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. STRUCTURE, COMPOSITION, and
GENETICS of shnRNPs

A. General Characteristics of shnRNPs

The small nuclear RNAs (snRNAs) are a ubiquitous class of
low-molecular-weight RNAs found in ribonucleoprotein par-
ticles, the snRNP particles, in the cell nucleus. The snRNAs are
stable and with limited exceptions have the diagnostic hyper-
methylated, 2,2,7 trimethylguanosine 5 cap and assemble with a
common setof six snRNP core proteins in addition to one or more
snRNP-specific proteins. The snRNP particles function in RNA
processing in the nucleus, including pre-mRNA splicing and pre-
mRNA 3’ end processing in the nucleoplasm. The snRNPs
assemble into complexes with their processing substrates where
several of the snRN As base pair with conserved sequence motifs
in the substrates and in other snRNAs.!* In mammalian cells
there are six major snRNAs, named U1 through U6, ranging in
size from 106 to 217 nucleotides® (see Table 1 and Figures 1 and
2), which are present in approximately 1 x 10° to 1 x 10¢ copies
per cell nucleus in human cells. A growing family of less-
abundant snRNAs (U7 to U12), identified by their trimethylgua-
nosine 5° caps and their immunoprecipitation by the anti-Sm
class of autoimmune antibodies from patients with systemic
lupus erythematosus (SLE) (discussed in detail later), are being
described”®? (see Table 1). Two dozen snRNAs with diagnostic
trimethylguanosine 5’ caps have been described in yeast cells and
six are clearly homologous to the mammalian U1 - U6 snRNAs
in structure and function>'®'! (see Tables 2 and 3). The abun-
dance of the snRNAs in yeast is at least tenfold lower than that in
mammalian cells, which correlates with the substantially fewer
transcribed introns and subsequent RNA processing in the yeast
nucleus.'® The snRNASs are transcribed by RNA polymerase II,
except for U6, which is transcribed by RNA polymerase II1.'>14

The snRNAs exist in the cell in the form of ribonucleoprotein
complexes, the snRNPs, which sediment at 10S to 14S and are
visible in negatively stained electron micrographs as irregular
spheroids approximately 10 nm across.'*!é With the exception of
U6 and the nucleolar snRNP U3, the snRNPs in mammalian cells
share a common core of six polypeptides (B 28 kDa, D" 18 kDa,
D 16kDa,E 13kDa, F 12kDa, and G 11 kDa), which recognizes
a conserved sequence motif, the Sm binding site, and is as-
sembled into a particle of B,D’,D,EFG*'” (see Table 4 and
Figures 1 and 3). In addition, each snRNA is associated with one
to three specific polypeptides to form particles that are approxi-
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mately 80% protein. Although the U6 snRNA is not assembled
with the common core of snRNP proteins, it is precipitated by
antibodies against the core protein because it is base-paired with
U4 in a single particle.'®! There are both species and tissue
differences in the B protein, including a neural-specific form of
the B protein, the N protein, and in human, but not rodent cells,
the B’ protein, a variant of the B protein.!”2

Autoimmune antibodies have provided powerful tools for
studying the snRNP particles (for summary, see Table §). The Sm
and (U1)RNP antisera found in over 40% of the patients with SLE
recognize protein components of the snRNP particles.?! Anti-
genic determinants on the 28-kDa B and 16-kDa D proteins of the
snRNP core are the major epitopes recognized by the anti-Sm
class of autoantibodies, and the anti-(U1)RNP autoantibodies
recognize determinants on the U1-specific proteins® (Figure 3).
A growing family of rare autoimmune specificities have been
identified that recognize snRNP-specific proteins on other snRNP
particles, including antibodies to fillagrin, a 34-kDa protein
nucleolar protein that is a component of the U3 snRNP
particle, 2326

SnRNP particles assemble in the cytoplasm, where newly
transcribed snRNAs associate with snRNP core proteins present
in large pools of partially assembled RNA-free intermediates,
before returning permanently to the interphase nucleus.?” In the
cytoplasm, the D, E, F, and G snRNP core proteins preassemble
into a 6S RNA-free complex of D,EFG, and the B protein
assembles into a heterogeneous set of RNA-free homo-oligom-
ers (see Figure 4). Newly transcribed snRN As assemble with the
6S D,EFG particle followed by two copies of the D’ protein and
then two copies of the B protein and the snRNP-specific proteins.
Cytoplasmic maturation of the snRNAs includes hypermethyla-
tion of the monomethylated cap to a trimethylated cap and
cleavage of extra 3’ terminal nucleotides.?*-*

In the cell nucleus, the mature snRNP particles function in the
processing of newly transcribed RNA, where several of the
snRNAs base pair with conserved sequence motifs in their
processing substrates, and possibly with other snRNAs during
these processing events. The snRNPs participate in both the
splicing and 3’ end processing of pre-mRNA, and the processing
of pre-fRNA. In the nucleoplasm, the U1, U2, U4/U6, and U5
snRNPs assemble into the spliceosome (Figure 5) that removes
introns from pre-mRNA by splicing. Ul and U2 base pair with
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Table 1
The SnRNAs in Mammalian Cells'?%52
Size Abundance 5 End

Nucleotides x 10¢
Ul 165 1.0 m3GpppAmUmA
U2 189 0.9 m3GpppAmUmC
U3 216 0.2 m3GpppAmAmMG
U4 139 0.2 m3GpppAmGmC
Us 117 0.2 m3GpppAmUmA
U6 107 04 CH,pppGUG
u7 56 <0.05 m3GpppAUC (sea urchin)
U8 139 <0.05 m3GpppAmUmC
U9 130 <0.05 m3GpppA
ulo 60 <0.05 m3GpppA
utl 131 <0.05 m3GpppA
U12 150 <0.05 m3GpppN

conserved sequence motifs at the 5’ splice site and the branch
point, respectively, and the U1 snRNP recognizes both the 5’ and
3’ splice sites and may have a fundamental role in aligning the two
sites for the splicing reaction. The U4/U6 and US snRNPs
preassemble into a single 258 particle that binds to U1, U2, and
‘he substrate to form the mature spliceosome. The intron is then
-emoved by two concerted cleavage and ligation reactions.*>3!32
The U7 snRNP base pairs with a conserved sequence in the 3’ end
>f histone pre-mRINA and is an essential cofactor for the cleavage
hat creates the mature nonadenylated 3’ end. The U11 snRNP is
sresent in the polyadenylation complex that processes the 3" end
»f most pre-mRNAs; however, there is no evidence of base
»airing with the substrate.?>*¢ Species U3 and U8 are localized in
he nucleolus, where U3 base pairs with the 28S rRNA precursor
n a still unidentified region and functions in pre-rRNA process-
ng.?*3334 This review covers (1) the structure of the snRNAs and
heir genes, (2) the structure of the snRNP particles and the
egulation of snRNP assembly, and (3) the function of mature
nRNP particles in the nucleus.

3. Evolutionary Conservation of shRNAs

In vertebrates, the snRNAs are highly conserved, with se-
juence differences of less than 10% between birds.and mam-
nals.'¢ U1 and U2 are the most abundant snRNAs, with U3, U4,
J5, and U6 present in approximately a tenfold lower abundance.
"he growing family of other snRNAs, U7 to U12, are another
:nfold lower in abundance (Table 1). Even where primary
equences diverge between widely separated organisms, the
econdary structures of snRNAs are strongly conserved in spe-
ies as different as yeast and humans.® The snRNAs have several
onserved sequence motifs, including a 6- to 12-nucleotide,
ingle-stranded sequence, PuAUnGPu,n = 2 - 6, found in almost
1l the snRNAs, that directs the binding of the common set of
nRNP core proteins reactive with the Sm antisera and is called
1e Sm binding site?*’ (see Figure 1). There are also sequence
omains in several snRNAs capable of base pairing with their
rocessing substrates and other snRNAs.
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The major snRNAs from Drosophila cells have similar
mobilities to the mammalian Ul to U6 snRNAs.340 With the
exception of U3, these snRNAs are immunoprecipitable by anti-
Sm antisera, which recognizes the common core of mammalian
snRNP proteins, and sequence analysis shows a 75% homology
with mammalian counterparts. The secondary structure of the
various Drosophila snRNAs is in general highly conserved
compared with the mammalian snRNAs* (see Figure 1C). Se-
quence homology is particularly strong in specific regions that
probably are necessary to their function, such as the 5’ end of U1,
the putative Sm antigen binding site, and regions in the stem and
loop of the different snRNAs.*®4 SnRNAs showing homology to
the major mammalian snRNAs have been found in microorgan-
isms such as Amoeba, Tetrahymena, Bombyx, and Dictyostelium,
as well as in fungi and higher plants. In C. elegans, the common
leader that is found on a large set of mRNAs is initially tran-
scribed and processed like a snRNA. During the initial splicing
event in the nucleus, this snRNA serves as the first exon and its
5’ 22 nucleotides spliced to the substrate to form the common
spliced leader.*

1. Low-Abundance Mammalian snRNAs (U7 to U12)

Recently, several minor snRNAs have been identified in
mammalian cells because of their diagnostic trimethylguanosine
cap (Table 1). These RNAs are much less abundant than the Ul
to U6 snRNAs.™

The U7 snRNA is a 57-nucleotide snRNA that is 0.2% of the
abundance of the U1 snRNA. This snRNA is an essential cofactor
for the 3’ end processing of histone pre-mRNA. A 13-nucleotide-
long sequence (from 13 to 26 nucleotides from the 5’ end) base
pairs with a universally conserved block at the 3’ end of histone
pre-mRNA and helps specify the site of 3" end cleavage.** U7
is immunoprecipitable by Sm antisera; however, its Sm binding
site is divergent from the conserved Sm binding consensus
sequence found in other snRNAs*# (see Figure 1F).

Five other small, low-abundance RNAs (U8 to Ul2), all
immunoprecipitable by anti-Sm and anti-trimethylguanosine
cap antibodies, are characterized in rat and human cells.”® U8,
Ul1, and U12 are sequenced and each has a trimethylguanosine
cap and a Sm binding site, although the U8 Sm sequence diverges
slightly from the consensus. U8 snRNA is present only in 25,000
copies per cell, and shows high (95%) sequence conservation
between rat and human cells.” It is localized predominantly in the
nucleolus, as is U3. Both U9 and U10 show unique fingerprints
unlike other known snRNAs.® U11 and U12 are sequenced and
contain the typical Sm binding site and possess a trimethylgua-
nosine 5" cap.? The U11 snRNP cofractionates with an essential
activity for in vitro polyadenylation of pre-mRNA; however,
there is no identified sequence complementarity with conserved
sequence motifs in the pre-mRNA substrate.>> A Sm precipitable
complex binds to the conserved polyadenylation sequence motif
and protects it from nuclease digestion in vitro, but itis notknown
if it is a snRNP or a RNA-free particle.*” The nucleolar location
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FIGURE 1. Sequences and predicted secondary structures of the major snRNAs. Sequences and predicted secondary structures are illustrated for human U1 (A), rat
U2 (B), human U3(C), Drosophila U4/U6 (D), human U5(E), and sea urchin U7(F) snRNAs. Stem loops are numbered and the Sm binding site is underlined. Methylated
nucleotides are indicated with a m and pseudouridine as a y. Model for the U4/U6 is the extensively base-paired model of Hashimoto and Steitz.'*
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FIGURE 1B

of U8 suggests that it may play a role in ribosomal RNA
processing. The function and even the nuclear location of U9 and
U10 are unknown.”

Herpes virus codes for four specific snRNAs during infection
of mammalian cells. The virus synthesizes four novel snRNAs,
HSUR 1 to 4, of low abundance that are assembled with the
snRNP core proteins and that acquire a typical trimethylguanos-
ine cap.*®

C. Plant snRNAs

Fungal (Neurospora and Aspergillus) and pea plant snRNAs
isolated with trimethylguanosine cap antibodies show remark-
able homology to the snRNAs of higher animals.*-5 U2 analogs

were identified by hybrid selection with a cloned mammalian U2
gene and by immunoprecipitation with anti-Sm antibodies. After
injection into Xenopus oocytes, the fungal and pea snRNAs were
packaged into snRNPs and transported into the nucleus, indicat-
ing that the Xenopus snRNP proteins assemble with the injected
snRNAs to form a particle capable of normal intracellular local-
ization and transport. However, the efficiency of association with
Xenopus snRNP proteins varied between species and the individ-
ual snRNAs.®

Homogenization of leaf tissue, followed by filtration and
fractionation on Percoll cushions, prepares large quantities of
purified plant nuclei and nucleoli. When low-molecular-weight
RNAs are fractionated on gels, the overall pattern strongly
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A8 C D E. F

FIGURE 2. SnRNAs in the cytoplasm and nucleus of L929 cells. 2.5 x 107 *H-
Uridine-labeled 1.929 cells were pretreated for 10 min with 10 ug/ml cytochalasin
B and enucleated on 12.5 to 25% Ficoll gradients. Cytoplasts and karyoplasts
were harvested and the small RNA species were analyzed on 6 to 15% gradient
gels. Lane A illustrates the small RN A species present in cytoplasts prepared from
cells pulse labeled for 20 min with 80 uC/ml *H uridine. Lane B is of the small
RNAs present in an identical preparation of cytoplasts cultured for 60 min after
enucleation and before harvesting. Lanes C and D display the stable RNAs in
cytoplasts and karyoplasts, respectively, from cells labeled for 16 h with 5 uC/ml
*H uridine. Lanes E and F illustrate the stable RNAs in cells fractionated into
cytoplasm and nucleus, respectively, using standard aqueous procedures. All
lanes are from the same gel, although lanes A and B are from a longer exposure.
(From Zieve, G. W, Sauterer, R. A., and Feeney, R. 1., J. Mol. Biol., 199, 259,
1988. With permission.)

resembles that of mammalian cells, and is similar among several
higher plant species.*® Sequencing of several of the plant RNAs
comigrating with mammalian snRNAs confirm their identity as
plant snRNAs. The sequence of broad bean U2 shows virtual
identity at the 5’ end and strong homology at the 3’ end to
mammalian U2, as well as a nearly identical secondary structure
and a consensus Sm binding site in the same region as mammal-
ian U2.%

Like mammalian U3, broad bean U3 is nucleolar in location,
and shows about 50% sequence homology and essentially iden-
tical secondary structure homology with its mammalian counter-
part.® Broad bean U6 is 80% homologous in sequence and
virtually identical in secondary structure to rat U6, but it lacks
seven nucleotides at the 5" end, and has a somewhat different
pattern of methylated nucleotides. Similar to the mamrmnalian U6,
bean U6 is hydrogen bonded to U4.5253 The cap of broad bean U6

Biochemistry and Molecular Biology
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Table 2

Saccharomyces cerevisiae snRNAs'*"
SnR  Length IP Essential? Comments

2 ~185 No ?

3 194 No No Some U4 homology

4 ~192 No No

5 ~193  No No

6 ~110 No Yes Yeast U6 base paired to snR 14
71 214 SM Yes Yeast US

7s 179 SM Yes 7 1and 7 s are transcripts of

same gene

8 189 No No

9 188 No No

10 245 No No

11 ~259 No ?

13 ~125 No ?

14 159 SM Yes Yeast U4

15 ~158  No ?

16 ~158 No ?

17 328 U3 Yes Yeast U3

Weak SM

18 ~350  No ?

19 569 SM Yes Yeast Ul

20 1175 SM Yes Yeast U2

Contains homology to U4, US, U6
Interior 950 nt not essential

21 ~165 No ? Minor species

22 ~170 No ? Minor species

23 ~190 No ? Minor species

24 ~220 No ? Minor species

25 ~265 No ? Minor species

26 ~270 No ? Minor species

30 605 Weak SM Yes Nucleolar

Note: Essential snRNAs have been tested by gene deletion. SnRNAs marked ?
have not been tested by gene deletion but are probably nonessential. SnR
1 is omitted because it is identical with snR7. There isno SnR 12. Alllisted
snRNAs are immunoprecipitable with trimethylguanosine cap antibod-
ies, which is diagnostic for snRNAs, except for snR 6, which is precipi-
tated only by its association with snR 14.

Data from References 10 and 1.

appears to be a modified nucleotide of unknown nature, unlike
that of mammalian U6, which is a methyl group on the gamma
phosphate of the 5" nucleotide, 4%

D. Yeast snRNAs

In yeastcells, approximately 24 low-molecular-weight RN As,
ranging from 100 to 1175 nucleotides, have the 2,2,7 trimeth-
ylguanosine cap characteristic of the snRNAs*? (Table 2). They
are present in only 200 to 500 copies per nucleus, and are usually
coded for by single copy genes instead of the multiple copy genes
of higher eukaryotes. This correlates with the substantially fewer
processed introns in yeast pre-mRNA > Six of the yeast snRNAs
are analogous in structure and functions to the major mammalian
snRNAs U1 to U6 and are essential for cell viability®** (see Table
3). These RN As have the consensus sequence responsible for the
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Table 3

Essential sSnRNAs of Saccharomyces cerevisiae
Spliceosome Functional

SnR Length 1P component analog Ref.

19 569 SM Yes Ul 58, 59

20 1175 SM Yes U2 60

17A* 328 U3/SM No U3 57

17B 328 U3/SM No U3 57

14 159 SM Yes U4 66

7F 214 SM Yes us 68

78 179 SM Yes Us 68

6" ~110 No Yes U6 65, 66

Note: Deletion of genes is lethal for all listed snRNAs, except SnR 17, which
requires deletion of both SnR 17A and SnR 17B for lethal effects.
Deletion of SnR 6 gene has not been tested.

* SnR 17a and 17b are highly homologous transcripts from two distinct genes.
Deletion of both is required for lethal phenotype.

® SnR 14 and SnR 6 are base-paired to each other, similar to mammalian U4 and
Ué.

¢ SnR 71 and 7s are two different transcripts from the same gene.

binding of the Sm core proteins and are precipitable by anti-Sm
sera.!! Unlike mammalian cells, the nucleolar snRNA, yU3 (snR
17) has the Sm binding site.’*>” The snRNAs from the yeast
Saccharomyces cerevisiae are often larger than their mammalian
counterparts, especially the yU1 (snR 19) which is 569 nucleo-
tides compared with mammalian 165 nucleotides and the yU2
(snR 20), which is 1175 nucleotides compared with mammalian
180 nucleotide U2.5%% However, regions of these snRNAs are
highly homologous to their mammalian counterparts.

Although yeast snRNAs are most thoroughly characterized in
S.cerevisiae, this yeast may be unusual among fungi. The similar
but less characterized yeast Schizosaccharomyces pombe has a
U2 analog similar in size to the mammalian U2, and the pattern
of snRNAs immunoprecipitated from S. pombe more closely
resembles the immunoprecipitation pattern from other fungal or
animal cells than that of Saccharomyces cerevisiae.5° Although
the studies reported here use S. cerevisiae as the model system,
this species may be unique and not representative of most yeast
or protist snRNAs.

Many of the essential snRNAs in S. cerevesiae have been
identified as homologous to the major snRNAs in higher animal
cells and are now referred to by the mammalian names. The yeast
snRNAs U1, U2, U4/U6, and US function in pre-mRNA splicing
with analogous functions to the mammalian snRNAs.>$'62 YU1
is larger than mammalian U1, and primary sequence homology
is limited to scattered single-stranded regions near the 5’ end,
including absolute conservation of the 11 nucleotides at the 5’
end involved in binding to the 5’ splice junction of introns.’®*
YU2 is also larger than mammalian U2, but when most of the
extra sequences are removed, the snRNA participates effectively
in splicing.53%* This large RNA has a region highly homologous

Critical Reviews In

Table 4
Protein Composition of the snRNPs
Molecular weight (kDa)
snRNP Protein SDS-PAGE cDNA Ref.
Shared “core” B’ 29 (Same as B?) 157
B 28 29.1 157
D 16 133 160
D’ 18 — 149a
E 13 11 162
F 12
G 11
Neural-specific variantof B N 28 29.1 20
Ul snRNP “Core” —
70 68—70 52 164a
A 33 31 132
C 22 174 166
U2 snRNP “Core” —
A’ 32 169
B” 28 255 167
U3 snRNP 74
59
36 25
30
13
12.5
U4/U6 snRNP “Core” —
(23)
(12) 153
(10)
PRP4 52 52 156a
US snRNP “Core” —
25 153
70—100 152,154

Data are from Reference 148, except where noted.

to metazoan U2, and large regions homologous to vertebrate U4,
US5, and U6, but not to Ul. There are also three separate Sm
binding sites (one each in the U2, U4, and U5 homology regions).
The “extra” nucleotides of both yUl and yU2 snRNAs may allow
extensive interactions between the two RN As during the splicing
process. There are 11 regions of complementarity between yU1
and yU2, ranging from 9 to 16 nucleotides, and found throughout
the lengths of both molecules that could be involved in base
pairing interactions with each other.%463%¢ YU6 (snR 6) is over
80% homologous to mammalian U6, and, like the mammalian
species, base- pairs with yU4 (snR 14).55% One of the other yeast
snRNAs (snR 3) shares homologies with the true U4, but is not
essential for cell viability.” YUS5 (SnR 7) has a 70-nucleotide
sequence strongly homologous in secondary structure, though
only weakly homologous in sequence, to mammalian U5.% Two
forms of yU5, yUS L, and yUS S, are produced in equimolar
amounts, with one about 35 nucleotides longer at the 3’ end than
the other. Both have a trimethylguanosine cap and both are
associated with yeast spliceosomes.®

Several yeast snRNAs have been identified hydrogen bonded
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FIGURE 3. SnRNP proteins inthe Ul and U2 snRNP particles L929 cells were
labeled with 10 C/ml **S-methionine (lanes A and B) or 10 uC/mi 3H-leucine for
16 h (lane C). Nuclear fractions prepared by aqueous cell fractionation were
immunoprecipitated with a (U1)RNP monoclonal antiserum (lane A), the Y12
Sm antiserum (lane B), or a U2 patient antiserum (lane C). The B, D, E, F, and
G common core proteins and the Ul-specific A and C and the U2-specific A” and
B” proteins are indicated. The U2-specific A’ protein is leucine rich and
methionine poor and is most obvious in cells labeled with leucine. The 70-kDa
Ul-specific protein is present in substoichiometric amounts and is difficult to
identify on one-dimensional gels. (From Feeney, R. I., Sauterer, R. A., Feeney,
1. L., and Zieve, G. W., J. Biol. Chem., 264, 5776, 1989. With permission.)

to preribosomal RNA in the nucleolus, including yU3.% The
nucleolar snRNA yU3 is 50% longer than mammalian U3, but it
shares nearly 50% homology in nucleotide sequence with the
first 100 nucleotides of U3 and a virtually identical secondary
structure, with the exception of an additional loop in the middle

Biochemistry and Molecular Biology

Table 5
Antibodies to the snRNPs
Antigenic snRNPs
determinants precipitated Ref.
Anti-Sm Mainly B, B’ Ul1,U2,U04,U5,U6 22,121
and/or D, D' U7,U8,U9,U10, Ul
Rarely E or A
Anti-(U1)RNP  70-kDa protein Ul 123, 124, 126,
often A 127
Occasionally C
Anti-(U1,U2) A (Ul) and B” U1, 02 24
(U2) proteins
Anti-(U2) A’ and B” proteins U2 23
Anti-(U3) 34-kDa protein U3 26
Anti-La 50-kDa protein Ul, U6 2, 185, 186
Anti-m3G 2,2,7 All except U6 140, 141
Trimethylguanosine
Anti-m6A N¢-Methyl- U2, U4, U6 143
adenosine

of the molecule where the “extra” nucleotides (relative to mam-
malian U3) are inserted.’” SnRNPs containing yU3 and U3 also
share at least one homologous protein, as yU3 is immunoprecipi-
tated with a human anti-U3 antisera reactive to a 34-kDa pro-
tein.”” Unlike mammalian U3 snRNPs, Sm antisera weakly
precipitates yU3. A Smconsensus sequence is present in the extra
sequences of the yeast snRNA.%7 Several of the nucleolar yeast
snRNAs, snR4, snR5, snR8§, snR9, do not have the snRNP core
binding sequence, are not associated with Sm core proteins, and
can be deleted from the cell with minimal effects on cell growth.*
The 605-nucleotide yeast snRNA, snR30, is essential for cell
growth, and its primary sequence has similarities to the other
nucleolar snRNAs, suggesting that it may also function in the
nucleolus.®

E. SnRNA Genes
1. Overview and General Characteristics

The genes for all six major snRNAs have been cloned and
studied in a variety of organisms. These genes are transcribed by
RNA polymerase II, except for U6, which is transcribed by RNA
polymerase II1.1>'* Although species-specific differences exist,
the true snRNA genes are present in a few tens of copies each per
genome in higher animals, with a tendency toward fewer copies
of genes in lower organisms. This parallels a trend of decreasing
copies of the snRNAs themselves in lower organisms. Depend-
ing on the organism and the snRNA, there are often hundreds of
nontranscribed, frequently truncated pseudogenes in the genome.”™

In the yeast S. cerevisiae, the snRNA genes are single-copy
genes (yU3 is derived from two closely related genes), and there
are as few as 200 to 500 copies of each snRNA per cell.* Unlike
the situation in mammalian cells, the yeast snRNA genes have
promoters that are similar to yeast mRNAs. There are TATA
boxes upstream of the genes and accurate initiation is directed by
nucleotides immediately upstream of the genes.® In mammalian

7

RIGHTS



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

Critical Reviews In

SnRNP ASSEMBLY

FIGURE 4. Cartoon model of the cytoplasmic assemnbly and nuclear exchange of the snRNP particles. Newly synthesized snRNPs appear transiently in the
cytoplasm where they undergo 3’ end processing and cap hypermethylation and assemble with the snRNP core proteins stored in large, partially assembled
pools in the cytoplasm. The D, E, F, and G core proteins preassemble into a 6S RNA-free particle, and homooligomers of B, D, and D’ protein are also present.
The dynamic behavior of the U1 and U2 snRNP-specific proteins are also illustrated. There are large pools of the A and C Ul-specific proteins and the A’
U2-specific protein in the nucleus. However, there are no pools of the U2-specific B” protein or the Ul-specific 70-kDa phosphoprotein.

cells the control elements of the sSNRNA genes significantly differ
from the control elements of mammalian mRNA genes. This may
reflect the high rates of transcription required of these genes to
produce the abundant snRNAs.

Studies of the structure of the different cloned mammalian
snRNA genes reveal the snRNA genes lack a TATA box at -30
typical of mRNA genes, but have conserved 5’ and 3’ sequence
elements that are necessary for proper initiation and termination
(Figure 6). The 5' control elements include an enhancer at -200
to -250 nucleotides upstream, called the distal sequence element
(DSE), and a proximal sequence element (PSE), typically located
at -50 to -60 nucleotides upstream.”’> (See Reference 76 for a
compilation of sequences and Figure 6 for a schematic represen-
tation.) The DSE contains a conserved octamer motif
ATGCAAAT that is also homologous to a sequence found in SV
40 and immunoglobulin enhancers, and a SP1 binding site.”” This
element typically increases the rate of transcription 10- to 20-fold
and is usually, but not always, orientation independent.”’ The

PSE is not as conserved as the DSE and is functionally analogous
to the TATA box directing transcription to begin at nucleotide
1.2 The snRNA genes also have a short sequence called the 3" box
located at about 10 to 30 nucleotides downstream of the coding
sequence. This sequence, and also proper snRNA 5" sequences,
are required for proper termination of transcription, suggesting
interactions between the 5’ and 3’ end of the genes.”* Surpris-
ingly, there are homologies between the structure of the U6 genes
and those of the other snRNAs, despite the fact they are tran-
scribed by different RN A polymerases.?!-# With the exception of
U6, the snRNA genes are not accurately transcribed in the
available mammalian in vitro systems that transcribe mRNA
genes.® In addition to the obvious difference in sequence organi-
zation, this also suggests major differences in the transcription of
the snRNA and mRNA genes. Recently, U1 genes were faithfully
transcribed in isolated nuclei and in in vitro systems prepared
from a highly concentrated extract of Xenopus oocytes or sea
urchin blastula.?-88
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FIGURE 5.  Cartoon mode! of the sequential steps in spliceosome assembly. U1 snRNP binds

to the substrate in an ATP-independent fashion to generate a 22S intermediate. U2 snRNP adds
after additional cofactors to form the 35S intermediate. A 258 particle of U4/U6 and U5 snRNPs
then adds to form the mature functional 50 to 60S spliceosome. (From Ruskin, B., Zamore, P. P.,

and Green, M. R., Cell, 52, 207, 1988. With permission.)

The U1 and U2 genes often appear in clusters, and there are up
to several hundred (exact numbers are not known) nontran-
scribed U1 pseudogenes.”®-! Although there are pseudogenes
for other snRNA genes, most of them are truncated and are
usually not present in as great a number as for U1.% In Xenopus
and sea urchin there are large tandem arrays of embryonic Ul
genes that are transcribed at high rates in early development, in
addition to several adult U1 genes that are present in less than ten
copies each and are scattered throughout the genome.*2%* The
structures of the genes for the major snRNAs are reviewed below.

2.uU1
Restriction mapping at high stringency suggests there are

approximately 30 true human U1 genes in the human genome,
but from 500 to 1000 pseudogenes.”* Currently, cloned full-
length U1 genes from human cells all have coding sequences
identical to the canonical Ul snRNA sequence; however, two
results suggest there may be additional bona fide U1 genes.*s’
Sequence analysis of the U1 snRNAs in human cells reveals there
is microheterogeneity in between 5 and 15% of the Ul snRNAs.
These variants differ by from one to three nucleotide changes,
and they occur in both single- and double-stranded regions of the
snRNA.% The genes for these variants have not been identified
and may be among the large family of Ul genes that were
previously considered pseudogenes. Also, newly synthesized U1
snRNA is several nucleotides longer than mature Ul, and the
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FIGURE 6. Cartoon model of the regulatory elements of the snRNA genes, Regulatory elements
of the snRNA genes differ from those of other genes transcribed by RNA polymerase II. The genes
have a distal sequence element (DSE) that acts as an enhancer and a proximal sequence element
(PSE) that acts as a promoter and is analogous to the TATA box of mRNA genes. A 3" box is essential

for proper termination of transcription,

extra nucleotides are removed in the cytoplasm during snRNP
assembly. Recent studies have shown that newly transcribed U1
precursors in human cells have heterogeneous 3’ flanking se-
quence.” All previously sequenced human U1 genes have the
identical 19 nucleotide sequence extending 3’ from the coding
sequence, suggesting that other variant, previously unsequenced
genes are also transcribed. In support of this hypothesis, a cloned
major U1 gene and a class 1 pseudogene hybridized to different
subsets of the U1 transcripts, suggesting that at least some of the
previously described U1 pseudogenes are actually transcribed.®’
This suggests the number of true U1 genes is greater than the 30
genes with the canonical U1 sequence and also include a small
number of genes with variant coding sequences that also include
variations in the 3’ transcribed sequence.

Sequence analysis of the available cloned human Ul genes
reveal homology between the genes in the 5’ flanking regions that
extend at least 2.6 kb upstream, while sequence conservation
extends only about 50 base pairs at the 3" end.”%4% None of these
clones show a 5" sequence identical to the TATA box consensus
common in other genes transcribed by RNA polymerase II.
However, the initiation site is similar to other polymerase II
genes, including starting with an adenosine. Alignment of the U1
sequences with other cloned snRNA genes identified two con-
served sequence motifs, located at -51 and -212 base pairs,
representing the PSE and the enhancer-like DSE, respec-
tively.””7 Other, less conserved sequence motifs are also re-
quired for efficient transcription,*

Although highly conserved within a species, the 5 sequences
are not homologous with those of other species except for the
conserved proximal and enhancer elements, and show little orno
homology with sequences flanking psendogenes.™ High strin-
gency hybridization using probes to the 5’ flanking regions of the
U1 gene show that there are about 30 true genes for human U1,
and a comparable number for rat and mouse.*

A conserved region at the downstream end of the Ul gene is
necessary for proper 3’ end formation, and its deletion results in
the formation of much longer Ul transcripts.”®* The region
required, called the 3’ box, is from 9 to 28 nucleotides 3’ of the
coding sequence for human U1 genes. Surprisingly, the actual U1
coding sequence is apparently not required for accurate 3’ end

formation, as its deletion and replacement with foreign se-
quences, such as parts of globin genes, does not affect 3" end
formation.” However, a functional U1 or U2 PSE is an absolute
requirement for formation of the proper 3’ end.”® Replacement
of the snRNA promoters with m-RNA promoters results in
polyadenylation of an extended 3’ end, apparently due to a
polyadenylation sequence located downstream of the normal 3’
end.® Hernandez and Weiner” also found that the Ul or U2 5’
enhancer was required for accurate 3 end formation, though this
was disputed by other labs,®® who used more or less intact Ul
sequences rather than foreign gene sequences in their genetic
constructs. Taken together, the data suggest that the U-RNA
transcription complex involves factors that recognize both 5’ and
3’ sequences that are not found in other RNA polymerase II
transcription complexes, and that these factors are required to
form the unique 3’ ends of snRNAs.

Single-point mutations within the 3’ box'® of U1 inhibits
proper 3’ end formation in both Xernopus oocytes and HeLa cells,
as does single-point deletions or insertions. The degree of correct
3’ end formation in these mutant genes varies from 80% to only
22% of wild-type controls. In general, Hel a cells process the
human U1 3’ ends more accurately than oocytes when injected or
transfected with the same mutant U1, and double-point mutations
have a greater inhibitory effect, though all mutations tested
showed at least partial ability to generate proper 3’ ends. The 3’
box is apparently functionally equivalent between different
snRNAs and species, since substitution of the normal U1 3’ box
witharat U3 3’ box allowed nearly normal 3’ processing, with the
only difference being a more extended 3’ transcript.'®

Using low-stringency hybridizations, there are between 500
and 1000 human U1 pseudogenes.” These pseudogenes fall into
three distinct classes: class I, which has scattered base substitu-
tions in the U1 sequence itself and considerable flanking homol-
ogy with the true genes; class I, which has base substitutions and
is truncated at the 3’ end, with little homology to the true genes
inthe flanking regions; and class III, which s full length inthe U1
region itself, and has flanking regions different from either class
II pseudogenes or true genes. It is proposed that class I pseu-
dogenes are generated by gene duplication, because of the
conservation of the flanking regions, while class II and III
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pseudogenes are created by a RNA-mediated insertional mecha-
nism. The microheterogeneity observed in the Ul snRNA dis-
cussed above suggests some of the class I pseudogenes are
actually transcribed and assembled into mature nuclear Ul
snRNPs %657

In humans, the Ul genes are clustered on a single band
(though it is possible that a few genes could be located else-
where), 1p36.3, located toward the tip of chromosome 1, with at
least 20 kb separating individual genes.® The class I pseudogenes
are clustered in another band on chromosome 1.%°

In Xenopus there are at least seven different Ul snRNAS,
including two found in embryonic cells and five found in adult
tissue.*!%! The two embryonic U1 genes, xU1ba and xU1b2, are
present in 500 copies each and are paired in 1.8 kb repeat units
organized in large tandem arrays. The adult genes are present in
approximately ten copies each scattered throughout the genome.*
There appear to be relatively few pseudogenes in Xenopus, since
microinjection of 20 randomly subcloned Xenopus U1 genes into
oocytes were all transcribed, and this would be unlikely if there
were more Ul pseudogenes than true genes in Xenopus.'® The
structure of Xenopus and human genes is similar, including a PSE
at about -50 nucleotides and an enhancer-like DSE at -203
nucleotides that is necessary for normal transcriptional levels.!*!

SnRNAs are not accurately transcribed in in vitro systems
prepared from mammalian cells. In a HeLa cell extract, a cloned
U1 gene is transcribed by RNA polymerase II, but transcription
begins 183 base pairs upstream of the 5’ end of the actual U1 gene,
and a sequence or sequences between 106 and 393 base pairs
upstream (5”) is necessary for transcription.®® However, cloned
snRNA genes are accurately transcribed when injected into
Xenopus oocytes or when incubated with a concentrated extract
of the Xenopus oocytes or sea urchin blastula.?6%

Unlike the vertebrate snRNA genes, the yeast Ul genes
sequence elements are analogous to those of mMRNA genes. Both
yUl and yU2 have a TATA box located at nucleotide -98, and the
sequences immediately upstream of transcription initiation are
virtually identical between the two snRNAs. %%

3. U2 Genes

The structure of the human U2 genes has many similarities to
the structure of the U1 genes, including 5’ distal and proximal
elements and 3" sequence elements that are necessary for proper
transcription.”’ However, there are far fewer U2 pseudogenes
than U1l pseudogenes, and the U2 pseudogenes in humans are
usually severely truncated at their 3’ ends.” Also, the U2 genes
are arranged in tandem arrays with a repeat length of 6 kb located
on a band in chromosome 17.%¢:101.102

Mutation of the 5" and 3’ sequence elements of the U2 genes
and analyses of their effects on transcription have helped identify
common regulatory features among the snRNA genes.”>" Like
U1, U2 has no true TATA box, but requires both a DSE at -220
and aPSE at -50 for transcription. Deletion of the DSE (enhancer)
between -218 and -295 base pairs causes a decline in the level of
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transcription to less than 5% of control levels, although accurate
initiation still occurs. Deletion of the 5’ sequences to the -3
position, removing both the DSE and proximal element, com-
pletely abolishes U2 transcription, while deletion of the first 92
base pairs 3’ to the U2 coding sequence has no effect on transcrip-
tion.” Inversion of the DSE reduces accurate transcription of U2
to less than 5% of control levels, but transcripts initiated at
abnormal upstream sites are stimulated.” Accurate transcription
occurs at control levels independent of location upstream (at least
from -61 to -198 base pairs), provided the DSE sequence is in its
proper orientation. Deletion of four base pairs from the DSE
between -218 and -223 abolishes transcriptional activation to the
same extent as deletion of the entire sequence. The DSE has many
of the characteristics of typical enhancers, such as position-
independent activation of transcription, but also provides infor-
mation necessary for proper choice of initiation site.’375:103
There are no detectable developmental variants of the U2
genes in Xenopus. The Xenopus U2 genes are arranged in tandem
arrays with an 831-bp repeat length, containing all the signals
necessary for transcription.”!% There are about 500 copies of the
U2 genes in Xenopus, with no identified pseudogenes. The
control of U2 gene transcription in Xenopus is similar to that
described in humans, except the enhancer-like DSE, located at
about -260 base pairs, is completely orientation-independent.”
Sequence analysis of this element shows strong conservation
with the human U2 DSE, and is homologous to the SV-40 and
immunoglobulin heavy gene enhancers. Deletion of the DSE
reduces transcription to only about 5% of control levels, while
deletion of the proximal element abolishes transcription en-
tirely.™
Recent studies have isolated and characterized the yeast U2
gene (snR 20). An oligonucleotide probe for human U2 RNA
isolated a normal-sized U2 gene from Schizosaccharomyces
pombe, but bound to an 1175-nucleotide-long RNA in Saccharo-
myces cerevisiae. The gene itself, LSR1, has sequence elements
similar to other yeast snRNA genes, including a TATA-like box
at-98 nucleotides and a 3’ thymidine-rich region. Deletion of this
gene in yeast results in loss of viability and cell death.®

4. U3, U4, U5, and U7

The genes for U3 and U4 are cloned, but are not as well
characterized as the genes for U1 and U2.1%41%5 Ljke U1 and U2,
the U3 and U4 snRNA genes are dispersed in the genome and
there are abundant pseudogenes for each. Crude estimates of the
copy number for these other genes suggests that there are a few
hundred genes and pseudogenes for each gene family, but only a
few tens of true genes for each snRNA in mammalian cells.!%41%5

The human U3 gene has been cloned and is present only once
on a 2.3-kb fragment, indicating that if the human U3 genes are
in tandem arrays, they are separated by at least a kilobase.!® The
U3 gene has regions homologous to the DSE, PSE, and 3’
processing signal of U1 and U2, as well as a sequence adjacent
to the DSE that is specific to U3 and conserved in U3 genes from
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other species. Southern hybridizations show that between six and
nine copies of the human U3 gene exist, and that the genes are
located in the nuclear, rather than the nucleolar, DNA.'® The U3
genes are localized in the nucleoplasm, not in the nucleolus like
the mature U3 snRNP.!%

Mammalian U4 genes are in three families with minor differ-
ences in coding sequences.'% Clones of two of the genes, U4b and
Ud4c, are on a single 930-nucleotide fragment; however, slight
differences in the coding sequence of the U4b gene and the
known U4b sequence suggest that the cloned gene may be a
minor variant and not the main gene cluster.'% Chicken cells also
have two closely linked U4 variants.'?” At least 80 U4 genes exist
in human cells, and there are many truncated U4 pseudogenes as
well.!% The U4 genes have 5’ sequence elements common to
other snRNA genes, including the PSE at -50 and an enhancer-
like DSE at -210. In addition, there is an element centered around
-140 thatis homologous between the U4 gene families, but absent
from U2 genes, and may represent a control element unique to
U4.!% In Xenopus, at least three different U4 snRNAs were
identified, and the xU4b is preferentially transcribed during
oogenesis in contrast to the other two that are transcribed in adult
tissue, '%

U5 genes in Xenopus are present in several arrangements,
including approximately 100 genes found in 583 bp repeats.'®
The U5 genes have the required distal and proximal sequence
elements similar to those described for U1 and U2. The octamer
motif found in the DSE is in the opposite orientation to that found
in U1 or U2, and an additional required sequence element was
found in the DSE that is not present in U1 or U2. The U5 gene is
expressed more efficiently than the U2 gene when injected into
Xenopus oocytes.'®

Unlike other yeast snRNA genes, the yeast U3 gene (snR 17)
has two functional genes, each with 328-nucleotide-long coding
sequences that share 96% homology.**>” The flanking sequences
are much less conserved. Both genes are transcribed, with yU3a
at a tenfold higher level than yU3b. The two RNAs are identical
in localization, immunoprecipitability, and base pairing to pre-
rRNA. Deletion of both genes is lethal; however, either one of the
genes can be deleted from the cell without effect. Transcription
of these two genes is coordinately regulated, since production of
snR 17b increases when snR 17a is deleted.

The yeast yU3 genes have a TATA box 85 nucleotides
upstream from the initiation site.’*” The exact nucleotide se-
quence upstream of the initiation site is preceded by A, GT and
differs from that of the spliceosomal yeast snRNAs which have
stretches of Cs, As, and Ts.%

Five U7 genes were identified in a 9.3-kb cluster in the sea
urchin Psammechinus miliaris. Only one of the genes, U71, has
the identical sequence as the cloned cellular U7 snRNA, but it is
possible the others are transcribed at low levels. The U71 gene
has 5" DSE and PSE and a 3’ terminal box similar to that of
mammalian snRNAs,!10
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5. U6 Genes

Despite abundant evidence that the U6 snRNA is a RNA
polymerase III transcript, the genes for U6 share many features
common to the other snRNA genes, which are polymerase II
transcripts.'>'* In fact, the U6 genes injected into Xenopus
oocytes are transcribed by both RNA polymerase II and III;
however, the polymerase II transcripts are aberrant and their
significance is unknown.!!! Similarities between the U6 gene and
other snRNA genes include a required sequence at -43 to -67
nucleotides that is homologous to the U1 and U2 PSE, as well as
an enhancer-like DSE at least 245 nucleotides upstream.’-8
Deletion of the DSE decreases transcription of the microinjected
gene in Xenopus by over 90%.%' The U6 DSE is homologous to
other snRNP DSEs, and it can replace the DSE on a U2 gene, a
known polymerase I transcript. The DSE binds a factor common
to the U2 DSE (and presumably other snRNA genes, all of which
have the DSE and octamer motif).”” Excess U2 genes coinjected
into Xenopus oocytes with U6 genes reduces transcription of the
U6 genes, as does a synthesized oligonucleotide containing the
octamer motif, but competition is abolished if the competing U2
genes have the DSE deleted.” Sequences upstream of the DSE
are also involved in transcription, since deletion of regions
upstream of -280 nucleotides reduce transcription of Xenopus U6
genes to half the control levels.” A sequence similar to the TATA
box found upstream of mRNA genes is present upstream of the
U6 gene, but deletion of this sequence has only minor effects on
U6 transcription.”

U6 genes also share an internal region at 48 nucleotides that
is homologous to internal control regions of other polymerase I1I
transcripts, such as 5S rRNA.'** However, this internal control
region, the U6 A box, can be deleted from U6 without affecting
transcription. This region, however, competes with 5S genes for
acommon factor. When coinjected into oocytes, excess 5S genes
compete with wild-type U6 to reduce or abolish transcription,
and the U6 A box deletion mutantis much less affected than wild-
type U6 in competition experiments.”

The U6 genes are tandemly repeated in two large clusters in
amphibians. One cluster has a 1.6-kb repeat and is present in 200
copies, and another has a 1-kb repeat present in about 500 copies
per genome. The significance of the two different clusters is not
known,®!

In Drosophila, there are three U6 genes clustered on a single,
2-kb fragment.!'2 Although the coding sequences for all three U6
genes are identical, the flanking regions, especially the 3" se-
quences, have diverged considerably. The Drosophila U6 genes
have an upstream TATA box, but not the PSE and DSE found
upstream of the mammalian U6 and other snRNAs. The Droso-
phila U6 genes also have an internal element (the A box) from 48
to 72 nucleotides that is homologous to control regions for tRNA
and other polymerase III transcripts. Unlike most snRNA genes,
transcription of the Drosophila U6 genes is species specific,
since the Drosophila genes are accurately transcribed in in vitro
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extracts using Drosophila nuclear extracts, but not if mammalian
nuclear extracts are used. Likewise, mouse U6 genes cannot be
transcribed using Drosophila nuclear extracts in vitro, but are
transcribed using extracts from mammalian nuclei.!"?

In the fission yeast Schizosaccharomyces pombe, the U6 gene
includes a transcribed intron.!'* The intron is in the region of the
snRNA thought to be involved in the U4:U6 interaction. The
intron is removed during processing in the nucleus and the mature
U6 has a 77% homology with mammalian U6 snRNA. This is the
first report of a snRNP involved in processing its own transcript.

F. Isoforms and Developmental Regulation

A growing number of snRNA species include low-abundance
variants with minor sequence heterogeneity. The functional
significance of these variants and their possible contribution to
differential RNA processing, including alternative splice site or
polyadenylation site selection, is not known.!!* Developmentally
regulated isoforms of U1 exist in some species. However, inmost
species, including human, chicken, and Drosophila, there are
only one or two major forms of UL."* However, as discussed
above, in human cells there is a small fraction of U1 that shows
minor sequence differences with the major Ul snRNA. How-
ever, these variants showed no tissue- or cell type-specific
distributions.*

Several other species express at least two distinct types of U1,
generally differing by substitution of a few bases and differences
in methylation of bases. Mouse cells contain two major isoforms
of U1, Ula and U1lb, which differ in six nucleotides, as well as
one or two minor variants of Ula and Ulb, all of which are
developmentally regulated.!'s""” In the oocyte, greater than 85%
of the U1 is Ula. Embryonic or fetal cells express Ula and Ulb
in equal quantities, and expression returns to almost totally Ula
by a week after birth. Some Ulb is present, even in adults, in
tissues that have many undifferentiated stem cells, such as testes,
spleen, or thymus.!'® Mouse Friend cells infected with spleen
focus-forming virus (SFFV) express a minor Ula variant and
four U1b variants not found in uninfected cells.'"

In Xenopus, there are two embryonic U1 genes, xU1bl and
xU1b2, organized in large tandem repeats that are transcribed at
a high rate in early previtellogenic ooctyes and in early em-
bryos 92108118120 Both adult U1 snRNAs Ula(1-5) and the embry-
onic snRNAs are switched on at the midblastula transition, but
embryonic synthesis is soon switched off and only adult forms
accumulate in the adult tissues.'®!'® The embryonic Ul genes
accumulate in a 1:1 ratio in oocytes; however, during the short
period of synthesis in early development, they accumulate in a
ratioof 5to1,U1b1to U1b2. Thisratio of transcription is reflected
when the genes are injected into unfertilized Xenopus eggs.'?

The significance of the developmental regulation of U1 genes
is unknown. The differences in sequence among the develop-
mentally regulated U1 variants are not found in the 5’ end that
forms the 5" splice junction recognition sequence, but some of the
base substitutions may alter the stability of the stem structure of
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the molecule with possible effects on snRNP assembly.*? There
is also differential accumulation of U4 isoforms during early
Xenopus development.'®

G. Antibodies to shRNPs
1. Antibodies to snRNP Proteins

The discovery that antisera from patients with autoimmune
diseases, such as SLE and mixed connective tissue disease
(MCTD), recognize the snRNP particles provided a powerful
new approach for studying the snRNPs.22 At least five distinct
specificities that recognize protein components of the snRNPs
particles have been characterized from patients with autoimmune
disease (Table 5).

Two major specificities of SLE autoimmune sera, Sm and
(UDRNP, present in over 40% of the patients with SLE, recog-
nize protein components of the snRNP particles®' (Figure 3).
Although these were recognized clinically as antinuclear anti-
bodies (ANA) for over 10 years, Lerner and Steitz?? were the first
to identify their reactive autoantigens as protein components of
the snRNP particles. The autoantibodies directed against the Sm
antigen are diagnostic of SLE, and anti-Sm antibodies im-
munoprecipitate the five major snRNAs U1, U2, U4, U35, and U6,
and many minor snRNAs. SnRNA U3 is not precipitated. The
anti-Sm sera recognize determinants on the common core of
snRNP proteins, and the precipitation of the five different RNA
components by a single antibody specificity was the first indica-
tion that the different snRNP particles share identical or at least
similar proteins. (U1)RNP antiserum recognizes only the Ul
snRNP, and it recognizes determinants on the Ul-specific pro-
teins.

The MRL strain of mice develops a SLE-like autoimmune
disease with autoantibodies similar to those found in human SLE.
When spleen cells from these mice are fused with myeloma cells
they produce hybridomas secreting specific SLE autoantibodies.
A variety of SLE hybridomas are now available, including many
that produce monoclonal antibodies of Sm or (U1)RNP sero-
types. 2326121115 These antibodies have the advantage of unique
specificity, avoiding the problems of mixed specificities and
polyclonal responses that commonly appear in patient sera.

Detailed immunoblot characterization of various patient sera
and monoclonal antisera show that the most common anti-Sm
serarecognize the B protein, with occasional reaction against the
D and E proteins, and rare activity against the Ul-specific A
protein (Figure 7). Anti-(U1)RNP sera react mainly with the U1-
specific, 70 kDa protein, less often with the 33-kDa A, and rarely
with the 22-kDa C, Ul-specific proteins in Western blots.!26-1%#
Polyclonal antisera generated against a 23-amino acid, proline-
rich sequence near the C terminus of the neural-specific B protein
variant, N, recognize the B, N, and A proteins in immunoblots
and define a potential Sm epitope.'? This serum does not recog-
nize the D protein, and this supports the conclusions from studies
with the monoclonal antisera that there are multiple Sm

epitopes.'?>12%® Anti-(UI)RNP antisera will precipitate the 70-
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FIGURE 7. Western biot of human and rodent cell proteins with Sm antiserum.
Whole cell fractions of murine L929 cells (L) and human HeLa cell line were
analyzed on 13% polyacrylamide gels, transferred to nitrocellulose and probed
with a human SM antiserum using an alkaline phosphatase coupled second anti-
body. The sera recognize the B and D protein in the murine cells and the B, B’ and
D proteins in human cells. (From Sauterer, R. A., Feeney, R. J., and Zieve, G. W.,
Exp. Cell Res., 176, 344, 1988. With permission.)

kDa protein and the A and C proteins, either in association with
the Ul snRNA or as free proteins, but will not recognize depro-
teinized Ul RNA.'?6 Anti-Sm patient sera nearly always have
considerable anti-(U1)RNP specificity as well, and anti-(U1)RNP
patient sera often contain low titers of anti-Sm.'?® The high
specificity of the monoclonal Sm and (U1)RNP sera is thus
especially valuable when pure Sm or (U1)RNP antisera are
needed for immunological analysis.

An anti-U2 specificity was discovered in the serum of a
patient with scleroderma-polymytosis overlap syndrome.2*130.131
These sera react with the 29-kDa B” and 32-kDa A’, U2-specific
proteins immunoblots and specifically precipitate the U2 snRNP
(Figure 3). Both monoclonal and polyclonal sera have been
identified that cross-react with the Ul-specific A proteins and the
U2-specific B” protein.?*13! Sequence data available from cDNA
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clones indicate that the A and B” proteins share large regions of
identical sequence, which may explain the immunological cross-
reactivity between the two proteins.’*? A U3-specific sera, react-
ing with the 34-kDa protein nucleolar protein fillagrin, was
isolated from a scleroderma patient and has provided the first
characterization of the U3 snRNP. 23133134 Thig antibody is now
available as a monoclonal antibody.?®

The B/B’, D, D’ 70 kDa, A, and B”, proteins, recognized by
one or more of the existing patient sera, are probably the most
immunogenic of the snRNP proteins. Injection of U1 purified by
trimethylguanosine affinity columns and ion-exchange chroma-
tography into mice resulted in monoclonal antibodies with Sm,
(UL)RNP, or Ul/U2 specificity, and none with specificities
against other snRNP proteins, such as the core proteins E, F, or
G.!¥ These antibodies elicited in mice also competed effectively
with patient antibodies of the same specificity, indicating that the
antigenic determinants in both patient antisera and the mouse
monoclonal antibodies were identical. This is consistent with the
notion that the antibodies in autoimmune diseases are produced
by an immune response directed against the snRNPs themselves,
and not against viral or other foreign antigens that cross-react
with snRNP proteins.'* 1% However, anti-(U1)RNP sera that
recognize the 70-kDa, Ul-specific protein cross-react with the
retroviral-specific gag protein, which suggests the autoimmune
response could be initiated by cross-reactivity with a protein
from a viral infection,'¥7138

Small quantities of monospecific antibodies directed against
specific snRNP proteins can be prepared using an affinity puri-
fication procedure by elution of antibodies bound to specific
snRNP proteins on nitrocellulose blots.!3"!* This approach,
although limited in yield, can provide specific probes to individ-
ual snRNP proteins of interest.

2. Antibodies Against snRNA Nucleotides

The 5’ trimethylguanosine cap shared by all the snRNAs
except U6 is another unique determinant common to the snRNP
particles. Several labs have successfully raised both polyclonal
and monoclonal antibodies to the trimethylguanosine cap.!4*-!142
These antibodies can be used to isolate either deproteinized
snRNAs or intact snRNP particles by immunoaffinity tech-
niques.'*143 These antisera are now a preferred method for
isolating both the major and minor snRNP particles. Although
the U6 snRNA lacks the trimethylguanosine cap, it is immunopre-
cipitated by the cap antisera because it is associated with U4 in a
single snRNP.’®!° Unlike previous immunoaffinity approaches,
such as anti-Smor anti-(U1)RNP affinity columns, which require
elution with high salt or denaturing agents, snRNPs bound to an
anti-trimethylguanosine (m,G) affinity column can be eluted by
addition of excess trimethylguanosine, and are thus isolated in a
native, presumably functional form. 42143

Antibodies specific for N® methyladenosine (m6A), a modi-
fied nucleotide found only on U2, U4, and U6, were raised in
rabbits, and found to immunoprecipitate U2, U4, and U6 quan-
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titatively from cell extracts.'* Some Ul is also coprecipitated
using the m6A antibodies when cell extracts are used, but
purified U1 does not react to the antibodies, and the precipitation
of U1 occurs only in extracts containing U2. This indicates that
a fraction (about 10%) of the Ul snRNPs interact with U2,
confirming previous studies using alternative techniques.'4®

H. Protein Composition of snRNPs
1. Protein Composition

Both biochemical isolation procedures and immunoaffinity
techniques have allowed a detailed analysis of the protein com-
position of the snRNP particles (Table 4). With limited excep-
tions, the individual snRNP particles share a common core of six
low-molecular-weight sBRNP proteins, in addition to one to
three snRNP-specific proteins (Figure 3). Different subsets of the
snRNP proteins remain assembled with the snRNA, depending
onthe stringency of the isolation conditions. The snRNP-specific
proteins are most easily removed from the particles and the D, E,
F, and G core proteins are the most firmly associated with the
snRNA. The major snRNP proteins are quite basic and can be
resolved on two-dimensional gels using nonequilibrium pH
gradient electrophoresis in the first dimension'” (Figure 8).

By a combination of gel filtration and ion-exchange chroma-
tography steps, several laboratories have produced fractions of
highly purified U1, Ul and U2, and U2 to U6 snRNPs, 46148
Except for slight differences in molecular weights (this report
will use the molecular weights of Hinterberger et al.'*), the
results are in agreement.

The core proteins shared by U1, U2, U4, U35, and U6 in human
cells are the 29-kDaB’, 28-kDa B, 18-kDaD’, 16-kDaD, 13-kDa
E, 12-kDa F, and 11-kDa G proteins (Figures 3 and 8). Stoi-
chiometric analysis based on the correction of amino acid label-
ing for known amino acid composition suggests these proteins
exist in a particle with a stoichiometry of B,D’,D,EFG.!”"#* The
proteins of U3 are different than those of the other snRNPs, and
it does not share the proteins common to other snRNPs.?% The
B and B’ proteins are a closely spaced doublet in human cells, and
the B’ protein is lacking in most nonprimate mammals (Figure
7)."7 Peptide analysis suggests that B’ is closely related to the B
protein.™ In SDS polyacrylamide gel electrophoresis the D’
protein often comigrates with the D protein; however, if urea is
added to the separating gel, the D’ protein migrates with a higher
molecular weight and is distinct from the D protein.'43!43 At high
ionic strength only the D, E, F, and G proteins remain associated
with the snRNA, and they protect the Sm consensus sequence
from RNAase digestion in a pattern similar to that with particles
that also contain the B protein.’” Also, particles are never found
that contain the B protein, but not the D, E, and F proteins. This
suggests that the B protein assembles with the snRNP through
contacts with the other snRNP particles and not by direct binding
to snRNA. This is consistent with the assembly studies discussed
below, which demonstrate that the D, E, F, and G particles
initially assemble into a 6S core that binds to the snRNA followed
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by two copies of the B protein.'”'*3! In human cells the two
copies of the B protein are replaced by one copy eachof Band B’.
Binding of the snRNP core proteins is directed by a sequence
motif of PuA(U)nGPu, which is found in a single-stranded region
in the 3" half of all the anti-Sm precipitable snRNP particles (with
the exception of U6)*” (Figure 1). This sequence is necessary
and sufficient for core protein binding. Insertion of this sequence
into a single-stranded region of a heterologous RNA wil direct
assembly of the snRNP core proteins.?

In addition to the core proteins, each snRNP has one or more
unique proteins. The unique proteins of Ul are clearly estab-
lished because of the ability to isolate pure fractions of Ul snRNP
by both biochemical and immunoaffinity procedures,!44146:147
The Ul-specific proteins are the 70-kDa protein, the 33-kDa A,
and the 22-kDa C proteins (Figures 3 and 9). Stoichiometric
studies suggest there are two copies each of the A and C proteins
in each U1 snRNP, in addition to the common core, and that the
70-kDa protein associates with some, but not all, Ul snRNPs!?
(Figure 9). The 70-kDa protein is the only phosphoprotein in the
Ul snRNP.%

Purification of the U2 snRNPs using either biochemical or
immunological approaches identify two unique proteins, a 32-
kDa methionine-poor protein designated A’ and a 28-kDa protein
(B”) that are both immunoreactive with anti-U2 autoimmune
sera?>130.14 (Figure 3). As discussed earlier, the U2-specific B”
protein is homologous to the Ul-specific A protein, suggesting
that they may be the products of a gene-duplication event.'3?

Isolated U5 snRNPs include the common core polypeptides,
a 100-kDa protein that degrades to a 70-kDa polypeptide, and a
25-kDa protein, '3!3 Several results suggest the 100-kDa protein
may bind to the 3" splice site.'>!>* The 100-kDa protein recog-
nizes immobilized 3’ splice site sequences, and binding can be
competitively inhibited by a 19-nucleotide fragment spanning
the splice junction. Also, the protein binds normal, but not
mutant, 3’ splice junctions, and can be immunoprecipitated from
snRNP extracts with anti-Sm or antitrimethylguanosine antibod-
ies in complexes that include RN Aase-protected, 3’ splice junc-
tion sequences. The protein cannot be immunoprecipitated by
Ul-specific antibodies, but copurifies with biochemical frac-
tions containing U5 snRNPs, in low (1 mM) Mg*.!*2!% High
Mg+, which stabilize most snRNPs, disrupts the interaction of
the 100-kDa protein with the core U5 particle.!’2!% In yeast, a
260-kDa protein was identified that binds to the U5 snRNP. The
protein is also found in the ATP-dependent U5/U4/U6 complex
that appears during pre-mRNA splicing.!*® The prp4 gene in
yeast, originally identified as an essential gene for pre-mRNA
splicing, has recently been identified as coding for a 52-kDa
protein that is a component of the U4/U6 snRNP. !

Although the shared core of snRNP proteins remains associ-
ated with the snRNAs under rigorous isolation conditions, the
association of the other species-specific snRNP proteins is sen-
sitive to ionic strength. In HeLa cell extracts made in 0.5 M NaCl,
there are no specific proteins other than core proteins isolated
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FIGURE 8. Two-dimensional gel electrophoresis of Sm immunoprecipitates of cytoplasmic and nuclear fractions from HeLa and 1.929 cells. Hel.a (H) and L929 (L)
were labeled 4 h with S35-methionine, and cytoplasmic (C) and nuclear (N) fractions were immunoprecipitated with Sm antisera by standard procedures and analyzed
by two-dimensional gel electrophoresis using non-equilibrium pH gradient gel electrophoresis in the first dimension. Cytoplasmic and nuclear fractions from L929 cells
(A and B, respectively) and from HeLa cells (C and D, respectively) are illustrated, and major snRNP proteins are marked. Note the presence of B’ in the cytoplasm and
nucleus of Hel.a ceils but not in L929 cells. (From Feeney, R. J., Sauterer, R, A., Feeney, J. L., and Zieve, G. W., J. Biol. Chem., 264, 5776, 1989. With permission.)
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FIGURE 9. Suggested structure and stoichiometry of the Ul snRNP particle.
The proteins are positioned based on structural data discussed in the text. The
cross-sections of each protein subunit are from spherical particles where the
volume is proportional to the molecular weight. New datasuggest the D4 particle
is actually D, D',

with the U4/U6 and U5 snRNPs.'*® Also, high magnesium, which
stabilizes the Ul- and U2-snRNPs and keeps the Ul and U2
specific proteins associated with the snRNPs even in 1 M CsCl,
dissociates the U5 100-kDa protein. '52:134.155

A U3-specific antiserum isolated from a scleroderma patient
and reactive with the 34-kDa protein fibrillarin on Western blots,
allowed the first identification of the U3 snRNP proteins.?>?
Two phosphorylated proteins of 74 and 59 kDa, and four non-
phosphorylated proteins of 34, 30, 13, and 12.5 kDa are specifi-
cally immunoprecipitated in HeLa cell extracts.”

2. cDNA Clones of Individual snRNP Proteins

cDNA clones for the B, N, D, and E snRNP core proteins and
the A, C and 70-kDa, U1-specific proteins and the A" and B” U2-
specific proteins are now identified and sequenced.?>12%:132.137.157-
169 The protein sequence information has helped identify func-
tional domains in the proteins. The 70-kDa and A, Ul-specific
and the B”, U2-specific proteins, but none of the sequenced-core
snRNP proteins, have “RNP domains” found in a large number
of RNA binding proteins and are suggested to make direct contact
with the RNA. '™ The availability of clones has also helped define
the antigenic domains of the proteins, and sequence data has
allowed stoichiometric analyses based on amino acid labeling
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corrected for known amino acid composition.'”*?° Clones have
been isolated by using either expression libraries where cDNAs
were identified by their ability to direct the synthesis of immuno-
genic polypeptides, or by oligonucleotide probes generated from
partial protein sequences.

A. B, N, D, AND E SNRNP CORE PROTEINS

cDNA clones coding for the B protein predict a 29.1-kDa
protein that is unusually rich in glycine and proline residues.'s’
Although the clones produce only a single polypeptide when
analyzed by in vitro translation, hybrid selection using the clone
as a probe identifies a mMRNA or mRNAs that translate both the
B and B’ proteins. This suggests that the B and B proteins are
derived from either closely related genes or alternative splicing
of a single pre-mRNA. A neural-specific form of the B protein,
the N protein, has also be identified.?>!*!58 The B and N proteins
have identical protein sequences.?® The sequences for B and N
predict proteins with a series of proline-rich repeating units in the
C terminus, and a short, proline-rich region homologous to
regions inthe Ul-specific A, C, and the hnRNP C proteins, which
may be involved in RNA binding.? Homology to the D protein
is limited to short aligned regions.'*® The N protein is of identical
protein sequence in rats and humans.?® This is a remarkable
degree of conservation and suggests that all regions of the protein
are essential for its function.

A genomic clone for the D protein derived from HelLa cells
predicts a 13.3-kDa lysine- and arginine-rich polypeptide with
two extremely hydrophilic domains near the C terminus.'® This
region shows extensive homology to protamines, but there is no
domain corresponding to the “RNP” consensus sequence. The D
protein sequence also shows some homology to the Epstein-Barr
nuclear antigen EBNA-1.10

A cDNA clone of the E protein was isolated by subcloning a
HeLa cell cDNA library in expression vectors and selecting for
translation products with an anti-Sm antibody reactive to E.!!
The E protein cDNA codes for a protein of 11 kDa.'s2 Hybridiza-
tion with genomic DNA from several mammalian cells indicates
the presence of six to ten copies of the E protein gene per genome.
The clone does not hybridize with DNA from Xenopus or
Drosophila, indicating that the equivalent of E in these organisms
has diverged considerably from that of mammals.!s* Preliminary
analysis of the E protein gene identifies several introns and
homologies to ribosomal protein genes.'s?

B. U1 AND U2 SNRNP-SPECIFIC PROTEINS

All three of the Ul-specific proteins were cloned using ex-
pression vectors selected with the (UL)RNP antisera. A clone for
the Ul-specific human A protein predicts extensive sequence
homology, especially at the N- and C-terminal ends with the U2-
specific B” protein.'*? The two large homologous domains share
80% homology between the A and B” proteins, suggesting that
these proteins were evolved after a gene duplication, and explain-
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ing the presence of a class of antibodies that cross-react with these
proteins.?*!32 The clone for the A protein predicts a 282-amino
acid polypeptide chain with a molecular weight of just over
31,000, in close agreement with the molecular weight estimated
from SDS-PAGE. The A protein shares homologous regions
with other RNA-binding proteins, and has a “RNP” consensus
sequence common to many such proteins, 3217

Clones for the Ul-specific, 70-kDa protein have an open
reading frame coding for a 52-kDa protein.'®** The protein is
extremely hydrophilic and rich in both acidic and basic residues,
and is unusually (20%) enriched in arginine. The C-terminal
region of the protein is especially hydrophilic and enriched in
arginine, with clusters of three or four arginines followed by a
few serines or glutamic acid residues. These repeating clusters of
arginines are highly homologous to nucleotide binding regions of
protamines, and show homology to the “RNP” consensus se-
quence found in other RNA-binding proteins, suggesting that the
C terminus of the 70-kDa protein binds to the U1 snRNA 137:164170
The 70-kDa protein will bind U1 snRNA in a total cellular RNA
preparation from HelL.a cells and protect a small region of Ul
from nuclease digestion, suggesting a specific binding.!*”” The
gene for the 70-kDa protein also has a region of homology to the
30-kDa gag protein of mammalian type C retroviruses, which is
an inner capsid protein that interacts with the viral RNA
genome. 13713

Botha full-length and a partial cDNA have been cloned for the
C protein.'$3'% The protein contains a region of high methionine
and proline content, but it lacks a RNP consensus sequence.
Southern blots suggest the gene is present in multiple copies in
mammals, but as a single copy in other vertebrates.

The U2-specific A’ and B” proteins are also cloned. As
mentioned earlier, the U2-specific B” protein has extensive
homology with the Ul-specific A proteins,'3%167-1¢> Analysis of
the human cDNA clone for the U2-specific B” protein predicts a
25.5-kDa protein with three strongly hydrophilic sites that are
exposed on the surface of the molecule and form the antigenic
determinant.'®” One of these regions shows strong homology to
a malarial circumsporozoite protein, and malaria patients fre-
quently develop antibodies to snRNPs. The B” protein also
contains a RNP consensus sequence.'®” An isolated human clone
for the U2-specific A’ protein identifies a leucine-rich and
methionine-poor protein with several internal repeated runs of
leucine.,'®1%° The C-terminal region is hydrophilic and poten-
tially involved in RNA binding; however, the protein lacks a
“RNP” consensus sequence. 6816

l. Structure of the snRNPs
1. Secondary Structure (Figure 1)

The protein composition of the major snRNP particles based
on the calculated protein stoichiometry suggests that the snRNPs
we over 80% protein by mass. This is consistent with their
lensity in cesium cloride or cesium sulfate at approximately 1.4
ym/cm3.3%133 In the U1 snRNP and U2 snRNPs, approximately
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half the protein is from the conserved core proteins and the
remainder from the snRNP-specific proteins. Although the
snRNPs are only 20% or less RNA, the linear dimensions of the
snRNAs are sufficient to allow interactions with many of the
snRNP proteins (Figure 9). Several different approaches have
been used to investigate the structure of the particles and the
relationship of the snRNAs and snRNP proteins. High-resolution
electron microscopy, protein and RNA cross-linking, nuclease
digestion, and particle assembly on mutated snRNAs have all
provided information about the structure of the snRNP particles
and will be discussed below.

Sequence analysis of snRNAs predicts that each has a com-
plex secondary structure of stem and loop structures' (Figure 1).
Although the exact sequence of the snRNAs diverges between
different species, many features of secondary structures are
conserved between distant organisms, suggesting a functional
importance to the structures. Although each snRNA has a stem
and loop structure close to the 3’ end, the number of stems and
loops varies. Ul and U2 have four stem and loop structures
apiece, U4 has three, U5 has two, and U6 and U7 have only one
each, By convention, the stem and loop structure nearest to the 5
end is designated stem and loop 1, with the last stem and loop
closest to the 3’ end. The consensus sequence responsible for the
binding of the snRNP core proteins is in a single-stranded region
in the 3’ half of the molecule. Studies described below suggest
sequence elements in the stem-loop structures on the 5’ end of U1
and on the 3’ end of U2 are essential for binding of their respective
snRNP-specific proteins.?>!" Two alternative models have been
suggested for the secondary structure of the U3 and U4/U6
snRNAs. The U3 models differ mostly in the details of the
intramolecular base pairing in the 3" region of the molecule
(nucleotides 74 to 216), and the U4/U6 models differ in the extent
of base pairing between the two molecules® 825172173 (Figure 1C).

In the electron microscope the snRNP particles appear as
approximately 10 nm in diameter.'>!® The Ul snRNP particle
visualized by high-resolution electron microscopy has a diameter
of 8 nm with two protuberances about 4 nm wide. The 5’ cap is
located in the main body of the particle.!® Protein cross-linking
can cross-link the B and D core proteins to the E and G core
proteins, but not to each other, and the Ul snRNP-specific
proteins can cross-link to each other, but not to the core pro-
teins.’*!" This suggests that the U1 snRNP-specific proteins and
the core proteins occupy different domains and that the B and D
proteins are not in contact, but rather they both interact with the
E,F, and G proteins. Cross-linking of the proteins and the snRNA
by UV irradiation indicates that of the snRNP core proteins, the
F protein is most tightly associated with the snRNA.!7

2. Nuclease Digestion Studies

Specific protein:snRNA contacts in the snRNP particles have
been investigated by nuclease digestion of the assembled snRNPs.
Resistance of specific regions of the snRNA from digestion
suggests that they are in tight association with protein. However,
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the results can vary depending on the isolation protocols and the
digestion conditions. High concentrations of Mg** stabilize the
snRNP particles and help retain the snRNP- specific proteins in
the isolated particles and protect more snRNA from digestion. '
In general, it appears that the majority of each snRNA is associ-
ated with protein and protected from nuclease digestion. The
shared core of snRNP proteins (BZD'ZDzEFG) binds to the Sm
consensus sequence and protects regions around it from degrada-
tion, and the snRNP-specific proteins protect other regions of the
SHRNA.3‘37'155‘”1'”7

Micrococcal nuclease digestion of purified HeLa Ul snRNPs
isolated under harsh conditions (CsCl-sarkosyl gradients), where
only the D, E, F, and G core proteins remain bound to the
snRNAs, show a protected region from nucleotides 119 to 143
toward the 3’ end of the molecule.”” This corresponds to the core
binding site identified by other procedures.? Similar results were
obtained when native Ul snRNPs, containing all the known U1-
associated proteins, were digested extensively with micrococcal
nuclease, suggesting that the other Ul-specific proteins are
bound more loosely than the core proteins. With lower concen-
trations of nuclease, a larger fragment of the U1 core snRNP was
protected, from nucleotide 119 to 3’ end of the molecule, nucleo-
tide 165.5 However, if a monoclonal antibody directed against
the 70-kDa U1-specific protein is bound to the Ul snRNP prior
to extensive micrococcal nuclease digestion, the 5" stem-loop of
the U1 snRNP is resistant to digestion. These antibody protection
experiments suggest that the 70 kDa protein binds to this stem-
loop structure'”! (Figure 9).

Using alternative conditions, a different pattern of RNase-
resistant fragments are found in the Ul snRNP. When native Ul
snRNPs, isolated under conditions where both the snRNP core
and Ul-specific proteins are retained, are digested with either
micrococcal nuclease or RNAase Il in high Mg** (15 mM), over
80% of the U1 snRNA is protected from digestion, including the
5’ end.'” Control digestions of deproteinized snRNA show
digestion of almost the entire snRNA. However, in low Mg*,
only the core protein binding region is protected from digestion
with micrococcal nuclease.’”'’” This suggests that the great
majority of the Ul snRNA is associated with protein and that the
high concentration of magnesium alters the structure of the RNP,
inducing a more compact particle at high magnesium concentra-
tions that protects the Ul snRNA from digestion.

The structure of the U2 snRNP shows a similar Mg**-depend-
ent conformational change. Micrococcal nuclease digestions at
low concentrations of magnesium show only the core protein
binding site protected from digestion, while at higher Mg*™
levels, virtually the entire 3’ end of the molecule, starting with the
core protein binding site, is protected.>*>* The first 94 nucleo-
tides from the 5’ end are available for digestion under all condi-
tions.!%5 As discussed below, this correlates with assembly stud-
ies, which indicate the U2-specific proteins bind to the 3" end of
the U2 snRNA.

Digestion of the U4 and US core particles gave similar results.
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In all cases, the core proteins protected a single-stranded region
15 to 35 nucleotides long, located toward or at the 3’ end of the
molecule, except for U2, where the protected region was located
toward the center.’” Not surprisingly, the protected region in-
cluded the Sm antigen-binding sequence motif. In contrast to the
other snRNPs, U6 snRNA is totally degraded during RNAase
digestion of the U4/U6 snRNP particle, suggesting it is exposed
on the surface of this RNP.%’

HeLa U5 isolated by cesium chloride density centrifugation in
the presence of high magnesium and separated from contaminat-
ing Ul by DEAE-Sepharose chromatography shows the core
proteins D, E, F, and G, as well as a U5-specific, 25-kDa protein;
however, the 100-kDa, US-specific protein is lost in the high
magnesium.'>? For unknown reasons, the B and B’ do not show
up on immunoprecipitates of the purified US, though they do
show on immunoblots of the same preparations. Nuclease diges-
tion of U5 isolated under these conditions degrades approxi-
mately 80% of the molecule, and only nucleotides 78 to the 3’
end, which includes the Sm binding site, are protected. This is
similar to the digestion pattern seen in particles lacking the 25-
kDa protein and suggests this protein covers little additional
RN A.37,153

Nuclease digestion of U3 snRNP with RNAase A or T1
digestion of nuclear extracts, followed by immunoprecipitation
with U3-specific antisera and sequencing of protected fragments,
indicate that nucleotides 72t0 90, 106 to 121, 154 to 166, and 190
to 217 are protected from nuclease digestion and presumably are
bound to the U3-specific proteins. Most of the protected regions
are along the major stem encompassing nucleotides 74 to the 3
end of U3.3

3. Protein Binding Sites on Mutant U1 and U2
snRNAs

In vivo and in vitro assembly of altered snRNAs has helped
define the sequences necessary for snRNP assembly. Sequences
are eliminated from the snRNAs by either engineering of cloned
snRNA genes or by site-specific nuclease digestion. Specific
sequences can be degraded in both deproteinized snRNAs and in
snRNP particles by hybridization with a complementary DNA
probe and digestion with the RNA/DNA hybrid-specific enzyme
RNAase H.

Site-specific mutagenesis of cloned Xenopus Ul and U2
snRNAs combined with in vivo assembly studies of the snRNP
particles in Xenopus oocytes demonstrate that mutation of the
core protein binding (Sm) site causes a loss of Sm immunopre-
cipitability, as expected, but also the loss of immunoprecipitabil-
ity by antibodies against the Ul-specific A or 70-kDa pro-
teins.?!'”® However, a more sensitive competition assay between
mutant and control U1 transcripts suggests a low level of A and
70-kDa protein binding to the mutant U1 snRNAs. This suggests
that the core snRNP proteins stabilize the interactions of A and
70 kDa (so they could survive immunoprecipitation), but are not
absolutely required for it.'”® The requirement for the binding of
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the Sm core proteins (D, E, F, G, and presumably B) for
stabilization of the snRNP-specific proteins is also observed with
U2, where deletion of the Sm binding site prevents binding of U2-
specific proteins, as measured by immunoprecipitation.?

The binding of the core proteins absolutely requires the Sm
binding site, but the 3" stem and loop of Ul (nucleotides 143 to
158), which contains a sequence conserved in all five of the major
Sm-reactive snRNAs, stabilizes the binding of the core protein
complex to the Sm binding site.?*'"

Binding of the 70-kDa and A proteins in the Ul snRNP
requires the three 5" stem-loop structures, especially the stem and
loop closest to the 5” end. Deletion of that loop (nucleotides 18 to
48) causes total loss of immunoprecipitability using anti-A or
anti-70-kDa antibodies when assembly occurs in vitro, and total
loss of the 70-kDa protein and greatly reduced binding of the A
protein when the mutant snRNP is assembled in Xenopus
oocytes.'” Deletion of the other two 5” stem and loop structures
reduces the binding of the A and 70-kDa proteins in the in vivo
system, but shows little effect in the in vitro extract. The differ-
ences may reflect the different assembly conditions in vivo and in
vitro.'”™ Taken together, the data suggest that the predominant
binding site for the 70-kDa and probably the A protein is located
on the most 5" stem and loop structure, but the other two stem-
loop structures near the 5 end and the core snRNP proteins
stabilize the interaction of these two proteins with the U1 snRNP.
~ Details on the structure of Xenopus U2 were elucidated by in
vitro mutagenesis of cloned U2 genes and subsequent injection
into Xenopus eggs.?81% Substitution of a 12 base sequence
centered around the conserved core protein binding sequence
motif not only abolishes binding by the Sm antigen (and pre-
sumably the entire core protein complex), but by a U2-specific
(probably A”) protein as well, while substitutions or deletions in
the two- 3’ terminal stem and loop regions abolishes binding by
the U2-specific protein only. 2% This suggests that while in the
U1 snRNP, the 5" stem loops are essential for binding of the
snRNP-specific proteins; in the U2 snRNP, the U2-specific
proteins bind to 3’ terminal stem-loops.

J. Coexistence of U4 and U6 in a Single snRNP

The immunoprecipitation of U6 snRNPs, but not depro-
teinized U6 snRNA, which lacks a trimethylguanosine cap, by
antisera against the trimethylguanosine cap was the first sugges-
tion U6 was complexed with other snRNAs. #3179 This suggested
an interaction between U6 and other snRNPs, but did not identify
which snRNP or snRNPs U6 was interacting with. Heating of
snRNA and snRNPs dissociated a single species into distinct U4
and U6 bands at about 40°C, while none of the other snRNP bands
showed any change even at 50°C. This suggested that U4 and U6
are associated in a common particle, and that RNA-RNA inter-
actions rather than RNA-protein interactions were predomi-
nantly involved in maintaining this complex, since both the
native U4/U6 particle and deproteinized U4/U6 dissociated at the
same temperature. On the basis of extensive sequence comple-
mentarity between U4 and U6 (Figure 1C), amodel was proposed
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where U6 is base paired to U4, except for the stem and loop near
the 3’ end, the extreme 5° end, and about 35 nucleotides in the
interior of the molecule.'®

In sucrose gradients the U4/U6 snRNP particle and the U4/U6
duplex sediment faster than the other snRNPs and snRNAs, re-
spectively. Also, U4/U6 also requires higher salt concentrations
to elute off the trimethylguanosine immunoaffinity columns than
do the other snRNPs.'® Despite the potential for extensive base
pairing between U4 and U6, it is possible that only limited
sequences of U4 and U6 actually do base pair with each other.
Psoralen cross-linking of native snRNPs, followed by RNAase
T1 digestion and analysis of the fragments on two-dimensional
polyacrylamide gels, identified only small sequences of U4 and
U6 cross-linked to each other.!” The sequences cross-linked in
these studies are nucleotides 57 to 64 of U4 and 51 to 58 of U6,
both forming single-stranded loops roughly in the center of their
respective molecules. The accessibility of these sequences to
psoralens argues that they are uncomplexed to protein, an obser-
vation supported by digestion studies.’”'”* However, other se-
quences may also be involved in base-pairing between U4 and
U6, but are inaccessible to the psoralens.

Kinetic data suggest that most mature U4 is bound to U6 in the
nucleus, but that there may be pools of unassociated U6 in the
cytoplasm. Assembly kinetics (reviewed below) suggest that U6
binds with U4 during the cytoplasmic assembly of the U4 snRNP
and that the U4/U6 snRNP returns to the nucleus. Unbound U6
remains in the cytoplasm.

Native gels of nuclear extracts have identified free U4, 15S
U4/U6 particles, and 25S U4/U5/U6 complexes with the major-
ity of the U6 in the U4/U5/U6 complex.'®0.8! The regulation of
the assembly and disassembly of the U4/U6 particle is unknown;
however, ATP is required for the formation of a U4/U6/U5
complex, and may also regulate formation of the U4/U6 particle
as well.'®18 The U4/U5/U6 complex was not detected in sucrose
gradient analyses, and this suggests that the association of U5
with the U4/U6 particle is easily disrupted. Oligonucleotide
directed RNAase cleavage of the 5 end of U4 blocks formation
of both the U4/U6 and the U4/U6/US complexes, suggesting this
region is involved in the interaction.'®

The yeast equivalents of U4 (snR 14) and U6 (snR6) are also
base paired in amanner similar to that for mammalian U4 and U6.
Preheating to 65°C or use of denaturing electrophoresis gels
abolished this complementary base pairing. The sequences of
both yeast snRNAs corresponding to the sites of psoralen cross-
linking between U4 and U6 are highly homologous to that of their
mammalian counterparts.®’

Il. CYTOPLASMIC ASSEMBLY AND
NUCLEAR LOCALIZATION

A. Transcription and Association with the La Antigen
1. Transcription

With the exception of U6, which is transcribed by RNA
polymerase III, the snRNAs are all transcribed by RNA polym-
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erase [I,'2143986182.83 Trangcription begins with an A residue, and
the newly transcribed snRNAs are capped with a 7-methylgua-
nosine like other polymerase II transcripts.* As discussed
earlier, the regulatory elements of the snRNAs differ from those
of mRNA genes, and this may reflect the high rates of transcrip-
tion required of these genes. Several of the snRNAs are tran-
scribed as precursors that are several nucleotides larger than the
mature nuclear snRNAs.'* The extra nucleotides are removed
and the cap is hypermethylated to a 2,2,7-trimethylguanosine
during maturation and snRNP assembles in the cytoplasm as
reviewed below (Figures 4 and 10).

Transcription of the snRNAs is sensitive to low levels of o-
amanitin, diagnostic of transcription by RNA polymerase
11,122986.182,183 Incybation of HeLa cells in 5 pg/ml o-amanitin is
sufficient to inhibit Ul and U2 synthesis by more than 70%,
compared to less than 10% inhibition of the RNA polymerase I
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ABCD

or IIl transcription. 23182 U3, U4, and U5 also exhibit o-amanitin
sensitivity similar to that of pre-mRNA.'® n vitro transcription
of a cloned human Ul gene in a HeLa cell extract results in
abnormal initiation; however, the o-amanitin sensitivity is typi-
cal of RNA polymerase I1.*5 Transcription of Ul and U2 in
isolated nuclei also shows a sensitivity to a-amanitin typical of
RNA polymerase II.%

In vitro transcription of cloned or endogenous U6 genes
display sensitivity to o-amanitin typical of RNA polymerase
II1.'>1482 As discussed above, the U6 gene displays regulatory
elements typical of both RNA polymerase Il and I transcription
units, and in vitro it can be transcribed by both polymerases.''! As
expected for polymerase III genes, transcription of U6 snRNA is
insensitive to o--amanitin levels (1 pg/ml) that almost completely
inhibited U1l and U2 synthesis.®#3 U6 transcription is only
partially inhibited at a-amanitin concentrations as high as 50 pg/

FIGURE 10. Cytoplasmic assembly and nuclear transport of snRNAs and snRNP proteins. Cells were fractionated into a
cytoplasm (lanes A, C and 1, 3) and nucleus (lanes B, D and 2, 4) after a pulse label and chase. SNRNAs were labeled for 20
with 3H-uridine(lanes A, B) and chased for 45 min with 5 pg/ml actinomycin D (lanes C, D), and whole cell fractions were
analyzed directly on gradient gels as described. Proteins were labeled with 50 uC/ml 35S-methionine for 30" (lanes 1, 2) and
chased with a 1000x excess of cold methionine for 90 min (lanes 3, 4) . Cell fractions were immunoprecipitated with Sm
antiserum and resolved on 13% gels."” Newly synthesized snRNAs exhibit quantitative maturation during a chase.'” The large
pools of cytoplasmic snRNP proteins show only a small fraction maturing into nuciear particles during a 90-min chase.
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ml.* The U6 snRNA is capped at the 5" end by a methyl group.>*
Newly transcribed U6 is transiently associated with the La
antigen, and U6 can be immunoprecipitated with anti-La anti-
bodies typical of polymerase III transcripts.'!® A transient
association of La with Ul also occurs, despite Ul being a
confirmed RNA polymerase II transcript. About 10% of the U6
in HeLa cells is immunoprecipitable with La antibodies, com-
pared to 0.1% of the U1.1%

2. Association with the La Antigen

The La antigen is a 50-kDa phosphoprotein that is associated
with many RNAs transcribed by RNA polymerase III, such as
nuclear 4.5S, pre-5S, pre-tRNA, and some viral RNAs. The La
antigen is recognized by autoimmune sera found in a subset of
SLE patients. In most cases, especially for the predominant
polymerase III transcripts pre-tRNA and pre-5S RNA and U6
snRNA, the association with the La antigen is transient and
restricted to the precursor forms of these RNAs. Immunoblotting
experiments suggest that the La antigen is a 50-kDa phosphopro-
tein, and other evidence suggests that it is comprised of several
isoelectric species, all of which can be phosphorylated. Isolation
of the La antigen by immunoaffinity chromatography shows that
it is a complex of several proteins, only one of which is reactive
toLa antiserum. A 64-kDa protein associated with the La antigen
is required for synthesis of RNA polymerase III transcripts, but
the functions and nature of the other La-associated proteins are
unknown. Binding of La to the transcripts may occur on the
uridine-rich 3" terminal end, although evidence from adenovirus
Va RNAs suggests that the 5’ end may also be involved in La
binding. (For review of the La antigen and its association with
polymerase III transcripts, see Reference 2.)

The ability of U6 to be immunoprecipitated by the La antigen
is consistent with its transcription by RNA polymerase III tran-
script.'*1* Newly transcribed U6 is immunoprecipitated in vitro
by anti-La, but not anti-Sm antibodies.!*'*!#> About 10% of the
U6 incell extracts associates with the La antigen, and this fraction
has heterogeneous 3’ ends, with no “mature” 3’ ends, and is
undermethylated compared to mature U6. This suggests that La
associates with newly transcribed U6 before many of the matu-
ration steps, such as methylation of bases and generation of the
proper 3’ ends, are completed, and that the La antigen disassoci-
ates from the U6 complex before maturation is complete.'®

Surprisingly, anti-La patient sera will immunoprecipitate a
fraction of U1 snRNPs, although not other snRNPs.'®¢ La antisera
consistently immunoprecipitates 0.1% of the U1 in HeLa, mouse,
and Xenopus cells, but not in Drosophila cells, which do not have
any La-reactive RNPs (showing that the La sera tested do not
have (U)RNP-contaminating activity, since Drosophila Ul
reacts with (U1)RNP antisera).'®¢ The La-containing Ul com-
plexes sediment at about the same sedimentation coefficient as
particles precipitated by (U1)RNP antiserum, suggesting that the
La association with U1 is not due to U1 being complexed to a
much larger structure that also contains the La antigen. The low
percentage of Ul immunoprecipitated by La antibodies suggests
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that if La does associate with Ul precursors, the association is
very transient, Deproteinized Ul RNA is not precipitated by the
La antigen. In aqueous cytoplasmic extracts, the La antigen is
associated mostly with the larger cytoplasmic precursors of U1,
which are up to eight nucleotides longer than mature U1 at the 3’
end, but anti-La antisera also immunoprecipitate mature-length
Ul in nuclear extracts.!®

Pulse-chase experiments suggest that the association of Ul
and La in the cytoplasm is transient, because anti-La does not
immunoprecipitate Ul after a chase.!®¢ However, La is also
associated with mature-sized U1 in the nucleus, which suggests
that the La antigen may play a different role than is the case for
many polymerase III transcripts, where it shows a transient
association with precursor RNAs, but is absent in the matured
forms. A terminal C (U)" at the 3’ end appears to be required for
La binding, and U1 (as well as U6) has such a 3’ terminus, while
U2 does not. '8

B. Cytoplasmic Assembly of shnRNPs

Studies in several experimental systems demonstrate that the
snRNP particles assemble in the cytoplasm, although some rapid
nuclear assembly cannot be rigorously ruled out (Figure 4).
Aqueous cell fractionation identifies newly synthesized snRNAs
in snRNP particles in the cytoplasm within 3 min of transcription
of the snRNA. 182183187188 However, nuclear leakage is a problem
with this type of cell fractionation (Figure 2), and rigorous studies
have required techniques that prepare cytoplasmic fractions
uncontaminated by nuclear components. Nonaqueous cell frac-
tionation and enucleation of mammalian cells and manual dissec-
tion of oocytes have provided bona fide cytoplasmic fractions
that confirm the presence of the newly synthesized snRNAs in the
cytoplasm, 2829188189

Nonaqueous cell fractionation, which overcomes nuclear
leakage by freeze-drying the cells and mechanically removing
the cytoplasm, identifies precursors to Ul and U2 in the cyto-
plasm.™ Cell enucleation also prepares a bona fide cytoplasmic
fraction uncontaminated by nuclear material, and precursors of
all six of the major snRNA species are identified (Figure 2) in the
cytoplast fractions by either immunoprecipitation, hybrid selec-
tion, or Northern blotting. '8! QOther labs, using immunoaffinity
columns or immunoprecipitation with Sm or (U1)RNP antisera,
confirm the presence of U1, U2, and U4 in snRNP complexes
sharing determinants with mature snRNP particles in pulse
labeled cytoplasmic extracts.'#>!¥7.19! The snRNAs undergo sev-
eral postiranscriptional processing events in the cytoplasm, in-
cluding removal of 3" nucleotides, modification of the 5" end to
form the characteristic 2,2,7-trimethylguanosine cap and meth-
ylation of bases. These processing steps and the assembly path-
way of the snRNP particles will be reviewed in the following
sections.

1. 3 Processing of Larger snRNA Precursors
Ul, U2, and U4 are transcribed and transported to the cyto-
plasm as larger precursors that are processed in the cytoplasm to
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form the mature-sized species. '82'87.188.191 The U2 precursor, U2’,
is a discrete species approximately 11 nucleotides larger than
mature U27 (Figure 10). Pulse label and chase experiments show
that U2’ is trimmed to mature size within 15 min although the last
few nucleotides are apparently trimmed in the nucleus.!83188.192
The maturation occurs in cytoplast fractions, confirming that this
processing occurs in the cytoplasm'®® (Figure 2).

The processing complex that trims the 3” end of U2 has been
isolated on glycerol gradients of high-speed cytoplasmic super-
natants.'”® A cloned U2 sequence transcribed with SP6 RNA
polymerase generated a U2’ precursor 11 nucleotides longer than
mature U2 that was efficiently and properly processed in an in
vitro HeLa cytoplasmic extract. However, the U2 precursor
degraded with time in the whole cytoplasmic extract, but the
degradative activity, a 7S complex with a generalized exonu-
clease activity, can be separated from the U2 processing activity

in a glycerol gradient. U2’ processing requires Mg**, but not

ATP, and takes about 30 min to complete. The processing activity
itself appears to be a protease, but not nuclease, sensitive 155
complex with at least some specificity to snRNPs, since it does
not process pre-tRNA.!%3

U1 shows a similar 3" trimming in the cytoplasm. However,
the U1 precursors are a heterogeneous set of species ranging in
size from one to approximately ten nucleotides larger than
mature Ul. Detailed studies of pulse labeled HeLa cells shows a
“ladder” of Ul precursors, extending at least eight nucleotides
longer than mature Ul, in cytoplasmic extracts.””-'82187 These
precursors are processed to mature-sized Ul within 30 min,
although some species a few nucleotides longer than mature Ul
are also found in the nucleus, suggesting that the final 3’ trimming
may occur in the nucleus. As noted earlier, the human Ul
precursors include some species with sequences that differ from
the canonical Ul gene sequence, suggesting that some minor
unsequenced Ul genes are also transcribed.”” Circumstantial
evidence suggests that variant 3’ flanking sequences may regu-
late protein binding to the U1 precursors or affect assembly into
snRNPs. The 3’ flanking sequences of Ul all contain the Sm
binding sequence A(U) G, where n =3 — 6, though each variant
is different.” It is possible that transient binding of snRNP core
proteins to this region assists in the normal assembly of the
particles.

U4 precursors up to seven rucleotides longer than mature U4
have also been identified in pulse labeled HeLa cell cytoplasmic
extracts.’®' Like Ul and U2, they are trimmed down to mature
size within about 45 min. U4 precursors have not been identified
in nuclear extracts, unlike U1 and U2 precursors, suggesting that
U4 3’ srimming is entirely cytoplasmic. Possible U3 precursors
have been identified in pulse labeled cytoplasmic extracts.!®
Larger-sized cytoplasmic precursors of U5 and U6 have not been
observed. Quantitative analysis of the newly synthesized snRNA
in the cytoplasm by Northern hybridization of cytoplast and
karyoplast fractions with cloned probes for the U1, U2, U3, U4,
and U6 snRNAs suggests they are present in exponentially
growing mouse fibroblasts at a relative abundance of approxi-
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mately 2% of the nuclear abundance with a half-life in the
cytoplasm of approximately 20 min.'”? That is appropriate to
double the number of snRNAs each cell generation for the
demands of cell growth.

The extended inhibition of protein synthesis with cyclo-
heximide interferes with the maturation of Ul and U2. The
processing of Ul or U2 is unaffected by a 10-min pretreatment
with cycloheximide. However, a 90-min inhibition of protein
synthesis inhibits the processing of U2 by over 80% and of Ul
only 20%.'*'2 This difference may reflect the fact that the pools
of the U2-specific proteins are substantially less than those of the
Ul-specific proteins and are therefore depleted earlier. SNRNA
transcription is not affected until after several hours of protein
synthesis inhibition.

2. 5’ Cap Hypermethylation

Experiments using Xenopus oocytes indicate that the unique
2,2,7-trimethylguanosine cap of the snRNAs is generated in the
cytoplasm by additional methylations of the 7-methylguanosine
5’ cap, which was added during transcription by RNA polym-
erase I1.28 Xenopus oocytes will transcribe and properly assemble
snRNP, when snRNA genes are injected into the oocyte germinal
vesicle or assemble snRNPs with snRNAs that are injected
directly into the oocyte cytoplasm. This system has the added
advantage that the oocyte cytoplasm can be manually removed to
avoid problems of nuclear leakage during cell fractionation,'9+'%
and has been used to great advantage for studying snRNP
assembly and intracellular transport.

The injection of altered U2 genes into the oocyte nucleus
indicate that upstream sequences are not required for U2 snRNP
cap hypermethylation. Although deletion of the DSE or PSE
abolished or substantially reduced the levels of snRNA transcrip-
tion, those snRNAs that were transcribed moved into the cyto-
plasm and developed a typical 2,2,7 trimethylguanosine cap.?®
Deletion of Ul or U2 coding sequences, however, affected the
cap trimethylation of the mutant snRNAs.? In particular, dele-
tion or mutation of the Sm consensus sequence blocked the
assembly of the mutant snRNAs with the common snRNP core,
and the resultant sSnRNAs were not hypermethylated. Direct
analysis of the mutant snRNAs indicated that they retained the 7-
methylguanosine typical of RNA polymerase II transcripts.?®
Deletions near the 3" end of U2, which abolished binding of the
U2-specific proteins A’ and B”, but not binding of the Sm antigen
(the core complex), had no effect on cap trimethylation. Insertion
of a Sm-binding site consensus sequence, AAUUUUUGG, into
two different locations in the mutant U2 gene lacking the wild-
type Sm binding site resulted in both immunoprecipitability of
the RNA with Sm antisera and anti-trimethylguanosine antibod-
ies, indicating that trimethylation of the cap had occurred. The
efficiency of the cap trimethylation was independent of the
insertion point of the Sm binding sequence into the mutant U2
gene, although immunoprecipitation with Sm antisera was par-
tially dependent on the location of the insertion.?®

Like U2, cap trimethylation in U1 is dependent on binding of
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the Sm proteins, since deletion of the Sm binding site caused loss
of immunoprecipitability with anti-trimethylguanosine antibod-
ies.!” In contrast, deletions of the three 5’ stem-loop regions and
the 3’ stem and loop had no effect on trimethylation of the 5’ cap,
indicating the important role of the Sm core protein in this
process.'”

Injection of an artificial 7-methylguanosine-capped RNA,
produced by cloning of an SM binding sequence into a commer-
cial cloning vector, into either whole or enucleated Xenopus
oocyte cytoplasm, showed both formation of a trimethylguanos-
ine cap and association of the Sm-reactive core proteins after 16
h of incubation in the oocyte, but not 1 min after injection.?® This
shows that cap trimethylation is dependent only on the presence
of the Sm binding site and binding of the Sm core proteins (since
the remainder of the RNA, except for the Sm binding site, is
totally unrelated to U2), and that cap trimethylation is a cytoplas-
mic process, since it occurs at equal levels in both control and
enucleated oocytes. Furthermore, the process takes at least a few
minutes, since the RNAs could not be immunoprecipitated with
either Sm or trimethylguanosine antisera 1 min after injection.

The exact role of the Sm core proteins in cap trimethylation is
unknown. Because the U3 has a trimethylguanosine cap, but is
not immunoprecipitable by Sm antibodies, the core snRNP
proteins are not absolutely essential for cap trimethylation.
However, the U3 snRNP proteins may have analogous functions.
Whether one or more of the snRNP proteins is the actual tri-
methylase, or if the proteins merely serve as a recognition site for
the trimethylase, is unknown. The trimethylguanosine cap does
distinguish the mature snRNAs from the pre-mRNAs and newly
transcribed snRNAs in the nucleus and mature mRNA in the
cytoplasm. It has been suggested that this might both prevent the
snRNPs in the cytoplasm from being recognized by the transla-
tional machinery, and the mature snRNPs in the nucleus from
being recognized by the transport systems that export both pre-
mRNA and newly transcribed snRNAs into the cytoplasm.

3. Cytoplasmic Assembly of the snRNP Core
Proteins

Experiments in several different systems demonstrate that the
snRNP core proteins are stored in the cytoplasm in large pools of
partially assembled RNA-free intermediates available for assem-
bly with newly transcribed snRNA. Evidence from a wheat germ
in vitro translation system suggests that the major snRNP pro-
teins (A, B, C, D, E, F, and G) are each translated from individual
poly A+ mRNAs. Sucrose gradient fractionation and subsequent
immunoprecipitation of the translation products with anti-Sm
sera show the majority of translation products sedimenting at
about 28, while a small fraction of assembled complexes sedi-
ment at 7S and 118, indicating that some assembly occurred in
vitro.'>

Kinetic studies of mammalian cells have characterized sev-
eral RNA-free assembly intermediates of the snRNP core pro-
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teins.'3%!5! Sedimentation analysis of pulse-labeled cytoplasmic
fractions followed by immunoprecipitaton with anti-Sm sera
identified the D, E, F, and G proteins in a 6S RNA-free par-
ticle!s®15! (Figure 11). Stoichiometric analysis based on isotopic
labeling with specific amino acids corrected for available se-
quence data and quantitative staining suggests this is actually a
particle of D,EFG. The D’ protein was also found at 20S and the
B protein was in heterogeneous structures from 48 to 208™815!
(Figure 11). In a pulse and chase experiment the 20S D’ protein
is shorter lived than the 6S D,EFG particle.'*® Several results
suggest that these are RNA-free structures and that the B protein
is in structures that are independent or at best loosely associated
with the D,EFG particle at 6S and the D’ protein at 20S (Figures
4 and 11).

Assembled snRNP particles sediment at 12 to 16S and in the
pulse-labeled cytoplasmic fractions there are no D, E, F, G
proteins sedimenting in this region (Figure 11). However, after a
chase, they do appear in this region, which is indicative of snRNP
assembly.'5%!3! Also, if cells are pretreated with actinomycin D to
deplete the cytoplasm of snRNAs and halt snRNP assembly, the
sedimentation distribution of the pulse-labeled snRNP core
proteins is unaffected, suggesting that they are snRNA-free. %! If
the cytoplasmic extracts are immunoprecipitated with the 713
anti-Sm sera,'? the D,EFG particle is precipitated at 6S and the
B, butnot D, protein is precipitated at 20S. This suggests that the
structures containing B and D at 6S and B and D’ at 20S have
different epitopes and that they are in independent or at best
loosely associated structures that cannot stand the rigor of im-
munoprecipitation.'*!

Pulse and chase kinetic experiments have also helped define
the assembly order of the snRNP core proteins. In a pulse label,
radioactively labeled B protein enters newly assembled cytoplas-
mic and mature nuclear snRNP particles before the D’,D,EFG
proteins'™!* (Figure 10). Analysis of the assembled cytoplasmic
particles focused on Ul snRNPs using a (U1)RNP antisera, so
that cosedimenting, but unassembled B protein in the 12-16S
regions that immunoprecipitate with Sm antisera, would not
interfere with the analysis. The data suggest the order of assem-
bly is the D’,D,EFG particle, followed by the B protein. Stoi-
chiometric analysis suggests that two copies of the B protein add
in rodent cells and in human cells one copy each of B and B’V
(Figure 9). As discussed earlier, the B protein can be stripped
from the snRNP under harsh conditions, leaving the D’ZDZEFG
core associated with the snRNA, which is consistent with the
independent origins of these protein complexes.’’

Quantitative analysis has indicated that the snRNP core pro-
teins intermediates are stored in large pools in the cytoplasm. The
first indication of the large pools was obtained in Xenopus
oocytes. Quantitative immunoblotting suggested the amount of
the snRNP B protein in the oocyte cytoplasm was equivalent to
the amount in 4000 somatic cell nuclei.!''%97 The protein stored
was a 68 particle of D,EFG and B protein.!"® This was available
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FIGURE 11. Sedimentation analysis of mature nuclear snRNP particles and newly synthesized snRNP proteins in the cytoplasm. Mature nuclear snRNPs were labeled
with 10 pC/ml 35S-methionine for 14 h and a nuclear fraction was analyzed on a 5 to 15% sucrose gradient. Newly synthesized cytoplasmic proteins were labeled for
60 with 50 pc/ml 35S-methionine and analyzed on similar gradient. Gradients were collected into 11 equal fractions and a pellet and the proteins were identified by
precipitation with Sm antiserum. Markers run a parallel gradient were identified by optical density and were BSA 4.58, catalase 118, and beta-galactosidase 19.5S. Note
the snRNP particles sediment from 10 to 16S and the RNA-free proteins in the cytoplasm sediment distinctly differently. (From Sauterer, R. A. and Zieve, G. W., J. Biol.

Chem., in press. With permission.)

for assembly with the snRNAs, which were transcribed at a high
rate following the midblastula transition. Quantitative analysis of
the mammalian cells identifies a similar, though not as large,
cytoplasmic pool of the snRNP proteins. Immunoblot analysis of
the B protein in bona fide cytoplasmic and nuclear fractions
prepared by cell enucleation indicate the B protein has a relative
cytoplasmic abundance of 25% of the nuclear fraction and a half-
life of approximately 2.5 h (Figure 10). This compares to the
2.5% relative abundance and 20 min half-life of the snRNAs in
the cytoplasm,'®

Ul snRNA transcribed with a SP6 RNA polymerase as-
sembles into bona fide U1 snRNPs both in HeLa cell extracts and
extracts from Xenopus oocytes.*!"!-'8 Efficiency is greater in the
oocytes, possibly due to the greater concentration of snRNP
proteins. The assembly of the Ul snRNP, not surprisingly, is
more efficient in a high-speed supernatant of total HeLa cell
extract, which contains cytoplasmic and nuclear material, than
with a nuclear extract. The assembled U1 snRNP shows the same
sedimentation characteristics, Mg**-induced compaction, nucle-
ase resistance, and immunoprecipitability with anti-Sm and anti-
(U1)RNP antibodies as the native Ul snRNP, but the reconsti-
tuted U1 is deficient in both base modification and 5’ trimethyla-
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tion.*® Only 10% of the reconstituted U1 is properly capped, and
approximately 10% of the U1 shows nucleotide modification to
pseudouridine and methyladenosine, indicating that none of
these steps are prerequisites for binding of the Ul proteins.
Normal U1 assembly in the HeLa extracts is mostly complete in
15 min, and reaches maximal levels in 30 min, similar to the time
newly translated Ul spends in the cytoplasm.

In vitro studies of Ul snRNP assembly in Xenopus oocyte
indicate the assembly process is unaffected by chelation of Mg*,
but is strongly inhibited by ATP. Salt levels as high as 500 mM
NaCl do not alter binding of the core particle or A protein, but
inhibits binding of the 70-kDa protein. In extracts containing the
same concentration of components as found in vivo, assembly of
Ul is essentially complete after 10 min. Binding of the Sm core
proteins to the snRNAs begins immediately and increases with
time.'7

This suggests a system where newly synthesized snRNAs
entering the cytoplasm are kinetically favored to assemble into
snRNP particles by the large pools of unassembled snRNP core
intermediates available for assembly. This is consistent with the
ease at which snRNPs can be assembled in vitro with extracts of
both mammalian cells and oocytes, and the rapid assembly
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FIGURE 13. Indirectimmunofluorescent staining of snRNP particles during interphase and mitosis in Nil 8 hamster fibroblasts. Hoechst (A,
D, G), indirect immunofluorescent staining (B, E, H), and phase micrograph (C, F, I} of interphase Nil 8 hamster fibroblasts stained with (U1)RNP
antiserum (A, B, C), and of interphase and late mitosis cells with the Y 12 anti-Sm monoclonal antibody (D, E, F) and an anaphase cell with anti-

Sm monoclonal antibody (G, H, I).

identified the five major snRNPs, U1, U2, U4, U5, and U6 in the
nucleoplasm, and U3 confined to the nucleolus.** The availabil-
ity of specific antisera have allowed more detailed localizations
of the specific snRNP particles. In the interphase cell, the vast
majority of snRNPs observed by immunofluorescence reside in
the nucleus?”2" (Figures 12 and 13). Although Western blotting
identifies a pool of snRNP core proteins in the cytoplasm, they
are difficult to detect by immunofluorescent staining, possibly
because of their low concentration.'*2!! In the interphase nu-
cleus, computer-aided image analysis of immunofluorescent
images indicates that Sm-reactive snRNPs colocalize with

(U1)RNP-reactive (U1) snRNPs into domains that appear as
speckles and are often described as a punctate staining pattern.2%
Although other nuclear antigens also localized to distinct do-
mains, there was only partial overlap with Sm and La antisera,
and virtually no overlap between Sm and an anticentromere
antigen. There was also considerable overlap between Sm stain-
ing and an antiserum that recognized a 107-kDa nuclear matrix
protein, though the two antigens showed radically different
distributions during mitosis.?®®

Immunoelectron microscopy of snRNPs (Figure 14) showed
them clustered into nonchromatin regions in interphase nuclei,
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FIGURE 14. Immunoperoxidase staining of snRNPs in CHO cells; 0.5-pm section of a CHO 400 cell showing the distribution of snRNP
(anti-Sm staining) via immunoperoxidase staining. Arrowheads point to nuclear regions enriched in stRNPs. The nucleolus (No) and
cytoplasm (C) show nostain. This section has not been poststained. (Micrograph courtesy of D. L. Spector, Cold Spring Harbor Laboratory. )

but also existing in smaller amounts in the general nucleoplasm,
suggesting that the snRNP clusters are interconnected to form a
reticulum in the nucleoplasm.2%82!2213 Some, but not all, clusters
of snRNP particles in the nucleus colocalize with the interchro-
matin granules in the nucleoplasm.'* The EDTA bleaching pro-
cedure highlights the interchromatin granules, and previous
studies suggested they are stable RNP structures that do not
contain newly transcribed pre-mRNA.2'* They may represent
either storage forms of the snRNPs or processing scaffolds for the
pre-mRNA. " The myc oncogene product colocalizes in the same
reticulum.?'2 In chromatin spreads, both Sm and RNP antigens
appear on RNP fibrils being transcribed from the DNA 213215
There was no such association with ribosomal genes, however.

Immunofluorescence studies of Drosophila salivary gland
polytene chromosomes using anti-U1 and -U2 sera show both
localized to chromosome puffs, in a degree dependent on tran-
scriptional activity as measured by uridine incorporation and
treatment with agents that stimulate or repress transcription at
specific loci. All transcriptionally active bands appear to label
with Ul and U2 antisera, and inactive chromosome bands show
no Ul or U2 down to the level of detection with immunofluores-
cence.?'¢

1990

Cell fractionation data have indicated that the snRNP particles
are enriched in an insoluble nuclear matrix fraction. When nuclei
are extracted under conditions that remove the chromatin, a
fibrillar internal network remains, which is highly enriched for
the snRNP particles.?'"!8 The 70-kDa U1-specific protein is also
enriched in nuclear matrix preparations. If the U1 particles are
selectively eluted from isolated nuclei by incubation at elevated
temperature and pH, the 70-kDa protein remains in the nucleus
attached to this matrix.2'%220

A small fraction of the snRNAs are found covalently linked to
chromosomal DNA through a 3" to 5', DNA-RNA linkage. These
snRNAs appear to be in a dynamic equilibrium with the more
abundant snRNAs in the nucleoplasm. The significance of the
snRNA-DNA linkage is not known, although it was suggested
that it modulates the tertiary structure of the chromatin.??!

E. SnRNPs During Mitosis and Meiosis

In most higher eukaryotes the nuclear envelope breaks down
at the onset of mitosis. When the chromosomes are fully con-
densed near the end of prophase, the nuclear lamina disperses and
distributes throughout the cytoplasm (Figure 13H). It remains
dispersed until late telophase, when it begins reforming on the
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surface of the decondensing chromosomes of the daughter nuclei
(Figure 13E). When the envelope breaks down, the stable nuclear
snRNPs distribute throughout the cytoplasm, with only a small
fraction remaining associated with the surface of the chromo-
somes.?'*?2222* The punctate distribution of the particles ob-
served in the interphase nucleus is lost, and the particles appear
uniformly distributed throughout the cytoplasm.??>?¢ The snRNP
particles retain their normal antigenicity and protein composition
during this time as determined by immunoprecipitation and
indirect immunofluorescent staining with the SLE autoimmune
antisera.??>?% The 70-kDa protein associated with the Ul snRNP
and thought to bind to the nuclear matrix in interphase cells
remains associated with the dispersed U1 snRNPs during mito-
sis.?!? Sedimentation analysis indicates that the snRNPs remain
in heterodisperse structures ranging from the individual 128
particles up to structures of over 100S. Selective extraction of
metaphase cells with cytoskeletally stabilizing buffers suggests
that approximately 40% of the particles are soluble in the cyto-
plasm, but that the remainder are associated with large insolubie
structures.??

The snRNP particles begin returning 1o the daughter nuclei
immediately after the chromatin begins decondensing in telo-
phase, and the particles return quantitatively to the daughter
nuclei during early G1 (Figure 13). The rapidity with which the
particles begin clustering in the region of decondensing chroma-
tin suggests an intrinsic affinity for the nuclear environment, and
suggests that it is not necessary for all the mature snRNP particles
to be transported through the nuclear pores to enter the daughter
nuclei, 22?2 However, some snRNP particles remain in the cyto-
plasm until the nucleus is nearly fully assembled, and it is likely
that they could be transported into the nucleus through the
nuclear pores.???

In an effort to analyze the return of the mature particles to the
nuclei following the completion of mitosis, Zieve and Slitzky?*
investigated a variety of metabolic inhibitors for their ability to
interfere with this movement. None of the well-characterized
reagents that disrupt the cytoskeleton or inhibit cellular metabo-
lism blocked this movement. Only the exposure of cells to
hypertonic medium inhibited the return of the snRNP particles to
the daughter nuclei. When cells in anaphase or telophase were
exposed to hypertonic medium, the further movement of the
chromosomes and the activity of the cleavage furrow were
inhibited. However, the cells flattened out as if returning to
interphase. The chromatin remained condensed and the stable
snRNP particles remained dispersed throughout the cytoplasm
(Figure 12I). This suggests that the return of the particles to the
daughter nuclei is the result of diffusion in the cytoplasm coupled
with specific binding sites in the chromatin and at the nuclear
pores.?? As discussed earlier, hypertonic medium also blocks the
movement of the newly synthesized snRNP particles into the
interphase nucleus'®? (Figure 12F). This is consistent with the
hypothesis that the return of the newly synthesized snRNP
particles during interphase and the mature stable particles at the
completion of mitosis occur by similar mechanisms.

Critical Reviews In

Sea urchin eggs exhibit the only recorded situation where
assembled snRNP particles remain in the cytoplasm.”? [n situ
hybridization of U1 antisense RNA to thin sections of sea urchin
oocytes, eggs, and embryos found most, but not all, of the Ul
snRNA in the nucleus during oogenesis. However, after germinal
vesicle breakdown, the maternal snRNA remained in the cyto-
plasm and stayed there throughout the early stages of develop-
ment. New snRNP particles were assembled from U1 transcribed
from genes in the embryo and displayed a normal maturation
cycle, while the maternal snRNPs remained in the cytoplasm.
This suggests that the maternal snRNPs are altered in some way
so that their nuclear localization signal is destroyed and that only
newly synthesized snRNP particles accumulate in the embryonic
nuclei. Psoralen cross-linking indicated that some of the Ul
snRNPs in the cytoplasm of the oocytes and early embryos were
base paired with poly A+ RNA in the cytoplasm.?? Immunopre-
cipitation and hybridization analysis of this poly A+ RNA
indicated that it is the unusual sea urchin transcripts that contain
single-copy DNA sequences interspersed with repetitive se-
quences that are found in the oocyte cytoplasm.

Ill. FUNCTIONS of snRNPs

In the cell nucleus, the snRNPs function in the processing of
newly transcribed RNA. The major snRNPs participate in the
removal of introns from premessenger RNA by RNA splicing
(U1,U2,U4/U6, and US), the 3’ end processing of nonadenylated
(U7) and adenylated (U11) pre-mRNAs and preribosomal RNA
processing (U3, U8) in the nucleolus. The roles of the snRNPs in
these functions are reviewed below.

A. Pre-mRNA Splicing in the Nucleoplasm

The basic features of snRNP-mediated pre-mRNA splicing
have been reviewed extensively in recent literature.5?!32227.228
This is one of three types of RNA splicing that are now de-
scribed.” All the splicing reactions involve a two-step reaction
with an initial cleavage at the 5’ splice site followed by a cleavage
at the 3’ site where both cleavage reactions are transesterification
reactions with the cleavage at one site coupled to a ligation at
another site. Also, conserved sequences at the splice junctions are
critical for the specificity of the reactions®® (Figure 15). The pre-
mRNA splicing in the nucleus is unique because of the require-
ment for snRNPs in the splicing reaction. However, a reaction
that is similar in many details occurs in organelles without the
participation of snRNPs, and this suggests that in specific circum-
stances the functions provided by the snRNPs in the nucleus can
be provided by intramolecular interactions of the RNA of the
substrate itself.? In the following review we focus on the roles
of the snRNPs in the assembly and function of the splicing
complex in the cell nucleus, the spliceosome, which includes U1,
U2, U4/U6, and US snRNPs.

1. Substrate Requirements for In Vitro Splicing
The analysis of pre-mRNA splicing has relied heavily on in
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FIGURE 15. Cartoon model of conserved sequence motifs in the mammalian intron. The conserved 3’ and 5’
splice sites and the branch point sequences are illustrated. In mammalian cells, but not yeast, there is also a
necessary polyprimidine tract between the branch point and 3’ splice site. R is a purine, Y is a pyrimidine and N

is any nucleotide.

vitro systems that accurately splice an added substrate,3'-32227.228
Typically, the substrate used in an in vitro splicing reaction
contains a truncated, cloned, pre-mRNA transcript, such as a -
globin transcript or adenovirsus late transcript containing the
first intron and the two flanking exons. However, other tran-
scripts are also used as splicing substrates.?**23* When the splic-
ing substrates are incubated in a nuclear extract (normally from
HeLa cells) in the presence of Mg**, monovalent cations, and
ATP, the substrate premessenger RNA is spliced accurately.
The splicing reaction in mammalian cell extracts can be
divided into three stages. After an initial lag period of as long as
45 min in the in vitro reaction, the splicing intermediates appear
and spliced mRNA accumulates with linear kinetics for the next
2 or 3 h. 23! ATP is required for some events during the initial
lag period when the splicing apparatus, the spliceosome, is
assembling.?**?*> The next stage in splicing results in cleavage of
the precursor RNA at the 5° splice site and the ligation of the 5
end of the intron to an adenosine residue within the intron, the
branch point, by a 5 to 2’ linkage to form a structure described as
a lariat. This results in the cleavage of the substrate into two
pieces, the 5” exon and a RNA containing the entire intron and the
3’ exon. 9235236 Finally, the 3’ splice site is cleaved and ligated to
the 5’ splice site of the first exon and the intact intron, in a
branched configuration, and spliced exons accumulate as the
previous intermediates decline in quantity. Typically, in an in
vitro splicing reaction, appearance of the 5" exon and the intron-
3’ exon complex occurs after 30 min, and the spliced exons and
intact introns appear about 15 to 30 min later, 230233234
Thelariat structure of the excised intron, with the 5" nucleotide
of the intron linked to an adenosine residue near the 3 end of the
intron by a 5’ to 2’ linkage, is characteristic of the type II splicing
reaction. It also appears in the self-splicing introns found in
organelles.?” This unusual structure was initially identified
because it migrates abnormally slow on electrophoresis gels, it
blocks reverse transcription in primer extension experiments at
the same site near the 3’ end of the intron, and is resistant at that
site to digestion by RNAase P1.23%%¢ Analysis with site-specific
RNAase H cleavage using synthetic oligonucleotides comple-
mentary toregions in the intron indicated that an adenine near the
3’ end of the intron had a 2’ to 5’ branch with the 5" end of the
intron. 230335236 Excised introns have been identified in vivo in
both a linear and a lariat configuration, suggesting that a debran-

1990

ching activity is present in the nucleus.237:238

Three sequences play vital roles in splicing: the 5" splice
Junction (the semiconserved consensus sequence is
AG:GUAAGU, with the GU essentially invariant); the 3’ splice
junction (consensus sequence is CAG:G, with an invariant AG);
and the branch point near the 3’ end of the intron®'?2 (Figure 15).
The branch point in higher vertebrates forms only a weak
consensus of PyNPyPu(A )Py, with Py representing a pyrimidine,
Pu a purine, and N any nucleotide, and the (A) being the actual
site of the 2’ to 5’ phosphodiester bond forming the branch, while
in yeast the branch point sequence is an absolutely conserved
sequence of UACUA(A)C, with the branch point at the (A). The
branch point usually occurs about 30 nucleotides upstream from
the 3’ splice site, and introns appear to be a minimum of 60
nucleotides in length.”* In mammals there is an essential polypy-
rimidine stretch upstream of the 3" splice site, between the 3’ site
and the branch point, that is not necessary in yeast.?%?* Mutants
of essential sequence motifs in yeast usually inactivate the
introns; however, in mammalian cells it often activates a nearby
cryptic site. 2243245247 Introns vary enormously in size and can be
up to several kilobases in length, while exons tend to be no more
than several hundred nucleotides long. Estimates suggest there
are approximately ten introns per average pre-mRNA, of which
10,000 exist at a given time in the HeLa cell nucleus, for a ratio
of U1 and U2 per intron of about 5:1.

High-resolution negative stain has visualized the splicing
complex, the spliceosome, both in Miller spreads of transcription
complexes and of spliceosomes isolated from sucrose gradi-
ents.?’>?*7 In negatively stained transcription complexes pre-
pared from Drosophila chromosomes, a 10-nm particle is occa-
sionally seen at the 5" splice site even before the 3’ site is
synthesized. When the 3’ splice site is transcribed it associates
with a 25 nm particle, and the 5° and 3’ sites quickly coalesce to
form a 40-nm particle as the intron is looped out.?! Spliceosomes
isolated from mammalian in vitro spicing extracts appear as
particles 40 to 60 nm in diameter with several subunits that may
be the individual snRNPs. Spliceosomes in yeast cell extracts are
similar to those in mammalian, although they appear to be
somewhat smaller.2#

2. Spliceosome Assembly and Composition
Even before the discovery of pre-mRNA splicing, the local-
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ization of snRNP particles in isolated hnRNP fractions and the
ability to cross-link snRNAs to hnRNA with psoralen suggested
that snRNAs were involved in the maturation of pre-
mRNA 220248250252 With the discovery of splicing, several lines
of evidence initially suggested that the snRNPs played a vital role
in splicing. After the conserved sequences at 5’ splice sites were
identified, sequence complementarity between regions near the
5" end of the Ul snRNA and the consensus sequence were
quickly noted and a role for U1 snRNA in pre-mRNA splicing
was proposed.?*2% Although the original models for the splicing
reaction were incorrect, other data described below confirmed a
vital role for the U1 snRNP in recognition of the 5 site through
RNA:RNA base pairing. Also, initial analyses of the splicing
reactions in Xenopus oocytes indicated that Sm antisera directed
against the common core of snRNP proteins inhibited the splic-
ing reaction, suggesting the snRNP particles played a vital role
in splicing.* Recent studies have used a variety of sophisticated
approaches to investigate the essential roles of the major nucleo-
plasmic snRNPs in the splicing reaction (Figure 5).

Analysis of splicing reactions by sedimentation in glycerol
gradients or electrophoresis in nondenaturing acrylamide gels
reveals that the splicing complex, the spliceosome, is a dynamic
multicomponent complex of about 408 in yeast and 50 to 60S in
mammalian systems. The functional complex contains the pre-
messenger RNA and up to five of the snRNP par-
ticles®!62145.180.233-235.243 (Figure 5). In some studies the complexes
are treated with either alkaline pH or heparin to reduce nonspe-
cific absorption of cellular proteins, and this often removes U1
from the splicing complex and reduces the size of the complex
compared with untreated controls.’®® Recently, spliceosomes
have been purified by affinity chromatography of derivatized
substrates and shown to contain all five of the nucleoplasmic
SHRNPS.62‘234'256

Kinetic experiments with in vitro splicing extracts reveal
discrete steps in the assembly of mammalian spliceosomes
which help identify the roles of the individual snRNPs in the
splicing reaction. '#5248257-25 Upon addition of a pre-mRNA to the
splicing extract, a 22S complex forms almost immediately. This
complex forms in ATP-depleted extracts, and detailed analysis
of this complex shows the presence of the Ul snRNP and RNA
binding proteins, including the hnRNP proteins®>2*2¢ (Figure
5). However, when complexes are treated with conditions to
reduce nonspecific absorption before analysis, the U1 snRNP is
lost from the complex and migrates slightly faster in nondenatur-
ing gels and on gradients.'*18.26! {J] association occurs imme-
diately after addition of substrate RNA to the splicing extract and
reaches a peak within 1 min, and the formation of this complex
is inhibited by ATP.?® RNAase T1 digestion of this complex
shows a 15-nucleotide protected region encompassing the 5’
splice junction.”® Although the 5" splice site is required for
optimal association of U1, alimited amount of the U1 snRNP can
associate on substrates lacking a 5 splice site provided the 3’
region is intact, indicating that interactions with other regions of
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the substrate or other snRNPs are partially responsible for stabi-
lizing the U1 binding.22* If the U1 snRNP is depleted from the
extract, or if requirements for Ul snRNP binding are totally
eliminated, the formation of the 22S complex is abolished. #2582

Within 5 min, a 35S complex forms as the 225 complex
disappears. Formation of the 35S complex is ATP-dependentand
requires the U2 snRNP and at least two other factors?3-2* (Figure
5). Removal of the 5 region of the U2 snRNA by RNAase H
cleavage, or deletion of either the polypyrimidine tract near the
3’ splice site or of the branch point sequence, blocks formation of
the 35S complex. 45243262263 The 358 complex contains U1 and
U2. However, on native gels, where extracts are treated with
either heparin sulfate or high pH, the ATP-dependent complex
containing U2 sediments at 22S and lacks U1 snRNP,}45:243.259-261
The U2 snRNP does not bind to the 2285 splicing complex alone,
but requires a U2 association factor, U2AF, and possibly another
factor is also required for 3’ splice site recognition and U2 snRNP
binding.152.154.263.264

By 15 min, in in vitro splicing extracts, the 35S complex starts
to disappear and is replaced by a 50S to 60S complex containing
all five of the nucleoplasmic snRNPs, while the first splicing
intermediates are formed'#* (Figure 5). In heparin or high pH, this
complex sediments between 30 to 35S.'® Formation of this
complex is blocked if nucleotides 29 to 42 of U2 (the region that
may base pair to the branch point) or the second loop (nucleotides
635 to 84) of U4 are degraded by RNAase H and complementary
oligonucleotides, although the 35S presplicing complex can still
form, 145262265266 A varjety of kinetic studies suggest that the
addition of U4, U6, and U5 appears to be a single-step process
involving the association of a 258 particle containing the three
snRNPs, although evidence also exists for an early, possibly
transient association of U5 with the 3’ splice site, where it is
involved in assisting the binding of U2 to the branch site, 154180267268
U4 and U6 appear predominantly in the U4/U6/US5 particle, with
some in a 158 U4/U6 complex.'®

Both the U4/U5/U6 and U4/U6 complexes appear in the
absence of pre-mRNA substrate, indicating that their formation
is independent of the formation of spliceosome precur-
sors. 819180266 The presence of ATP increases the level of the 258
U4/U5/U6 complex relative to the U4/U6 particle or free U4, U5,
and U6. Since ATP is required for the binding of U4, U5, and U6
to the spliceosome, it is possible that the ATP is required to
assemble the U4/U5/U6 complex, rather than the actual associa-
tion of the complex with the forming spliceosome, or ATP could
be required in both steps.'* Oligonucleotide-directed RN Aase H
cleavage of U4 prevents formation of both the U4/U6 particle and
the 255 U4/U6/U5 complex, as well as strongly inhibiting
spliceosome formation and splicing, indicating the crucial role of
U4 interactions with other snRNPs in splicing.'*® The 50S com-
plex containing all five snRNPs is the mature spliceosome, and
it remains until the splicing reaction is complete. Bound to this
complex are some of the precursor RNA, the 5" exon, the lariat,
and most of the product intron and spliced exons.
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The 508 mature spliceosome complex can still form if the 3
AG at the 3’ splice junction is deleted (as long as the polypyrim-
idine tract is present), but it is extremely slow and ineffi-
cient. 5 Addition of just a few nucleotides in the 3’ exon
increases efficiency of the 50S spliceosome formation to near
normal levels. In both cases, the 5’ exon is cleaved and the lariat
intermediate is formed, but exon ligation does not occur until
there are 12 nucleotides or more in the 3’ exon (the mutant RNA
with the 3" AG deleted has no 3’ exon at all), presumably because
of required sequences or structure in the 3’ exon.* If the 5’ splice
siteis deleted, some U1 will associate with the substrate and a 35S
complex can be detected; however, the 50S spliceosome does not
assemble and there are no cleavage reactions.?*>261.268 Thys,
formation of the complete spliceosome and splicing requires
intact 5’ splice sequences, the branch point (or a cryptic one), and
the polypyrimidine tract near the 3" end. The presence of a 3’
splice junction is not absolutely required for spliceosome forma-
tion, provided the polypyrimidine tract is intact,? but it increases
the assembly of the mature complex, and it, as well as some
nucleotides in the 3’ exon, are required for complete splicing.

The final step in splicing involves release of the excised intron
in a lariat form in a 29S complex on native gels that contains U2,
US, and U6.'20181 Surprisingly, U4 is not found in the complex,
indicating that it dissociates from U6 at some point prior to intron
excision and is recycled to form new U4/U6 and U4/U6/US
complexes later.'80-'81:257.25%8 However, recent protocols using
affinity purification of the U4/U6 snRNP particle with comple-
mentary biotinylated nucleotides suggests that the U4 snRNP
particle is not lost from the spliceosome during the splicing
reaction.?®® The spliced exons appear in heterogenous forms,
probably associated with protein.

Interactions between various snRNPs are vitally important in
spliceosome formation and integrity. Nuclease-protected frag-
ments from the 5" splice site can be immunoprecipitated from
splicing reactions using either antibodies to Ul or U2, and 3’
splice site regions can be immunoprecipitated with anti-(U1)RNP
antibodies, indicating an interaction between U1 and U2.'4523
The size of the protected fragments are larger in the 35S com-
plexes or mature spliceosomes than in 228 complexes containing
only the U1 snRNP, suggesting a rearrangement of the complex
as it assembles.'*>*7 Likewise, depletion of a splicing extract of
U1 or deletion of the 5’ splice site inhibits the binding of U2 and
U4/U5/U6.%242% Similarly, RNAase H cleavage of U2, U4, and
U6, singly or in concert, or deletion of the branch point and 3’
splice site, while allowing Ul binding to the 5’ splice site,
prevents spliceosome assembly and the 5’ splice site remains
susceptible to degradation by RNAase T1.24?%2 Thus, there are
strong interactions between U1 and U2, and U4, U5, and U6 also
interact with each other and stabilize the entire spliceosome. The
importance of snRNP-snRNP interactions is further demon-
strated by formation of a U2/U4/U5/U6 particle in splicing
extracts at high salt, even in the absence of substrate RNA, to
form a particle called the pseudospliceosome.?® As mentioned
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earlier, high salt causes the unassembled pools of cytoplasmic
snRNP core proteins to coalesce into foci in the cytoplasm,
suggesting high salt promotes specific homotypic interactions
between the snRNP proteins.'*?

Spliceosome assembly and splicing in yeast is similar to that
in mammalian systems. Assembly of yeast spliceosomes require
intact 5” and branch point sequences, as in mammals, although
yeast intron junctions lack the polypyrimidine tract near the 3’
end that is found in higher eukaryotes, and the consensus 5’ splice
site and the branch-point sequence are more highly conserved
than in mammals.?*>?"° The mature yeast spliceosome sediments
at 40S instead of 50 to 60S for mammalian spliceosomes.? The
assembly of yeast spliceosomes is similar in kinetics and snRNP
requirements to that in mammalian systems.®'> Within 30 s of
addition of substrate to yeast-splicing extracts, a complex called
band III forms. In native gels, this complex contains only yU2,
but affinity purification procedures and a recent modification of
the native gel procedure that use less-stringent conditions also
show the presence of yU1.622582%8 K jnetic studies suggest that the
yUl1 binds to the substrate before the yU2 and that sequences at
both the 5 splice site and at the branch point are necessary for
yU1 binding.®? Band III, therefore, corresponds to the 35S
spliceosome precursor in mammalian systems.

BandIllis a precursor to a complex called band 1, which is the
functional 40S spliceosome. Like its mammalian counterparts,
band I contains the full complement of yeast spliceosomal
snRNPs yUl, yU2, yU4/yU6, and yU5.2572%®¢ The full set of
snRNPs and an intact branch point are required for band I
formation.?*’?%8 Band I contains both splicing intermediates and
products. Similar to the situation in mammalian cells, an ATP-
dependent yU4/yU6/yUS complex forms and can be immunopre-
cipitated with an antisera to the yU5-specific, 260-kDa RNA 8
protein.'* In the final stage of the splicing reaction the yU4 is
released and a band II complex containing the majority of the
splicing products and yU1, yU2, yUS5,257258

We now review the data on the requirements for the individual
snRNPs in the assembly in the spliceosome.

3. Roles of snRNPs in Splicing
A U1

Substantial data have accumulated indicating that the Ul
snRNA base pairs with conserved sequences at the 5" splice site
during the initial stages of spliceosome assembly, and there are
growing indications that the Ul snRNP also interacts with
sequences near the branch point as well. This suggests that
binding of the U1 snRNP to the pre-mRNA substrate is a critical
first step for aligning the 5" and 3 splice sites.5? Base pairing of
the Ul snRNA to the pre-mRNA was first detected by psoralen
cross-linking.?!?"" Additional evidence for a vital role of U1 in
splicing was initially obtained in in vitro splicing systems when
it was found that anti-Sm and anti-(U1)RNP sera inhibited
splicing when added to splicing systems at levels sufficient to
quantitatively remove snRNPs.?5527? Surprisingly, anti-U2 se-
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rum had no effect, suggesting a different arrangement of the U1-
and U2-specific proteins in the spliceosome. Addition of anti-
(U1)RNP antibodies to an in vitro splicing system prevented the
formation of the 60S spliceosome, and both anti-(U1)RNP and
anti-Sm antibodies immunoprecipitated splicing intermediates
from the 608 spliceosome, indicating that U1 is a component of
the spliceosome and is necessary for its assembly 2262272

Although sequences near the 5’ end of U1 are complementary
toboth 3’ and 5’ splice sites, and partially purified U1 would bind
to both 3’ and 5’ splice site sequences on immobilized, single-
stranded DNA or RNA, further purification of Ul by column
chromatographic procedures showed binding only to immobi-
lized 5’ splice sites.?”® Purified U1 bound to globin pre-mRNA
transcripts, and RNAase T1 digestion of the bound transcript
showed a protected region of several nucleotides comprising the
5’ splice site and part of the intron.?” The majority of the 5’ splice
site binding by U1 was abolished when the U1 was treated with
protease K prior to the binding and immunoprecipitation assay,
indicating that protein interactions and complementary base
pairing are both important for the association of Ul with the 5
splice site.?™ In 35S splicing intermediates or fully assembled
spliceosomes, a larger region surrounding the 5’ splice site is
protected from nuclease digestion, suggesting that the arrange-
ment of the U] snRNP shifts or that other factors associate with
the substrate. '

Base pairing of the six nucleotides from position 2 to 8 of the
5’ terminus of U1 with a complementary oligonucleotide inhib-
ited splicing substantially by itself, and site-directed cleavage of
the double-stranded region with RNAase H completely abol-
ished splicing in vitro extracts.”® Degradation of the 5’ terminus
of Ul results in loss of nuclease protection of the region encom-
passing the 5’ splice site and nearby exon sequences in in vitro
splicing systems.?2 Not only does cleavage of the 5’ terminal
nucleotides of U1 completely abolish splicing, but it reduces the
association of U2, U4/U6, and U5 with the pre-mRNA as
measured by immunoprecipitation with anti-Sm antibodies,
indicating an important role for the Ul snRNP in the initial
assembly of the spliceosome.?*8272752% Surprisingly, the asso-
ciation of Ul with the 5" splice site continues at a reduced level
even after the entire 5" sequences of U1 is removed by RNAase
H cleavage, indicating that base pairing between the 5’ end of U1
and the 5’ splice junction is not the only interaction with the
splicing substrate.?>® Unlike the other snRNPs, binding of U1 to
pre-mRNA does not require ATP and, in fact, is inhibited by high
concentrations of ATP.6259.267

Further evidence for the role of base pairing between the 5
splice site and the 5’ end of Ul was provided by Zhuang and
Weiner,?”” who studied in vivo splicing in HeLa cells transfected
with mutant adenovirus E1 A transcripts and mutant Ul. AnE1A
mutant with changes at the 5 and 6 positions of the 5" splice site
is defective for splicing, but if cotransfected with a mutant U1
that has complementary base pair changes at the 5’ end to
compensate for the mutations at the 5’ splice junction of the
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transcript (and thus restore normal base pairing between U1 and
the E1A transcript at the altered nucleotides), the altered E1A
transcript is spliced normally. Thus, splice site mutations can be
suppressed by mutations at the 5" end of U1 that restore comple-
mentary base pairing. Not all 5" splice site mutations can be
suppressed by compensatory changes in U1, however, suggest-
ing that base pairing between U1 and the 5" splice site is necessary
for splicing, but it is not the only factor involved.*”” A rigorous
analysis of site-specific mutations in the region of the 5’ splice
site was also consistent with the necessity of base-pairing be-
tween the Ul snRNA and the 5 splice site for spliceosome
function,?!22

The yeast yU1 functions in a similar manner to Ul in mam-
malian systems despite its size of 569 nucleotides. YU1 rapidly
associates with the splicing substrate in an ATP-independent
reaction within 30 s of mixing.6'622% | jke mammalian U1, base
pairing between the 5” end of yUl and the 5’ splice junction is
essential for its function. Cleavage of the 5’ end of yU1 using
RNAase H and complementary oligonucleotides abolishes splic-
ing.5® Site-specific mutation of the splicing substrate and affinity
purification of the splicing complexes indicate that in yeast,
sequences surrounding both the 5" splice site and the branch point
are essential for the initial binding of the yUl snRNP to the
substrate.®?

Mutations in the 5’ splice site of a yeast-splicing substrate
substantially reduce, but do not totally abolish, Ul snRNP
binding. Surprisingly, a single base pair substitution adjacent to
the branch point completely abolished the binding of the yU1
snRNP to the substrate and subsequent assembly of the spliceo-
some.®> This suggests that Ul has an important early step in
spliceosome assembly that involves recognition of both the 5
and 3’ splice sites. Observations in mammalian cell extracts that
Ul snRNP will bind to substrates lacking a 5 splice site also
supports the notion that U1l snRNP binds to sites other than just
the 5" splice site.?*

Several investigators have reported that monospecific Ul
antiserum will immunoprecipitate a small amount of U2 and
similarly monospecific U2 antiserum with immunoprecipitate
some U1 snRNP.'%523 These data suggest that there is interaction
between Ul and U2 even in the absence of spliceosome assem-
bly. Taken together, this suggests a vital role for the Ul snRNP
in the assembly of the spliceosome. The data identify U1 snRNP
recognition of sequences near the branch point and at the 5’ splice
site, and suggest a crucial role for the Ul snRNP in the initial
alignment of the different splice sites and in directing the subse-
quent assembly of the other snRNPs to form the mature spliceo-
some.

B. U2

Psoralen cross-linking studies demonstrate that the U2 is
hydrogen bonded to pre-mRNA in the cell nucleus.”? Experi-
mental analysis of the role of the U2 snRNP in the spliceosome
suggests that it base pairs with conserved sequences near the
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branch point in the intron, and that the fixed distance between the
branch point and the 3’ splice site and other specific factors that
interact with the 3’ splice site are important for U2 snRNP
binding. Analysis of consensus branch point sequences in organ-
isms ranging from yeast to humans showed that these sequences
are complementary to a single-stranded region in the 5" half (33
to 38) of U2.27¢2” This is an attractive model, because the
adenosine at the branch point would be bulged from the double
helix, in a configuration that favors formation of the 5’ to 2’
linkage that occurs in the lariat splicing intermediate.?®® Several
observations suggest that the U2 snRNP recognizes the branch
point.

Studies in in vitro splicing systems indicate that an early step
in splicing is the ATP-dependent association of a heat- and
RNAase-sensitive factor with the branch point.** In splicing
extracts, the branch point can be immunoprecipitated as a series
of short fragments, protected from RNAase T1 digestion by use
of U2-specific antibodies, and depletion of U2 snRNP from the
extract eliminates the protection.?s” With a beta-globin substrate,
in the 35S splicing complexes containing U2, both the branch
point and the 3’ splice site are protected from T1 RNAase
digestion.?”” A similar protection is seen in complexes treated
with heparin to remove the U1 snRNP, suggesting the critical role
of U2 snRNP in protecting these sequences.? However, the
exactregions of the splicing substrate protected by the U2 snRNP
differ in detail depending on the sequence of the substrate.22"
With an adenovirus substrate, a region 6 to 20 nucleotides
upstream of the branch point, but not the branch point itself, is
protected from digestion with RNase A.?? This may reflect
different activities of the RNase A and RNase T1, or it may
suggest that the exact interaction of the U2 snRNP with the
substrate can vary, depending on the sequence.??**? Unlike the
situation with Ul, antibodies against U2 have no effect on
splicing, which suggests the presence of these extra determinants
on the U2 snRNP does not interfere with its function.?”

Oligonucleotide-directed RNase H cleavage of U2 also pro-
vides strong evidence for the role of U2 in splicing. Cleavage of
the 5" end of U2, and the loop region nearest the 5° end, abolish
the formation of any splicing intermediates, while oligonucleo-
tides that did not cause cleavage of U2 have no effect.!43.262267.276
The 5° end of U2 is specifically required for nuclease protection
of the branch point and nearby sequences.'*

In a manner analogous to the experiments done with U1, a
compensatory base change in U2 that restores base-pairing can
suppress a mutation in the branch site that eliminates splicing.?®
This clearly indicates that nucleotides 33-38 of U2 can base-pair
with the pre-mRNA substrate at the branch point but it may not
be necessary because not all branch sites are complementary to
U2.

Studies in Xenopus oocytes, where an injected snRNA gene is
transcribed and assembled into functional snRNPs, suggest that
the 3’ end of the U2 snRNA that binds the U2-specific proteins
is not essential for the function of the particle in pre-mRNA
splicing.?’s
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Mutational analysis suggests that the 3’ splice site consensus
sequences is more important for U2 snRNP binding than the
branch point sequence itself. If the 3’ splice site is mutated, U2
snRNP binding to the substrate and formation of the 35S splicing
intermediate and subsequent splicing is substantially reduced or
eliminated.'*5#332422" However, if the branch point sequences are
mutated, a cryptic branch point will be activated that is the
appropriate distance upstream of the 3’ splice site.*2?’® This
suggests a critical role for the 3’ splice site or other factors
associated with the 3" splice site in the binding of U2 snRNP to
the splicing complex. Two factors have been identified that
interact with the 3’ splice site and are strong candidates for
involvement in U2 binding to the branch point.

Highly purified U2 snRNPs will not bind to the branch point
unless an additional protein component, the U2 auxiliary factor
(U2AF), is added to the splicing reaction.?® The U2AF binds
specifically to the 3" splice site and is a necessary prerequisite to
U2 snRNP binding to the branch point in a reconstituted system.
Mutations of the polypyrimidine tract upstream of the 3" splice
site or the 3’ splice site itself block binding of U2AF to the
splicing substrate and subsequent assembly of U2 snRNP. This
suggests that the interaction of U2 snRNP with both the branch
point sequences and the U2AF bound to the 3’ splice site is critical
for the stable association of U2 with the spliceosome.?® A second
protein, the U5-associated, 100-kDa protein, also binds to the 3’
splice site and protects it from nuclease digestion.!**!* The 100
kDa protein is clearly not the U2AF, and the role of the 100-kDa
protein in U2 snRNP binding and spliceosome assembly is still
not clear.

In yeast, yU2 plays essentially the same role in spliceosome
formation and splicing as U2 in higher eukaryotes. Although yU2
at 1175 nucleotides is far larger than the 189-nucleotide U2, the
sequence homology with U2 is primarily at the 5° 110 nucleo-
tides, with a small region at the 3’ end that is weakly homologous
to U2.53% Deletion of nearly all of the internal sequences (from
123 to 1082), which show regions of homology to U4, US, and
US6, result in normal splicing and no change in cell growth,536
The internal sequences therefore do not have an essential func-
tion, although it is possible that they may be involved in interac-
tions with other snRNPs and assist in assembly or stabilization of
the spliceosome. Like U2, yU2 rapidly associates with the
assembling spliceosome at an early stage, and stays bound
throughout the splicing process.’ YU?2 is first detected with the
formation of band III, the yeast analog of the 35S presplicing
complex in mammalian systems, and deletion of yU2 sequences
complementary to the branch point block splicing.?’8! Unlike
the observation in mammalian cells, the 3’ splice site is not
essential for the binding of yU2 to the splicing substrate and the
assembly of the spliceosome.?! This suggests that there is no
equivalent of the mammalian U2AF in yeast.

C. U4/U6 AND U5
U4, U3, and U6 are the last snRNPs to assemble with the
spliceosome to form the mature 508 particle, and it is likely they
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assemble with the substrate by protein-mediated interactions,
rather than by complementary base-pairing with intron or splice
junction sequences. Native gel electrophoresis suggests the U4/
U6 and U5 snRNPs preassemble into a single 255 U4/U5/U6
particle in the nucleoplasm before binding to the 35S splicing
complex containing Ul and U2 to form the mature 50-50S
spliceosome complex.'®181:%57 U4 and U6 are stable components
of spliceosomes isolated both by biotin-avidin affinity chroma-
tography or by electrophoresis on native gels.***! Kinetic stud-
ies demonstrate that U4/US/U6 association with the spliceosome
is a late step that occurs after the binding of U1 and U2 and is
required for the splicing reaction, '8

The 25S U4/U5/U6 particle is dynamic, with the majority of
these three snRNPs in the 25S particle in nucleus, but the U5
snRNP dissociates under experimental conditions optimal for in
vitro splicing.2® The formation of the 258 particle is favored by
millimolar ATP, but other forms of regulation may well be
involved in 258 particle assembly.?® U4 and U6 form a relatively
stable particle with definite intermolecular base-pairing. In spli-
ceosomes analyzed by native gel electrophoresis, U4 is lost from
the splicing complex prior to 5 splice site cleavage. However,
affinity purification procedures with complementary oligonu-
cleotides find both U4 and U6 associated with the spliceosomes
after completion of the splicing reaction.? This suggests that the
structure of the U4/U6 particle may change during the splicing
reaction to destabilize U4 so that it is lost during native gel
electrophoresis. In yeast, a 260-kDa protein has been identifed
that is part of the U5 snRNP and that is necessary for the ATP-
dependent assembly of the U4/U5/U6 particle.'>

Oligonucleotide-directed cleavage of US has not been suc-
cessful; however, digestion of U4 or U6 attwo different sites each
inhibited splicing and formation of splicing intermediates in in
vitro splicing extracts. Cleavage of the 5" end or the second loop
of U4 (nucleotides 65 to 84) blocks formation of the 50S
spliceosome from the 35S presplicing complex .52 Degrada-
tion of two regions of the second stem loop of U6, but not a single-
stranded region, also inhibited spliceosome formation.?6526¢ Other
approaches suggest a critical role of the U5-specific, 100-kDa
protein in the spliceosome.

The 100-kDa US-associated protein specifically binds 3
splice site sequences immobilized on nitrocellulose, and protects
3’ sequences from RNAase T1 digestion in splicing extracts.!52!54
Addition of oligonucleotides complementary to the polypyrim-
idine tract blocks binding of this protein to immobilized 3’ splice
sites, while competing complementary oligonucleotides to the 3’
AG decrease, but do not abolish, binding of this protein.!® The
100-kDa 3’ binding protein could be immunoprecipitated with
anti-SM, but not anti-(U1)RNP, antibodies, and comigrates with
US in DEAE Sepharose chromatography.'* The protein itself
also binds anti-SM antibodies on immunoblots, indicating shared
epitopes with the B and D snRNP proteins.'> Its binding to U5 is
relatively weak and/or transient, since it is abolished upon
exposure to high Mg*, resulting in its inability to be immunopre-
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cipitated with anti-trimethylguanosine antibodies.'> The role of
this protein in the binding of the U4/U5/U6 complex or other
snRNPs to the substrate is still not known.

Several observations suggest that the U4/U5/U6 snRNPs
interact primarily with the Ul and U2 snRNPs and do not contact
the pre-mRNA. In heparin-resistant splicing complexes that lack
Ul, there is no difference in the nuclease digestion patterns in
spliceosomes containing or lacking U4 and U6.2** Also, in
substrates lacking a 5’ or 3’ splice site that do not bind either U1l
or U2 snRNP, respectively, the U4/U5/U6 snRNP binds ineffi-
ciently.? These observations, combined with the kinetic studies
that show the U4/U5/U6 particle assembles into the spliceosome
after the U1 and U2 particles, supports the notion that the U4/U5/
U6 particle makes contact with the Ul and U2 snRNPs and
possibly helps bring them in a stable particle. Although the site
of U4/U5/U6 binding is not known for certain, nucleotides 65 to
77 of U4 could base-pair to nucleotides 102 to 108 of Ul.

4. Splicing Summary

Taken together, these data demonstrate the vital role of the
five nucleoplasmic snRNPs in pre-mRNA splicing (Figure 5).
The Ul snRNP is the first snRNP to bind to the substrate in an
ATP-independent reaction that recognizes the 5’ splice site and
information in the branch point. This may have a critical role of
aligning the splice sites for the subsequent transesterification
reactions. Other factors then bind to the substrate at the 3 splice
site that facilitate the binding of the U2 snRNP to the branch
point. The Ul snRNA base-pairs with the conserved sequence
motifs at the 5" splice site and the U2 snRNA base-pairs with
sequences surrounding the branch point. A preassembled particle
of U4/U5/U6 then assembles with the substrate through contacts
with the U1 and U2 snRNP particles to form the mature spliceo-
some (Figure 5). The 5’ splice site is cleaved and ligated to the
branch point, and then the 3’ site is cleaved and ligated to the 5’
splice site. The spliceosomal components then disassemble to
recycle for reuse.

Although the complete activities of the individual snRNPs in
splicing reaction are not understood, observations suggest their
functions include a structural role in the splicing complex. The
occurrence of type II self-splicing introns in organelles, where
introns are spliced by a similar sequence without the assistance
of snRNPs, indicates that in some circumstances the functions
provided by the snRNPs can be provided by the substrate itself.”*
However, it is likely this poses enormous constraints on the
sequence of the substrate. When activities are supplied in trans
by the snRNPs, this eliminates many of the constraints on the
substrate and it is free to evolve in other directions. The recogni-
tion of specific sequence motifs in the substrate suggests the
snRNPs provide a scaffolding that helps align the substrate for
the transesterification reactions. The growing number of ex-
amples where RNA itself has enzymatic activity suggests that
both the RNA and protein components of the snRNPs could be
essential cofactors for the actual transesterification reactions.
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Also, the use of snRNPs for splicing provides enormous oppor-
tunities for regulating the splicing reaction through modulation
of the snRNPs. The observation that the snRNP-specific proteins
have dynamic activities, independent of the core proteins, and the
presence of a large number of low-abundance variant snRNAs
with slightly different sequences are examples of how the activi-
ties of the individual snRNP particles can be regulated.

The snRNPs may also provide a mechanism for localizing
pre-mRNA processing and transport to specific regions of the
nucleus. The ultrastructural studies demonstrate the snRNPs are
localized in specific regions of the nucleoplasm where they
cluster into discrete structures. These may represent specific sites
for both processing and export of pre-mRNA. Although many
snRNPs appear to be soluble in the nucleoplasm, the enrichment
of snRNPs in the nuclear matrix suggests the processing com-
plexes occur in association with specific structures within the
nucleus. These attachments could be directed by either interac-
tions of the substrate pre-mRNAs or possibly by the snRNP
particles. The tenfold lower abundance of the U4/U6 and U5
snRNPs compared with the U1 and U2 snRNPs, when they are all
needed in single copies in the spliceosome, may reflect the
different affinities of the snRNPs for the splicing complex. The
reconstitution of in vitro splicing reactions from purified compo-
nents will help identify the functions of the individual compo-
nents in the splicing reaction. However, studies of the roles of
snRNPs in localization and transport of pre-mRNA will require
studies on intact nuclei.

B. 3’ End Processing of Pre-mRNA

Pre-mRNAs in eukaryotic cells are transcribed as longer
precursors. In addition to the removal of introns by RNA splicing
as discussed above, the 3’ ends are also processed. Most mRNAs
have a poly-A stretch of approximately 150 nucleotides added
after 3’ cleavage, before the mature mRNA is exported to the
cytoplasm. A small subset of the mRNAs, predominantly the
histone mRNAs, are exported without the addition of poly-A nu-
cleotides. Conserved sequence motifs that are essential for the
specificity of the processing reactions are found surrounding the
3’ ends of both classes of pre-mRNAs. The histone transcripts
have an essential stem-loop of approximately six base-pairs
several nucleotides upstream from the 3’ end, and a highly
conserved 8 nucleotide motif 13 to 15 nucleotides downstream of
the 3’ end. Both are required for proper 3’ end cleavage. The
polyadenylated mRNAs have a motif of AAUAAA approxi-
mately 10 to 20 nucleotides upstream from the polyadenylation
site, and less well-conserved G- and U-rich sequence motifs that
are within 50 nucleotides of the 3’ end.***? SnRNPs are now
identified as essential components of the processing complexes
that generate the 3’ ends. In analogy to the functions of the
snRNPs in formation of the spliceosome, base-pairing between
the snRNA and conserved sequence motifs in the substrate are
essential steps in the processing of histone transcripts and possi-
bly the polyadenylation reaction as well.
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1. Histone Pre-mRNA Processing

The U7 snRNP is a necessary cofactor for the 3’ cleavage of
the histone pre-mRNA. U7 snRNP was the first snRNP identified
on the basis of a functional assay. Cloned copies of a sea urchin
histone H3 transcript injected into oocytes show little accurate 3’
end processing (most are extended at the 3’ end) unless sea urchin
poly-A RNA was also injected.?® Fractionation of the RNAs by
sucrose gradient centrifugation and gel electrophoresis identify
a 128 factor containing a 60-nucleotide RNA as the active
termination factor. This factor, the U7 snRNP, is enriched by
immunoprecipitation of sea urchin extracts with Sm antibodies
and is approximately 3% the abundance of U1.* Sequencing of
U7 indicates it is 57 nucleotides long, with a diagnostic trimeth-
ylguanosine cap, and sequences at the 5” end of the snRNA can
base-pair with the conserved sequence motif downstream from
the histone 3’ end.** Although U7 does not contain a canonical
sequence motif for binding the snRNP core proteins, mutational
analysis suggests that a sequence of AG(Py),AAG between
nucleotides 9 and 20 is responsible for binding the Sm reactive
core proteins either directly or indirectly.?’

The essential role of base-pairing between the U7 snRNA and
the conserved downstream sequence element in the histone pre-
mRNA was demonstrated in the oocyte system by compensatory
base changes. Mutations in the conserved downstream sequence
motif CAAGAAAGA in the histone H3 transcript that inhibited
normal 3’ end formation could be rescued by compensatory
changes in U7 that restore full base pairing of U7 to the sequence
element.?® Sequences in the terminal hairpin loop of mRNA can
also base-pair with the U7 snRNA. However, mutational analysis
suggests base-pairing with the stem loop is not vital to the
function of the U7 snRNP.%

A mammalian ir vitro histone pre-mRNA processing system,
using cloned mammalian histone transcripts and a HeLa nuclear
extract, has characterized several of the steps in the histone 3’
processing.?* Accurate 3’ end processing requires both the U7
snRNP and a heat- and protease-sensitive factor that is not
precipitable by anti-Sm antibodies.* In the in vitro system, anti-
Sm antibodies precipitate RNAase T1-resistant fragments con-
taining both the 3’ stem-loop of the histone mRNA and the 3
downstream sequence motif. Additional protected fragments are
detected 30 min further into the processing reaction, including
the 5" cap of the histone mRNA and sequences further down-
stream from the 3’ end.?® The factor binding the downstream
sequence motif, but not to the stem-loop, is nuclease sensitive.
This suggests that the factor binding the stem-loop is possibly a
protein reactive with the Sm antiserum, but not a snRNP.%¢
Cleavage of the 5" end of U7 snRNA with complementary
oligonucleotides and RNAase H abolishes histone pre-mRNA 3’
processing.*#6287 In mammalian cells the abundance of U7 is
approximately 0.2% the abundance of Ul.

Although absolutely conserved in sea urchin histone mRNA
precursors, the 3’ downstream sequence element that base-pairs
with U7 is less conserved in other organisms, with a consensus of
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G/AAAAGA.% Sequence analysis of human U7 shows 50%
sequence and considerable secondary structural homology with
sea urchin U7, although the region of complementarity to the
downstream processing element of histone pre-mRNA is ten
nucleotides instead of the six nucleotides for sea urchin U7. The
human U7 has several U residues in the putative base-pairing
element that can base-pair with either A or G and allow greater
flexibility in the recognition site.* The failure of Xenopus oocyte
U7 snRNP to properly process the injected sea urchin H3 histone
transcripts, but to process several other histone transcripts, sug-
gests considerable heterogeneity of U7 among various organ-
isms.2® There are also data suggesting there may be several U7
snRNAs that could provide the possibility for alternative proc-
essing pathways.'!°

2. Polyadenylation -

With limited exception, cytoplasmic mRNAs are polyadenyl-
ated in the cell nucleus before export to the cytoplasm. This
reaction involves the endonucleolytic cleavage of the pre-mRNA
at a specific position and the addition of approximately 200
adenylate residues at the 3’ end. Data are accumulating that the
U11 snRNP is part of the processing complex. However, base-
pairing between a snRNA and the conserved sequence motifs has
not been identified.

In in vitro polyadenylation systems, the AAUAAA sequence
and in some circumstances fragments extending to the conserved
downstream sequence elements are protected from RNAase
cleavage and can be immunoprecipitated by Sm antisera,*7:2%:289
When the complexes are cross-linked by UV irradiation, a
nuclease-resistant fragment is immunoprecipitated by anti-Sm,
but not anti-trimethylguanosine cap antisera.?®® This suggests
that, like the stem-loop binding activity found in histone pre-
mRNA processing, a Sm-reactive protein that is not a snRNP
may bind this region. The involvement of a RNA in the polyad-
enylation reaction was suggested by the sensitivity of the in vitro
reaction to micrococcal nuclease digestion.?

The U4 snRNA has sequences complementary to the
AAUAAA polyadenylation reaction, but degradation of these
sequences in the U4 does not block polyadenylation, suggesting
an alternative snRNP is required for the reaction.?>?! Recently,
the in vitro polyadenylation extract has been fractionated into
three essential components: a cleavage factor, a poly-A polym-
erase, and a ribonucleoprotein particle that copurifies with the
U11 snRNA 3¢ However, U11 does not have sequences comple-
mentary to the conserved AAUA AA polyadenylation motif, and
it is unlikely it recognizes the substrate by base-pairing.?*¢ The
possibility that other, yet unidentified snRNPs are essential for
the processing reaction still remains. -

C. Preribosomal RNA Processing

U3 and U8 are unique among the characterized mammalian
snRNPs in their localization in the nucleolus.'? U8 is precipitated
by anti-Sm antisera, but U3 is not. However, U8 lacks a consen-
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sus Sm binding site and could possibly be precipitated by
association with other Sm-containing particles.” Recent studies
indicate that U3 has a completely different protein composition
than the other major snRNPs. An autoimmune serum directed
against the 34-kDa nucleolar protein, fibrillarin, selectively
immunoprecipitates the U3 snRNP and six polypeptides ranging
in molecular weight from 12.5 to 74 kDa.? Immunocytochemis-
try indicates that fibrillarin and U3 are restricted to the fibrillar
regions of the nucleolus, where RNA transcription and process-
ing occur before accumulation of more mature ribosomal subunits
in the granular regions of the nucleolus.?-13%.134

U3 was the first snRNA implicated in RNA processing of
nuclear RNA, because approximately 30% of the total U3 re-
mains hydrogen bonded to 45S and 32S rRNA precursors after
rigorous extraction procedures.*** U3 can be psoralen cross-
linked to high molecular weight rRNA in vivo; however, the
exactregions of base-pairing between U3 and the RN A substrate
are not clear 25172251292 Nycleotides 159 to 168 of U3 are comple-
mentary to sequences at the junction of the 5.85 RNA and the
internal transcribed spacer of 32S RNA, which is the precursor of
both 28S and 5.8S rRNAs. However, although these regions are
single stranded, they are protected from chemical modification
and RNAase A, H, or T1 cleavage, which suggests they are not
available for base-pairing.*'”? A single-stranded, relatively
unprotected region of U3 103-112 also shows complementarity
to regions of the transcribed spacer at the 3’ end of 28S rRNA and
is another candidate for regions of U3 that base-pairs with 28S
pre-rRNAs.21”2 However, psoralen cross-linking suggests U3
also base-pairs with regions at the 5° end of the 28S rRNA.>5228
Therefore, the regions of the pre-rRNA recognized by the U3
snRNA and its possible function in recognizing specific sites of
TRNA processing remain to be determined.

In yeast there are six snRNAs in the nucleolus, although
several can be deleted without affecting yeast viability.® This
opens the possibility that multiple snRNPs may assemble into a
processing structure analogous to the spliceosome in the nucleo-
plasm. Further studies will be required to determine the exact
functions of U3, U8, and other nucleolar snRNPs in ribosomal
RNA processing.

D. Outlook

The snRNP particles are emerging as cofactors for a wide
range of RNA processing activities in the cell nucleus. They are
another indication of the ability of RNA to manage its own
affairs. Although the contributions of the snRNPs to the enzy-
matic activities of the processing reactions is not known, the
snRNPs provide specificity by recognizing conserved sequence
motifs in the substrates and provide a scaffolding upon which the
processing events take place.

SnRNPs evolved with the eukaryotic cell. SNRNP assembly
requires that the snRNAs: appear transiently in the cytoplasm
where they acquire their conserved core of snRNP proteins
before returning permanently to the interphase nucleus. In organ-
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elles, RNA splicing occurs that is similar to that in the eukaryotic
nucleus. However, it occurs without the aid of snRNPs, suggest-
ing the snRNPs appeared later and freed the substrate from the
rigorous constraints of self-splicing. The common core of snRNP
proteins may provide the specificity for assembling the multi-
snRNP complexes of the spliceosome and other processing
events through homotypic interactions between the core pro-
teins. The RNA-free snRNP proteins in the cytoplasm display a
number of homotypic interactions that may be a reflection of
similar activities in the mature particles.

The abundance and stability of the snRNPs suggest that they
are present as both active and recycling inactive forms in the
nucleus, analogous to the functional cycle of the ribosomes in the
cytoplasm, It is not known if the active snRNPs in the nucleo-
plasm are in a soluble compartment or attached to the fibrous
skeleton of the nucleus. Quite possibly they appear in both
contexts, and RNA processing may occur on a solid substrate that
is one link in a chain of processing and transport events. RNA
splicing and 3’ end processing are sequential events for most pre-
mRNAs, and the coupling of these processes to the maturation of
the different types of pre-mRNA remains to be determined.

RNA processing is emerging as a major arena of gene expres-
sion. Genes can be expressed as families of closely related
proteins by alternative RNA splicing and utilization of alterna-
tive 3’ ends. The contributions of the snRNPs to these choices are
not understood. One testable hypothesis is that variant snRNPs of
low abundance that differ from the major canonical sequence
contribute to the selection of these alternative sites. In addition,
the activities of the snRNPs themselves may be regulated through
the dynamic activities of the snRNP-specific proteins. Although
the snRNP core proteins are as stable as the snRNA, the U1 and
U2 snRNP-specific proteins turn over rapidly and the 70-kDa,
U1-specific protein is present on some, but not all, Ul snRNPs.
The snRNP proteins are also unusual because they are major
autoantigens in SLE. By understanding how these proteins differ
from other intracellular proteins, we may learn what features of
these polypeptides predispose them to becoming autoantigens.

The growing number of low-abundance snRNPs identified
suggests that snRNPs may be involved in a number of additional
unidentified RNA-processing events. As the functions of the
major snRNP particles emerge, many new questions emerge
about the regulation of their activities and the details of their life
cycle. A critical analysis of the functions of the snRNPs will
await the ability to reconstruct functional snRNPs in vitro from
purified components. With the availability of cloned genes for
the snRNP proteins and specific variant snRNAs, in vitro systems
will be able to evaluate the contributions of specific snRNAs and
particular protein domains to RNA processing. The sophisticated
genetic approaches available in yeast and other simple eukaryo-
tes will also be valuable for defining and identifying the functions
of other components of the processing complexes. The 1990s will
be an exciting decade for studying the snRNP particles.
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