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The U1 small nuclear ribonucleoprotein particle U1C protein has a
zinc finger-like structure (C2H2 motif) at its N terminus, which is
conserved from yeast to humans. Mutations of amino acid L13
within this domain rescue the essential function of the helicase
protein Prp28p. Prp28p has been implicated in unwinding the 5ⴕ
splice site (5ⴕss)–U1 small nuclear RNA (snRNA) base-pairing, to
allow replacement of U1 snRNA with U6 snRNA during spliceosome
assembly. The L13 phenotype has therefore been interpreted to
indicate that WT U1C contributes to 5ⴕss–U1 snRNA stabilization by
binding to the RNA duplex. We show here that an L13 mutant
extract cannot form stable base-pairing at room temperature but
is permissive for U1–5ⴕss base-pairing at low temperature. This
phenotype is similar to that of a U1C-depleted extract, indicating
that the U1C L13 mutation is a strong loss-of-function mutation.
The two mutant extracts are unlike a WT extract, which undergoes
stable pairing at room temperature but little or no pairing at low
temperature. Taken together with previous results and the failure
to observe a direct interaction of U1C with the U1–5ⴕss duplex, the
data suggest that U1C contributes indirectly to stable U1–5ⴕss
base-pairing under permissive conditions. A model is proposed to
account for the L13 results.

E

ukaryotic genes are usually interrupted by introns, which
must be precisely excised. Intron removal or pre-mRNA
splicing takes place within a large RNA–protein machine termed
the spliceosome. The five splicing small nuclear ribonucleoprotein particles (snRNPs) and many additional non-snRNP spliceosomal proteins play specific roles in the splicing process
(1–8). In both yeast and mammals, pre-mRNA recognition by
the spliceosome relies on a set of consensus sequences within the
pre-mRNA intronic regions. These are the 5⬘ splice site (5⬘ss),
branchpoint, and 3⬘ splice site regions, which associate with
protein and RNA components of the spliceosome (2, 3, 9, 10).
During in vitro splicing, U1 snRNP recognizes the 5⬘ss in an
ATP-independent fashion and joins the pre-mRNA to form
commitment complex in yeast or the E complex in mammals (11,
12). Because spliceosome assembly is cotranscriptional and the
5⬘ss is synthesized before the other two cis-acting regions, it
presumably associates with U1 snRNP before other splicing
components join during subsequent steps of spliceosome assembly (13, 14). An alternative view is that a preassembled pentasnRNP recognizes the 5⬘ss, and the subsequent steps of ‘‘spliceosome assembly’’ occur as conformational changes in vivo
(15). In either case, the 5⬘ss sequence functions not only in initial
intron recognition but also in subsequent splicing steps, such as
splice site partner assignment and even catalysis (16).
Commitment complex and E complex formation involve basepairing between the highly conserved pre-mRNA 5⬘ss and the
single-stranded 5⬘ end of U1 small nuclear RNA (snRNA). This
base-pairing is critical for the U1 snRNP–5⬘ss interaction and
contributes significantly to 5⬘ss selection, in both mammals and
yeast (17–19). Nonetheless, U1 snRNP that is incapable of
forming canonical RNA–RNA base-pairing can undergo surprisingly normal interactions with pre-mRNA in vitro (20).
Although these mutant complexes are much less stable than WT
complexes, they still maintain considerable sequence specificity
for a proper 5⬘ss. The canonical RNA–RNA base-pairing is also
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0406319101

not essential for either 5⬘ss selection or splicing in the HeLa in
vitro system (21). All of these data indicate that other factors,
probably U1 snRNP proteins, make significant contributions to
5⬘ss recognition and complex formation in mammals and yeast.
Early results in the human system had focused on the U1C
protein as an important factor for efficient complex formation
between U1 snRNP and the pre-mRNA 5⬘ss (22, 23). Biochemical depletion of U1C from U1 snRNP in HeLa nuclear extracts
dramatically decreased U1 snRNP binding to a 5⬘ss (22). The
Saccharomyces cerevisiae U1C gene was subsequently identified
in our laboratory and shown to be essential (24). Genetic
depletion of the protein inhibits splicing in vivo and commitment
complex formation in vitro, indicating that yeast U1C is critical
for U1 snRNP function (24). Our subsequent study suggested
that yeast U1C plays a major role in 5⬘ss recognition, as the
recombinant protein binds single-stranded RNA and has sequence specificity for 5⬘ss-like sequences (25).
U1C has a zinc finger-like structure (C2H2 motif) at its N
terminus, which is conserved from yeast to humans (24, 26). A
recent genetic study showed that mutations of amino acid L13
within this conserved domain could bypass the essential function
of the DExH兾D box helicase protein Prp28p (26). Prp28p had
been previously implicated in unwinding the 5⬘ss–U1 snRNA
base-pairing to allow replacement of U1 snRNA with U6 snRNA
during progression of the spliceosome assembly pathway (26,
27). The L13 phenotype was therefore interpreted to indicate
that WT U1C and specifically its zinc finger region normally
contributes to U1 snRNA–5⬘ss duplex stabilization. Because the
L13 mutant has low levels of U1C activity, the result is an
unstable duplex that no longer requires Prp28p activity. All of
this fit a model in which the U1C Zn finger region binds to the
U1 snRNA–5⬘ss duplex.
Because our own yeast studies had suggested that U1C binds
to the single-stranded 5⬘ss rather than to an RNA duplex within
the context of U1 snRNP (25), we investigated in more detail the
contribution of U1C to yeast U1 snRNP–pre-mRNA complex
formation and stabilization. Our results provide direct biochemical evidence for the proposed Prp28p bypass model (26, 27), as
in vitro complex formation with L13 U1C-containing U1 snRNP
gives rise to unstable commitment complexes. However, our data
show no evidence for a direct association of U1C with the U1
snRNA–5⬘ss duplex. Rather, they suggest that yeast U1C contributes to a temperature-dependent conformational change that
takes place during commitment complex formation and helps to
convert unstable complexes into stable complexes.
Materials and Methods
Materials. Methylene blue (MB) and ascorbic acid were purchased from Sigma. 4-Thiouridine (4-thio)-UTP and an in vitro
transcription kit were purchased from Ambion, Austin, TX.
Abbreviations: snRNP, small nuclear ribonucleoprotein particle; 5⬘ss, 5⬘ splice site; ps5⬘,
pseudo-5⬘ss sequence; snRNA, small nuclear RNA; MB, methylene blue; 4-thio,
4-thiouridine.
*To whom correspondence should be addressed. E-mail: rosbash@brandeis.edu.
© 2004 by The National Academy of Sciences of the USA

PNAS 兩 October 12, 2004 兩 vol. 101 兩 no. 41 兩 14841–14846

GENETICS

Contributed by Michael Rosbash, September 1, 2004

4⬘-Aminomethyl-4,5⬘,8-trimethyl psoralen was purchased from
HRI Associates (Emeryville, CA).
Yeast Strains and Extracts. Y59 (WT) (MATa ade2 arg4 leu2–

3,112 trp1–289 ura3–52), U1–70KHA (MAT ade2–101 his3–200
leu2–1 lys2–208 trp1–63 ura3–53 snp1::pJT-70KHA), U1CHA
(MAT␣ ade2 trp1 leu2 his3 ura3 canR yhc1::LEU2 pGALYU1CHA-URA3-CEN4), and U1C L13S (␣ prp28::HIS3
YHC1–2 ura3–53 lys2–801 ade2–101 trp1-⌬1 his⌬200 leu2-⌬1)
(a gift from T. H. Chang, Ohio State University, Columbus) were
used in this work. Splicing extracts were prepared from the WT
strain Y59 and tagged strains by using a modified miniextract
protocol (28).
Constructs and RNA Substrates. WT pre-mRNA substrate containing the first 72 nt of RP51A pre-mRNA (WT-72) was generated
by in vitro transcription of plasmid BT81. The 5⬘ss mutant RNA
substrate was generated by in vitro transcription of plasmid
pHD43, in which GTATGT was mutated to ATTTGT in the 5⬘ss
region. The RNAs used for psoralen UV cross-linking, MB
cross-linking, and immunoprecipitation assays were uniformly
labeled with [␣-32P]UTP by standard protocols. 4-Thio-UTP
32P-labeled RNAs were synthesized according to the previously
published procedure from this laboratory (9). All RNAs were
gel-purified.

Fig. 1. The effect of U1C on U1 snRNA–5⬘ss base-pairing at normal and low
temperatures. (A) RNA–RNA base-pairing assayed by psoralen cross-linking at
both high and low temperatures. Standard commitment complex formation
assays were performed in WT, U1C L13 mutant, and U1C depletion extracts
with 32P-radiolabeled WT-72 at the two temperatures. Psoralen cross-linking
was carried out after 20 min of incubation as described (20). U1 snRNA–5⬘ss
interactions and free RNA substrates are indicated by arrows. (B) Percentage
of low-temperature base-pairing. The relative intensity of lanes 4 – 6 of A was
measured, and the base-pairing in the U1C-depleted extract at low temperature was arbitrarily set to 100%.

MB-Mediated Cross-Linking. MB cross-linking was carried out as

reported with minor modifications (29). Radiolabeled RNA was
incubated with splicing extract to form commitment complex for
20 min at 25°C. After incubation, 0.5 g兾l yeast total RNA was
added. The samples (10 l) were irradiated for 25 min with 4 ng
of MB, 2 mM ascorbic acid, and 4 mM Tris䡠HCl (pH 7.5) on a
precooled parafilmed block. The light source for the MB crosslinking was a 40-W fluorescent tube mounted 2–3 cm above the
samples. After irradiation, the samples were subjected to RNase
A兾T1 digestion (RNase mixture, Ambion) and analyzed by
SDS兾PAGE and autoradiography.
Psoralen and 4-Thio-UTP Cross-Linking Assays. Psoralen cross-

linking was performed as described (20). Commitment complexes were formed under splicing conditions in 10 l and placed
on ice. Psoralen was added to 10 g兾ml, and samples were
irradiated with 365-nm UV light for 10 min. Samples were then
deproteinized, extracted with phenol兾chloroform, and precipitated with ethanol, and samples were analyzed on a 6% denaturing gel. 4-Thio-UTP UV cross-linking and immunoprecipitation were performed as described (9).
Chase Experiments. 32P-labeled RNA substrate was incubated with

splicing extract in a standard commitment complex reaction for
20 min. A 400-fold molar excess of unlabeled WT-72 was then
added and the incubation continued for the specified time
periods. Psoralen crosslinking and 4-thio-UTP cross-linking
were then performed as described above. Additionally, chased
commitment complexes were immunoprecipitated with antiPrp40 antibody and quantified by liquid scintillation counting.
Results
To investigate the role of U1C in canonical U1 snRNA–5⬘ss
duplex formation and specifically address U1 snRNA–5⬘ss basepairing, we assayed commitment complex formation in vitro with
psoralen cross-linking (20). Splicing extracts were from a U1CL13 mutant strain (26), a strain genetically depleted of U1C (24),
and a control WT strain.
At room temperature, we observed a modest reduction in
cross-linking with the two mutant extracts, compared with the
WT extract, suggesting some contribution of U1C to in vitro
commitment complex formation under these standard condi14842 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0406319101

tions (Fig. 1A, lanes 1–3). This finding fits with the observation
that the L13 mutant strain is viable and grows well. At 0°C,
however, there was much more cross-linking in the two mutant
extracts than in the WT extract (Fig. 1 A, lanes 4–6, and B). For
the WT and U1C-depleted extracts, the results were consistent
with our previous report, i.e., there was no detectable crosslinking in the WT extract and substantial cross-linking in the
U1C-depleted extract (25). In fact, cross-linking in the depleted
extract showed little difference as a function of temperature, in
striking contrast to the WT extract (Fig. 1B). An intermediate
phenotype was observed for the L13 mutant extract, which still
had much more cross-linking at 0°C than the WT extract despite
having less cross-linking at room temperature (Fig. 1). The
results were consistent with an intermediate loss-of-function
etiology for the L13 mutation (Fig. 1A, lane 6 vs. lanes 5 and 4).
The low-temperature data are paradoxical, i.e., a loss-offunction mutation that is supposed to destabilize the U1
snRNA–5⬘ss duplex is not expected to give rise to more psoralendependent cross-linking than WT U1C-containing snRNPs at
any temperature. The apparent greater level of duplex formation
in the L13 and depletion extracts suggests that WT U1C
contributes to an inhibition of duplex formation at low temperature. This interpretation is also consistent with our previous
observations indicating that WT U1C contacts the singlestranded 5⬘ss, the same sequence that base-pairs with the 5⬘ end
of U1 snRNA (25). It would appear that U1C-binding competes
with and inhibits base-pair formation, at least at low temperature
(see below).
We also used a chase protocol to assess the stability of
complexes formed at different temperatures in the three extracts. Incubation of radioactive pre-mRNA in extract was
continued after addition of a 400-fold excess of cold pre-mRNA
(Fig. 2). Psoralen cross-linking indicated that the U1 snRNA–
pre-mRNA duplexes formed at 25°C in a WT extract are very
stable, i.e., there was almost no change in signal after the 30-min
incubation (Fig. 2 A, lanes 1–3). However, the signal had almost
completely disappeared by 15 min of incubation in the L13 and
U1C-depleted extracts (Fig. 2 A, lanes 4–9). These data provide
direct biochemical evidence in support of a Prp28p bypass
suppressor model: because the U1 snRNA–pre-mRNA duplex is
Du et al.

inherently unstable when U1 snRNP contains the U1C L13
mutation, the Prp28p helicase is not necessary to unwind the
duplex.
At low temperatures, however, the duplexes formed in U1Cdepleted and L13 mutant extracts were stable under chase
conditions (Fig. 2B, lanes 13–15 and 16–18). This finding is
consistent with the steady-state data shown in Fig. 1 and might
be relevant to the cold-sensitive phenotype of the Prp28p bypass
suppressor strains (26), i.e., Prp28p might be more necessary at
low temperature to help unwind the more stable L13-containing
U1 snRNP–5⬘ss duplexes. At higher temperatures, however,
Prp28p activity is unnecessary because of the less stable nature
of these base pairs.
To assess commitment complex stability without focusing on
U1 snRNA–5⬘ss base-pairing, an antibody against the U1 snRNP
protein Prp40p was used for immunoprecipitations, and the
amount of radioactive pre-mRNA in the pellet was determined
after the same incubation and chase conditions (Fig. 3). Consistent with the psoralen results, WT complexes were more
stable than those formed in the L13 mutant and U1C-depleted
extracts after incubation at room temperature (Fig. 3). Also
qualitatively consistent with the psoralen assay were the lowtemperature data, which indicate that the mutant complexes are

Fig. 3. Stability of the RNA–protein complexes formed in three different extracts at 25°C (Left) and 0°C (Right). Commitment complex formation and chase
assays were carried out as described in Materials and Methods. Complex stability was measured by liquid scintillation counter after immunoprecipitation with
an antibody against Prp40. The value obtained after a 20-min incubation without unlabeled RNA was arbitrarily set to 100. Values were averaged from at least
four experiments.
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Fig. 2. Stability of the U1 snRNA–5⬘ss base-pairing at two different temperatures. Chase assays were used to measure the stability of RNA–RNA interactions formed in the three different extracts. 32P-labeled transcripts were
incubated with splicing extracts in standard commitment complex reactions
for 20 min at either 25°C (A) or 0°C (B). Aliquots were removed, and a 400-fold
molar excess of unlabeled RNAs was added. Psoralen was then added at the
times indicated. The samples were UV-irradiated as described (20).

more stable than those formed in a WT extract at low temperature. There is, however, a substantial stability difference between the U1C-depleted and the L13 extracts at low temperature. Taken together with what appear to be complex stability
curves (a mixture of more stable and less stable complexes), we
interpret the data to indicate that the relatively stable component reflects the low-temperature base-paired complexes measured by psoralen (U1C ⬎ L13⬎ WT), whereas the less stable
component reflects complexes that lack normal base-pairing.
This finding suggests further that the base-paired complexes in
the mutant extracts are considerably more stable than the
predominantly nonbased complexes formed in the WT extract at
low temperature. Indeed, we attribute quantitative differences
between the immunoprecipitation and the psoralen assays to the
fact that the immunoprecipitation assay measures total complex
formation (base-paired and nonbase-paired), whereas the psoralen assay only scores complexes containing canonical U1
snRNA–pre-mRNA base-pairing.
To address more generally protein–pre-mRNA contacts
within commitment complex (i.e., not only protein contacts in
complexes that also contain RNA–RNA duplexes), we used a
standard 4-thio RNA–protein cross-linking assay at both high
and low temperatures. We also subjected these complexes to the
chase protocol as described above.
The cross-linking patterns observed were identical to what has
been previously described for commitment complexes (9), i.e., all
eight commitment complex components were detectable in all
extracts and at both temperatures; the only exception is the U1C
band, which is very faint in the U1C-depleted extract (Fig. 4). At
room temperature (Fig. 4A), the relative band intensities between the three extracts (WT, U1C-depleted, and L13) were
similar to what was observed with psoralen cross-linking (Fig. 2):
strong signals in the WT extract and intermediate signals in the
two mutant extracts. The RNase H extract (U1 snRNP treated
with an oligonucleotide and RNase H to remove the 5⬘ end)
served a control and indicated that most of the signal in the WT
extract (Fig. 4, lanes 1–3 vs. lanes 10–12) reflected base-paired
complexes as expected. The WT complexes also were highly
stable, as evidenced by the failure to chase during incubation in
the presence of competitor RNA, similar to what was observed
in the psoralen chase experiment (Fig. 2). In contrast, the
intermediate level signals in the mutant extracts were highly
unstable (Fig. 4A, lanes 4–9), presumably reflecting the unstable
nature of both the base-paired complexes and nonbase-paired
complexes formed at room temperature in these extracts (Fig. 2).

Fig. 4. Stability comparisons of RNA–protein interactions in the three extracts at two different incubation temperatures: 25°C (A) and 0°C (B). 4-ThioUTP-labeled 32P WT-72 RNA (9) was used as a substrate for protein UV
cross-linking. Results for the WT and RNase-H-treated extract at 25°C were as
described (9, 20, 25). Previously identified proteins are indicated on the left.

At low temperature, lower-band intensities were detected in
the WT extract (Fig. 4B). Comparable intensities were detected
in the truncated-U1 snRNA extract (RNase H; Fig. 4B, compare
lanes 1 and 10). This finding is consistent with the results shown
above, namely, the absence of detectable psoralen cross-linking
(base-pairing) in WT extracts at low temperature (Fig. 2), and
previous results showing that the predominant interactions at
low temperature are between U1 snRNP proteins and the
single-stranded 5⬘ss region (25). These interactions are also
unstable, as they were chased by incubation in the presence of
cold competitor RNA (Fig. 4B, lanes 1–3 and 10–12), consistent
with the chase experiment shown in Fig. 3. More prominent
low-temperature bands were observed with the L13 and U1Cdepleted extracts (Fig. 4B, lanes 4 and 7), consistent with the
psoralen cross-linking and total complex measurements (Fig. 3).
The U1C-depleted bands were also quite stable, compared with
the L13 bands and especially compared with the WT bands (Fig.
4B). This finding also fits with the greater amount of signal in the
psoralen cross-linking assay with the U1C-depleted extract (Figs.
1 and 2), suggesting that much of the low-temperature protein–
RNA (4-thio-UTP) cross-linking signal in this extract was from
base-paired complexes. These interactions were somewhat less
stable in the L13 mutant extract (Fig. 4B, compare lanes 4–6 and
7–9), probably reflecting residual U1C activity and a lower
fraction of base-paired complexes relative to the U1C-depleted
extract.
The dramatic stability difference between the WT and mutant
complexes formed at room temperature indicates that U1C
makes an important contribution to RNA duplex stabilization
under these standard conditions. However, our published data
are best explained by an interaction between U1C and singlestranded RNA (25), suggesting that U1C does not stabilize the
duplex by contacting the U1 snRNA–pre-mRNA base pairs. To
address more directly a U1C–duplex interaction, we performed
a MB-mediated cross-linking assay (see Materials and Methods).
MB can bind to double-stranded RNA, is highly photoreactive to
visible light, and has been used to visualize proteins that contact
directly double-stranded RNA (29).
With this assay, we observed three labeled proteins (Fig. 5A,
lane 1). Two passed stringent specificity tests: they were both
eliminated by truncation of the 5⬘ end of U1 snRNA with
oligo-directed RNase H digestion (Fig. 5A, compare lanes 1 and
2), and they were prominently reduced when a mutated 5⬘ss
14844 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0406319101

Fig. 5. MB-mediated cross-linking to detect protein– double-stranded RNA
interactions. (A) WT extract. (B) Comparison of WT and tagged extracts.
32P-labeled transcripts were incubated with splicing extracts in standard commitment complex reactions for 20 min at 25°C. MB cross-linking was then
carried out as described in Materials and Methods. Protein size ladder was the
profile of WT-72 4-thio-UTP UV cross-linking. The intensity of a large nonspecific band was increased when that of the two specific bands was decreased
(compare lane 1 with lanes 2 and 3 in A).

instead of a WT 5⬘ss was used as a radioactive substrate (Fig. 5A,
lane 3). This finding indicates that these two proteins bind to a
bona fide U1 snRNA–5⬘ss duplex. Their apparent molecular
weights indicate that neither of them is U1C or U1–70K (also
implicated in 5⬘ss stabilization; ref. 30). To confirm this conclusion, we repeated the cross-linking with extracts containing
hemagglutinin (HA)-tagged versions of U1C (U1CHA) or U170K (U1-70KHA). If a band was caused by one of these two
proteins, it should disappear from its WT position and migrate
with a lower mobility (9). There was no mobility change in either
extract, consistent with the conclusion that neither band is U1C
(or U1–70K). Although these data are negative, the absence of
a band with the molecular weight of U1C suggests that it does not
contact directly the U1 snRNA–5⬘ss duplex.
There is one additional complication that limits the strength
of this conclusion: we found the identical pattern at low temperature, even with a WT extract (data not shown). This
complication may indicate that MB is not entirely specific for
protein contacts with double-stranded RNA. A simpler explanation reflects the fact that the samples were somewhat warmed
by the fluorescent light bulb (data not shown). A third possibility
is that canonical base-pairing exists at low temperature, despite
the absence of a signal by psoralen cross-linking. MB but not
psoralen may capture a small fraction of RNA–RNA baseDu et al.

pairing, which even at low temperatures is in dynamic equilibrium with protein–single-stranded RNA.
Discussion
Based on these data and all of our previous reports (20, 25), we
propose the following scheme: The first interaction between a
single-stranded 5⬘ss and U1 snRNP is with U1C, which prevents
base-pairing between the 5⬘ ss and the 5⬘ end of U1 snRNA (Fig.
6A, CC0). We suggest that U1C then aids a temperaturedependent conformational change, from this unstable nonbasepaired CC0 conformation to the canonical stable base-paired
configuration (Fig. 6B, CC1-2). The splicing factor Prp28p then
acts as an RNA helix to unwind the U1 snRNA–5⬘ss duplex or
functions as an RNP remodeling enzyme (31) with an indirect
destabilizing effect on this duplex. In either case, Prp28p activity
allows subsequent steps of spliceosome assembly and the formation of the U6 snRNA–5⬘ss base-pairing interaction. These
proposed events could equally well occur within a tetra-snRNP
or penta-snRNP, if they turn out to reflect conformational
changes rather than bona fide spliceosome assembly steps in vivo
(15, 32).
The conformational change (CC0 ⬎ CC1-2) is proposed in
part because almost no U1 snRNA–5⬘ss base-pairing is detectable at low temperature in a WT extract. Therefore, CC0 or
something similar must be the predominant conformation at low
temperature, whereas CC1-2 is the predominant conformation
at high temperature. Although the absence of base-pairing at low
Du et al.
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Fig. 6. Working model for the role of yeast U1C during in vitro commitment
complex formation. Protein–protein interactions contribute to retaining WT
U1C (blue oval, A and B; blue square, C) within U1 snRNP. The black ball is a
putative U1 snRNP protein, which helps retain U1C within the snRNP when
U1C interactions with U1 snRNA are weak or negligible (e.g., in A because of
an RNA conformational change or in C because of a U1C protein conformational change). The colored bar is the pre-mRNA, with the intron in green. (A)
There is little U1C binding to U1 RNA at low temperature, because of a favored
RNA–RNA interaction, depicted as an intramolecular base-pairing interaction
between a putative ps5⬘ and the 5⬘ss. Under these conditions, the 5⬘ substrate
interaction is of low stability (indicated by a thick arrow in A) and predominantly with U1 snRNP proteins including U1C. (B) At higher temperatures
(indicated by kt), there is a conformational change (indicated by a double
arrow in A) that includes U1C binding to the ps5⬘. This process liberates the 5⬘ss
and allows a base-pairing interaction with the pre-mRNA 5⬘ss (indicated by
thin lines), which gives rise to a more stable interaction. (C) The L13 mutation
causes a U1C conformational change (blue square rather than blue oval),
which binds poorly to RNA. U1 RNA therefore has a tendency to adopt the
low-temperature conformation as in A, which allows the ps5⬘ to interact with
the 5⬘ end of U1 (double arrow) and compete with pre-mRNA base-pairing.
This process gives rise to a lower stability base-pairing interaction (thick
arrow).

temperature could be explained by the U1C–5⬘ss interaction and
an energy requirement for the conformational change, it is
tempting to suggest that some RNA sequence or structure within
the large yeast U1 snRNA (33, 34) also contributes to the
inhibition of base-pairing at low temperature. This inhibitory
sequence or structure could be quite complex and兾or the effect
quite indirect, but for the sake of simplicity we have depicted it
as a pseudo-5⬘ss sequence (ps5⬘) (Fig. 6) that can form intramolecular base pairs with the 5⬘ end of U1 snRNA (Fig. 6, 5⬘U1).
This putative autoinhibitory interaction is mutually exclusive
with canonical base-pairing between the 5⬘ end of U1 snRNA
and the 5⬘ss. The data suggest that the intramolecular inhibitory
interaction predominates at low temperature, which restricts the
substrate 5⬘ss to a low stability interaction with U1C (CC0, Fig.
6A). At higher temperatures, the alternative conformation then
allows standard 5⬘ss–U1 snRNA base-pairing (CC1-2; Fig. 6B).
A reason for the explicit suggestion of a ps5⬘ is the preference
of U1C for single-stranded RNA with a 5⬘ss-like sequence (25).
As a consequence, U1C could bind directly to a ps5⬘-like
sequence and inhibit its action at normal temperatures. The
notion is then that U1C switches RNAs during early splicing
complex formation, from the substrate 5⬘ss to the U1 ps5⬘, and
thereby contributes to the conformational change from CC0 to
CC1-2 (Fig. 6). The intramolecular base-pairing would predominate at low temperature, whereas the U1C-U1 ps5⬘ interaction
would win at higher temperatures. We note that there is an
excellent candidate pseudo-5⬘ss at positions 420–427 with perfect complementarity to the 5⬘ end of U1 snRNA; the last six of
these eight nucleotides are in a proposed single-stranded loop
(loop Xc; ref. 35). Preliminary experiments indicate that there is
enhanced low-temperature base-pairing when this complementary sequence is altered (data not shown).
A second reason for postulating the existence of a pseudo-5⬘ss
sequence or structure is the low stability of complexes formed at
room temperature in extracts containing the L13 mutation of
U1C. Although a blocking model can explain the effects of the
L13 mutation at low temperature (the potent 5⬘ss–U1C interaction normally inhibits the canonical 5⬘ss–U1snRNA interaction; Fig. 6, CC0; see below), this idea does not explain why the
room temperature L13 base-paired complexes are of low stability, similar to those formed in the U1C-depleted extract and
much different from WT complexes formed under these standard conditions (Figs. 2–4). Although psoralen does not provide
a high-resolution picture of the base-pairing, we presume that it
is quasi-normal in the L13 extracts (see below). If the L13 mutant
U1C binds RNA less well than WT U1C, this weakened interaction would liberate the ps5⬘ or structure and allow it to
compete with the 5⬘ss for base-pairing to the 5⬘ end of U1
snRNA. The low stability would then result from this cis
competition (Fig. 6C). In any case, we suggest that the low
stability of the L13 base-paired complex is the reason that this
mutation can bypass the need for Prp28p, consistent with the
original suggestion of Chen et al. (26).
In contrast, the L13 mutant extracts manifest stable and
permissive base-pairing phenotypes at low temperatures (Figs.
2–4). The stability can explain why the bypass strains are cold
sensitive (26). The permissive feature of the phenotype presumably reflects a failure to sequester the 5⬘ss (poor substrate RNA
binding) and兾or a failure to form the proper inhibitory CC0
conformation at low temperature (Fig. 6C). In any case, both
phenotypes are similar to a U1C-depletion extract and indicate
that the L13 mutation is a loss-of-function mutation.
A key mechanistic question remaining is how does WT U1C
activity promote canonical commitment complex formation?
Although we have not measured on rates systematically, our
preliminary results suggest that there is no dramatic difference
between WT and U1C-depleted extracts (data not shown).
Moreover, the mutant complexes have dramatically increased off

rates at room temperature relative to WT complexes (Figs. 3 and
4). As there are only modest differences in total complex levels
between mutant and WT U1 snRNP, they can be easily explained by differences in complex stability (Figs. 3 and 4).
Although this increased off rate makes duplex stabilization a
major consequence of U1C activity, it does not distinguish
between a direct or an indirect role. Moreover, we have been
unable to detect U1C directly by contacting the base-paired
region by MB cross-linking (Fig. 5). It is, of course, possible that
U1C contacts the duplex region in a MB-undetectable manner
(see above). Although not a major focus, we also have not
detected striking differences in other protein–5⬘ss region contacts between stable and unstable complexes (Fig. 4). Taken
together, our experiments suggest that U1C contributes only
indirectly to stable complex formation. As described above, our
interpretation includes sequestering an inhibitory region of U1
snRNA and promoting an intramolecular conformational
change.
The temperature requirement recalls experiments on ribosome assembly by Nomura (36) more than 30 years ago. In this
system, there is evidence for an energetic barrier to stable
complex formation, reflecting a conformational change that
requires incubation at elevated temperature. For commitment
complex formation, we suggest that elevated temperatures are
required to displace U1C from the single-stranded 5⬘ss, melt the
intramolecular RNA–RNA interactions, and promote U1C
binding to an autoinhibitory region, perhaps a ps5⬘. In this view,
yeast U1C might act as a dedicated intramolecular chaperone to
promote stable base-pairing, as proposed (24).

In HeLa cell nuclear extracts, the U1 snRNA–5⬘ss interaction
is reported to be identical at both high and low temperatures
(37), indicating that yeast U1C and human U1C may have
somewhat different activities. Although the region of yeast U1C
that contacts RNA has not been definitively identified, preliminary chemical mapping experiments suggest that the U1C basic
C-terminal tail contacts the 5⬘ss (unpublished data and e.g., ref.
38). Given the longer tail of yeast U1C and the substantial
sequence divergence between yeast and vertebrate U1C in this
region (24), the yeast protein may indeed have an additional
activity not present in metazoan U1C. This observation also
suggests that the conserved N-terminal zinc finger-like structure
that contains the L13 mutation may participate only indirectly in
RNA binding, or perhaps has another biochemical function.
A somewhat different, perhaps additional function for yeast
U1C mirrors the much longer yeast U1 snRNA molecule, 568 vs.
164 nt for humans (33, 34). This size difference may even be
related to temperature regulation, which might be much more
important for yeast splicing than for many metazoan species. In
any case, the putative conformational changes and the effects of
temperature should be testable by structure probing yeast U1
snRNA within commitment complexes under different conditions and in different genetic backgrounds (e.g., ref. 35).
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