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ABSTRACT

With the improved rapid sequencing techniques, the earlier
sequence of U2 RNA of Novikoff hepatoma (Shibata et al, J. Biol.
Chem. 250, 3909-3920, 1975) was reanalyzed and modified. The

improved sequence of U2 RNA is 188 (or 189) nucleotides long and
is in register with a characterized U2 RNA pseudogene (Denison et
al, PNAS 78, 810-814, 1981) except for an 11 nucleotide sequence
(nucleotides 147-157) which is absent from the pseudogene. From
these results, a secondary structure of U2 RNA is proposed which
is supported by the preferred cleavage sites with T,-RNase, RNase
A and S1 nuclease. 1Isolated U2 RNA was cleaved by } -RNase pre-
ferentially at positions 64 and 164, whereas U2 RNA }n U2-snRNP

was cleaved only at position 64, indicating that position 164 is
protected in U2-snRNP. As with Ul RNA (Epstein et al, PNAS 78,

1562-1566, 1981) the 5'~-end of isolated U2 RNA was not preferen-

tially cleaved by Tl—RNase.

INTRODUCTION

U-snRNAs (1) in snRNPs have been implicated in processing
of hnRNAs (2,3). The sequences of the snRNAs in these RNPs ap-
pear to be important to their function. The 5'-end sequence of
Ul RNA was shown to be complementary to several intron/exon
splice junctions (2,3). The conformation of Ul RNA in solution
(4,5) and in Ul-snRNP (4) were analyzed earlier. The results
showed that the conformation of Ul RNA was similar in solution
and in RNP form (4) and also that 5'-end 12 nucleotides of Ul
RNA may be accessible to binding splice junctions of hnRNA
(4,5). In the present study, the secondary structure of U2
RNA was analyzed by enzymatic digestions.

In addition, the sequence of U2 RNA was reevaluated with
ladder sequencing methods. The sequences of Ul RNA (6) and
U2 RNA (7,8) had been determined with uniformly labeled RNA.
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The original sequence of Ul RNA (6) was corrected using

improved sequencing techniques (9-11). The sequences of U3 (12,
13), U4 (14,15,16), U5 (1,17,18) and U6 (19,20) RNA were deter-
mined with these improved sequencing methods. The modified se-
quence of U2 RNA was found to be in register with a U2 RNA pseu-
dogene isolated from human placenta (21), except the sequence of
nucleotides 147-157 was missing in the pseudogene. With these
modifications of the U2 RNA sequence, the primary sequences of
all known capped U-snRNAs have been completed with the ladder
sequencing methods. The sequences now provide a more satisfac-
tory basis for elucidating the structure and function of the
U-snRNPs.

MATERIALS AND METHODS

3
Preparation of 2P-labeled U2 RNA from Novikoff hepatoma
ascites cells. The harvested Novikoff hepatoma ascites cells

were incubated overnight in culture medium in the presence of
L32PJ orthophosphate as described previously (22). Preparation
of citric acid nuclei, isolation of RNA, and fractionation of

4 to 8S RNA were done as reported earlier (6,22,23). Nuclear

4 to 8S RNA was subjected to electrophoresis on 10% acrylamide
7 M urea gels at pH 8.3 (12,24). U2 RNA separated well from
other RNAs.

RNases Tl’ T2, U2, Phy M and RNase A were obtained as
noted earlier (12). LY-32PJ ATP and 5' L32PJ pCp were used
to label termini (24,25).

The U2 RNA was labeled on its 3'-end using 5'L32PJ pCp
and RNA ligase (25) and the digestions were carried out by
the chemical method (29). Identification of Vp residues from
Up residues was carried out by chromatography on 3 MM paper
using isopropanol: HCl:water (680:176:144) system (30).

Preparatiop of NP-40 nuclei, digestion of RNPs with Tl-
RNase, precipitation of RNPs using anti-Sm antibodies and
analysis of RNA fragments was done as described earlier (4).

RESULTS

Figure 1 shows the TI—RNase fingerprint of uniformly
labeled U2 RNA. The sequences, derived from analysis of the
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Fig. 1 Autoradiograph of a twg
a T1-RNase digest of [“2p]-labeled U2 RNA of Novikoff
hepatoma. The first dimension was on a cellulose

acetate strip at pH 3.5 and the second dimension was
homochromatography on thin layers of polyethyleneimine

(Cell 300, Brinkmann).

products obtained after Tl-RNase oligonucleotides were digested

with U2 RNase or RNase A, were essentially the same as reported
earlier (8). The 5' or 3'-end labeled large oligonucleotides

were partially digested; the resulting fragments were analyzed

by mobility shift analysis (Fig. 2). From these results and

from the digestion products of uniformly labeled RNA the sequen-

ces of oligonucleotides 19 to 26 were determined.
For example, the sequence of oligonucleotide T-26, a hexa-

decanucleotide was deduced from the following data. 25 ug of
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unlabeled U2 RNA mixed with 50,000 cpm of uniformly labeled U2
RNA was subjected to fingerprinting after complete Tl—RNase
digestion (8). Oligonucleotide T-26 was eluted from DEAE-paper
and was labeled at its 5'-end (24). The labeled fragment was
subjected to mobility shift analysis after partial digestion
(28) . Oligonucleotide T-26 was also labeled on its 3'-end (after
removal of 3'-phosphate) and subjected to mobility shift analysis.
The sequence from the 5'-end was deduced to be C-U-U-C-U-C- and
the sequence from 3'-end was deduced to be -C-C-U-U-U-U-GmGp
(Fig. 2). These digests were also run on a sequencing gel and
the positions corresponding to Gm-Gm were found to be cleaved
only to a small extent. The identity of Gm-Gm~Cp and GmGp was
established in this study and was consistent with previous
results. Similar data (Fig. 2) was obtained for all large Ty~
RNase fragments. The differences (Fig. 1) from the sequences
determined earlier were primarily in the order of pyrimidine
residues.

Partial digestion fragments. Uniformly labeled U2 RNA was
mixed with 100 g of unlabeled U2 RNA and subjected to partial
digestion with T;-RNase or S1 nuclease. The resulting fragments
were separated on an acrylamide gel (Fig. 3A) and aliquots of
each fragment were fingerprinted. The fingerprints of partial
Tl-RNase digestion fragments 1-64, 1-164 and 65-164 are shown
in Fig. 4.

Under the partial Tl-RNase digestion conditions used over
95% of the U2 RNA was recovered in fragments larger than 25
nucleotides. The main cleavages occurred at nucleotide posi-
tions 164, 64, 37 and 107. This result shows that the most
susceptible regions to cleavage by Ti-RNase of U2 RNA to be

nucleotides 164>64>37>107, nucleotide 164 and 64 being the most
preferred sites.

Sequencing gels. Partial digestion fragments obtained by
Tl-RNase or S1 nuclease were end-labeled and subjected to sequen-
cing gel analysis. Fig. 3B shows a sequencing gel corresponding
to nucleotides 96-164 of U2 RNA. The U2 RNA was also labeled at
its 3'-end and the sequence of U2 RNA was analyzed using ladder
sequencing methods (25). Using the chemical digestion (29), the
positions of A and G residues were confirmed from nucleotide
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Fig. 3 A. Autoradiograph of a U2 RNA digest separated on a 12%
acrylamide gel. Lane A is undigested U2 RNA and
lanes B and C, U2 RNA digested with T{-RNase (Enzyme
to substrate ratio 1:1000) in 0.01 M Tris, 1 mM MgClo,
pH 7.5 for 5 min, at 0°C. The reaction was stopped
by SDS-phenol extraction.

B. Autoradiograph of a sequencing gel of 5'-end labeled
fragment (U2 RNA 65-164). The enzyme digestions and
running of a 8% sequencing gel were as described by
Donis-Keller et al (24).

C. Autoradiograph of a sequencing gel of 3'-end labeled
U2 RNA. The chemical method of Peattie (29) was
employed for digestion of RNA.

D. Same as in Fig. 3C, except that the electrophoresis
run for longer time to visualize longer oligonucleo-
tides.
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Fig. 4 Autoradiographs of fingerprints of partial T;-RNase

fragments. The fragments obtained by partial Ty-
RNase digestion of U2 RNA (as described in Fig. 3A)
were fingerprinted after complete Ty-RNase digestion.
Fragments of U2 RNA 1-64, A; 1-164, B; and 65-164,

C.

53-188 (Fig. 3C and 3D). Fingerprinting of repurified U2 RNA
did not show C-Gp residue (Fig. 5) that was found earlier (7,8)
and the sequencing gels did not show gel bands corresponding to
C-Gp between oligonucleotide T-15 and T-5 (Fig. 3C). Therefore
C-Gp was not used in this U2 RNA. Data obtained in the present
study and earlier studies (7,8) provided the 188 or 189 nucleo-
tide sequence of U2 RNA shown in Fig. 6.

Modified nucleotides. U2 RNA contains many modified nucleo-
tides (31). All these modified nucleotides were shown to be
present in the 5'-third of U2 RNA (8). The present study con-
firmed this interesting observation. In oligonucleotides T-6
and T-17, y residues were the only U residues (Fig. 7). When
RNase A and U2 RNase products obtained from T-24 were analyzed,
¥p was found in Ay and (¥U) Ap. Therefore, position 92 was
designated yp. Another Up in T-24 was found to be a partial
conversion to yp at position 90. T-25 contained two yp, showing
that position 59 is yp; the other yp was found in U2 RNase frag-
ment (UyU)Ap. When 5'-end labeled T-25 was digested with nu-
clease P1 and the labeled oligonucleotide analyzed, it was found
to be pU, localizing the yp to either position 55 or to 56. The
¥p at position 55 was based on earlier results (7,8). Oligo-
nucleotide T-20 contained two yp residues and both were found
in U2 RNase fragment yyCUUA obtained from T-20. Analysis of the
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Fig. 5 Autoradiograph of a two-d%g;nsional fractionation
of a Ty1~RNase digest of [ ]-labeled repurified U2

RNA. U2 RNA obtained as described in "Materials and
Methods" was repurified on a 12% polyacrylamide gel.
The arrow points to the position of C-Gp spot, not
foundlin repurified U2 RNA. Other details as in
Fig. 1.

5'-end labeled T-20 showed the nucleotide at position 44 to be yp.
The yp at position 45 was based on earlier results (7,8). There
were three yp residues at positions 7,8 and 16 based on reexami-
nation of earlier data (7,8) to fit into the sequence derived
from end labeled RNA fragments. Therefore, U2 RNA contains
12-13 y residues and the yp residues at positions 35, 38, 40,
42, 44, 59, 92 (90 partially) were confirmed in this study.
The yp residues at 7, 8, 16, 45, 55 may need confirmation by
other methods (9).

Secondary structure of U2 RNA. A possible secondary struc-
ture for the U2 RNA molecule is shown in Fig. 8 . This struc-
ture was developed with the aid of the computer program of Korn
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Fig. 6 Comparison of U2 RNA sequence of Novikoff hepatoma with
a human U2 RNA pseudogene (21). The numbers below
the U2 RNA sequence correspond to the Tp1-RNase oligo-
nucleotides shown in Fig. 1.

et al (32) to establish maximum base-pairing. It is consistent
with the preferential cleavage sites of Tl-RNase, RNase A, and
S1 nuclease.

Secondary structure of U2 RNA in U2 RNP. Analysis of the
Tl-RNase digestion fragments of U2 RNP as done for Ul RNA in Ul
RNP (4), showed there was a major cleavage site at nucleotide 64,
one of the positions preferentially cleaved by Tl-RNase in iso-
lated RNA. This result indicates that the conformation of U2
RNA in isolated RNA and in the U2 RNP have similarities as noted
earlier for Ul RNA and Ul RNP (4).

DISCUSSION

This study presents a secondary structure of U2 RNA in
solution and in RNP form. Like Ul RNA (4), U2 RNA appears to
have a stable secondary structure in solution, it may have a
similar conformation in RNP form as suggested by the cleavage
shown with Tl-RNase. Since the 5'=-end of Ul RNA was shown to
be complementary to splice junctions of hnRNA (2,3) the function
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Fig. 7 Analysis of U2 RNA fragments for pseudouridine resi-

dues., The T,-RNase oligonucleotides were digested
with To-RNasé and fractionated on a 3 MM paper at
pH 3.5 by electrophoresis. The 3 MM paper was cut
between Gp spots and Up spots and the mixture of Up
and yp spots were separated using the Wyatt system
(30). The numbers of fragments correspond to frag-
ments in Fig. 1. T-9 was digested with nuclease P1,
instead of Tg9-RNase,

of RNAs in snRNPs may be two-fold. First they may provide a
stable skeleton to bind protein(s) and second, they may recog-
nize splice junctions to confer fidelity in splicing reactions.
Although the 5'-end of free U2 RNA was accessible to Tl-RNase,
the cleavage at nucleotide 5 was not a high yield cleavage site,
compared to positions 64 and 164 in free U2 RNA.

This study also presents a modified sequence of U2 RNA
which differs from the previous sequence (8) mainly in the
sequence of pyrimidine residues in large Tl-RNase oligonucleo-
tides. Among snRNAs of Novikoff hepatoma heterogeneity was
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Fig. 8 One of the possible secondary structures of U2 RNA.
The large arrowheads point to most susceptible regions
in U2 RNA to T1-RNase cleavage. The cleavages at
positions 164, 64, 37 and 107 (large arrowheads)
occurred with frequencies of 75%, 60%, 10% and 8%,
respectively. The small arrowheads show the positions
cleaved by RNase A or Ti1-RNase or S1 nuclease. The
stability number calcula ted according to Tinoco et
al (38) was + 13.

found in U3 RNA (13), U4 RNA (14) and in U6 RNA (1,15). 1In
all these cases, the heterogeneity was confined to the 3'-ends;
the 5'-ends were conserved. Heterogeneity of U2 RNA was also
found at the 3'-end; in 30% of the U2 RNA, an additional A
residue was at position 189 (7,8).
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U2 RNA is the second most abundant U-snRNA (33) and was
shown to be associated with hnRNP (34-37). Alignment of the 5'-
end of U2 RNA to several intron/exon splice junctions (2) showed
that U2 RNA had a less satisfactory complementarity to splice
Junctions compared to Ul RNA.

Conservation of U2 RNA sequence during evolution. U2 RNA
of HeLa cells (40), IMR-90 cells (40) and Ehrlich ascites cells
(41) was analysed by fingerprinting and analysis of oligonucleo-

tides by further enzymatic digestions. The results indicated
that the sequences of U2 RNA of mouse rat and human are very
similar. The human U2 RNA (40) was shown to contain A at posi-
tion 117 and mouse U2 RNA (41) appears to contain G at position
110 in a fraction of mouse U2 RNA population. Since these se-
quence studies on human or mouse U2 RNA are not complete, nu-
cleotide substitutions at other positions cannot be ruled out.

The modified sequence of U2 RNA was compared with known
sequences of mouse U2 RNA gene (42) and human U2 RNA pseudogenes
(21,39). The Novikoff hepatoma 188 nucleotide long U2 RNA se-
quence was identical to the mouse U2 RNA gene sequence (except
for nucleotide 110 which was G in mouse DNA and RNA). The U2
RNA sequence was also in perfect register with human U2 RNA
pseudogenes (21,39; Fig. 6).
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