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ABSTRACT The PRP38 gene of Saccharomyces cerevisiae
is necessary for the excision of intron sequences from pre-
mRNA and required for the maintenance of maximal levels of
U6 small nuclear RNA (snRNA). This report describes the
identification of a gene of related function, SMDI, located
immediately 3’ to PRP38. The PRP38 and SMDI transcription
units are configured in an unusual ‘‘tail-to-tail’> arrangement
with their respective open reading frames terminating on
opposite strands of a common 6-bp region. The predicted
SMDI polypeptide, Smd1p, is 40% identical to the D1 protein
of human small nuclear ribonucleoprotein particles. Experi-
mentally induced depletion of Smdlp blocks the first step of
splicing and results in growth arrest. In addition, the levels of
the trimethylguanosine-capped spliceosomal snRNAs, Ul, U2,
U4, and U5, but not the Prp38p-sensitive U6 snRNA, decrease
in response to Smd1p depletion. The cap structures of snRNAs
persisting in the absence of SMDI expression appear to be
peculiar, as they are poorly recognized by an anti-
trimethylguanosine antibody. These data establish Smd1p as a
required component of the cellular splicing apparatus and a
factor in snRNA maturation and stability.

The eukaryotic spliceosome is a large, complex ribonucleo-
protein. Chief among its subunits are five small nuclear
ribonucleoprotein (snRNP) particles, the Ul, U2, U4, US,
and U6 snRNPs (for review, see refs. 1 and 2). With the
exception of U6, each snRNP is composed of a small nuclear
RNA (snRNA) possessing a 2,2,7-trimethylguanosine (TMG)
cap, a conserved set of small (10- to 27-kDa) common
proteins (B, B’, D1, D2, D3, E, F, G), and a variable number
of snRNP-specific polypeptides. U6 snRNA has a y-mono-
methyl cap and does not directly bind the common proteins.

Among the earliest detectable events in the assembly of
metazoan snRNP particles is the binding of a 6S protein
complex composed of snRNP proteins D1 (plus perhaps D2
or D3), E, F, and G to the snRNA (3, 4). This highly stable
snRN A—protein core complex forms in the cytoplasm (5) and
requires a single-stranded region of the snRNA, the Sm
binding site, which contains the consensus sequence
RA(U)-3GR (6). Succeeding events in snRNP maturation—
e.g., binding of the remaining common and snRNP-specific
polypeptides, hypermethylation of the snRNA cap, and
movement of the snRNP into the nucleus—are reliant upon
(or facilitated by) the formation of this initial snRN A—-protein
core complex (1, 2).

Nuclease protection experiments have revealed that the
core proteins shield =25 nt, including the Sm site, from
nuclease attack (6). Mutations within the Sm site can have
deleterious effects on snRNP assembly or stability and im-
pede or block pre-mRNA splicing in vitro (1, 2, 7-9). In vivo,
Sm-site mutations can be lethal (7, 10), presumably because
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they impair the processing of pre-mRNA. The identity of the
snRNA-binding protein(s) that drives core complex forma-
tion remains uncertain. In RNA-protein binding studies, the
D1 protein appears to have the greatest intrinsic affinity for
RNA (11, 12), yet only the G protein is specifically
crosslinked to the snRNA of purified core complexes (13).

This report describes the isolation of SMDI, the gene
coding for Saccharomyces cerevisiae (yeast) core snRNP
polypeptide D1 (Smdlp). Genetic and biochemical studies
reveal an essential function for Smdlp in pre-mRNA splicing
and implicate Smdlp and the product of a neighboring gene,
PRP38 (14), in the formation of stable, biologically active
snRNP structures.*

MATERIALS AND METHODS

Yeast Strains. The yeast strains used included MGD353
46D (MATa trpl-289 ura3-52 leu2-3,112 his3-Al cyh’),
MGD353 13D (MATa trp1-289 ura3-52 leu2-3,112 arg4 ade2),
MGD407 (a/a diploid from an MGD353 46D x MGD353 13D
cross), SMDI null [MATa trp1-289 ura3-52 leu2-3,112 his3-
Al, SMDI:.LEU2; pBM150(URA3 GAL::SMDI)], and
PRP38 null [MATa trpl-289 ura3-52 leu2-3,112 ade2
PRP38::LEU2; pBM150[(URA3 GALI::PRP38)]. The cyh”
allele has not been scored for the null strains.

Creation of the SMDI and PRP38 Null and GALI Condi-
tional Alleles. Oligonucleotide-directed mutagenesis (oligo-
nucleotides 5'-CCAAGAAGAGGTCGACTATGATTCGC-
TGC-3' and S'-CCTACTGCAAGTCGACAACATAG-
CAAG-3') was used to introduce two Sal I restriction sites
into the SMDI coding segment of a 2-kb Xba I-Pst I subclone
of yeast DNA (14). After cleavage with Sal I, the SMDI-
containing fragment was blunted with mung bean nuclease
and ligated to a similarly blunted 2.2-kb Sal I-Xho I fragment
containing the yeast LEU2 gene. The resulting SMDI::LEU2
null allele was released from the vector sequences by cleav-
ing the DNA with Xba I and Pst I and used to replace one
chromosomal copy of SMDI in strain MGD407 by homolo-
gous recombination. The construction of the yeast
PRP38::LEU2 null allele was previously described (14).

A GALI::SMDI fusion was prepared by ligating a Bgl
II/BamHI-digested 526-bp polymerase chain reaction (PCR)
fragment containing the SMDI coding sequence into the
BamHI site of pBM150 (15). The 5’ and 3’ SMDI PCR
oligonucleotides included noncoding Bg!/ 11 (5'-TTTAGATC-
TATTATGAAGTTGGTTAACTTT-3') and BamHI (5'-
CCCGGATCCGAGTAGTTCTAGCGAAAGCG-3') sites,
respectively, to facilitate cloning. GALI::PRP38 was con-
structed similarly by using oligonucleotides 5'-CTTAGATC-

Abbreviations: snRNA, small nuclear RNA; snRNP, small nuclear

ribonucleoprotein; TMG, 2,2,7-trimethylguanosine; orf, open read-

ing frame.

*The sequences of SMDI and PRP38 have been deposited in the
GenlBank data base (accession nos. L04669 and M95921, respec-
tively).
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TGGACTACAATGGCTGTCAATG-3' and 5'-TTTA-
GATCTATTATGAAGTTGGTTAACTTT-3'. To obtain the
conditional lethal haploids expressing the GALI fusion con-
structs, plasmids containing GALI::SMD1 or GALI::PRP38
were introduced by transformation into strain MGD407 made
heterozygous for the appropriate cellular gene disruption,
the transformants were sporulated, and the asci were dis-
sected on rich galactose-based medium. Individual meiotic
progeny were then scored on galactose-based medium with-
out leucine for the presence of the SMDI::LEU2 (or
PRP38::LEU?2) null allele and on uracil-deficient medium for
the presence of the URA3-containing GALI::SMDI (or
GALI::PRP38) plasmid. The correctness of these genetic
assignments was confirmed by Southern analysis.

Immunoprecipitation. Fifteen microliters of the K121 anti-
TMG antibody (16) and 0.5 ul of rabbit anti-mouse IgG
(Zymed Laboratories) were bound to 50 ul of protein A-aga-
rose (BRL-GIBCO) in buffer B (20 mM Hepes, pH 8.0/150
mM NaCl/0.05% Triton X-100) for 30 min at room temper-
ature. Excess antibody was removed by washing the agarose
four times with 1 ml of buffer B. Twenty micrograms of total
cellular RNA was added in 50 ul of buffer B, and the
antibody/RNA mixture was incubated at 23°C for 60 min with
occasional gentle mixing. After five washes with 1 ml of
buffer B, the specifically associating RNAs were released by
the addition of 150 ul of buffer K (100 mM Tris-HCl, pH
7.5/150 mM NaCl/1% SDS with proteinase K at 0.2 mg/ml)
at 37°C for 15 min. Residual proteins were removed by phenol
extraction and the RNA was concentrated by ethanol pre-
cipitation. One-fifth of the recovered RNA was end-labeled
with RNA ligase and [32P]pCp prior to electrophoresis in a 7
M urea/5% polyacrylamide gel.

RESULTS

Isolation of SMDI. Two low-abundance poly(A)* tran-
scripts derived from the region of the PRP38 locus (14) were
detected by Northern hybridization (Fig. 1A4). The larger,
1175-nt transcript corresponds to RNA transcribed in the
same orientation as the PRP38 orf and presumably represents
the mRNA encoding this essential splicing factor. The
smaller, 550-nt transcript is synthesized in the opposite
orientation. As the hybridization probes were restricted to
the PRP38 coding and 3’ flanking regions, the smaller RNA
either originates from within the PRP38 gene or is the product
of a convergently transcribed gene located immediately 3’ of
PRP38. DNA sequence analysis of the region downstream of
PRP38 revealed the suspected second orf, 438 bp in length,
which was designated SMDI (Fig. 1B). Curiously, the trans-
lational termination codons for PRP38 and SMDI are directly
adjacent on opposing DNA strands; the last codon in each orf
encodes the final amino acid of the other.

Yeast and Human D1 Proteins Are Remarkably Similar.
Comparison of the putative basic SMDI-encoded polypep-
tide (estimated pl, 11.2) with the GenBank protein data base
(April 1991) revealed a striking similarity to the human core
snRNP polypeptide and Sm antigen, D1 (ref. 17; see Fig. 2).
Overall, the yeast and human proteins are =~40% identical,
with blocks of 70—-80% identity at the amino terminus (amino
acids 1-28, segment I) and internally at amino acids 88-109
(segment II). An extremely basic carboxyl terminus follows
segment I in both proteins. The human D1 carboxyl terminus
is composed ‘of a lysine-rich segment followed by a simple
Gly-Arg repeat similar to the repetitive Arg/Asp and Arg/Ser
elements observed in a number of splicing factors (e.g., Ul
70-kDa protein, ASF/SF2, U2AF; see references in ref. 18)
and a recently identified family of nuclear phosphoproteins
(19). The carboxyl terminus of the yeast protein is more
complex but is comparable in length and charge character-
istics to that present in human D1. Overall, the yeast protein,
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FiG. 1. Isolation of SMDI. (A) Northern hybridization of 20 ug
of poly(A)~ (lane 1), 2 ug of poly(A)* (lane 2), or 20 ug of total yeast
RNA (lanes 3-5) with the uniformly labeled 880-bp Kpn I-Pst 1
double-stranded (ds) DNA fragment (lanes 1-3; see restriction map
in B) or single-stranded (ss) RN A probes prepared 5'-3' Pst 1 — Kpn
I (lane 4) or Kpn1— Pst I (lane 5). The lengthy exposure time (7 days)
required to detect these transcripts enhances the background hy-
bridization of the abundant 25S and 18S rRNAs. Numbers at the left
indicate the sizes (nt) of the PRP38 and SMDI transcripts. Internal
RNA size standards (U2, Ul, and U5 snRNAs, RP51A mRNA)
visualized after rehybridization of this membrane were used to
estimate the PRP38 and SMDI lengths (data not shown). (B) Map of
the PRP38-SMDI locus. Arrows indicate the respective open read-
ing frames (orfs). The expanded segment displays the 6-bp sequence
containing the PRP38 and SMDI translational termination codons
(underlined). Restriction endonuclease recognition sites: H, HindIII;
K, Kpn I; P, Pst 1. The Kpn 1 site used to prepare the Kpn I-Pst 1
fragment for hybridization in A is noted by an asterisk.

Smdlp, is larger than human D1 (16.3 kDa vs. 13.3 kDa),
owing to a 27-amino acid expansion of the region between
segments I and II.

SMDI s Required for Pre-mRNA Splicing. A conditional
allele was created in which the native SMDI promoter was
replaced by the nutritionally regulated GALI promoter (see
Materials and Methods). Plasmids bearing this GAL1::SMD1
fusion successfully complemented a chromosomal null allele,
SMDI::LEU2, in which the yeast LEU2 gene replaced the
SMDI sequence coding for the final 70 amino acids of Smd1lp.
This effect was gene-specific, as the GALI::SMDI construct
failed to complement a PRP38::LEU2 null allele (see below)
or the temperature-sensitive prp38-1 allele (14), which con-
tains a G — A transition within PRP38 codon 66 (data not
shown). Haploid strains containing GALI::SMDI as the sole
source of Smdlp grew indistinguishably from the parental
wild-type strain on inducing medium (galactose-based) and
for at least 4 hr after shift to repressing medium (glucose-
based). At later times the growth of the strain bearing the
chromosomal SMDI::LEU2 disruption (but not the wild
type) slowed and essentially ceased 8-12 hr after
GALI::SMDI repression.

RNA extracted before and at various times after
GALI::SMDI repression was assayed for splicing by using a
probe composed of the intron and exon sequences of the
yeast ribosomal protein 51 gene (RP51A; Fig. 3A). In galac-
tose medium, the RNA profiles of the wild-type and
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FiG. 2. Comparison of the yeast and human D1 polypeptides. Segments I and II, containing regions of high sequence identity (:), are
underlined, the basic carboxyl-terminal region is in bold. Y-SMD1, yeast Smdlp; H-D1, human D1.

SMDI::LEU2 strains transformed with the GALI::SMDI
plasmid were similar (compare lanes 1 and 7). The pre-mRNA
to mRNA ratio, a measure of splicing efficiency, was indis-
tinguishable from that observed in the untransformed paren-
tal strain (ref. 14 and data not shown). In contrast, 4 hr after
GALI::SMDI repression, pre-mRNA levels were elevated in
the SMDI::LEU? strain relative to wild type. Splicing in the
mutant strain progressively worsened throughout the period
of GALI::SMDI repression. Transcripts originating from the
intron-containing ACTI and CYH2 genes were similarly
affected by Smd1p depletion; no differences were observed
in the abundance or migration of the intronless ADE3 tran-
script or in the pattern of rRNA (Fig. 3B and data not shown).
Consequently, the block to cell proliferation associated with
GALI::SMDI repression can be attributed to pre-mRNA
splicing inhibition; after 8-12 hr of growth without Smdlp
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FiG. 3. Northern analysis of pre-mRNA splicing. RNA was
extracted from the SMDI::LEU2 mutant (lanes 1-6) and wild-type
cells (lanes 7-12) transformed with the GALI::SMDI fusion gene
during growth in galactose medium (¢ = 0 hr) and various times after
shift to glucose medium. (A) Hybridization with a double-stranded
DNA probe prepared from an RP51A PCR fragment containing 398
bp of intron and =200 bp of exon II. The positions of precursor
mRNA (pre-mRNA) and mRNA are noted. Primer extension anal-
ysis using an oligonucleotide complementary to RP51A intron posi-
tions 21-37 confirmed that the RNA designated as precursor repre-
sents full-length unprocessed RP51A pre-mRNA (data not shown).
(B) Hybridization of the same filter with a double-stranded DNA
probe prepared by random primer labeling of plasmid pBRYE2 (a gift
of C. Staben, University of Kentucky) and containing the 2.8-kb
ADES3 coding sequence and =2.0 kb of flanking sequences.

synthesis the cells become limited for the product of one or
more indispensable, intron-containing genes.

Distinct Spliceosomal snRNAs Decrease in Response to
Smd1p and Prp38p Loss. To evaluate whether intracellular
Smdlp depletion influences the levels of spliceosomal
snRNAs, a Northern transfer was probed for Ul, U2, U4,
U5, and U6 snRNAs (Fig. 4A). With the exception of U6, the
abundance of each of these snRNAs decreased in the
SMDI::LEU2 mutant upon GALI::SMDI repression. Den-
sitometric traces of multiple gel exposures in three separate
experiments showed that =45% of U2 and 30% of Ul, U4,
and U5S snRNAs remained after 8 hr of incubation in
glucose. For unknown reasons USL levels decreased more
substantially than US5S levels, and became virtually unde-
tectable after 6 hr of GALI::SMDI repression. Increasing the
time of incubation in glucose to 20 hr resulted in only a minor
(<50%) further reduction in the Smdlp-sensitive snRNAs
(data not shown). While not directly tested, it is likely that the
initial rapid decrease in snRNA results from (/) dilution of a
fixed Smd1p pool through cell division and (i) instability of
newly synthesized snRNAs in the absence of sufficient free
Smdlp. After cell division ceases the rate of snRNA loss
slows.

Depletion of Prp38p, achieved by 14 hr of GALI::PRP38
transcriptional repression in a strain containing a chromoso-
mal PRP38::LEU2 null allele (see Materials and Methods),
caused a marked reduction of U6 snRNA (Fig. 44, compare
lanes 13 and 14). As indicated by the complementation
specificity of the GALI gene fusions and the fact that diploids
heterozygous for both gene disruptions are viable (data not
shown), neither the SMDI::LEU2 nor the PRP38::LEU2
mutation blocks the expression of the adjacent splicing
factor. Thus the products of two neighboring genes, PRP38
and SMD1, are required for splicing and influence the abun-
dance of nonoverlapping subsets of spliceosomal snRNAs.

Residual Spliceosomal snRNAs Are Largely Refractory to
Anti-TMG Immunoprecipitation. The common snRNP pro-
teins bind a limited number of nonspliceosomal snRNAs,
including U7 snRNA and, at least in yeast, U3 snRNA (20).
The TMG-capped yeast snRNAs were assayed by immuno-
precipitation using the K121 anti-TMG monoclonal antibody
(16) before and after 10 hr of Smdlp depletion (Fig. 4B). As
expected from the Northern blot analysis of the same samples
(Fig. 4A, lanes 1 and 6), each of the spliceosomal snRNAs
was reduced by Smdlp depletion. Curiously, however, the
diminutions appeared more pronounced when measured by
the immunoprecipitation assay. For instance, the loss of Ul
precipitability was essentially complete even though =30% of
normal Ul snRNA levels persisted in the sample (compare
Fig. 4A, lanes 1 and 6, with Fig. 4B, lanes 1 and 2). Since
S-fold-longer exposures of the autoradiogram in Fig. 4B failed
to detect any of the residual Ul (data not shown), one can
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F1G. 4. snRNA profile during Smd1p and Prp38p depletion. (A) RNA was isolated as described in Fig. 3 and was resolved in a denaturing
5% polyacrylamide gel. The Northern transfer was probed for each of the spliceosomal snRNAs (U1, U2, U4, USL, USS, and U6) by using
uniformly labeled double-stranded DNA fragments as described (14). Lanes 1-12, RNA extracted after the indicated time of GALI::SMDI
repression; lanes 13 and 14, RNA extracted before and after GALI::PRP38 repression, respectively. (B) Anti-TMG antibodies were used to
precipitate yeast snRNAs before (+ SMD1) or 10 hr after (—SMD1) transcriptional repression of GALI::SMDI. The recovered RNAs were
subsequently 3'-end-labeled by using [32P]pCp and RNA ligase, fractionated by gel electrophoresis, and visualized by autoradiography. The
positions of the splicing-associated snRNAs (U1, U2, U4, USL, and US5S) and the yeast U3 are indicated at right.

estimate that <5% of the anti-TMG-precipitable Ul snRNA
remained.

Yeast U3 snRNA decreased modestly (by a factor of =2)
in response to Smdlp depletion. As both genes encoding
yeast U3 snRNA contain an intron (21), it is unclear whether
this decrease was a direct consequence of Smdlp loss or an
outcome of the general inhibition of splicing. None of the
other resolvable, anti-TMG-precipitable snRNAs were af-
fected by the loss of Smdlp. The bulk of yeast snRNAs,
therefore, either do not associate with Smdlp or are quite
stable in the absence of ongoing Smdlp synthesis. An Sm-
independent pathway for cap modification and nuclear im-
port must exist, as many nonspliceosomal snRNAs possess
a TMG cap (reviewed in ref. 22) but lack an Sm site and are
not sensitive to Smdlp depletion.

DISCUSSION

SMD1, the gene coding for the likely yeast equivalent of the
metazoan core snRNP protein D1, has been isolated. The
data demonstrate a remarkable degree of sequence conser-
vation between the yeast and human proteins and provide
direct experimental evidence that D1 is essential for pre-
mRNA splicing.

The ‘‘tail to tail’’ arrangement of PRP38 and SMDI is
curious and perhaps relevant to the expression of one or both
genes. The PRP38 mRNA is =1175 nt long. Primer extension
analysis of the 5’ end of PRP38 indicates that transcription
initiates at two sites 14 and 27 bp upstream of its translational
initiation codon (unpublished observations). Given the 726-nt
PRP38 orf and assuming a 5’ noncoding segment of 27 nt and
a poly(A) tail characteristic of yeast (50-100 nt), the tran-
scription of PRP38 progresses well into SMDI to generate
mRNA containing at least 300 nt of antisense SMDI mRNA.
The SMD1 orf (438 nt) is closer in size to its measured mRNA
product (550 nt) and most likely carries <50-100 nt of
antisense PRP38 RNA. Although the issue has not been
pursued, this overlapping arrangement of two essential genes
involved in the same physiological process is intriguing from
the perspective of possible cellular transcriptional or trans-
lational control strategies.

Yeast Smdlp and human D1 share at least three segments
of outstanding similarity, conserved regions that presumably
interact with other evolutionarily constrained components of

the splicing apparatus. The extremely basic carboxyl-
terminal tail is a strong candidate to mediate RNA binding.
Indeed, human D1 has considerable affinity for RNA, al-
though this binding lacks obvious substrate specificity (11,
12). D1 might act as a charged protein scaffold to promote
snRNP assembly or strengthen snRNP-snRNP interactions
through nonspecific electrostatic contacts with RNA (31). At
a superficial level, the conservation of the highly charged
nature but not the primary structure of the carboxyl-terminal
region supports this view. Alternatively, the D1 polypeptide
may interact uniquely with a defined RNA sequence but
display rather subtle differences in its specific vs. nonspecific
RNA binding properties when assayed in vitro.

The coordinate diminution of the Ul, U2, U4, and US
snRNAs upon GALI::SMDI repression is not a simple con-
sequence of a block to cellular proliferation or splicing, as
neither the addition of cycloheximide (S. Zhu and B.R.C.,
unpublished work) nor the inhibition of Prp38p synthesis or
US snRNA synthesis (23) has this effect. Subsets of the
spliceosomal snRNAs are destabilized upon removal or in-
activation of specific splicing factors, however. For example,
temperature inactivation of any of the known U6 (or U4/U6)
snRNP-associated proteins (Prp3p, Prpdp, Prp6p, Prp24p) or
the Prp19p or Prp38p splicing factors leads to a decrease in
intracellular U6 snRNA (14); U4, US, and U6 snRNA levels
decrease upon depletion of the US snRNP Prp8p polypeptide
(24). Likewise, direct snRNA perturbations such as muta-
tions at the Sm binding site (7) and elsewhere (8, 25-29) can
cause individual snRNA levels to decrease, presumably by
blocking the assembly of stable snRNP structures. This
conclusion is reinforced by the observation that strong het-
erologous promoters increase intracellular snRNA abun-
dance by only modest amounts (7, 30); limiting stabilizing
factors appear to restrict snRNA levels and hence the abun-
dance of the corresponding snRNP particles. Nevertheless,
some if not all of the spliceosomal snRNAs are found in
excess over what is necessary for efficient splicing (30).
Therefore, it is possible that the primary splicing block
imposed by Smdlp depletion results not from diminished
snRNA levels but from the failure of splicing complexes to
assemble or function properly in the absence of this poly-
peptide.

In metazoa, the binding of core proteins to the Sm site of
spliceosomal snRNAs is a prerequisite for cap hypermeth-
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ylation (5). Newly synthesized, undermethylated snRNAs
are apt to remain in the cytoplasm and may decay with
accelerated kinetics. The observed decreases in abundance
and anti-TMG precipitability of spliceosomal snRNAs upon
Smd1p depletion are consistent with similar requirements in
yeast. With the serendipitous isolation of SMDI, yeast mo-
lecular genetic techniques can now be used to probe the
details of core particle function in eukaryotic pre-mRNA
splicing.
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