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Protein-free small nuclear RNAs catalyze a two-step
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Pre-mRNA splicing is a crucial step in eukaryotic gene expression and
is carried out by a highly complex ribonucleoprotein assembly, the
spliccosome. Many fundamental aspects of spliceosomal function,
including the identity of catalytic domains, remain unknown. We
show that a base-paired complex of U6 and U2 small nuclear RNAs, in
the absence of the ~200 other spliccosomal components, performs a
two-step reaction with two short RNA oligonucleotides as substrates
that results in the formation of a linear RNA product containing
portions of both oligonucleotides. This reaction, which is chemically
identical to splicing, is dependent on and occurs in proximity of
sequences known to be critical for splicing in vivo. These results prove
that the complex formed by U6 and U2 RNAs is a ribozyme and can
potentially carry out RNA-based catalysis in the spliccosome.
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xtensive mechanistic and structural similarities between spliceoso-

mal small nuclear RNAs (snRNAs) and self-splicing group II
introns (1, 2) have led to the hypothesis that the snRNAs are evolu-
tionary descendents of group II-like introns and thus could similarly
have a catalytic role in the spliceosome (3-5). However, because of the
extreme complexity of the spliccosome (6-9), a dynamic cellular
machine composed of more than 200 different proteins in addition to
the snRNAs (U1, U2, U4, U5, and U6), it has not been possible to
determine whether the snRNAs can indeed catalyze the splicing
reaction without the help of spliceosomal proteins.

In activated spliceosomes, U6 and U2, which are the only
snRNAs required for both steps of splicing, form an extensively
base-paired complex (7, 10, 11) (Fig. 14). Considerable data
support the functional importance of both the secondary and
tertiary structure of the U6/U2 complex (10-13). Furthermore, an
evolutionarily invariant region in U6, the ACAGAGA box (Fig.
1A), is in close proximity to the splice sites during splicing catalysis
(14-18), and mutagenesis studies have shown that this domain plays
a crucial role in catalysis of the splicing reaction (7, 10, 11). Two
other conserved regions, the AGC triad and an asymmetric bulge
in the intramolecular stemloop of U6 (ISL), are also thought to play
important roles in spliceosomal catalysis (11). Recent structural
studies indicate that sequences equivalent to these three regions
form the active site of group II introns (19). In both systems, the
ACAGAGA sequence and its equivalent in group II introns seem
to be positioned in close proximity to a conserved asymmetric loop
in the middle of the ISL or domain V, the corresponding stemloop
in group II introns (19, 20).

Previously we provided evidence that in vitro-transcribed, pro-
tein-free RNAs containing the conserved central domains of
human U6 and U2 could form a base-paired complex in vitro that
was similar to the complex formed in activated spliceosomes (13)
(Fig. 1A). In addition, this in vitro—assembled, protein-free U6/U2
complex could catalyze a number of branching-like reactions on a
short RNA substrate containing the consensus sequence of the
branch site of introns (Oligol, Fig. 1B), during which an internal
functional group in Oligo1 formed a covalent linkage with U6 or a
substrate containing the 5" splice site sequence. Although these
reactions resembled the first step of splicing in terms of their
sequence and ionic requirements, the chemistry of the reactions was
either distinct from splicing or the reaction was so inefficient that
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Fig. 1. The U6/U2 complex and splicing substrates. (A) The U6/U2 construct used
inthis study, which contains the central domains of the human U6 and U2 snRNAs.
The invariant domains of U6 are shaded in gray. Numbers reflect the human
numbering system. Thunderbolts point to nucleotides crosslinked to Oligo1. The
position of U6/U2 helices |, II, and Ill is shown. The base-pairing cassette, which
provides a binding sequence for Oligo2, is marked by a rectangle. (B) The
substrates. Thunderbolt indicates the location of crosslinking probe. The num-
bers reflect position from the 5’ end. The minimal required nucleotides in Oligo1
are underlined. Nucleotides 16-22 of Oligo1 comprise the branch site consensus
sequence. Oligo2 nucleotides marked by a rectangle can base pair to a comple-
mentary sequence at the 5’ end of the U6 construct.

it could not be chemically characterized (21-23). Thus, the role of
the spliceosomal RNAs in catalysis of the chemistry of the splicing
reaction remains uncertain. The recent discovery of an RNase H
motif in Prp8 (24), a constituent of the spliceosomal active site,
further underscores the importance of a thorough understanding of
the role of the snRNAs in splicing and the development of a simple
model system for biochemical analysis of the role of RNA and
protein components of the spliceosomal active site.

Here we show that, by altering the sequence of the RNA
oligonucleotide substrates, we have enabled the base-paired com-
plex of U6 and U2 snRNAs to catalyze a two-step reaction on two
short RNA substrates that leads to the cleavage and subsequent
ligation of fragments of the two RNA substrates into a linear
product, similar to fully spliced mRNAs. This reaction, which does
not require any of the ~200 other spliceosomal factors, resembles
the splicing reaction catalyzed by group II introns and the spliceo-
some, not only in its chemistry and ionic requirements but also
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Fig. 2. Formation of the product. (A) Requirements for product formation.
Lane labeled Ctrl contains a typical reaction. Lanes marked —Oligo2 and -U6/U2
lack Oligo2 or U6/U2, respectively. Lanes marked + 5 M urea or +EDTA 50 mM
contain typical reactions to which the indicated chemicals have been added. (B)
Product formation with end-labeled substrates. The identity of the labeled sub-
strate in each reaction is shown above each lane. (C) The effect of Oligo1
truncation mutations. The Oligo1 fragment used is shown above each lane.

because mutational and complementation analyses indicate that U6
sequences critical for splicing in the spliceosome and group II introns
are also required for this reaction. Furthermore, the reaction occurs in
the vicinity of nucleotides known to be close to the 5’ splice site at the
time of catalysis of the first step of splicing in the spliceosome. Thus, it
recapitulates several aspects of spliceosomal catalysis.

Results

Formation of a New U6/U2 Catalyzed Product. To investigate the
ability of spliceosomal snRNAs to catalyze the chemistry of the
splicing reaction, we added a short stretch of nucleotides to the 3’
end of one of our RNA oligonucleotides (Oligo2, Fig. 1B). The
added nucleotides could form base-pairing interactions with a
complementary stretch of nucleotides added to the 5’ end of U6
(Fig. 1A4) in a way that would orient the rest of Oligo2 toward the
catalytically crucial ACAGAGA box of U6. We reasoned that, by
manipulating the sequence of this RNA, we might enable it to
interact productively with the U6/U2 complex, leading to a U6/U2
catalyzed reaction between this oligonucleotide and Oligol that
more closely resembled the splicing reaction. We designed a
number of Oligo2 substrates with slight variations in their degree of
complementarity to ACAGAGA and also ensured that the substrates
did not contain stable intramolecular structures (see SI Text, Supporting
note 1). We next incubated the in vitro—assembled U6/U2 complex with
5'-radiolabeled Oligol and various unlabeled Oligo2 species under
several cationic and pH conditions and looked for the formation of new
RNA species that could result from a splicing-like reaction.

Interestingly, we observed a new RNA species after 6 hours of
incubation of one set of our substrates with the U6/U2 complex
that formed at an efficiency of ~2% compared to the radiola-
beled Oligo1 input (Fig. 24). Omitting either the U6/U2 complex
or Oligo2 resulted in complete inhibition of the formation of this
RNA product (Fig. 24). Similar to reactions with 5’-labeled
Oligol, reactions containing 3'-labeled Oligo2 resulted in incorpo-
ration of the radiolabel into the product, indicating the presence of
the 5" end of Oligo1 and 3" end of Oligo2 in the product (Fig. 2B).
Thus, the product resulted from a reaction between the two
oligonucleotides. Product formation was dependent on the pres-
ence of Mg?* in the buffer, and cobalt hexammine or molar
concentrations of monovalent salts could not replace Mg?* (Fig. 24
and Fig. S14) (1, 25, 26).

Eliminating the base-pairing potential between U6 and Oligo2 by
mutating either the U6 or Oligo2 side of the base-pairing cassette
(Fig. 1 4 and B) blocked product formation, whereas restoring the
base-pairing by complementary mutations resulted in complete
restoration of activity (Fig. S1B), indicating that this interaction is
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Fig.3. Definingthe constituents of the product. Numbers after an asterisk indicate
the position of the site-specific radiolabel. (A) Summary of site-specific labeling
experiments. The sites of radiolabels that were (arrowheads) or were not (diamonds)
incorporated into the product are shown. Numbers indicate position from the 5’ end
of each substrate. The 5'-most site specific label in Oligo2 thatisincorporated into the
productis marked by an asterisk. (B) The product contains the entire Oligo1 1-15. The
identity of site-specifically labeled Oligo1 used in each reaction is shown above each
lane. (C) Thin layer chromatography (TLC) analysis of product made with Oligo1
species containing a radiolabel 5’ to nt 15, and an U to A mutation at this position,
Product (*15A). The purified product is subjected to complete Nuclease P1 digestion,
followed by loading onto the TLC. The Oligo1 precursors containing a radiolabel at
position 15 and an A, C, or G mutation at this position were subjected to Nuclease P1
digestion along with the product to mark the location of each NMP. (D) Product
formation using Oligo2 site-specifically labeled at internal positions or the 5’ or 3’
ends. Reactions with 5’ Oligo1 1-15 are included as controls.

required for product formation. To our surprise, a 3’ truncation mutant
of Oligol that lacked the branch site consensus sequence was com-
pletely active in product formation (Fig. 2C, lane 5). This indicated that
the interaction of the branch site consensus sequence with U2 was not
required for the reaction, and that the product likely did not result from
a branching reaction. Further deletion mutagenesis indicated that the
first 15 nucleotides of Oligol constituted the minimal sequences re-
quired for the reaction (Fig. 2C, also see Fig. 1B).

Characterization of the Reaction. We characterized the observed
reaction using the minimally-required Oligol sequences. Product
formation with Oligol 1-15 was identical to the reactions with
full-length Oligol in its requirement for U6/U2 and Oligo2 and its
cationic requirements (Fig. S2 4 and B). The product formed with
the same efficiency when the reaction was incubated in the dark,
indicating that it was not a photo-adduct (Fig. S2A4). The product
did not form upon incubation at 4 °C (Fig. S2C). Replacing either
of the substrates with DNA oligonucleotides of the same sequence
blocked product formation (Fig. S2D). Purified product was resis-
tant to denaturation, indicating that it did not result from a
hyperstable noncovalent interaction between the substrates (Fig.
S2E). The product accumulated to ~2% of the input Oligol 1-15
after 6-8 hours of incubation in the presence of 60 mM MgCl, at
45 °C (Fig. S2F). Product formation was dependent on the con-
centration of the U6/U2 complex and the two substrates, and
showed a plateau at higher Oligo2 and U6/U2 concentrations,
consistent with a catalyzed reaction (Fig. S2G).

To determine the composition of the product, we used site-
specifically labeled substrates in the reaction. The results of these
experiments are summarized in Fig. 34. Radiolabels placed at the
5’ end or the 3’-most phosphate in Oligol appeared in the product
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(Fig. 3B). We formed the product using Oligol 1-15 species that
contained a single radioactive phosphate 5’ to the nucleotide (nt)
at position 15, and a C, A, or G nucleobase at this position, followed
by RNase P1 digestion of the purified product. The results indicated that
in addition to the phosphate located 5’ to the last nucleotide in Oligo],
the sugar and nucleobase of this residue were also present in the product
(Fig. 3C, Fig. S34; see also SI Text, Supporting Note 2). Taken together
with sequencing data (see below), the above results indicate that Oligo1
1-15 is incorporated into the product in its entirety.

Interestingly, whereas labels located 5’ to nt 8 and downstream
of this residue in Oligo2 were incorporated into the product,
radioactive labels at the 5’ end, or on phosphates 5’ to nts 5, 6
and 7 did not appear in the product (Fig. 3D; compare lanes 2,
3,and 5 with lanes 6,7, 8, and 9; see also SI Text, Supporting Note
3). The use of Oligo2 species that had 17 or 40 nts added to their
5" or 3’ ends, respectively, further confirmed that nt 7 and
nucleotides upstream of it were removed during product forma-
tion, whereas nts added to the 3’ end of Oligo2 were incorpo-
rated into the product (Fig. S3 B and C).

Formation of a Linear Product via Transesterification. Taken to-
gether, the above results suggested that the product contained
full-length Oligol 1-15 and nts 8-24 of Oligo2 (Fig. 34). To
determine how these two RNA fragments were joined together in
the product, we formed the product using 5’-labeled Oligol 1-15
that had a U to G mutation at nt 15, and performed limited RNase
T1, RNase T2, or alkaline hydrolysis reactions on the purified
product. The RNase T1 fingerprint and uniform ladders resulting
from limited RNase T2 and alkaline hydrolysis (Fig. 4 A and B)
clearly indicated that the product was a linear RNA molecule in
which nt 15 at the 3’ end of Oligol 1-15 was joined to U8 of an
Oligo2 fragment containing nts 8—24 (Fig. 34). Reverse transcrip-
tion polymerase chain reaction (RT-PCR) reactions on purified
product further confirmed this conclusion (Fig. S3D). The absence
of a gap in the RNase T2 digestion ladder also suggested that the
linkage between nt 15 of Oligol 1-15 and nt 8 of Oligo2 is a 3'-5’
phosphodiester linkage, as RNase T2 is highly specific for 3'-5’
RNA linkages (27). To confirm this result, we performed the
reaction using an Oligo2 that was site-specifically labeled at the
phosphate 5’ to nt 8, followed by RNase P1 digestion. Because
RNase P1 is also highly specific for 3’-5" phosphodiester linkages
(28), the absence of a nuclease-resistant species on TLC plates
indicated that the linkage between nt 15 of Oligo1 1-15 and nt 8 of
Oligo2 is a canonical 3'-5" phosphodiester linkage (Fig. 4C and S/
Text, Supporting Note 4). Importantly, we were able to demonstrate
the transfer of a radiolabeled phosphate from 5’ end of nt 8 in
Oligo2 to the 3’ end of nt 15 of Oligo1 by RNase T1 digestion assays
(Fig. 4D and Fig. S4), further indicating that product formation
involves a transesterification reaction.

Taken together, the above data suggest that during product
formation, the 3" OH of the last nucleotide of Oligol 1-15 forms
a 3'-5" linkage with the phosphate 5’ to nt 8 in Oligo2, and that the
first seven nucleotides of Oligo2 are removed during the reaction.
The most plausible reaction mechanism for the formation of the
observed product entails a nucleophilic attack by 3" OH of U15 of
Oligol 1-15 on the phosphate 5’ to U8 in Oligo2, similar to the
mechanism of the second step of splicing in the spliceosome and
group Il introns (1,2, 7, 11). Results of 2’ deoxy, 3’ deoxy or dideoxy
substitution of U15 in Oligol 1-15 suggested that product forma-
tion requires a 3'OH at nt 15 of Oligol 1-15, whereas the loss of
2'0OH alone had no observable effect (Fig. 4E, Fig. S5). Taken
together, the above results suggest that human U6 and U2 snRNAs
can catalyze a transesterification reaction between two short RNA
oligonucleotides leading to the formation of a 3'-5' linkage.

Catalysis of Two Consecutive Splicing-Like Reactions. As mentioned

above, the original Oligol species, which contained 11 additional
nucleotides at its 3 end compared to the minimal Oligol 1-15
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substrate, could form a product with mobility and ionic and
sequence requirements identical to the product formed with Oligo1
1-15. The use of Oligo1 species containing 2 or 5 extra nucleotides
at the 3’ end compared with Oligol 1-15 indicated that the number
of nucleotides downstream of nt 15 of Oligol did not affect the
formation or mobility of the product (Fig. S6A4). RT-PCR sequenc-
ing of the product formed with full-length Oligol proved that it
indeed had the same sequence as the product formed with Oligo1
1-15 (Fig. 54). Thus, the extra 11 nucleotides at the 3’ end of Oligo1
must necessarily be removed during product formation. Indeed, site
specific labeling experiments on full-length Oligol confirmed the
removal of nucleotides 3’ to nt 15 (Fig. 5B and SI Text, Supporting Note
5) and the formation of a 3'-5" phosphodiester linkage between the 3’
OH of nt 15 of Oligol and nt 8 of Oligo2 (Fig. 5C and SI Text,
Supporting Note 4).

A one-step reaction mechanism that would lead to the formation
of alinkage between the 3' OH of nt 15 of Oligo1 and the phosphate
5" to nt 8 of Oligo2 would not be plausible, as both are engaged in
stable phosphodiester linkages. Thus, cleavage of Oligol and
Oligo2 and ligation of the two fragments should involve at least two
steps. Either Oligo1 or Oligo2 can be cleaved first, generating 3'OH
and 5'-phosphate ends, respectively, followed by a reaction that
couples the cleavage of the second substrate to ligation of the two
fragments. Alternatively two cleavage events result in generation of
the two fragments, followed by a third ligation step. Incubation of
Oligo2 8-24 fragment containing a monophosphate at the 5’ end
with full-length Oligol or Oligol 1-15 did not result in product
formation (Fig. S6B) as expected. Because both these reactions
require expenditure of energy to activate the 5’ phosphate, they are
unlikely to occur under the reaction conditions. The only remaining
possibility would be cleavage of Oligo1 nucleotides 3’ to nt 15 as the
first event, generating an Oligol 1-15 with a free 3'OH, which
would then proceed to carry out the transesterification reaction
described above. Consistent with this mechanism, reactions con-
taining full-length Oligol and Oligol 1-15 not only form an
identical product, but also have similar reaction kinetics and
sequence and ionic requirements. Thus it is possible that the
reaction with Oligol 1-15 is the rate-limiting step for the reaction
involving full-length Oligol.

To gain further insight into the mechanism of removal of the
residues 3’ to nt 15 in Oligo1, we reasoned that if the removal of the
nucleotides at the 3’ end of Oligo1 was the result of a nucleophilic
attack by another functional group in U6/U2 or elsewhere in the
substrates, for example in the intronic part of Oligo2, the released
fragment of Oligol should be attached to that RNA, resulting in a
slower-mobility RNA species. We could not detect such species in
experiments containing an Oligo1 that was labeled on the released
fragment (Fig. S6C), which indicated that either the removal of the
3’ fragment of Oligol did not involve an attack by another RNA,
or it involved a short-lived covalent intermediate. Also, an Oligol
species that contained a 2'-deoxy substitution at nt 15 (Oligo1 15d)
was fully active in product formation, indicating that the mechanism
of cleavage of the 3’ fragment of Oligo1 cannot be an attack by the
adjacent 2'OH (Fig. 5D). Furthermore, a cleavage mechanism
involving the adjacent 2'OH and cyclic end formation would result
in incorporation of the site-specific radiolabel at position 16 into the
product, which was not observed (Fig. 5B and SI Text, Supporting
Note 6). Thus, removal of the 3’ fragment of Oligo1 is likely to occur
by a hydrolytic mechanism (Fig. 5E).

To determine whether the hydrolytic cleavage at nt 15 is a
spontaneous or catalyzed reaction, we reasoned that uncatalyzed
hydrolytic cleavage at nt 15 of Oligol 15d, which cannot form
2'OH-mediated cleavage fragments at position 15, would lead to
accumulation of fragments resembling Oligol 1-15 2'd, which
should react with the same efficiency as observed in reactions
containing Oligo1 1-15 (Fig. 4E). Thus, there should be a ~50-fold
excess of cleaved, unreacted Oligol 1-15-like fragments compared
with the formed product, which was not observed (Fig. S74), ruling
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Limited RNase T1 digestion. Alk, limited alkaline hydrolysis ladder. The duration of RNase T1 treatment is shown above each lane. Position of the undigested product,
and nucleotides in the product that originate from Oligo1 1-15 or Oligo2 are shown to the right. Full-length Oligo1 is used in T1 and alkaline hydrolysis reactions as
control. (B) Limited alkaline hydrolysis and RNase T2 digestion of the product. Numbers to the side of panels indicate fragment size in nucleotides. -Enz, no enzyme
added. Numbers above each lane indicate the duration of alkaline or RNase T2 treatment. The position of undigested product is shown to the right. Arrows point to
the junction between Oligo1 1-15 and Oligo2-derived sequences in the product. (C) TLC analysis of complete RNase P1 digestion of product formed with Oligo2 labeled
5’ to nt 8 (Oligo2*8). The precursor Oligo2*8 is similarly digested to mark the position of UMP on the TLC plate. (D) Nucleotide 15 of Oligo1 1-15 is linked to nt 8 of
0Oligo2 through a phosphodiester bond. Product formed with Oligo2*8 is subjected to complete RNase T1 digestion along with Oligo2*8 and Oligo1*15. Arrow points
to the site of the labeled fragment released from the product after RNase T1 digestion, which contains nts 9-15 of Oligo1 (Fig. S4). Length of the released fragments
is shown to the right. Ctrl, undigested product or precursor. Numbers following asterisk indicate the position of the radiolabel. Diagram shows the junction between
Oligo1- (light gray) and Oligo2- (dark gray) derived sequences in the product. Serrated line marks the site of RNase T1 cleavage, which results in transfer of the label
from nt8 of Oligo2 to nt 15 of Oligo1. The position of the radiolabel is shown by an arrowhead. (E) Product formation with 2’ deoxy- (2'd) and 2’, 3’ dideoxy-substituted
(2’,3'dd) Oligo1 1-15. The identity of the Oligo1 species used in each lane is shown on top. The band marked by an asterisk is a preparation artifact.

out the possibility of an uncatalyzed hydrolysis reaction at nt 15 of  reaction, and is also U6/U2-dependent. We defined the sequences
Oligol. Furthermore, preincubation of reactions that were missing  in U6 and U2 that were essential for product formation via
one or the other substrate, which would result in accumulation of ~ mutagenesis (Fig. S84). Even complete removal of the U2 stem I
randomly cleaved fragments, did not result in faster reaction and the sequences in U6 and U2 that form helix II did not affect
kinetics once the missing ingredient was added (Fig. S7B and SI  the reaction (Fig. 64, lane 2). In contrast, removal of the intramo-
Text, Supporting Note 7). Taken together, these results suggest that ~ lecular stem loop (ISL) or the invariant ACAGAGA sequence and
the mechanism of cleavage of Oligol was a catalyzed attack by a its adjoining helices resulted in complete loss of activity (Fig. 64,
water/hydroxyl group from the solvent. lanes 5 and 6). Although a construct that only contained the

ACAGAGA-containing stem and the ISL linked together through
Relevance of U6/U2-Mediated Protein Free Splicing to Spliceosomal  a flexible junction (construct labeled ACAGAGA+ISL) was fully
Catalysis. Our data suggest that product formation is essentially a  active, increasing the rigidity of the junction to induce coaxial
splicing reaction: an “intronic” fragment is removed from Oligol  stacking of these two elements (construct labeled ACAGAGA/
(Exonl), generating a free 3'OH, which then attacks the “3" splice ~ ISL) substantially reduced activity (Fig. 64; compare lanes 1, 2, 3
site” on Oligo2 (Exon2), resulting in removal of an intronic  and 4; Fig. S84). Several point mutations in the ACAGAGA
fragment and a transesterification reaction joining the exonic  sequence almost completely blocked product formation (Fig. 6B,
fragments of Exonl and Exon2 (Fig. 5E). As mentioned above, our  Fig. S8B). Point mutations in the G of the AGC triad were similarly
analyses indicate that the formation of the product is a catalyzed  incompatible with product formation, while mutation of the C

o
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? :‘2;‘9 - ; [ - Exon1 (Oligo1
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5 5% §, . E,, g,, 8 2o 5 GCCLSJGGGUUUUCU‘ILSJ UACUGACGCZUSUC%
ACGU 22206 2260 - o O ,
OO0OO0in OO0 i in [t} - Exon 2 (Oligo2)
- P 5'GAAGGUC[UGUAUUUUCGCAGCUGC]3
B 32 3 5 8 15 24
= . o D°
= |Oligot a O
- . . GMP Released Exon 1 (Oligo1 1-15) Cleaved intron (Oligo1 fragment 16-26)
- 5|GGCCUGGGUUUUCUU|3'0H 5'UACUGACGCUU3Z’
i " e e 5 15 25
bd . - Origin . ¥ .
»  [Oligo2 Un- - Exon 2 (Oligo2) 5'GAAGGUC|UGUAUUUUCGCAGCUGC|3
reacted RNase P1 Unreacted 5 8 15 24
Oligo1 digestion precursor
1234 56 7 8 b Cleaved intron (Oligo2 fragment 1-7)
5'GAAGGUC3’
Y Wee o . ; 5
Oligo1 5'GGCCUGGGUUUUCUUUACUGACGCUUS' Spliced Product
5 10 15 20 25 5[GGCCUGGGUUUUCUUJUGUAUUUUCGCAGCUGC] 3’

Fig.5. Characterization of product formation with full-length Oligo1. (A) Dideoxy sequencing reactions on purified product. The nucleotides originating from Oligo1
and Oligo2 are shown. The identity of nucleotides labeled in each sequencing lane is shown on top. (B) Product formation with site-specifically labeled full-length
Oligo1. Numbers following an asterisk indicate the position of the site-specific label. 5’-Labeled Oligo1 is used in reactions as control. 5'Oligo1*21 carries two labels.
Diagram shows the site of labels that do (arrowheads) or do not incorporate (diamonds) into the product. Numbers refer to position from the 5’ end. (C) TLC analysis
of complete RNase P1 digestion of product made with Oligo1 U15G mutant labeled 5’ to nt 15. The precursor (Oligo1*15, 15G) is similarly digested to mark the location
of GMP. (D) Product formation with Oligo1 containing a deoxy substitution at position 15 (Oligo1 15d). The lane marked Oligo1 contains a typical reaction. (E) Product
formation. Substrates, product, and fragments cleaved after each step of the reaction are shown. Numbers indicate position from the 5’ end of each substrate.
Rectangles mark the nucleotides in each substrate that are incorporated into the product. The site of hydrolytic cleavage of Oligo1 is shown.

11904 | www.pnas.org/cgi/doi/10.1073/pnas.0902020106 Valadkhan et al.


http://www.pnas.org/cgi/data/0902020106/DCSupplemental/Supplemental_PDF#nameddest=SF7
http://www.pnas.org/cgi/data/0902020106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0902020106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0902020106/DCSupplemental/Supplemental_PDF#nameddest=SF8
http://www.pnas.org/cgi/data/0902020106/DCSupplemental/Supplemental_PDF#nameddest=SF8
http://www.pnas.org/cgi/data/0902020106/DCSupplemental/Supplemental_PDF#nameddest=SF8
http://www.pnas.org/cgi/data/0902020106/DCSupplemental/Supplemental_PDF#nameddest=SF4

Lo L

\

=y

A A B C
oL 9
< 2 TO D © ©

0 3 000828 58 4 "

o IJd oY uw NN o Iy °

Z 02 20gT 898 Ve <ogp> 2 S

v <+t st L23 220 239383 = T QR

= Q2 S O00gpNy =X SYNYTO = P - A )

S I 2II22%y ¥ 2 LOOO000 =2 88w
Z..len
=588
Rz

B Oligot Non-denaturing

# i N1
1 2 3456789 101112

Fig. 6. Role of the U6/U2 complex in product formation. (A) The effect of
deletion and insertion mutations on product formation. The designations +1and
+ 2 bp reflect the number of inserted base pairs, followed by the U6 nucleotides
between which the added base pairs are inserted. For the description of each
mutation, see text and Fig. S8A. (B) Effect of ACAGAGA point mutations. (C) ISL

insertion mutants can bind Oligo1. The location of unbound Oligo1 is shown. The
identity of the U6/U2 used is shown above each lane.

residue of this triad had no effect (Fig. 6B, Fig. S8B). Converting the
ISL to a fully base-paired helix (construct labeled ISL base-paired)
considerably reduced activity, whereas substrate binding was not
decreased (Figs. S84, S6A, lane 7, and Fig. S6C), indicating a
functional role for this region of ISL in product formation. To
determine whether the spatial orientation of the ISL toward the rest
of U6 is important for product formation, we made a series of 1- or
2-bp insertions in the lower stem of the ISL (Fig. S84). All
four insertion mutations substantially reduced product formation
without affecting substrate binding (Fig. 6A4, lanes 8, 9, 10, 11; Fig.
6C). Taken together, these results indicate that the ISL and the
ACAGAGA-containing stem contain a number of critical se-
quence elements that are necessary and sufficient for the observed
reaction to occur. The importance of spatial orientation and
flexibility between the ISL and the ACAGAGA-containing stem
suggests that the reaction requires the formation of a certain
three-dimensional arrangement between these elements.

To determine the sequences in the U6/U2 complex that are
located close to the site of the reaction and thus might play a direct
role in it, we performed site-specific UV crosslinking with an Exon1
containing a 4-thio-U substitution at nt 14, which is one nucleotide
upstream of the reaction site. Remarkably, primer extension reac-
tions on the obtained crosslinked species indicated that nt 14 of
Exonl was positioned in close proximity to U6 nts 44 and 45 in the
ACAGAGA box (Fig. 1, Fig. 74, B). Furthermore, a faster migrat-
ing crosslinked species that was dependent on the presence of
Exon?2 and its ability to base pair to U6/U2 was also observed (Fig.
7A), indicating juxtaposition of Exonl nt 14 to Exon2. Because the
base-pairing interaction between Exon2 and U6 orients Exon2
toward the ACAGAGA sequence (Fig. 1), these results suggest that
at least in a fraction of the U6/U2 complexes, both Exonl and
Exon2 are positioned in the vicinity of the catalytically critical
ACAGAGA domain of Ub.

Mutations of G44 in ACAGAGA to A and C, both of which
result in loss of product formation (Fig. 6B), did not alter the
binding of Exonl, as the formation of the crosslink between Exon1
nt 14 and U6/U2 was not affected (Fig. 7C). Because the binding
of Exon2 through its base-pairing cassette to U6 is not likely to be
affected by ACAGAGA mutations either, this result suggests that
the detrimental effect of at least some of the point mutations in the
ACAGAGA box is not caused by a gross defect in substrate
positioning. Importantly, the catalytic defect of the G44C mutant
could be suppressed by a U to G mutation at nt 15 of Exonl (Fig.
7D), whereas the activity of the G44A mutant is not rescued,
reflecting allele specificity. These results suggest that, rather than
affecting ground state substrate binding, the lack of activity of G44C
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Fig. 7. Defining the U6/U2 sequences that are close to the site of the reaction.
(A) Formation of a U6/U2-dependent, UV-dependent crosslink between U6 and
nt 14 of Oligo1. Arrow points to the crosslinked product. Plus and minus signs
indicate the added or omitted ingredient compared to a typical crosslinking
reaction (Ctrl). Asterisk marks an Oligo2-dependent crosslinked species. (B)
Primer extension reactions map the position of the crosslink in U6 to G44 and A45
in the ACAGAGA box. Arrow points to primer extension stops in the lanes
containing the crosslinked species (lanes marked XL). Control reactions on non-
crosslinked U6 are included (lanes marked U6 on the top). Location of the DNA
species resulting from primer extension on intact U6 is shown to the right. The
primer extension reaction temperature is indicated above each lane. The identity
of each band in the left-most sequencing lane is shown to the left. (C) Point
mutations in the ACAGAGA domain of U6 do not prevent the formation of a
crosslink between Oligo1 and U6. Arrow points to the site of crosslink. WT: wild
type. Lane marked WT-UV has not received UV irradiation. Lane marked -U6U2
lacks the U6/U2 complex. Oligo1 used in these reactions contained a 4-thio-U
substitution at nt 14. (D) Suppression of a mutation in the ACAGAGA box of U6
by a point mutation in nt 15 of Oligo1. Product formation is restored in U6 G44
to C mutant when nt 15 of Oligo1 is also mutated to a G. The identity of U6/U2
species used is shown above each lane.

mutant results from the loss of a functionally critical interaction
with the nucleotide immediately upstream of the cleavage site.
Taken together, the above data suggest that the reaction occurs in
the proximity of the ACAGAGA sequence of U6, and that some
residues in this sequence likely play a critical role in sculpting the
active site of the observed reaction.

Discussion

We have shown that protein-free RNAs containing the unaltered
sequence of the central domains of human U6 and U2 snRNAs,
which correspond to the minimal domains required for spliceoso-
mal function, can catalyze a splicing reaction on two short RNA
substrates. This reaction is chemically identical to the second step
of the splicing reaction catalyzed by Group II introns and the
spliceosome. The first step of splicing in this reaction apparently
proceeds through hydrolysis rather than branching; however, ca-
talysis of the first step of splicing through hydrolysis is widely
observed in group II introns as a physiological alternative to
branching both in vitro and in vivo (29, 30). Indeed, under the conditions
used in our catalytic assays, hydrolysis is the dominant or even the sole
reaction pathway for a number of well-studied introns that can effi-
ciently perform branching in the presence of higher salt concentrations
(1, 2). Recently, it has been shown that the spliceosomal active site can
also catalyze hydrolytic reactions at splice sites by cleavage of the 2nd
exon from lariat intermediates or spliced mRNAs (31).

Our data suggest that the function of the snRNAs in the observed
reaction closely parallels their function in the spliceosomal active
site. First, mutagenesis data show that the regions in U6 that are
required for spliceosomal catalysis, the ACAGAGA and AGC
sequences and the ISL, are also necessary and sufficient to promote
the protein-free splicing activity of U6/U2 (7, 10, 11, 14-16, 20,
32-34). Equivalent sequences form the active site of self-splicing
group II introns (19). Second, both the snRNA-catalyzed reac-
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tion and spliceosomal splicing occur in close proximity of the
ACAGAGA sequence (17, 18), and in both systems this sequence
seems to help sculpt the active site by interacting with nucleotides
adjacent to the site of catalysis (11). Third, footprinting experiments
indicate that the ISL is in the vicinity of the ACAGAGA sequence
in activated spliceosomes (20), and similarities to group II introns
suggest that the active site of the spliceosome is at least partly
formed through juxtaposition of these two elements. Sensitivity of
the snRNA-catalyzed reaction to changes in spatial orientation of
the ISL relative to ACAGAGA and AGC and the detrimental
effect of mutations that convert ISL to a fully base-paired helix
likely reflect a similar three-dimensional organization.

The observed snRNA-catalyzed splicing reaction was specific; no
other product was formed under the various ionic and pH condi-
tions and RNA concentrations or with any of the different RNA
species tested, except a previously described, related product form-
ing with much lower efficiency at lower pH (21). The efficiency of
the observed splicing reaction approaches the self-splicing effi-
ciency of several less efficient group I and group II introns (35-37).
Further, similar to the spliceosomal catalysis (25, 26), the reaction
showed a clear requirement for divalent cations. The clear rele-
vance of the chemistry of the reaction to the reaction occurring in
the authentic spliceosome, the arrangement and identity of the
snRNA sequences involved in the reaction, and the requirement for
divalent cations strongly suggest that the observed reaction might
originate from a protein-free version of the spliceosomal active site.

Demonstration of the ability of unmodified spliceosomal RNAs
to catalyze a full splicing reaction suggests the presence of another
naturally occurring RNA enzyme in eukaryotes, and further
strengthens the possibility of a common origin between the eu-
karyotic spliceosome and group II introns. Interestingly, the other
natural ribozymes that catalyze complex, multistep reactions such
as splicing are often much larger in size (e.g., ~400 nts for a minimal
group II intron that can still perform a two-step splicing reaction vs.
~120 nts for U6/U2) (1), making the human U6/U2 complex the
smallest known natural ribozyme capable of performing splicing.
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At least one spliceosomal protein, Prp8, is present in the spli-
ceosomal active site along with snRNAs, playing an important role
in substrate recognition and positioning and stabilization of snRNA
structures (38). Many catalytic RNAs exist as ribonucleoprotein
complexes in vivo; however, in studied cases, the presence of
proteins does not seem to alter the reaction mechanism, which
remains RNA-catalyzed even in the presence of the associated
proteins, albeit with much higher efficiency (39). Although the data
presented here indicate that snRNAs can perform splicing without
the help of proteins, it is likely that in the spliceosomal active site
Prp8 or another protein assists the snRNAs in assuming the
catalytically active conformation, positioning of the substrates,
coordinating catalytic metal ions or even performing chemistry
(24). In addition to demonstrating the ability of snRNAs to catalyze
splicing, the reaction described above provides the basis for devel-
opment of an in vitro system that would allow the function of RNA
and protein elements found in the active site of the spliceosome,
including Prp§, to be biochemically analyzed in detail.

Materials and Methods

In vitro transcribed central domains of human U6 and U2 snRNAs were annealed
together in 40 mM Tris pH 7.2 and 20 mM MgCl; by heating to 75 °C followed by
gradual cooling to room temperature. After annealing, the Oligo1 and Oligo2
substrates were added at concentrations ranging from 50 nM to 10 uM and MgCl;
concentration and pH was adjusted to 60 mM and 8.0-8.4, respectively. The final
concentration of the U6/U2 complex in a typical reaction was 2 uM. The reaction
mixtures were incubated at 45 °C for 6 hours, 37 °C for 15 hours, or 32 °C for 40
hours, followed by analysis on 12-20% denaturing polyacrylamide gel electro-
phoresis (PAGE). The gels were exposed to Phosphorlmager screens. Further
experimental details are provided in the online SI Text.
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