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Prp8 stands out among hundreds of splicing factors as a key regulator
of spliceosome activation and a potential cofactor of the splicing
reaction. We present here the crystal structure of a 274-residue
domain (residues 1,822–2,095) near the C terminus of Saccharomyces
cerevisiae Prp8. The most striking feature of this domain is a �-hairpin
finger protruding out of the protein (hence, this domain will be
referred to as the �-finger domain), resembling many globular ribo-
somal proteins with protruding extensions. Mutations throughout
the �-finger change the conformational equilibrium between the first
and the second catalytic step. Mutations at the base of the �-finger
affect U4/U6 unwinding-mediated spliceosome activation. Prp8 may
insert its �-finger into the first-step complex (U2/U5/U6/pre-mRNA) or
U4/U6.U5 tri-snRNP and stabilize these complexes. Mutations on the
�-finger likely alter these interactions, leading to the observed mu-
tant phenotypes. Our results suggest a possible mechanism of how
Prp8 regulates spliceosome activation. These results also demonstrate
an analogy between a spliceosomal protein and ribosomal proteins
that insert extensions into folded rRNAs and stabilize the ribosome.

Pre-mRNA splicing is a critical step for gene expression in all
eukaryotes. In eukaryotes, DNA is first transcribed to pre-

mRNAs whose introns have to be accurately removed before
mRNA export and translation. Introns are removed through two
transesterification steps. In the first step, the 2�-OH group of a
critical adenosine residue in the branch point sequence (BPS)
attacks the 5� end of the intron and forms a lariat intermediate.
In the second step, the newly freed 3�-OH group of the 5�-end
exon attacks the 3�-end of the intron, releasing the lariat and
ligating the two exons.

Pre-mRNA splicing is catalyzed by the spliceosome, a large
RNA/protein complex that contains five snRNAs (U1, U2, U4,
U5, and U6) and over 100 different protein factors. The spli-
ceosome appears to assemble on pre-mRNA in a stepwise
manner (1), although evidence also exists that the spliceosome
may preassemble before encountering a pre-mRNA substrate
(2). During spliceosome assembly, the 5� splice site (ss), BPS, and
3� ss of pre-mRNA are first recognized by the U1 snRNP,
SF1/BBP, and U2AF65/35, respectively. Next, U2 snRNP re-
places SF1 and base-pairs with the BPS. Subsequently, the
U4/U6.U5 tri-snRNP joins the spliceosome. Next, extensive
structural rearrangements occur to form the catalytically active
spliceosome complex (first-step complex), which contains U2,
U5, U6, and the pre-mRNA (3). During this activation process,
the base-pairing between the 5� ss and U1 snRNA is disrupted,
and the 5� ss interacts with the ACAGA box of U6 instead, using
largely the same nucleotides that base-paired with U1 snRNA.
The base-pairing between U4 and U6 is also disrupted, and new
interactions between U2 and U6, which are mutually exclusive
with those in the original U4/U6 complex, are formed. In
addition, the BPS interacts with U2 snRNA, and both exons
interact with U5 snRNP in this complex. After the first catalytic
step, the spliceosome further changes conformations to perform
the second catalytic reaction (4, 5). The exact nature of the
second-step complex is unclear but may involve disruption of the
U6–5� ss interaction and repositioning of the pre-mRNA sub-

strate (5). These conformational changes can be considered an
activation process for the second catalytic step.

Prp8 occupies a central place in the spliceosome and is a key
regulator of spliceosome activation. It is the only spliceosomal
protein that extensively cross-links with the 5� ss, BPS, 3� ss, U5,
and U6, all key components of the splicing reaction (6). A large
number of mutations in PRP8 were identified that suppress the
U4-cs1 cold-sensitive mutant, illustrating the role of Prp8 in the
spliceosome activation mediated by U4/U6 unwinding (7–9).
U4-cs1 is a mutation in U4 snRNA that resides opposite the U6
ACAGA box in the U4/U6 complex and prevents the ACAGA
box from interacting correctly with the 5� ss when yeast is grown
at low temperatures (10). Consequently, U4-cs1 spliceosomes
can assemble at low temperatures, but U4/U6 unwinding and the
release of U1 snRNA from the 5� ss are blocked. Over 40 Prp8
substitutions have been isolated that suppress the U4-cs1 cold
sensitive mutant (8), which fall into five regions (a–e) in Prp8’s
primary structure. Regions a, d, and e demonstrate allele-
specific genetic interactions with mutations in Prp28, Brr2, and
U6 snRNA, respectively, suggesting at least three different
mechanisms of U4-cs1 suppression (9).

Prp8 also regulates the equilibrium between the first catalytic
step and the second catalytic step spliceosomal conformation.
The two-state model proposed by Query and Konarska (11, 12)
suggests that the conformation of the spliceosomal complex that
favors the first step and the conformation that favors the second
step are in competition. Modulation of the relative stabilities of
the two conformations improves one of the catalytic steps and
decreases the efficiency of the other. Two classes of Prp8
mutants (first- and second-step alleles) were identified that have
opposite effects on the first and second catalytic steps of splicing,
reflecting Prp8’s ability to modulate the transition between the
two catalytic steps (12).

In contrast to the clear functional importance of Prp8 in
splicing, the molecular mechanism of how Prp8 fulfills these
functions remains elusive, partly because of its large size, low
sequence similarity with other proteins, and lack of structural
information. Human Prp8 is 2,335 residues and the yeast Prp8 is
2,413 residues in length. The two proteins share 61% sequence
identity, but both have remarkably low sequence similarity with
other known proteins. To understand the molecular mechanism
of Prp8’s function, we used a multipronged strategy combining
structural, genetic, and biochemical methods. We present here
the 2.05-Å resolution crystal structure of a 274-residue domain
(residues 1,822–2,095) near the C terminus of S. cerevisiae Prp8
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(yPrp8). The most striking feature of this domain is a �-finger
that protrudes from the protein. This domain will henceforth be
referred to as the �-finger domain. We found that mutations at
the �-finger affect the conformational equilibrium between the
first and second catalytic step, demonstrating first-step and
second-step allele phenotypes. Mutations at the base of the
�-finger suppress U4-cs1 cold sensitivity. These observations
lead us to propose that Prp8 inserts this �-finger into the
first-step complex (U2/U5/U6/pre-mRNA) or U4/U6.U5 tri-
snRNP and stabilizes these complexes. Mutations on the �-
finger alter these interactions, resulting in the observed pheno-
types. Our results provide a possible molecular mechanism for
Prp8’s function in spliceosome activation. These results also
present an intriguing analogy between a spliceosome protein and
many globular ribosomal proteins with protruding extensions
that insert into folded rRNAs and stabilize the ribosome.

Results
The Prp8 �-Finger Domain Contains an RNase H Fold Without Its Active
Sites. We determined the crystal structure of the �-finger domain
(residues 1,822–2,095) of yPrp8 to 2.05-Å resolution. The �-
finger domain is immediately upstream of the C-terminal do-
main (CTD, residues 2,143–2,413) structure we determined
earlier (13, 14) (Fig. 1A). The �-finger domain (274 residues)
forms a compact single-domain structure that can be further
divided into the N-terminal and C-terminal subdomains (Fig.
2A). The N-terminal subdomain (170 residues from amino acids
1,833–1,992) forms a �/� structure, whereas the C-terminal
subdomain (95 residues from amino acids 1,993–2,087) is exclu-
sively �-helical (Fig. 1B and Fig. 2 A). The extreme N terminus
(11 residues) and C terminus (8 residues) of the �-finger domain
are disordered in the crystal structure. This domain contains a
unique �-hairpin finger formed by �2 and �3 (residues 1,859–
1,875). There are two molecules in the crystallographic asym-
metric unit, which have essentially identical conformations ex-
cept for the �-finger (Fig. 2B). The significance of the �-finger
will be discussed later in this paper.

A structural homology search using the DALI server (15)
found that the N-terminal subdomain of the �-finger domain
shares significant topological similarity with the RNase H fold in
UvrC, a DNA repair enzyme (PDB ID code 2NRR) (Fig. 2C).
The RNase H fold exists in a number of enzymes with nuclease
or polynucleotide transferase activities, such as RNase HI (16),
retrovirus integrase (17), Argonaute (18), RuvC (19), and DNA
transposase (20). A typical RNase H fold has approximately 100
residues containing a five-stranded mixed �-sheet and three
�-helices. The N-terminal subdomain of the �-finger domain has
the same topology as a typical RNase H fold with two modifi-
cations (Fig. 2C). There is a �-finger insertion (�2 and �3 in the
�-finger domain) between the first and the second �-strands of
the RNase H fold and an extra short �-helix and �-strand after
the last helix of the RNase H fold.

RNase-H-related enzymes typically contain three highly con-
served active site residues, DDE, forming a carboxylate triad which
coordinates divalent cations (i.e., Mg2�) critical for catalysis (21). In
the �-finger domain of Prp8, residues D1853, T1936, and F1965
correspond to the DDE motif of RNase H fold in three-dimensional
space (Fig. 2C). To examine the importance of D1853, which is
highly conserved in Prp8 from different species, we generated a
D1853A mutant of full-length yPrp8. Plasmid carrying prp8-
D1853A was transformed into yJU75, which contains WT PRP8 on
an URA3-marked plasmid, with chromosomal PRP8 deleted (22).
The transformed strain failed to grow on medium containing
5-FOA, which selects against the URA3 plasmid carrying WT PRP8,
indicating that D1853A is lethal (Fig. 3A).

To understand the mechanism of the D1853A mutant, we first
examined whether the �-finger domain binds any metal ion with
only one of the three canonical carboxylates present. We soaked

the �-finger-domain crystals with 1 mM TbCl3 and collected
anomalous data at the peak wavelength of Tb3�. Tb3� has similar
binding properties as Mg2� (23) and a strong anomalous signal,
which can be used to identify Mg2� binding sites. An anomalous
Fourier map revealed that D1853, T1936, and F1965 do not
coordinate Tb3� ion (data not shown). Instead, we found that the
D1853A substitution leads to misfolding/instability of the �-
finger domain. D1853A is almost exclusively in the insoluble
fraction when expressed in Escherichia coli (Fig. 3B). The
lethality of D1853A is likely caused by misfolded/unstable Prp8,
illustrating again the importance of having functional Prp8 in the
cell. This hypothesis is also consistent with the recessive lethality
of D1853A (i.e., yeast carrying both WT PRP8 and D1853A
plasmids grow similarly to those carrying WT PRP8 alone) (data
not shown). A mutant that still allows the assembly of Prp8 into
the spliceosome but blocks the function of Prp8 will likely have
a dominant phenotype.

Interestingly, the �-finger domain is the second domain in Prp8
that has a fold similar to an enzyme but does not have its catalytic
site(s). The C-terminal domain structure we determined earlier (13,
14) has the MPN fold present in several Zn2�-dependent isopep-
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Fig. 1. Position of the �-finger domain in the full-length yPrp8 primary
structure and sequence alignment of the �-finger domain from different
species. (A) A schematic diagram showing positions of the �-finger domain,
the �-finger, and other functional regions, including the CTD, 5� ss and BPS
cross-linking regions in yeast extract, 5� ss cross-linking region in HeLa extract,
U4-cs1 suppressor regions, first-step alleles (dashed vertical line), and second-
step alleles (solid vertical line). Only the first and second-step alleles that carry
single site mutations are shown. Horizontal bars indicate the cross-linking and
suppressor regions. (B) Sequence alignment of yeast Prp8 (yPrp8), human Prp8
(hPrp8), and Caenorhabditis elegans Prp8 (cPrp8) in the �-finger domain
region. Alignment was performed by using MultAlin (40). Secondary struc-
tures as seen in the crystal structure of the �-finger domain of yPrp8 are
labeled on top of the sequence. Dashed lines indicate residues that are
disordered in the crystal structure. Boxed residues correspond to residues that
compose the �-finger or are observed to cross-link with the 5� ss in HeLa
extract. Black underlines indicate residues that are not completely conserved
among all three species. �, *, and x indicate first-step, second-step allele, and
U4-cs1 suppressors, respectively. � indicates residues that correspond to the
active sites in RNase H.
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tidases that remove ubiquitin or ubiquitin-like molecules from
target proteins (24). However, the partial JAMM-motif in the
C-terminal domain of Prp8 does not bind Zn2� and is unlikely to
serve as a metalloenzyme. The �-finger domain reported here
contains the structural fold of RNase H but does not have its active
site. The evolutionary implication of these results will be interesting
for further investigation.

The Protruding �-Finger of the �-Finger Domain Resembles Many
Ribosomal Proteins. The most striking feature of the �-finger
domain is the �-hairpin finger protruding away from the protein
(Fig. 2 A). The �-finger contains both hydrophobic (V, I, and F)
and hydrophilic residues interspersed with each other (Figs. 1B

and 2D). The �-finger of both molecules in the asymmetric unit
makes extensive contacts with multiple neighboring molecules in
the crystal but is not part of any �-sheet. Therefore, the �-finger
conformation does not seem to be induced by crystal contacts.
It is not uncommon for proteins to have extended termini (such
as viral capsid proteins and histone proteins), but it is highly
unusual for a �-finger to protrude from the middle of a protein
in isolation. It inevitably will interact with other proteins or
RNA. The interaction between the �-finger and multiple neigh-
boring molecules in the crystal exemplifies the tendency of the
�-finger to interact with other partners.

The protruding �-finger is strongly reminiscent of many
ribosomal proteins (over one-third of proteins in the large
subunit and over half of proteins in the small subunit) with
extensions protruding from globular protein bodies (25, 26).
These protrusions in ribosomal proteins insert into folded 16S
and 23S rRNAs. The protrusion often interacts with multiple
domains in the 16S and 23S rRNAs, stabilizing the RNA
structure, particularly the relative orientations of adjacent RNA
domains. The extensions in ribosomal proteins can be extended
loops, �-helix, or �-hairpin fingers. Fig. 2E presents examples of
a protein from the large subunit (L22) and a protein from the
small subunit (S10) with �-fingers. L22 inserts its �-finger into
the 23S rRNA and interacts with all six domains of 23S rRNA
(25). S10 interacts with both the 16S RNA and a neighboring
protein S14 (26). The striking structural similarity between the
�-finger domain and ribosomal proteins prompted us to examine
the functional significance of the �-finger.

The �-Finger Regulates the Equilibrium Between the First and Second
Catalytic Step. Our first clue of the function of the �-finger comes
from genetic mutations that affect the first- and second-step
equilibrium, particularly the second-step alleles of Prp8. These
alleles favor the second-step spliceosomal conformation and
suppress a number of mutations at the 5� ss (i.e., U2A or A3C),
BPS (i.e., BSC or BSG), and 3� ss (i.e., UuG) (collectively
referred to as SS/BS mutations) (11, 12, 27, 28). The tip of the
�-finger houses a number of known second-step alleles, includ-
ing prp8–151 (N1869D) and prp8–162 (V1870N) (Fig. 2D).
Another mutant located at the tip of the �-finger, prp8-D143
(K1864E), suppresses multiple 5� ss and 3� ss mutations (27) and
is likely also a second-step allele. These observations suggest that
the �-finger may stabilize the first-step complex and the above
mutations destabilize the first-step complex, demonstrating sec-
ond-step allele phenotypes.

To further understand the role of the �-finger in the first- and
second-step equilibrium, we set out to examine whether other
mutations on the �-finger demonstrate second-step allele pheno-
types, using copper-resistance and primer extension assays. These

A B

C D

E

Fig. 2. Structure of the �-finger domain of yPrp8. (A) The �-finger domain
structure is colored in a rainbow spectrum from the N terminus to the C
terminus, with secondary structures labeled. (B) The most striking feature of
the �-finger domain is a protruding �-finger which adopts different confor-
mations in the two molecules (yellow and cyan) in the asymmetric unit of the
crystal. (C) The N-terminal �/� subdomain of the �-finger domain (cyan) is
topologically similar to the RNase H fold as exemplified by the RNase H domain
in the C-terminal of UvrC (yellow) (PDB ID code 2NRR). The extra �-helix and
�-strand that are present in the �-finger domain but not in UvrC are labeled
with arrows. Residues in Prp8 that correspond to the DDE active sites in RNase
H are shown in purple. (D) The �-finger domain contains first-step alleles
(purple), second-step alleles (red), and U4-cs1 suppressors (black). Brown
designates the residue that confers both the first-step allele and U4-cs-1
suppressor phenotypes. (E) Examples of two ribosomal proteins (S10 and L22)
with �-finger extensions.
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Fig. 3. The lethality of D1853A is likely caused by protein misfolding/
instability. (A) D1853A and WT Prp8 plasmids were transformed into yJU75
and plated on 5-FOA plates. D1853A is lethal and does not grow on 5-FOA
plates at 30°C. (B) SDS-PAGE of WT and D1853A �-finger domain shows that
D1853A is insoluble when expressed in E. coli.
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assays use the yJU75 yeast strain harboring a deletion of the
endogenous CUP1 gene and carrying ACT1-CUP1 splicing reporter
plasmids with different SS/BS mutations (29). These strains nor-
mally do not grow well in copper-containing plates because defects
in ACT1 splicing caused by SS/BS mutations lead to defective CUP1
function, which is responsible for copper resistance. The SS/BS
suppression effect of second-step alleles can be observed as in-
creased copper resistance in these strains (12, 29). Primer extension
analyses demonstrate that the second-step allele has reduced lariat
intermediate and increased mRNA product in these strains. The
first-step alleles have the opposite phenotypes, showing decreased
copper resistance in ACT1-CUP1 reporter strains carrying SS/BS
mutations, increased lariat intermediate, and decreased mRNA
product in primer extension assays.

We examined other �-finger mutants by generating the fol-
lowing single site mutations on full-length yPrp8: H1863E,
T1865K, F1866K, E1867K, A1871E, T1872E, and K1873E. We
mutated these residues to dramatically different amino acids to
maximize our chance of obtaining mutants that will have any
phenotype. None of these mutants confers any obvious growth
phenotype at any temperature in yeast carrying WT ACT1-CUP1
reporter (Fig. 4A). Mutant H1863E suppresses BSG (BS muta-
tion) and UuG (3� ss mutation) in a copper-resistance assay (Fig.
4B). Primer extension demonstrates that this mutant leads to
decreased lariat intermediate and increased mature mRNA
product, characteristic of second-step alleles (Fig. 4C). H1863E,
together with previously identified second-step alleles, points to
the tip of the �-finger as a particularly important region in
stabilizing the first-step conformation (Fig. 2D).

Interestingly, three �-finger mutations, T1865K, A1871E, and
T1872E, exhibit the first-step allele phenotype. They grow worse
than WT in copper-resistance assays with BSG and UuG reporters
(Fig. 4B). Primer extension experiments demonstrate that these
mutants produce increased lariat intermediate and decreased
mRNA product, typical of first-step alleles (Fig. 4C). In addition, we
demonstrated that V1860D, a previously identified U4-cs1 suppres-
sor (8), is also a first-step allele (Fig. 4 B and C). These results
indicate that substitution of some residues on the �-finger favor the

first-step conformation, suggesting a more complicated role of the
�-finger in the first- and second-step equilibrium instead of simply
stabilizing the first-step complex to the fullest extent.

The �-Finger Regulates U4/U6 Unwinding-Mediated Spliceosome Ac-
tivation. Another important clue of the function of the �-finger
comes from previously identified U4-cs1 suppressors (8). Five of the
PRP8 U4-cs1 suppressor mutants in region e (F1851L, V1860D/N,
T1861P, V1862A/D/Y, and I1875T) fall into the �-finger domain.
F1851L is located inside the protein core and is not surface exposed
(Fig. 2D). The effect of F1851L may be indirect through confor-
mational changes of the protein. The other four U4-cs1 mutants are
all located on the base of the �-finger on strand �2 or �3 (Fig. 2D).
We found that none of the seven �-finger single-site mutants we
generated suppresses the cold sensitivity of U4-cs1 (Fig. 4D). This
finding is consistent with the notion that the large-scale U4-cs1
suppressor screen performed by Kuhn and Brow (8) has identified
most or all of the regions of Prp8 involved in U4-cs1 suppression,
because almost half of the suppressors were identified in two or
more independent screens. These results suggest the �-finger is
involved in the regulation of U4/U6 unwinding-mediated spliceo-
some activation.

We evaluated whether the U4-cs1 suppression phenotype
overlaps with either the first-step or second-step allele pheno-
types. We tested two U4-cs1 suppressors (V1860D and V1862D)
in copper-resistance and primer extension assays (Fig. 4).
V1860D demonstrates the first-step allele phenotype. V1862D
behaves similarly to the WT and is neither a first-step nor
second-step allele. Another U4-cs1 suppressor, T1861P (prp8–
201), suppresses multiple SS/BS mutants (8, 27) and is likely a
second-step allele. There appears to be no uniform overlap
between the U4-cs1 suppression phenotype and either the first-
or second-step allele phenotype.

The �-Finger Domain Binds ss and dsRNA Weakly. To evaluate
whether the �-finger domain binds ss or dsRNA in vitro, we
performed electrophoresis mobility shift assay (EMSA) by using
an arbitrary 13-nt RNA (GCUUUACGGUGCU, referred to as
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Fig. 4. Copper-resistance and U4-cs1
suppression analyses of various �-finger
mutations. (A) All �-finger mutations
grow similarly to the WT at 30°C, 18°C,
and 37°C. Only one concentration point
in the serial dilution is shown. (B) Cop-
per-resistance assay indicates that
V1860D, T1865K, A1871E, and T1872E
grow worse than the WT in both the
BSG and UuG reporters at 0.05 mM
Cu�� concentration, characteristic of
first-step alleles. Mutant H1863E grows
better than the WT in both the BSG and
UuG reporters at 0.2 mM Cu�� concen-
tration, characteristic of second-step al-
leles. V1862D behaves similarly to the
WT and does not demonstrate a clear
first- or second-step allele phenotype.
Known first-step allele R1753K and sec-
ond-step allele prp8–162 (V1870N) are
used as positive controls and labeled
with �. (C) Primer extension experi-
ment indicates that V1860D, T1865K,
A1871E, and T1872E are first-step al-
leles, which demonstrate increased
lariat intermediate, reduced mRNA
product, and reduced second-step efficiency compared with the WT. H1863E is a second-step allele, which demonstrates decreased lariat intermediate, increased
mRNA product, and increased second-step efficiency compared to the WT. V1862D is neither a clear first- nor second-step allele. R1753K and prp8–162 (V1870N)
are used as positive controls for first and second-step alleles, and the corresponding lanes are labeled with �. pBR322 DNA digested with MspI is used as a
molecular weight marker. (D) V1860D (positive control, designated with �) but no other �-finger mutants tested suppress the U4-cs1 phenotype at 18°C. Only
one concentration point in the serial dilution is shown.
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ssR1), its double-stranded (ds) form (dsR1), a 13-nt sequence
from U6 that forms Helix II in the first-step complex
(GAGAUUUAUUUCG, referred to as R2), and its ds form
(dsR2). The �-finger domain binds to all four RNAs weakly,
whereas the CTD of Prp8 does not [supporting information (SI)
Fig. S1]. The low percentage of binding in Fig. S1 with 32–33 �M
protein indicates a Kd �32 �M for all RNAs. Deletion of the
�-finger (residues 1,860–1,874 deleted and replaced with Gly-
Ser) does not affect the overall protein structure and stability
(data not shown) but reduces the binding (Fig. S1). These results
indicate that the �-finger domain and its �-finger may play a role
in RNA binding.

Discussion
The combination of structural and genetic data points to an
attractive model for the function of the �-finger. The �-finger
seems to resemble the extensions on many ribosomal proteins
structurally and functionally. Analogous to the extensions of
ribosomal proteins that insert in folded rRNAs and stabilize the
ribosome, the �-finger in the �-finger domain may insert into the
first-step complex containing U2/U5/U6/pre-mRNA and stabi-
lize this complex. Because the spliceosome is more protein rich
than the ribosome, the �-finger can potentially contact RNA,
protein, or both to stabilize the first-step complex. This possi-
bility explains why mutations on the �-finger demonstrate
second-step allele phenotypes, likely because of destabilization
of the first-step complex. In general, the spliceosome (particu-
larly its RNA components) likely needs stabilizers. It is not
difficult to imagine that a significant number of spliceosomal
proteins may resemble Prp8 and ribosomal proteins. These
proteins may insert protruding extensions into spliceosomal
complexes and serve as stabilizers for these complexes.

The interactions between the �-finger and the spliceosome are
likely weak because of the dynamic nature of the spliceosome. For
example, the first-step complex has to be disrupted before the
second catalytic step. These weak interactions are consistent with
the weak RNA binding affinity observed for the �-finger domain
(Fig. S1) and the fact that the �-finger is not particularly Lys/Arg-
rich as are extensions on ribosomal proteins (Figs. 1B and 2D).
These potentially weak interactions also predict that some muta-
tions on the �-finger can be first-step alleles. These residues may not
originally contact U2/U5/U6/pre-mRNA, but mutations of these
residues may establish additional contacts with U2/U5/U6/pre-
mRNA, stabilizing the first-step conformation and demonstrating
first-step allele phenotypes. Indeed, three of the seven �-finger
mutations we generated (T1865K, A1871E, and T1872E) and a
previously identified U4-cs1 mutation (V1860D) are first-step
alleles (Fig. 4). It should be noted that we cannot rule out the
possibility that the �-finger plays an additional role in stabilizing a
second-step conformation. In this event, the first-step alleles may
destabilize whereas the second-step alleles stabilize this conforma-
tion. The presence of first- and second-step alleles on the �-finger
is in line with the previously observed mechanistic similarity
between these alleles and the ram and restrictive mutants in
ribosome, which affect tRNA recognition accuracy (12). The ram
and restrictive mutants are located on the large- and small-subunit
interface, influencing the open-close conformational equilibrium
(30). In parallel, a significant number of first- and second-step
alleles are located on the �-finger, influencing the first-second-step
conformational equilibrium.

The �-finger is likely not the only region, but one of several
regions, on Prp8 involved in stabilizing the first-step complex.
This possibility is supported by the presence of a first-step allele
(E1960K � prp8-101) in the globular region of the �-finger
domain on the protein surface (on the loop connecting �7 and
�6) (Fig. 2D). This mutation decreases the cross-linking between
Prp8 and the 3� ss in vitro (31). T1982A (prp8-153) suppresses
multiple 5� ss and 3� ss mutations (28) and is potentially a

second-step allele. T1982 is located on the protein surface of the
globular region, close to the �-finger (Fig. 2D). Furthermore, in
HeLa extract, 5� ss has been observed to cross-link to a region
close to residues 1,894–1,898 (corresponding to residues 1,966–
1,970 in yPrp8) (32). Residues S1966, A1967, and S1970 (cor-
responding to Q1894, A1895, and K1898 in hPrp8) are indeed
surface exposed in the �-finger domain structure, although two
of the above residues are not conserved in yPrp8 (Fig. 1B) and
it is unclear whether the equivalent residues in yeast contact
RNA. Another region of Prp8 that very likely contacts RNA and
contributes to the stabilization of the first-step complex is the
central region of Prp8 where cross-linking between 5� ss/BPS and
Prp8 has been observed (33). Consistent with this notion, all of
the other known first- and second-step alleles outside the
�-finger domain (R1753K, L1557F, P986T, T1565A N1721Y
V1752A, W1575R, E1576V, W1609R N1618D) (12) reside
within or in close proximity to the three regions that cross-link
with the 5� ss and BPS (residues 871–970, 1,281–1,413, 1,503–
1,673) (33) (Fig. 1 A).

The �-finger may also stabilize the tri-snRNP complex. This
possibility will explain why mutations around the base of the
�-finger suppress U4-cs1, likely because of destabilization of the
tri-snRNP. The fact that U4-cs1 suppressors do not uniformly
overlap with the first-step alleles (Fig. 4) argues against the
possibility that these mutants indirectly suppress U4-cs1 through
the stabilization of the first-step complex; instead, it argues for
the possible role of the �-finger in a different event such as
tri-snRNP stabilization. Consistent with this possible role, Prp8
is clearly present in both the U4/U6.U5 tri-snRNP (34) and the
spliceosome (35). In yeast, nucleotides U97 of U5 snRNA and
U54 of U6 in the tri-snRNP have been cross-linked to the central
region of Prp8 (33), indicating the proximity of Prp8 to U5 and
U6. Furthermore, three U4-cs1 suppressors at the base of the
�-finger (V1860D, T1861P, and V1862D) are synthetically lethal
with U6-UA (a mutant that hyperstabilizes the U6 intramolec-
ular stem) (9), suggesting potential interactions between Prp8
and U6.

The �-finger can potentially play a role in regulating spliceo-
some activation. The interactions between the �-finger and the
spliceosomal complexes are likely weak. In addition, the �-finger
can readily change conformations, evidenced by the different
conformations adopted by the two molecules in the asymmetric
unit of the crystal (Fig. 2B). The conformational changes,
potentially induced by other changes in the spliceosome, may
serve as a tool for regulating spliceosome activation.

Materials and Methods
Yeast Strains and Plasmids. Copper-reporter and primer extension experiments
were performed in strain yJU75 [MATa, ade2 cup1�::ura3 his3 leu2 lys2
prp8�::LYS2 trp1; pJU169 (PRP8 URA3 CEN ARS)] carrying ACT1-CUP1 reporter
plasmids (WT, BSG, and UuG) (12, 29) (gift of C. Query, Albert Einstein College of
Medicine, Bronx, NY). U4-cs1-suppression experiments were carried out in strain
ZRL102 (MATa snr14::TRP1 prp8�::ADE2 trp1 ura3 lys2 his3 ade2 [pRS314-U4-cs1]
[YCp50-PRP8]) (8) (gift of D. Brow, University of Wisconsin, Madison, WI). Most
Prp8 mutants were generated by using pRS313(HIS3)-PRP8(SacII) (8) (gift of D.
Brow) as a template and the QuikChange Site-Directed Mutagenesis Kit (Strat-
agene). Mutants were confirmed through DNA sequencing. Mutant plasmids
prp8-V1860D and prp8-V1862D were gifts from D. Brow; prp8–162 was the gift
of C. Query; and prp8-R1753K was the gift of B. Schwer (Weill Cornell Medical
College, New York).

Protein Expression and Purification. S. cerevisiae Prp8 residues 1,822–2,095 (the
�-finger domain) were subcloned from pRS313(HIS3)-PRP8(SacII) (8) into a pGEX-
6P-1 vector (GE Healthcare) and expressed in E. coli strain XA90 as a GST-fusion
protein. The fusion protein was first purified by using glutathione Sepharose
resin and cleaved by using PreScission protease. The resultant �-finger domain
wasfurtherpurifiedonaSuperdex-200gel-filtrationcolumnandconcentratedto
16 mg/ml for crystallization trials.
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Crystallization and Data Collection. The �-finger domain was crystallized by the
hanging drop vapor diffusion method by using a well solution containing 0.1
M Tris-HCl (pH 8.5), 10% PEG8000, and 0.2 M Li2SO4. All crystallographic data
were collected by using the mail-in data collection program at the National
Synchrotron Light Source. Data were processed by using the HKL2000 package
(36), and data statistics are shown in the Table S1.

Structural Determination. The structure of the �-finger domain was determined
by using the Se-Met SAD method and the Solve and Resolve programs (37) with
Se-Met positions identified by the HKL2MAP program (38). The initial electron
density map was of excellent quality, and most of the main chain and side chains
were traced without any ambiguity. Refinement was performed by using CNS
(39), and refinement statistics are shown in the Table S1. The structure has been
deposited to the Protein Data Bank (PDB ID code 3E66).

Copper-Resistance Assay. ACT1-CUP1 reporter plasmids (WT, BSG, and UuG)
were first transformed into S. cerevisiae strain yJU75. Then Prp8 mutants on
pRS313 (HIS3) were transformed into yJU75 carrying different ACT1/CUP1
reporters. Transformed yeasts were plated on 5-fluoroorotic-acid plates (5-
FOA) to shuffle out WT PRP8. The resulting strains were grown to mid-log
phase in -Leu medium and diluted to OD600 � 0.1. Equal volumes of yeast
culture were dropped onto -Leu plates containing 0–1.0 mM CuSO4. These
plates were incubated at 30°C for 3 days and photographed. All mutants in
yJU75 carrying WT reporter were used to evaluate whether these mutants
have any general growth defects at 30°C, 18°C, and 37°C.

U4-cs1 Suppression Experiments. Prp8 mutants were generated as detailed in
the copper-resistance assay and transformed into ZRL102. Transformed yeasts
were plated on 5-FOA plates to shuffle out WT PRP8. The resulting strains were
plated on yeast extract/peptone/dextrose plates, grown at 18°C for 10 days,
and photographed.

Primer Extension. Yeast strains carrying PRP8 mutants and different ACT1-
CUP1 reporters were grown in -Leu medium to OD600 � 1.0. Total RNA was
extracted by using the MasterPure Yeast RNA purification Kit (Epicentre
Biotechnologies), and primer extension was performed by using SuperScript III
Reverse Transcriptase (Invitrogen) and primer YAC6 5�-GGCACTCATGAC-
CTTC-3� (complementary to nucleotides 31–46 of CUP1 fused downstream of
ACT1 exon 2). Primer extension products were separated on a 7% polyacryl-
amide, 8 M urea gel, visualized, and quantified by autoradiography. Second-
step efficiency was calculated as M/(M�LI), where M is mRNA and LI is lariat
intermediate quantity.

Protein and RNA Interaction Using EMSA. RNA oligo was ordered from Inte-
grated DNA Technologies and 5�-end-labeled with 32P-�-ATP by using polynu-
cleotide kinase (Fermentas). Labeled RNA was incubated on ice with 20 �g of
protein in 20 �l of 10 mM Hepes (pH 7.6), 1 mM MgCl2, 100 mM NaCl, and 5%
glycerol for 60 min. The reaction mixture was separated on a 4% native
polyacrylamide gel in TBE buffer and visualized by using autoradiography.
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