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Prp38p function for U4/U6 snRNA dissociation
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The elaborate and energy-intensive spliceosome assem-
bly pathway belies the seemingly simple chemistry of
pre-mRNA splicing. Prp38p was previously identified
as a protein required in vivo and in vitro for the
first pre-mRNA cleavage reaction catalyzed by the
spliceosome. Here we show that Prp38p is a unique
component of the U4/U6.U5 tri-small nuclear ribo-
nucleoprotein (snRNP) particle and is necessary for an
essential step late in spliceosome maturation. Without
Prp38p activity spliceosomes form, but arrest in a
catalytically impaired state. Functional spliceosomes
shed U4 snRNA before 5 splice-site cleavage. In
contrast, Prp38p-defective spliceosomes retain U4
snRNA bound to its U6 snRNA base-pairing partner.
Prp38p is the first tri-snRNP-specific protein shown to
be dispensable for assembly, but required for con-
formational changes which lead to catalytic activation
of the spliceosome.
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Introduction

blocked (reviewed in Rosbash and Seraphin, 1991). In a
comparable fashion, Ul and U2 snRNP addition occurs
but U4/U6.U5 tri-snRNP addition is prevented when
Prp4p, Prp6p, or Prp8p is inactivated or when the U5
snRNA is metabolically depleted (Banroques and Abelson,
1989; Seraphiret al, 1991; Brown and Beggs, 1992;
Galisson and Legrain, 1993). This progression of subunit
addition, rearrangement and dissociation defines a process
termed the spliceosome cycle.

Fundamental to spliceosome assembly is the ordered
formation and resolution of multiple snRNA—pre-mRNA
and snRNA—-snRNA base pair associations (Maetrel.,
1993; Madhani and Guthrie, 1994; Nilsen, 1998). It is
generally accepted that the geometric restrictions of nucleic
acid association impart considerable specificity to the
spliceosome-assembly process. Proteins, on the other hand,
are required for snRNP recruitment, for the stabilization
and resolution of the spliceosome’s RNA interactions and,
in the most general sense, for the formation of an enzyme
superstructure compatible with catalysis. Yet, compara-
tively little is known about these protein factors which
advance spliceosome assembly and activation.

Two groups of RNA-binding proteins, the serine—argin-
ine enriched phosphoproteins of metazoa (the SR and SR-
related proteins) and the DExD/H-box proteins of the
spliceosome have received the most attention as effectors
of snRNP recruitment and snRNP reorganization, respect-
ively. The SR protein family consists of at least eight
related members. Each member is characterized by the
presence of one or more RNA recognition motif (RRM)
and multiple clustered serine—arginine dipeptides

The current model of spliceosome assembly was developed(reviewed in Fu, 1995; Manley and Tacke, 1996). The SR

principally from thein vitro pattern of small nuclear

ribonucleoprotein (SnNRNP) particle association with syn-

thetic splicing substrates (reviewed in Moatal,, 1993;
Madhani and Guthrie, 1994; Kmger, 1996). In mammals

proteins and a structurally distinct group of SR-related
proteins function at each snRNP addition step in mamma-
lian spliceosome assembly and participate in both constitu-
tive and regulated pre-mRNA splicing. Protein—protein

and yeast, spliceosome assembly progresses by the sequefiteractions between the phosphorylated SR motif and

tial addition of the U1 snRNR U2 snRNP- U4/U6.U5
tri-snRNP particles to the pre-mRNA. Beforé $plice-

other spliceosomal components promote, at least in part,
the spliceosome-assembly process. Curiously, the canon-

site cleavage (chemical step | in splicing), the affinities ical SR proteins, so prevalent in metazoa, are absent
of the Ul and U4 snRNAs for the splicing complex are In yeast.

greatly reduced and, under many (Pikieleyal., 1986;

The spliceosomal DExD/H-box proteins are a group of

Cheng and Abelson, 1987; Konarska and Sharp, 1987)at least seven structurally related proteins [Prp2p, Prp5p,

although not all (Blencowet al, 1989) isolation condi-

Prpl6p, Prp22p, Prp28p, Prp43p, Snu246p (also called

tions, the U4 snRNA is lost from the spliceosome. This Brr2p, Rsslp, Slt22p)] which roughly resemble a subtype
model of spliceosome assembly is supported by the of RNA helicase (Laubeet al, 1996; Lin and Rossi,
abridged spliceosome assembly profiles observed when1996; Noble and Guthrie, 1996; Xet al., 1996; Arenas

splicing is inhibited by specific mutations in the pre-
mMRNA or when one of the manyans-acting components

and Abelson, 1997; see references in"rdes, 1996).
These DExD/H-box proteins are implicated in multiple

of splicing is removed. For example, when the essential stages of spliceosome assembly, in both chemical steps of
co-factor adenosine triphosphate (ATP) is depleted before splicing, and in spliceosome disassembly. RNA-dependent
splicing-substrate addition, U1 snRNP binds the pre- ATP hydrolysis has been observed for Prp2p, Prp5p,
MRNA, but the subsequent ATP-dependent additions of Prp16p and Snu246p and, in each case, this activity is
the U2 snRNP and the U4/U6.U5 tri-snRNP particles are believed to be important for conformation changes within
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the spliceosome (Schwer and Guthrie, 1992; Kim and Lin, © I 3
1993, 1996; Plumptoret al, 1994; Umen and Guthrie, ~ ”§. "E‘. GALI:-PRP38HA
1995; O'Day et al, 1996; Xu et al, 1996). To date, Temp. & & R Hoursin =
however, the yeast DExD/H-box proteins have not shown ~ Shift —+—+—+ Glicose = = 0 & 2 8 &
strict RNA substrate specificity or demonstrated RNA , byay T o
helicase activityin vitro. This has led to speculation that ) fha
like the prototypical DEAD-box helicase, eif4A (Rozen mRNA) B08 " » --.e
et al, 1990), the spliceosomal DExD/H-box proteins may
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require auxiliary factors for complete catalytic activity
(Strauss and Guthrie, 1994; Kim and Lin, 1996). Fig. 1. Cellular pre-mRNA splicing requires functional Prp38p.vivo
The challenge ahead is to integrate the intricate choreo—gg;{‘:’r\]‘tﬁozp'iﬂgge;’(v;: f?gggofResAbl\/Ng‘soret:‘(frg‘cttggtf%”nﬁ'gﬁu"r‘g an
graphy of the spl_lqeosome Cy(.:le Wlth the. me.Chamsm of bearing a Wildp-typePRPE%allele (lanes 1 and 2), the ts mutant alleles
substrate recognition and splice-site activation. Toward ;38-1 (lanes 3 and 4), oprp38-2(lanes 5 and 6), and from cultures
this end we have investigated the function of the essential that expressed the nutritionally regulatéAL1::PRP38HAallele
splicing factor, Prp38p, in the spliceosome cycle (B|anton (lanes 7-13). Yeast cultures were grown cqntinuously at the permissive
et al, 1992). Prp38p is a small (28 kDa) protein with an temperature of 23°C (-), or on the permissive growth medium

t | idi - ich C-t inusn Vi d (galactose, lane 7) and afta 2 hshift to the restrictive temperature of
extremely acidic, serine-fric -lerminufn vivo an 37°C (+), or the indicated number of hours in repressing medium

in vitro studies with the temperature sensitive (1g)38-1 (lanes 8-13). Primer extension with &P51Aexon two primer (Teem
mutant suggested that Prp38p might function within U6- and Rosbash, 1983) was used to confirm that the RNA that

SnRNA_bearing Comp|ex at a |ate Stage Of Sp”ceosome accur_nu_lated l_Jnder the r_estrictive_ conditions was pre-mRNA and not
assembly. Here, we establish that Prp38p is an authentic"® Similarly sized lariat intermediate.

component of the yeast U4/U6.U5 tri-snRNP patrticle.

Unlike other tri-snRNP-specific proteins characterized to Splicing in the wild-type control culture, in contrast, was
date, Prp38p functions as a maturation factor; spliceosomedargely unaffected by this treatment (Figure 1, lanes 1 and
assemble without Prp38p, but arrest in a pre-catalytic state2). Metabolic depletion of Prp38HAp through transcrip-
prior to U4 snRNA release. The data support a model in tional repression ofSAL1::PRP38HAalso arrested pre-
which Prp38p recruits (or activates) an RNA unwinding mRNA splicing (Figure 1, lanes 7-13). Like oth&AL
activity necessary for U4/U6 snRNA dissociation and promoter fusions (for example Brown and Beggs, 1992;
subsequent U6 snRNA integration into the active site of Lockhart and Rymond, 1994), a 6-8 h delay was observed
the spliceosome. between the time of media change and the onset of
splicing inhibition. Presumably, this lag reflects the interval
required to make Prp38HAp limiting for pre-mRNA
splicing through the combined affects of transcriptional
Spliceosome assembly progresses without Prp38p repression, cell division and protein turnover. Culture
In vitro heat inactivation of the ts Prp38-1p protein growth stopped ~18 h after the shift to glucose medium.
blocks pre-mRNA splicing without an obvious reduction Consistent with then vivo observations, extracts pre-
in the amount of splicing complex formed (Blanton pared from theprp38-2 mutant were splicing-competent,
et al, 1992). Either Prp38p is dispensable for much of but selectively temperature sensitive (Figure 2A). A 30 min
spliceosome assembly or the Prp38-1p derivative retainspre-incubation at 35°C blocked splicing in tpep38-2
partial activity (i.e. assembly competence) even after it extract (Figure 2A, lanes 10-12), but had little effect on
has lost the ability to support splicing. To resolve this a wild-type control extract (Figure 2A, lanes 4—6). Native
guestion, two new yeast strains were prepared. Onegel electrophoresis (Figure 2B) showed that spliceosome
strain expressed a novel ts allef@p38-2 that exhibits assembly in the splicing-competent extracts advanced
a more thorough block to splicing than observed for through the three complexes resolved by this system
prp38-1 The Prp38-2 protein contains a cysteine to (Pikielny et al, 1986), the U1 and U2 snRNP-dependent
tyrosine substitution at position 87 (C87Y). This change prespliceosome (complex Ill), the snRNP-complete com-
is distinct from the glycine to aspartic acid substitution plex | intermediate, and the U4-depleted mature spliceo-
at amino acid 66 (G66D) introduced by thEp38-1 some (complex II). Similar levels of splicing complex
lesion and is consistent with th&-ethylmaleimide- were formed in the Prp38-2p inactivated extract, although,

Results

sensitivity of the native Prp38p protein (Blantet al, here no prominent band was observed for the mature
1992). The second yeast strain expressed a nutritionally-spliceosome (Figure 2B, compare lanes 1-9 and 13-15
regulated, hemagglutinin (HA)-tagged allel&AL1:: with lanes 10-12). The intensity of the complex | band

PRP38HA as the sole source of Prp38p. Transcription in the 15 min time point would mask the presence of
of GAL1::PRP38HAIs induced in galactose-based media moderate amounts of mature spliceosome in the mutant
and repressed in glucose-based media. extract. However, as shown below, Prp38p-deficient
Under permissive conditions, thpep38-1, prp38-2and extracts display a unique arrest in spliceosome maturation.
GAL1::PRP38HAalleles produced functional proteins that This defect probably accounts for the absence of an
supported pre-mRNA splicingn vivo (Figure 1) A 2 h obvious complex Il band, rather than the gel resolution.
shift to the restrictive temperature of 37°C inhibited Extracts prepared from glucose-repress€iLl::
RP51A pre-mRNA splicing in theprp38-1 culture and PRP38HA cultures efficiently supported spliceosome
blocked splicing in theprp38-2culture (Figure 1, lanes 3  assembly (Figure 2B, lanes 16-18), but not splicing
and 4, 5 and 6). In both cases, pre-mRNA levels increased(Figure 2A, lanes 16-18). Here again, spliceosome assem-
and mRNA levels decreased after the temperature shift.bly appeared arrested at the complex | stage. In some

2939



J.Xie et al.

&,
PRP38 prp38-2  |GALI::PRP38HA
Temp. Shift
Time
(min)
Ll o Ll »
1- 1
P— P
M »
M =
S SE»
123 45 6 789100 12131415161718
B
PRP38 GALI::PRP38HA
Temp. Shift | — | GAL | cLu
Time :322 fﬁﬂfﬁ‘ﬂ 1 2 3 456
(min) Fig. 3. Complementation of Prp38p depleted extratisvitro pre-
Complex Lad mRNA splicing was monitored in a wild-type extra®RP3§, an
1} = b extract depleted of Prp38HAPPRP38Dep.), and in extracts
m - d temperature-inactivated for Prp2pr2-1) or Prp38p prp38-2. In

lanes 3 and 4, the indicated extracts were premixed before substrate
addition (see Materials and methods) to assay for the restoration of
splicing through complementation. The positions of the pre-mRNA
(P), lariat intermediate (LI), excised intron (I), mRNA (M) and 5

exon bands () are noted on the left.

Prp38p is essential for cellular pre-mRNA splicing, but

1 unnecessary for the recruitment of most spliceosomal
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Fig. 2. A time course ofin vitro splicing and spliceosome assembly of components.

32p_labeledRP51Apre-mRNA, TA2 (Rymond and Rosbash, 1988).

(A) Pre-mRNA was added to a wild-typ@RP3§ extract or mutant U4 snRNA release is inhibited in Prp38p-defective
(prp38-2 extract that was pre-incubated at 35°C for 30 mit) or spliceosomes

maintained at 23°C (-). In parallel, Prp38HA complete (GAL) and An affinitv-selection pr re w t termin
depleted (GLU) extracts were monitored for pre-mRNA splicing. a y-seiection p ocedure was used to dete €

Samples were withdrawn at the indicated times and assayed for Whe_ther the removal_ O_f Prp38HAp mterfered with SUR!\IP
splicing on a denaturing 12% polyacrylamide gel. The positions of the addition to the splicing substrate (Figure 4). Biotin-
pre-mRNA (P), lariat intermediate (LI), excised intron (I) and mRNA  substituted pre-mRNA was incubated under standard splic-
(M) bands are notedB{) Spliceosome assembly was monitored in ing conditions in Prp38HAp-complete and Prp38HAp-

parallel on a 3% polyacrylamide/0.5% agarose gel. The positions of : - .
the previously characterized complex I, Il and Ill bands (Pikielny depleted extracts. At various time points, the assembled

et al, 1986) are noted. These complexes are equivalent to complexes SPlicing complexes were recovered by streptavidin chro-
B, A2-2 and A2-1, respectively, in an alternate nomenclature (Cheng ~Mmatography and assayed for SnRNA content. As reported

and Abelson, 1987). with the development of this technique (Grabowski and
Sharp, 1986), non-specific SnRNA association with
experiments, trace levels of spliced products were detectedunmodified pre-mRNA or with the streptavidin matrix
with the Prp38HAp-depleted extract (see below and Figure was negligible (Figure 4, lanes 6 and 12).
3). While this weak splicing probably results from residual ~ The assembly results obtained with the Prp38HAp
Prp38HAp, the possibility that inefficient splicing occurs complete extract support the conclusions of the native gel
without Prp38p has not been rigorously ruled out. As study (Figure 2B) and are consistent with many other
expected for a Prp38p-dependent arrest, splicing in the published studies on yeast spliceosome assembly (for
Prp38HAp-depleted extract was complemented by an example Pikielnyet al, 1986; Cheng and Abelson, 1987).
extract heat-inactivated for the unrelated splicing factor, The earliest complexes (1.5 min) contained the Ul and
Prp2-1p, but not by an extract heat-inactivated for U2 snRNAs and some of the U4, U5 and U6 snRNAs.
Prp38-2p (Figure 3). A similar level of complementation This snRNA distribution reflects the presence of the
was observed when a micrococcal nuclease-treated (i.eprespliceosome (U1, U2) and complex | (U1, U2, U4, U5,
snRNP-free) extract was mixed with a heat-inactivated UB6) in the affinity-purified pool. As assembly progresses,
prp38-1 extract (Blantonet al, 1992). Together, the prespliceosomes are converted into spliceosomes and the
concordance of the results obtained with thg38-], U1l snRNA becomes less stably bound. Reflecting these
prp38-2 and GAL1l::PRP38HA alleles establish that changes, the spliceosomal yields of U5 and U6 snRNA
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Fig. 4. U4 snRNA release from the spliceosome is inhibited without U4/U6 — ' e -' .-
Prp38HAp. Biotin-substitute@pRP51gpre-mRNA (lanes 1-5, 7-11;
Rymondet al, 1987) or unmodified RNA (lanes 6 and 12) was U4 — an -

incubated in Prp38HAp-complete (Comp.) and depleted (Dep.) extracts
for the indicated times. The associating snRNAs were recovered by
streptavidin—agarose chromatography and assayed by Northern blot.
The positions of the spliceosomal snRNAs are shown on the left of
this figure. The U4 snRNA to U6 snRNA signal ratios (uncorrected

for sp. act.) are listed below the lane numbers. Total, unselected
snRNAs from the indicated yeast extract.

12 3456 7 8

Fig. 5. U4/U6 snRNA dissociation is blocked by removal of
Prp38HAp. A) RNA from unfractionated Prp38HAp-complete
(Comp.) and depleted (Dep.) extracts was fractionated on a non-
increased with time far more than that of U1 snRNA denaturing 4% polyacrylamide/0.5% agarose gel either directly

: : . - (lanes 1 and 7), or after dissociation of the U4/U6 helices by a 100°C
(Figure .2.B’ compare lanes 2 and 5). InconS|stenC|gs In gtep (lanes 2 a?nd 8). Hybridization with a U6 snRNA-specifi)(/: probe
the stability and electrophoretic transfer of the exception- revealed the positions of the U4/U6 and the free U6 SnRNA.
ally large U2 snRNA made it a less reliable marker of Spliceosomal complexes were on biotin-substitRR51ARNA at
spliceosome assembly by this method. U4 snRNA is 1.5 min (lanes 3 and 5) and 45 min (lanes 4 and 6) of incubation in
normally released from the yeast splicing complex before he indicated extractsB) The Western blot membrane described in
the first pre-mRNA cleavage-ligation step (Pikiektyal, Figure 4A is shown after hybridization with a U4-specific probe.
1986; Cheng and Abelson, 1987). Here, this was observed
as a time-dependent decrease in yield of spliceosomal U4unrelated splicing factor, Prp2p (Yean and Lin, 1991;
snRNA when compared with the U5 and U6 snRNAs. J.Xie and B.C.Rymond, unpublished data). Thus, the
Quantifying the U4 snRNA and U6 snRNA bands by removal of Prp38p activity results in a clear and specific
phosphoimage analysis showed that the U4/U6 signal ratiodefect in the spliceosomal reorganization events that lead
decreased approximately an order of magnitude over theto U4 snRNA release.
45 min incubation (Figure 2B, lanes 2-5).

The pattern of snRNP addition in the Prp38HAp- U4 snRNA remains bound to U6 snRNA in
depleted extract (Figure 2B, lanes 8-11) was similar to Prp38-depleted spliceosomes
that seen in the splicing-competent extract (Figure 2B, The absence of Prp38p might prevent dissociation of the
lanes 2-5) with one obvious distinction. Without U4/U6 snRNAs or, alternatively, cause a hyperstabilization
Prp38HAp, the U4 snRNA was no longer efficiently of the ‘free’ U4 snRNA within the spliceosome. To
released from the spliceosome. After 45 min of splicing, address this, RNAs isolated from Prp38HA-complete and
the U4/U6 ratio remained ~65% of that observed at 1.5 min Prp38HAp-depleted spliceosomes were fractionated on a
(Figure 2B, lanes 8 and 12). In contrast, when Prp38HAp native polyacrylamide gel under conditions that resolve
was present, the U4/U6 snRNA signal ratio dropped much the U4/U6 snRNA hybrid from the free U4 and U6
more rapidly and, at 5 min, was35% of that observed snRNAs. For comparison, total extract RNA (i.e. non-
at 1.5 min (Figure 2B, lanes 2 and 3). Persistence of U4 spliceosomal) was run in parallel. The resulting transfer
snRNA in the Prp38p deficient spliceosome was consistentwas then sequentially hybridized with probes specific for
with the accumulation of an authentic, shRNP-complete the U4 (Figure 5B) and U6 snRNAs (Figure 5A). Since
complex | band in the gel mobility analysis (Figure 2B). U6 snRNA is naturally present in a 2- to 5-fold molar
The minor release of U4 snRNA observed correlated well excess over the U4 snRNA in yeast (Li and Brow, 1993;
with the weak splicing observed with the Prp38HAp- B.C.Rymond, unpublished observations), much of the
depleted extract. Inhibited U4 snRNA release was also total U6 snRNA signal was found in the free U6 band
observed with theprp38-2 extract after temperature in-  (Figure 5A, lanes 1 and 7). A U4/U6 hybrid band was
activation, but not with an extract inactivated for the also observed. As expected, this band could be resolved
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into constituent U4 and U6 snRNA forms by preincubation
at 100°C prior to electrophoresis (Figure 5A, lanes 1 and
2, 7 and 8).

The splicing complex snRNAs were assayed for U4/
U6 association after 1.5 and 45 min of assembly. When
compared with the total ShRNA pool, a greater fraction
of the early (1.5 min) spliceosomal U6 snRNA was found
in the U4/U6 state (Figure 5A, compare lanes 1 and 3, 7
and 5). Presumably, this bias reflects the initial recruitment
of the U4/U6 base-paired snRNAs to the spliceosome. In
concordance with the continued spliceosome assembly
noted above, spliceosomal U6 snRNA levels increased
greatly between the 1.5 and 45 min time points. For the
Prp38HAp-complete extract, spliceosome maturation over
the 45 min incubation period shifted most (87%) of the
U6 signal to the free U6 form (Figure 5A, lanes 3 and 4).
Free U4 snRNA and U4/U6 tethered snRNAs were
detected in the Prp38HAp-complete 1.5 min spliceosome
(Figure 5B, lane 3) while virtually no free U4 snRNA
was observed in the total RNA pool (Figure 5B, lane 1).

Prp38HAp

—
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=
LTyl

=
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=
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—
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" p-
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USL— | e
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e —— —

o .
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ThI_S greater abundance of free U4 SNRNA in th_e _early Fig. 6. Prp38HAp interacts with U4, U5 and U6 snRNA bearing
spliceosome presumably reflects the rapid dissociation of complex(es). A Northern blot of RNA from unfractionated extract

the U4/U6 helices after tri-snRNP addition. Furthermore, (lanes 1 and 2) and immune precipitate pellets with the anti-HA

this result shows that U4 snRNA release from the spliceo- _amnbody, HA.11 (lanes 3-7 and 9) and the irrelevant antibody, mAb63

some is not concurrent with U4/U6 snRNA dissociation.
This differs from the observation that for U6, the absolute
amount of the U4 snRNA signal in the Prp38HAp-
complete extract changed little over the 45 min incubation.
As less free U4 snRNA was observed at 45 min (Figure
5B, lane 4) than at 1.5 min (Figure 5B, lane 3), the U4/
U6 complexes that persist late in assembly may be
defective in maturation through U4 release.

For complexes assembled in the Prp38HAp-depleted
extract, nearly all of the spliceosomal U#95%) and
U6 (76%) snRNAs remained in the U4/U6 state (Figure
5A and B, lanes 5 and 6). This result provides clear
evidence that Prp38p is important for the resolution
of the U4/U6 snRNA helices and not simply for the
displacement of freed U4 snRNA from the spliceosome.

Prp38p is a U4/U6.U5 tri-snRNP-specific protein

is shown. Extracts were prepared from yeast that expressed the
epitope-tagged Prp38HAp protein (lanes 2—-8) or from an untagged
strain (Prp38p; lanes 1 and 9). The numbers in the box refer to the salt
concentration used in the immune precipitation experiments. The
positions of the spliceosomal snRNAs are shown on the left.

300 mM NaCl and no snRNAs were observed at
400 mM NacCl.

Yeast snRNP complexes were fractionated on a
10-30% linear glycerol gradient in 50 mM NaCl
(Figure 7A). As previously described (Bordonee¢ al,
1990), this gradient resolves the free U6 snRNP (Figure
7A, fractions 5-9), the U4/U6 snRNP (Figure 7A, fractions
11-15), the U5 snRNP (Figure 7A, fractions 17-23) and
the U4/U6.U5 tri-snRNP (Figure 7A, fractions 25-29).
While most of the U5 and U6 snRNA signals reside above
fraction 25, only in the U4/U6.U5 tri-snRNP fraction did
the U4, U5, and U6 snRNAs efficiently co-precipitate

Two observations suggested that Prp38p was snRNP-with the anti-HA antibody (Figure 7B). In contrast with

associated: (i) the decreased intracellular U6 snRNA
abundance observed with extended periodspiqf38-1
temperature inactivation (Blantoet al, 1992); and (ii)

the selective tri-snRNP precipitation, U1 and U2 snRNAs
were recovered in each immune pellet in amounts that did
not directly parallel the abundances of these snRNAs in

the inhibited spliceosomal U4 snRNA release seen with the gradient fractions. Non-specific precipitation of these
Prp38p-depleted (or inactivated) extracts. To test directly large snRNAs occurs with anti-HA antibodies under low
for snRNP association, Prp38HAp extracts were incubated salt conditions even in the absence of an HA-tagged

with the anti-HA antibody, HA.11, and the immune pellets
assayed for snRNA content (Figure 6). At 100 mM NacCl,
the U4, U5 and U6 snRNAs, and a trace amount of Ul
and U2 snRNAs were found in the immune precipitates.
In contrast, a background level of the U1 and U2 snRNAs,
but no U4, U5 or U6 snRNAs were observed if the
irrelevant monoclonal antibody, mAb63, was used with
the Prp38HAp extract (Figure 6, lane 8) or if the HA.11
antibody was used with an untagged extract (Figure 6,

protein (e.g. Tanget al, 1997; McLean and Rymond,
1998). Consistent with interpretation, the Ul and U2
snRNAs were lost from the immune pellets at 100 mM
NaCl while the U4, U5 and U6 snRNAs were observed
up to at least 200 mM NaCl (Figure 6; data not shown).
When expressed at natural levels from its native pro-
moter, the levels of Prp38p were too low to be detected
by Western blot from individual gradient fractions. This
occurred whether or not the samples were first precipitated

lane 9). The stability of the Prp38HAp—snRNP association with antibodies against Prp38HAp. To circumvent this
was similar to that reported for other moderately salt- problem, the tri-shnRNP fractions were pooled and then
sensitive snRNP proteins (for example Snu246p, Lauber compared with the remainder of the gradient samples for
et al, 1996; U1-C, Tanget al, 1997). The U4, U5, the presence of Prp38p (Figure 7C). All the detectable
U6 RNAs were efficiently recovered at 200 mM NaCl; Prp38HAp co-fractionated with the U4/U6.U5 tri-snRNP
significantly reduced snRNA recovery was observed at particle, although itis possible that Prp38p exists elsewhere
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Fig. 7. Prp38HAp co-fractionates with the U4/U6.U5 tri-snRNP particke, B) An extract prepared from th@ AL1::PRP38HAyeast strain was
fractionated on a 10-30% linear glycerol gradient and the indicated odd-numbered fractions were assayed in parallel for the snRNA in (A) and for
the co-precipitation of snRNA with Prp38HAp in (B). The asterisks show the samples used for immune precipitation. The chosen samples contain
the free U6 snRNP (9), the U4/U6 snRNP (15), the U5 snRNP (21) and the U4/U6.U5 tri-snRNP (25-29) particles. The labels to the left of each
panel identify the spliceosomal snRNAE)(Prp38HAp was recovered by immune precipitation from a parallel gradientRitR38HAextract.

Here, two pools were used for immune precipitation, one from gradient fractions 1-23 (-, lacks tri-snRNP) and one from-25+29RNP

enriched). In each case, 50% of the recovered immune pellet (pellet) and 10% of the supernatant (Sup.) were assayed by Western blot with the
HA.11 antibody to identify Prp38HAp. T, unfractionat&AL1::PRP38HAextract.

in the gradient in low abundance or in a form unrecognized snRNP particle (Fabriziet al., 1994). Perhaps the most
by the HA.11 antibody. These results support a Prp38p— probable explanation for this apparent discrepancy is that
U4/U6.U5 tri-snRNP association and argue against the Prp38p was lost (e.g. salted off, proteolyzed) though the
stable interaction of Prp38p with the U6, U4/U6 or U5 sequential anti-gG chromatography and glycerol gradient
snRNP precursors. fractionation steps used in this earlier study. We note,
however, that a band of ~30 kDa was present in fractions
next to the tri-snRNP peak and that these same fractions
had significant levels of other tri-snRNP-associated pro-
Prp38p is one of a small group of proteins uniquely teins (for example, Prp4p and Prp6p). The presence of
associated with the U4/U6.U5 tri-snRNP patrticle. Previous Prp38p in a subset of the tri-snRNP would be consistent
studies with yeast and mammalian tri-snRNP specific with the fact that we routinely recover50% of the tri-
proteins showed that members of this group are essentialsnRNP snRNAs by immune precipitation. Additional work
for stable tri-snRNP assembly and for U4, U5 and U6 is needed to resolve whether the tri-snRNP fraction without
snRNA addition to the spliceosome (Aboviehal,, 1990; stably bound (or antibody-accessible) Prp38p is an artifact
Behrens and Uormann, 1991; Galisson and Legrain, of the isolation conditions or a legitimate intermediate of
1993). This study establishes the first link between a tri- tri-snRNP assembly.
snRNP specific protein and spliceosome maturation events No clear human counterpart of Prp38p has been
that result in the dissociation of the U4/U6 intermolecu- reported, although recently an SR-related protein similar
lar helices. in size to Prp38p was identified as a unique component
Formation of the U4/U6.U5 tri-snRNP particle requires of the human U4/U6.U5 tri-snRNP particle (Fetzgral,,
both the release of certain U4/U6-associated proteins 1997). Like Prp38p, the human 27 kDa protein lacks an
and the acquisition of novel tri-snRNP-specific proteins RRM element. Both Prp38p and the human 27 kDa tri-
(reviewed in Seraphin and Mattaj, 1991). The co-fractiona- snRNP protein can be phosphorylateditro and, at least
tion and immune precipitation experiments presented herefor the human protein, a tri-snRNP associated protein
show that much, or all, of the Prp38p is tri-snRNP bound. kinase is responsible (Fetzet al, 1997; B.C.Rymond,
Curiously, a previous biochemical characterization did not unpublished data). Beyond size and serine richness, the
report a Prp38p-size protein (i.e. 28 kDa) in the yeast tri- structural similarity between Prp38p and the human 27 kDa

Discussion
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protein is limited. Nevertheless, given the similar complex- vector pTZ19R (USB/Amersham). This subclone was sequenced to

; ; i confirm the insertion of the HA epitope after the penultimBRP38
ity of the yeast and mammalian U4/U6.US  tri-snRNP codon. This DNA was subcloned asBalll-BanH| fragment into the

part'des (Fabr'z'oet a_l" 1994,)' it ',S pOSS|ble ,that th's BarrHI site of the yeast expression vector pBM150 (Johnston and Davis,
27 kDa phosphoprotein functions like Prp38p in spliceo- 1984) to produc€SAL1::PRP38HAA diploid strain heterozygous for a
somal reorganization. LEU2 disruption of PRP38(Rymond, 1993) was transformed with the

A number of proteins have been implicated by genetic GAL1::PRP38HAplasmid. After meiotic induction, haploid segregants
or biochemical evidence in U4/U6 SnRNA dynamics. were then scored "for the galacto_se—dependent“growth_and for the

. . presence of th&AL1::PRP38HAplasmid and therp38::LEU2disrupted

These include the DEXD/H-box proteins, Snu246p (Lauber chromosomal allele. To placBRP38HA under its own promoter, a
et al, 1996; Lin and Rossi, 1996; Noble and Guthrie, 600 bpKpnl fragment fromGAL1::PRP38HAthat contained the’3end
1996; Xu et al, 1996), Prp28p (Jamiesost al, 1991, of this gene, including thélA-encoding epitope, was subcloned into a

; ; Kpnl-digested plasmidYCplac22-PRP38This plasmid contained all
Strauss and Guthrie, 1991, 1994), the likely U4/U6 PRP38sequences from thEst site upstream of the promoter to the

annealing protein, Prp24p (Shannon and Guthrie, 1991; . site within the coding sequence (Blantenal, 1992). The genetic
Ghetti et al, 1995; Jandrositz and Guthrie, 1995), the techniques of yeast transformation, yeast mating, meiotic induction and
U4/U6 snRNP-protein, Prp4p (Ayadit al, 1997, and tetrad dissection were carried out according to standard protocols (Kaiser
references within) and, as shown here, Prp38p. Spliceosoﬂg'h-veﬁi‘;?- mutagenesis PRP38was performed with a 2.2 kbp
mal U4 snRNA release does n,Ot occur when ATP levels Hindlll-Pvul subclone of this gene (Blantost al, 1992) in vector
are_reduced (Tar_Et al, 1993) or 'n_the absence of Prp38p.  ycplac22 (Gietz and Sugino, 1988). Hydroxylamine at 200 mg/ml was
While Prp38p might act directly in this process, the lack incubated with the plasmid DNA at 42°C under conditions otherwise as
of obvious RNA binding domains or ATPase elements Céescr:]ribecri]_(Rosle(atnd_ Fi$léll)987)d. Ir:]e mutated (?NIA wa_z| amp:ifitf]d in
i T ; scherichia coli (strain and the recovered plasmid pool then
Wllthm Prp838%4a6rgu_e for ﬁn md;}reCt role in U4. SnRD,\éAD/transformed into theGAL1::PRP38HAyeast strain. The yeast trans-
release. n!" piIs per_ aps the most attraqtlve h _X formants were selected on galactose-based media lacking uracil and
H-box candidate to mediate U4/U6 snRNA dissociation tryptophan and screened forRP38mutations by replicating to 37°C
as it enters the spliceosome with the U4/U6.U5 tri-snRNP on glucose-based media. DNA sequence analysis of the ¢tRR38
particle and interacts genetically with the U2 snRNA, a gene was used to_'(?e”}'fyt_he location 0(‘;1“9_33]2'85'0”-S“ﬁseﬂugqt'yv A
. . -fluoro-orotic acid selection was used to isolate yeast that had lost the
tar?ﬁ;f%n%fi c?r?I?)’f\lé’rlggesrscigogtmﬂgggctI?art]iSeNAt\n:?ggjled GALL::PRP38HAplasmid and retained the sp38-2allele.
involve the recruitment or activation of the putative Splicing and spliceosome assembly assays
unwinding activity. Precedents for DExD/H-box protein ;]feast ext,rai_ts Werz pre%argc:) bfem splhargglsst fgm:ﬁtion anc:J Dt?lunce
T ; A omogenization as described by Lén al. or by the ground ce
aUXI:IaIYQfgaSCtOI’S (Ijncrl:“lde thel SP“C'r.‘g. Ta(.:tor’fSppr (lf:\;oBy pellet method published by Umen and Guthrie (1995). Temperature
et al, )' and the trans at'_on Initiation aCtP“ el inactivation of theprp38-2(or prp2-1) extract was performed by mixing
(Rozenet al, 1990). Alternatively, Prp38p might act 1 pl of 0.6 M KHPO, (pH 7.0) with 4l yeast splicing extract and
simply to promote a conformational change within the rapidly transferring this to 35°C for 30 min. Spliceosome assembly was
spliceosome needed to expose the U4/U6 helices org‘(;%fgeguﬁ’lgftg‘% ":‘;ﬁ'tET”PO;nlé';Jl %51’88"0'(\)"8?3 r%] l)*'ofgp:’g;/;’sf;g—
otherwise provide opportunlty for _U4 SnRNA, dISpIaC_e- mRNA. For unknown reasons, extracts prepared from low density
ment. The U4/U6'.aSSOC|5.‘ted protein, .Prp4p, IS a cre'dll.)Ie cultures using the Dounce homogenization method were more sensitive
target of Prp38p interaction as certain mutations within to in vitro temperature inactivation and were used exclusively for this
Prp4p cause spliceosomal arrest with bound (though notp?rpcgz-l_ 10 gr;ggg% ixttratits me}?bolically detpleted I_géo Prr?382H§p, 10 ml
; ; ; of a :: starter culture grown to an of ~2.0 in
ge(t:)essarllthfS aSL’JSL?/(l:JIgtec(jj') U4 .SrI[RNA t(f? yagaél" 193K|)A . 1% yeast-extract, 2% bactopeptone (YP) galactose was collected by
. u Sequen 0 'SSOCla_ 'On*_ e Sn IS centrifugation and resuspended in 2 | of YP glucose medium. Cultures
integrated into the presumed active site of the spliceosomewere grown 10-17 hin YP glucose medium at 30°C and the extracts were
through base pair contacts with the U2 snRNA and the prepared by the method of Umen and Guthrie (1995). Complementation
pre-mRNA 3 splice site (reviewed in Nilsen 1998). At studies were carried out by first mixing equal volumes of the Prp38p-

. - : o depleted extract with the appropriate heat inactivated extract at room
this point, Prp38p might remain in the complex (perhaps temperature for 10 min, followed by a 30 min incubation on ice. Splicing

to function agann in splicing) or be released 0 JOIN  was then performed for 20 min after the addition of pre-mRNA and

a newly reconstituted U4/U6.U5 tri-snRNP particle in required co-factors as described above.

spliceosome assembly. Native gel electrophoresis of splicing complexes were carried out in
0.5X TBE buffer as described (Pikielngt al, 1986) in a matrix
composed of 3% polyacrylamide (59:1, acrylamide:bis-acrylamide)/0.5%
agarose. For the affinity-recovery of splicing complexes, [B0&plicing

Materials and methods reaction volumes were used with 50 ng of biotin-substituBgRP51a
pre-mRNA prepared as previously published (Rymatdal, 1987),
Yeast strains, plasmid constructs except that biotin-16-UTP (Boehringer Mannheim) was used as the
MGD353-46D @, trp1-289, ura3-52, leu2-3,112, ade2, &h modified nucleotide. At each time point, 4@ of the reaction was
KBY2 [a, prp38::LEU2, trp1-289, ura3-52, leu2-3,112, pYCplac22 removed and mixed in a siliconized microfuge tube with an equal
(TRP1, PRP38HA) volume of Q buffer [400 mM KCI, 2 mM Mg(OAG) 100 mM HEPES
JXY1-6d [o, prp38:LEU2, trpl-289, ura3-52, leu2-3,112, ade2, pH 7.5] and 20ul of immobilized streptavidin (Boehringer Mannheim).
pBM150(GAL1::PRP38HA, URAR) Afterwards, for 45 min at 4°C, the beads were washed four times with
KBY20 [a, prp38-1, prpl6-2, ade2, ura3-52, leu2-3,112, trp1-289, his3, 800 pl of NET-2 buffer (50 mM Tris—HCI pH 8.0, 50 mM KCI, 1 mM
pBM150(GAL1::PRP38HA, URAR) DTT and 0.5% NP-40). To help reduce background, the streptavidin
ts368 @, prp2-1, adel, ade2, ural, tyrl, his7, lys2, gall beads were transferred to a fresh siliconized microfuge tube for the final
To prepare the galactose-dependent, epitope-tagged aBéle]l:: wash. The snRNAs were then released by the addition of an equal
PRP38HA a YCp50-based genomic clone BRP38(Blanton et al, volume of 2x PK buffer (200 mM Tris—HCI pH 7.5, 25 mM EDTA,
1992) was amplified by the polymerase chain reaction with oligonucleo- 300 mM NacCl, 2% SDS, 2 mg/ml proteinase K) for 10 min at 37°C.
tides (BCTTAGATCTGGACTACAATGGCTGTCAATG3 and 3CCA- The samples were phenol extracted and the snRNAs concentrated by
AGAAGAGGTCTATGAAGCGTAGTCTGGAACGTCGTATGGGT- ethanol precipitation. Subsequent blotting and snRNA detection steps
ATTCGCTGGTGTCGTT; théglll site is in italics, the HA codons are were as previously described in detail (Blantdral,, 1992). The relative
in bold) and the DNA fragment blunt-end ligated into t8ea site of intensities of the snRNA bands were determined directly with a Storm
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860 phosphoimager (Molecular Dynamics) or by quantifying X-ray film required for the accumulation of theU4/U6.U5>tri-snRNP.Nucleic
images with an LKB model 2222-010 Ultroscan XL laser densitometer. Acids Res 21, 1555-1562.

Extracts were fractionated on 10-30% glycerol gradients by the Ghetti,A., Company,M. and Abelson,J. (1995) Specificity of Prp24p
method of Bordonneet al. (1990). The gradients were separated into binding to RNA: A role for Prp24 in the dynamic interaction of U4
0.4 ml fractions and processed by immune precipitation or direct phenol  and U6 snRNASRNA 1, 132-145.
extraction. Unbound proteins were concentrated by precipitation with Gietz,R.D. and Sugino,A. (1988) New yedSseherichia colishuttle
acetone for Western blot analysis with anti-HA antibodies 12CA5  vectors constructed witim vitro mutagenized yeast genes lacking six-
(Boehringer Mannheim) or HA.11 (Babco). Immune precipitations (with base pair restriction site§ene 74, 527-534.

20 pl of total yeast extract or 1501 of gradient fractions) were carried Grabowski,P.J. and Sharp,P.A. (1986) Affinity chromatography of
out essentially as described previously (Lockhart and Rymond, 1994). splicing complexes: U2, U5, and W4J6 small nuclear

The yeast extract was mixed with 10-p0of antibody-bound protein ribonucleoprotein particles in the spliceosonSeience 233 1294—
Alprotein G beads (Oncogene) in a total volume of pOQotal extract) 1299.

or 300 I (gradient fractions) HNT buffer (20 mM HEPES, pH 7.9, jamieson,D.J., Rahe,B., Pringle,J. and Beggs,J.D. (1991) A suppressor
100 mM NaCl, 0.05% Triton X-100) at room temperature for 30 min.  of 5 yeast splicing mutatiom(ps—2) encodes a putative RNA helicase.
The NaCl concentration of the HNT buffer was adjusted between 50— Nature 349, 715-717.

800 mM as needed. The unbound extract was separated from the jangrositz,A. and Guthrie,C. (1995) Evidence for a Prp24 binding site

antibody-bound material by centrifugation at 40§0for 1 min. The in U6 snRNA and in a A L :
. ; putative intermediate in the annealing of U6
beads were washedx6with 300 pl of HNT. The bound material was and U4 snRNASEMBO J, 14, 820-832.

then released by the addition of 1Q0of 1X PK buffer for 10 min at 3 . .

A ohnston,M. and Davis,R.W. (1984) Sequences that regulate the divergent
37°C. The sam_pl_e was phenol extracted and t_he SNRNAs concentrated GAL1-GAL10 promoter inSaccharomyces cerevisiddol. Cell. Biol,,
by ethanol precipitation for Northern blot analysis (Blang&ral, 1992). 4 1440-1448
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