute expression of
the test gene relative to the control LEpL gene is
given and the relative expression of each test gene
at the blastula versus the gastrula stage is given in
parentheses. The LEgL and LEpggl and the E-75
gene are expressed in parallel with the LE,L gene
at both the blastula and the gastrula stage.

The — 100 Box Is Not Required for Temporal
Regulation of the U2 Genes

To test if the — 100 element is involved in tem-
poral regulation of the early U2 gene expression, we
again created two unique restriction enzyme sites
within unimportant sequences flanking the —100
element of both genes to give the genes U2Eg 4
and U2Lg, (Fig. 3A). These double mutants served
as controls for proper temporal expression and have
been described previously (Stefanovic and Marzluff,
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FIG. 3. Role of the -100 sequence in temporally regulated expression. (A) The genes with
the -100 sequences interchanged between the two genes. The solid boxes are sequence
from the U2L gene and the open boxes from the U2E gene. The hatched regions are the
alterations made by site-specific mutation to introduce the restriction enzyme sites used for
swapping the sequences. The sequences of the site-specific mutations have been described
previously (Stefanovic and Marzluff, 1992) and the sequences of the swapped regions are in
Fig. 1C. The U2ERI00 and U2LRI100 genes differ from the parent U2L and U2E genes by
replacements in nonessential regions to introduce restriction enzyme sites useful for swap-
ping the promoter regions. The EL100E gene has the - 100 region from the U2L gene intro-
duced into the U2E gene. The LEIOL gene has the —100 region from the U2E gene
introduced into the U2L gene. The numbers indicate the position in the promoter relative to
the start of the U2 snRNA in the gene from which the fragment was derived. (B) The genes
shown in (A) were injected together with the LEPL gene into sea urchin zygotes and the
embryos were cultured until the blastula (lanes 2-6, 20 h) or late gastrula (lanes 7-10) stage.
Total RNA was prepared and analyzed by the riboprobe protection assay. The protected
fragments are described in Fig. 2. Lane 1 is pUC18 digested with Hpall. The genes used
are indicated below each lane.

1992). We then swapped an approximately 50 nt re- Fig. 3A. All four of these genes were injected to-
gion between the restriction sites creating the EL100E gether with the LEpL gene, and the expression of
and LE100L genes. These genes are also shown in the genes at the blastula and late gastrula stages was
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FIG. 4. Complexes formed on the U2E proximal element. (A) A restriction fragment containing nts
—69 to —47 from the U2E gene was incubated in buffer (lane 1) or with 3.5 [xg of nuclear protein
from blastula embryos (lanes 2-5) and the protein-DNA complexes analyzed by native gel electro-
phoresis. In lane 3 a 50-fold excess of unlabeled homologous competitor was included. In lane 4 a
50-fold excess of unlabeled fragment containing the PSE from the U2L gene and in lane 5 a 50-fold
excess of an unlabeled fragment from a mouse histone gene was included. The band labeled S is the
specific complex and the band labeled NS is a nonspecific complex. (B) The restriction fragment con-
taining the U2E PSE used in (A) was incubated with 2.6 (xg of heparin-agarose purified nuclear pro-
tein from blastula embryos (lanes 1-3) or 2.6 |xg of heparin-agarose purified nuclear protein from
gastrula embryos (lane 4) and the protein-DNA complexes analyzed by gel electrophoresis. In lane 2 a
100-fold excess of homologous competitor DNA was included and in lane 3 a 100-fold excess of a
fragment containing the PSE from the U2L was included. The band labeled S is the specific DNA-

protein complex.

compared. Figure 3B (lanes 2-6) shows the relative
expression of the test and control genes at the blas-
tula stage and lanes 7-10 show the expression at the
late gastrula stage. A gene that is expressed in a
temporal pattern similar to the U2E gene will have
an identical ratio with the control gene at the two
stages, whereas a gene that is expressed like the
U2L gene will show higher relative expression to
the control gene at the late gastrula compared with
the blastula stage. The changes in the genes affected
the absolute expression of the RNAs because swap-
ping the -100 elements did reduce the expression
of the EL100E and LE100L genes (Fig. 3B, cf. lanes
2 with 4 and 3 with 5). As expected, the reference
genes, U2ERI00 and U2LR100, showed a similar pat-
tern of expression as the intact genes (Fig. IB) at
the two developmental stages (Fig. 3B, cf. lanes 2
and 7, lanes 3 and 8; Table 1). The ELIE gene
(Fig. 3B, lanes 4 and 9) showed the same expres-
sion compared with the LEPL gene at both develop-
mental stages, indicating that it was expressed like
the U2E gene. The LEIOOL gene showed a 1.8-fold

increased expression at the late gastrula stage com-
pared with the blastula stage relative to the LEPL
gene (Fig. 3B, lanes 5 and 10), although the in-
crease was smaller than the fourfold increase ob-
served with the intact gene. Switching the -100
elements did not affect the temporal expression of
the U2E gene, although there was a small effect on
the temporal expression of the U2L gene.

Factors That Bind the U2E PSE Element Are
Present in Blastula But Not Gastrula Nuclear
Extracts

The PSE element plays a major role in the ex-
pression, and as we showed above, in the temporal
regulation of the sea urchin U2 genes. We demon-
strate, by gel retardation and DNAse | footprinting
experiments, that a factor or factors associate with
the early gene PSE element and that these factors
are active in blastula but not in gastrula nuclei. Fig-
ure 4A shows a specific protein-DNA complex was
formed with a 25 nt restriction fragment containing
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the U2E PSE sequence. Complex formation was se-
quence specific because it was abolished by addi-
tion of excess of the specific unlabeled DNA fragment
(Fig. 4A, lane 3), but not with the same molar ex-
cess of two nonspecific competitors (Fig. 4A, lanes
4 and 5). One of the competitors was an unrelated
oligonucleotide (Fig. 4A, lane 5) and the other was
an oligonucleotide with the U2L PSE sequence (Fig.
4A, lane 4). This result is consistent with the U2E
and U2L PSE elements binding different factors, as
suggested by their sequence difference. The faster
migrating complex detected in this experiment (NS)
is nonspecific because its formation was not affected
by addition of various competitors, and the nonspe-
cific binding activity was removed by heparin-agar-
ose chromatography (see Fig. 4B).

The mobility-shift experiment was repeated using
a heparin-agarose fractionated blastula extract and
an extract from gastrula embryos, which was also
fractionated on heparin-agarose to enrich for DNA
binding proteins. The PSE binding activity in the
blastula nuclear extract was quantitatively bound to
heparin-agarose (not shown). A specific complex
was formed using the U2 PSE oligonucleotide (Fig.
4B, lane 1), which was competed by the unlabeled
U2E PSE oligonucleotide (Fig. 4B, lane 2), but not
by the unlabeled U2L PSE oligonucleotide (Fig. 4B,
lane 3). There was no complex formation observed
with the heparin-agarose fractionated gastrula extract
(Fig. 4B, lane 4). There was also no complex for-
mation observed with the crude gastrula extract, or
with the material that did not bind to heparin-agar-
ose (data not shown). As shown below, this gastrula
extract does contain factors that bind the U2E — 100
box (see below, Fig. 6). This suggests that the PSE
binding activity for the U2E gene is not present in
gastrula embryos.

DNase I footprinting experiments were also done
with the U2E PSE. There was protection from DNase
I cleavage of the lower (noncoding) DNA strand
between nucleotides —30 and —56 (Fig. 5A, lanes
5 and 6) by the blastula nuclear extract. There is
complete protection of about 24 nt encompassing the
3’ end of the PSE and extending 3’ of the PSE to-
wards the TATA box. There is protection of the first
two nucleotides of the TATA box and partial pro-
tection of the rest of the TATA box. There is also
partial protection of the 5’ end of the PSE. In con-
trast, there was no footprint observed upon incuba-
tion with the heparin-agarose fractionated gastrula
extract (lanes 7 and 8), consistent with the lack of
PSE binding activity in this extract. There was also
a clear footprint of the upper strand (Fig. 5B) en-
compassing the core of the PSE element and extend-
ing 3’ over approximately the same region of DNA
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from —30 to —56 (Fig. 5B, lanes 3 and 4). Thus,
there is a complex that binds and protects both DNA
strands. The 3’ border of the footprint extends into
the first two nucleotides of the TATA box on both
strands.

The large size of the footprint suggests that there
may be several proteins interacting with the frag-
ment containing the PSE sequence. The PSE se-
quence is absolutely required for the formation of
the footprint, because the footprint observed with
the blastula nuclear extract was abolished when an
excess of a synthetic oligonucleotide containing just
the PSE sequence was included in the reaction (Fig.
5C, lanes 6 and 7). There was no competition of
the footprint by a nonspecific oligonucleotide (Fig.
5C, lanes 4 and 5). This result indicates that forma-
tion of the large footprint was dependent on the PSE
element. Both the PSE element and the TATA box
are indispensable for transcription, although the nu-
cleotides between the two are dispensable (Stefanovic
and Marzluff, 1992).

We were unable to detect binding activity to the
U2L PSE element either by mobility-shift assays or
DNAse I footprinting (not shown), despite using up
to 10 times more protein in the reaction.

Factors Interacting With the U2E — 100 Box Are
Not Temporally Regulated

Two types of experiments demonstrate that the
gastrula extracts contained functional DNA binding
proteins; the gastrula extracts will footprint the — 100
elements and the gastrula extracts also contain un-
degraded TBP. We have shown previously that the
—100 element of both the U2E and U2L genes is a
distinct cis-acting sequence that is not necessary for
basal transcription, but rather is required for cou-
pling the distal elements in the promoter to the basal
promoter (Stefanovic and Marzluff, 1992). Restric-
tion fragments containing the — 100 box sequence
of the U2E and U2L gene were incubated with a
nuclear extract prepared from hatched blastula em-
bryos and the resulting complexes analyzed by gel
electrophoresis under nondenaturing conditions. Spe-
cific complexes were formed on each of the restric-
tion fragments containing the U2E and U2L — 100
boxes, and these complexes had different mobilities,
suggesting that they contained different components
(Fig. 6, lanes 2 and 6). Competition experiments
showed that the homologous probes competed for
binding (Fig. 6, lanes 3 and 7, 10), whereas the
U2L —100 box sequence did not compete with the
U2E -100 box probe (Fig. 6, lanes 4, 11) and the
U2E — 100 box sequence did not compete with the
U2L —100 box probe (Fig. 6, lane 8). The compe-
tition for the U2E — 100 box is shown more clearly
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FIG. 5. Footprinting analysis of the U2E proximal element. (A) A restriction fragment extending from -119 to
-25 nts 5' of the U2E gene was labeled at the 5' end at the EcoRI site and incubated with DNase in the absence
(lanes 2-4) or presence of 4.8 |xg of crude nuclear protein from blastula embryos (lanes 5,6) or with 1.8 |xg of
heparin-agarose fractionated gastrula nuclear protein (lanes 7,8). The gastrula nuclear extract was the same extract
used in Fig. 4. Lane 1is a G + A sequencing reaction. The sequence of the protected region is shown on the
left. (B) The restriction fragment used in (A) was labeled on the 3' end at the EcoRI site and incubated with
DNase in the absence (lanes 5,6) or presence of 4.8 p>g of nuclear protein from blastula embryos (lanes 3,4) or
2.4 fig of heparin-agarose fractionated nuclear protein from gastrula embryos. The gastrula nuclear extract was
the same extract used in Figs. 4 and 7A. The sequence of the protected region is shown on the left. Lane 7 is a G

-l- A sequencing reaction.

in Fig. 6, lane 9-11, where larger amounts of com-
petitors were used. This experiment was done with
a different blastula nuclear extract than was used in
Fig. 6 (lanes 1-8). When a 100-fold excess of spe-
cific competitor was used there was complete com-
petition of complex formation (Fig. 6, lane 10), and
there was no competition by a 100-fold excess of
the U2L - 100 box competitor (Fig. 6, lane 11).
We also used DNase | footprinting to detect fac-
tors that interact with the —100 region of the U2E
promoter. Figure 7 presents a footprint of the region
of the U2E promoter that contains the -100 ele-
ment, using a blastula nuclear extract (lanes 5 and
6) or a gastrula nuclear extract that had been frac-
tionated on heparin-agarose to enrich for DNA bind-
ing proteins (Fig. 7A, lanes 7 and 8). This is the

same gastrula extract that was used for the footprint
analysis of the PSE sequence in Fig. 5. All of the
-100 box binding activity is present in the heparin-
agarose fraction (not shown). There is a clear pro-
tected region extending from - 86 to -103 on the
coding (upper) strand. ldentical footprints were ob-
tained with both the blastula and gastrula extracts;
2.5-fold less protein was necessary for protection by
the gastrula nuclear extract because the DNA bind-
ing proteins had been enriched by heparin-agarose
chromatography. The region protected overlaps with
the -100 box element (-107 to -98) identified
by microinjection experiments (Stefanovic and Mar-
zluff, 1992). As shown above, the -100 box does
not play a major role in temporal regulation of the
U2E gene, in keeping with the observation that ex-
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FIG. 5. Continued. (C) The same fragment used in (A) was analyzed by
DNase | footprinting, in the presence and absence of competitor oligonucle-
otides. Lane 1is a G + A sequencing reaction. Lane 2 is the DNA frag-
ment incubated in the absence of extract. In lanes 3-7 the DNA was
incubated with 4.8 p,g of protein extracted from nuclei from blastula stage
embryos. In lanes 4 and 5, a 1000- and 2000-fold excess of a nonspecific
competitor oligonucleotide was included and in lanes 6 and 7 a 1000- or
2000-fold excess of a synthetic double-stranded oligonucleotide containing
nucleotides -47 to -67 of the U2E gene, which contains the U2E PSE
sequence, was included. The sequence of the protected region is shown on
the left.
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tracts from both gastrula and blastula stages contain
a factor that protects the -100 sequence from
DNase I.

To demonstrate that there was not significant
proteolysis in the gastrula extract that might have
resulted in loss of the PSE binding protein and that
essential transcription factors were present in the

gastrula extract, we assayed the amount of the TATA
binding protein (TBP) using monoclonal antibodies
directed against the conserved portion of TBP from
Drosophila (Hoey et al., 1993; a generous gift of
Drs. Weinzierl and Tijan). These antibodies detect
a single 27 kDa protein in sea urchin nuclear ex-
tracts from both blastula and gastrula stages (Fig.
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FIG. 6. Different factors interact with the -100 box of the U2E and LVU2L genes. (A) The DNA restriction
fragments containing the U2E and U2L - 100 boxes were labeled using the Klenow fragment of DNA polymerase |
to fill in the 5' overhangs. These fragments are shown in lanes 1 and 5. The labeled fragments were incubated with
8 |xg of nuclear protein from blastula nuclei and the complexes were resolved by native gel electrophoresis on the
same gel. In lanes 3 and 8 a 20-fold excess of the restriction fragment containing the U2E —100 box was included
in the incubation and in lanes 4 and 7 a 20-fold excess of the U2L -100 box restriction fragment was included in
the incubation. In lanes 9-11 the U2E -100 box restriction fragment was incubated with 6.4 |xg of a different
extract of nuclear proteins from blastula embryos. A 100-fold excess of unlabeled U2E -100 box fragment was
included in lane 10 and a 100-fold excess of unlabeled U2L -100 box fragment was included in lane 11. The
complexes formed on the early and late -100 boxes are denoted CE and CL, respectively. B and P is the labeled

restriction fragment.

8). There was no evidence of proteolysis in either
extract.

From the above results we conclude that the
blastula nuclear extract contains a factor (or factors)
that specifically binds to the U2E proximal pro-
moter, and that this binding activity is absent (or
greatly reduced) in gastrula embryos. The same
gastrula extract, on the other hand, contains factors
that interact with the -100 elements of both U2
genes, as well as factors that interact with multiple
elements in the Ul promoter (Stevenson et al.,
1992). They also contained intact TBP, but did not
contain any detectable PSE binding activity, sug-
gesting that the PSE binding activity is developmen-
tally regulated. These data are totally consistent with
the suggestion that the U2E PSE element is the pri-
mary element that determines the temporal expres-
sion pattern of the U2E gene.

DISCUSSION
There is a large accumulation of snRNAs in the

nucleus of the developing sea urchin oocyte. Fol-
lowing maturation of the egg, the snRNAs are lo-
cated in the cytoplasm, where they remain for the
first four cell divisions (Nash et al., 1987). At about
the 16-32 cell stage the synthesis of the snRNAs is
activated (Nijhawan and Marzluff, 1979), resulting
in a three- to fourfold increase in the total amount
of Ul and U2 snRNAs by the hatching blastula
stage (Nash et al., 1987; Stefanovic et al., 1991).
Subsequently there is a dramatic decrease in the rate
of snRNA synthesis between the hatching blastula
and the late gastrula stage (Nijhawan and Marzluff,
1979). There are sequence variants of Ul (Nash et
al., 1989), U2 (Stefanovic et al., 1991), and U6
RNA (S. Sakallah and W. Marzluff, unpublished
results) present in sea urchin oocytes and embryos.
There are separate tandemly repeated gene sets en-
coding Ul and U2 snRNAs that are expressed only
in oogenesis and early embryogenesis. The tandemly
repeated Ul and U2 snRNA genes are not expressed
in adult sea urchins (Nash et al., 1989; Stefanovic
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FIG. 7. Specific complexes formed on the -100 sequences analyzed by DNasel foot-
printing. (A) A 94 nt DNA fragment containing the -100 sequence of the U2E gene
was labeled at the 5' end of the Hindlll site and treated with DNase in the absence
(lanes 2-4) or presence of 4.8 |ig of crude nuclear protein from blastula embryos (lanes
5,6) or 1.8 pig of heparin-agarose fractionated gastrula proteins (lanes 7,8) and then ana-
lyzed by electrophoresis in a 7 M urea-8% polyacrylamide gel and the DNA fragments
detected by autoradiography. Lanes 1 and 9 are G + A sequencing reactions. The se-
quence of the protected region is shown on the left.

et al., 1991), and their expression is greatly reduced
between the blastula and late gastrula stage in the
sea urchin L. variegatus (Santiago and Marzluff,
1989; Stefanovic et al., 1991).

The adult snRNA variants are present in small
amounts in sea urchin oocytes and early embryos,
suggesting that they are constitutively expressed (Nash
et al., 1989; Stefanovic et al.,, 1991). Because the
genes encoding these variants are present in low
copy number, the RNAs are present in much lower
levels than the transcripts from the tandemly re-
peated genes. In early embryogenesis the levels of
both the adult and embryonic sSnRNAs increase (Nash

et al., 1989; Stefanovic et al., 1991), indicating that
both gene sets are actively transcribed in early em-
bryos. The major regulatory step is the silencing of
the tandemly repeated genes (Santiago and Marzluff,
1989), although we cannot rule out the possibility
that the expression of the adult genes is also stimu-
lated at later embryonic stages. This temporal pat-
tern of regulation is similar to that found for the two
sets of sea urchin histone genes (Maxson et al.,
1983).

We have previously identified four positive ex-
acting elements located in similar sites in the U2E
and U2L promoters. These include the distal UAS,
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FIG. 8. Presence of intact TBP in both the blastula and gastrula
nuclear extracts. 52 |xg of total nuclear protein from blastula (lane
1) and 36 (ng of total nuclear protein from gastrula (lane 2) em-
bryos were resolved by SDS-polyacrylamide gel electrophoresis
and the protein was transferred to nitrocellulose by electroblot-
ting. The filter was incubated in a mixture of monoclonal anti-
bodies 16E8 and 58C9 to Drosophila TBP (Hoey et al., 1993; a
gift of Drs. Weinzierl and Tjian) and developed using rabbit an-
ti-mouse antibody coupled to alakaline phosphatase.

which has a fourfold effect on expression; the - 100
box, which couples the UAS to the proximal pro-
moter elements; the PSE element at -60; and the
-30 TATA box, both of which are essential for
expression (Stefanovic and Marzluff, 1992). The
promoter sequences of the U2E and U2L genes
share no common motifs except for the TATA box.
We present evidence that the PSE element is a se-
quence involved in the temporal regulation of tran-
scription of the early genes, based on several lines
of evidence.

1. A gene containing nts 27 to 118 (including the
TATA box, the PSE, and the -100 box) of the
U2E promoter replacing those elements in the
U2L promoter is expressed with the same tem-
poral pattern as the U2E gene.

STEFANOVIC AND MARZLUFF

2. Interchanging 26 nts, including the PSE elements
of the two genes, resulted in converting the ex-
pression of the U2L gene to the temporal pattern
of expression seen for the U2E gene.

3. Substituting 14 nts into the U2L PSE to convert
it to the U2E PSE altered the temporal pattern of
expression of the U2L gene.

4. The factor(s) that bind the U2E PSE are present
in nuclei from blastula embryos but not in nuclei
from gastrula embryos, whereas factors that bind
the U2E —100 box are present in nuclei from
both late gastrula and blastula embryos.

Microinjected snRNA Genes Show Proper
Developmental Regulation

Upon microinjection into sea urchin zygotes, tran-
scripts from the tandemly repeated U2E gene and
the U2L gene accumulated in comparable amounts
at the blastula stage. Note that in the microinjection
experiments the two genes are present in similar
copy number, unlike the situation with the endoge-
nous U2 genes. However, by the late gastrula stage
transcripts from the U2L single copy gene are four
times more prevalent than transcripts from the U2E
gene [(Stefanovic et al., 1991) and Fig. IB]. Accu-
mulation of an RNA is a balance between the rate
of synthesis and rate of degradation. Because the
snRNAs are quite stable during embryonic develop-
ment (Nijhawan and Marzluff, 1979), the assay al-
most certainly underestimates the change that occurs
in the expression of the microinjected genes during
development. Because the two hybrid U2H tran-
scripts in our microinjection experiments are identi-
cal, their stability must be the same and, consequently,
the different level of accumulation implies a tempo-
rally regulated synthesis. Our results strongly sup-
port the notion that there is an element within each
individual gene that is primarily responsible for de-
velopmental expression. Similar results have been
found when the expression of histone genes was
studied; individual genes contain much, if not all,
of the information for proper temporal expression
(Colin et al., 1988; DiLiberto et al., 1989).

The PSE Element Is Responsible for Temporally
Regulated Expression of the U2E Gene

The PSE elements are located at about position
—b5 in both U2 gene promoters, a similar location
to the essential PSE elements found in vertebrate
snRNA genes. The U2E and U2L PSE elements do
not share sequence homology with each other or
with the vertebrate sequence. The PSE elements in
the sea urchin U2 snRNA genes are indispensable
for transcription and in combination with the TATA
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motif are sufficient for correct initiation of transcrip-
tion (Stefanovic and Marzluff, 1992). Three differ-
ent observations support the contention that the U2E
PSE is responsible for the major component of the
temporal regulation. Deletion of all but 75 nts of the
U2E promoter reduces expression 80% but the ex-
pression is still temporally regulated (Fig. 2D). The
only remaining promoter elements are the PSE and
the TATA box. Substitution of 32 nts of the U2E
promoter into the U2L promoter, including the PSE,
changes the temporal expression of the U2L gene to
the U2E gene (Fig. 2B). Changing just 14 nt to
convert the U2L PSE sequence to the U2E PSE se-
quence also changes the temporal expression of the
U2L gene (Fig. 2C).

Mobility-shift experiments using a DNA fragment
containing the U2E PSE demonstrate the presence
of a factor specific for the U2E PSE that is present
in nuclear extracts from blastula but not gastrula
embryos (Fig. 4). The U2L PSE does not compete
for formation of this complex, suggesting that sepa-
rate factors bind to the two different PSE elements.
DNase I footprinting demonstrates that a complex is
formed that protects the region from the U2E PSE
from the PSE element to the TATA box. This com-
plex is formed in nuclear extracts from blastula em-
bryos and not with nuclear extracts from gastrula
embryos (Figs. 4,5). Both DNA strands are pro-
tected, and protection extends significantly beyond
the core PSE sequence, all the way to the TATA
box. Mutation of the region between the PSE ele-
ment and the TATA box has only a small effect on
expression (Stefanovic and Marzluff, 1992), sug-
gesting that the factors protecting this region are not
critical to expression. The entire large footprint is
competed by incubation with the oligonucleotide
containing only the PSE, supporting the contention
that the PSE element is directing the formation of
the complex (Fig. 5C). It is quite possible that a
specific factor(s) primarily contacts DNA at the PSE
and TATA sequence and initiates assembly of a
transcription complex, which is defined by these two
cis-acting elements. The critical requirements for
formation of this complex are a core PSE sequence
and a TATA box positioned at the proper distance
(our unpublished results). The lack of a footprint
over any of this region in the gastrula stage is likely
due to the destruction of the PSE binding activity
between the blastula and the gastrula stage, because
the entire footprint can be completed by an oligonu-
cleotide containing only the PSE sequence (Fig.
50).

The — 100 Box Is Not Critical for Proper Temporal

Control
The —100 element was identified as an element
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necessary for coupling the upstream activating se-
quences with the proximal promoter elements (Ste-
fanovic and Marzluff, 1992). The U2E gene element
shares a strong homology with the similarly posi-
tioned sequence in the S. purpuratus U2E gene (13
out of 14 nt are invariant), but no similarity with
the — 100 box in the U2L gene (Stefanovic et al.,
1991; Stefanovic and Marzluff, 1992). Swapping of
the —100 elements between U2E and U2L genes
(Fig. 3B) did not have a major effect on temporal
regulation. In addition, the expression of the U2E
promoter with the — 100 element deleted is properly
temporally regulated (Fig. 3C). The factor(s) that
bind the U2E and U2L —100 boxes are distinct
(Fig. 6) and the factor that binds the U2E — 100 box
is present in extracts of nuclei from both blastula
and gastrula embryos (Fig. 7). The U2E — 100 fac-
tor may be involved in expression of other genes,
which are not temporally regulated, accounting for
its persistence in gastrula embryos. The vertebrate
snRNA genes use some of the common transcrip-
tion factors used in transcription of other genes by
RNA polymerase Il (Korf and Stumph, 1986; Parry
et al., 1989; Tanaka et al., 1988) and the sea ur-
chin snRNA genes may do the same.

Temporal Regulation of the Sea Urchin snRNA
Genes

The data reported here clearly identify the PSE
element as the critical sequence involved in tempo-
ral regulation of the U2E gene. In vertebrates, all
the snRNAs share a common PSE element, which
presumably interacts with a common factor required
for transcription of all of the vertebrate snRNA
genes (Gunderson et al., 1988; Gunderson et al.,
1990; Sadowski et al., 1993), although this factor
has not yet been definitively identified. All of the
nematode spliceosomal RNAs also have a common
PSE sequence (Thomas et al., 1990), although the
role of this sequence in expression has not been
demonstrated. A common PSE sequence has also
been proposed for the Drosophila snRNA genes
(Saba et al., 1986; Beck et al., 1984). Because the
sea urchin probably contains two temporally regu-
lated sets of genes for all the spliceosomal snRNAs
(our unpublished results), one of which is tandemly
repeated and the other present in low copy number,
an attractive possibility is that the tandemly repeated
gene sets share a common PSE element and the low
copy number set share a second PSE element. Tem-
poral regulation of the tandemly repeated genes could
then be accomplished simply by regulating the ex-
pression of the factors that interact with the tan-
demly repeated PSE element. Despite the lack of
sequence similarity among the sea urchin U1E, U2E,
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and UGE tandemly repeated genes, we have recently
obtained evidence that these three PSE sequences
interact with the same factor (Li, J.-M. and W.F.M.,
unpublished results). Temporal regulation of this
factor could account for the coordinate regulation of
the tandemly repeated snRNA genes. There must be
a distinct PSE factor that is required for expression
of the U2L gene, and it is possible that the same
factor could be involved in expression of the other
spliceosomol snRNA genes expressed late in em-

STEFANOVIC AND MARZLUFF
bryogenesis and in adults.
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