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ABSTRACT U6 small nuclear RNA (snRNA), a component
of eukaryotic spliceosomes, is required for splicing of nuclear
pre-mRNAs. Whereas trimethylguanosine cap-containing U sn-
RNAs are transcribed by RNA polymerase II, the U6 RNA is
transcribed by RNA polymerase III and contains a nonnucle-
otide cap structure on its 5’ end. We characterized the cap
structure of human U6 snRNA and show that the y phosphate
of the 5’ guanosine triphosphate is methylated. The mobilities of
in vivo-modified y phosphate from the 5’ end of HeLa U6 RNA
were identical to the synthetic monomethyl phosphate (CHj;-
O-P) in two-dimensional chromatography and two-dimensional
electrophoresis. The cap structure of U6 RNA is distinct from all
other cap structures characterized thus far.

In eukaryotes, RNAs transcribed by RNA polymerase II,
such as mRNAs, small nuclear RNAs (snRNAs), and most
viral RNAs, are blocked on their 5’ terminus by a guanosine
cap: m’GpppN in the case of mMRNAs and m3-2’GpppN in the
case of U1-US5 snRNAs (reviewed in refs. 1-3). U2 RNA cap
hypermethylation requires the Sm-binding site (4). In con-
trast, certain viral RNAs have protein covalently attached to
their 5’ terminus (reviewed in ref. 1).

U6 snRNA, a member of the U snRNA family, is a com-
ponent of eukaryotic spliceosomes (5-7) and is required for
splicing of nuclear pre-mRNAs (5, 6, 8, 9). In yeast Saccha-
romyces cerevisiae, U6 RNA is encoded by a single-copy gene
and is essential for cell viability (9). Based on the presence of
an intervening sequence in the U6 gene of fission yeast (10) at
position 52, corresponding to stem I in the U4-U6 RNA
complex, it has been argued (11) that U6 RNA may be directly
involved in catalysis during pre-mRNA splicing. While tri-
methylguanosine cap-containing U snRNAs are transcribed
by RNA polymerase II (reviewed in ref. 12), U6 snRNA is
unique in that it does not contain the Sm antigen binding site
and it is the only known capped RNA transcribed by RNA
polymerase III (13-15). Since the observation that the 5’ end
of rat U6 snRNA is blocked by a cap structure, designated
XpppG (13), the structure of X has not been characterized. In
this study, we characterized the cap structure of human U6
snRNA and provide evidence that the y phosphate of the 5’
guanosine triphosphate is linked to a methyl group through an
ester bond.

MATERIALS AND METHODS

Isolation of U6 Cap Core. HeLa cells were labeled with
[**P]phosphate (0.5 mCi/ml; 1 Ci = 37 GBq) in monolayer
cultures for 16 hr, and the U6 snRNA was obtained by
fractionating whole HeLa cell 4-8S RNA on 10% polyacryl-
amide gels. The labeled U6 RNA was sequentially digested
with nuclease P1 and alkaline phosphatase. This digest was
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used for electrophoresis on DEAE-cellulose paper at pH 3.5
to obtain the U6 cap core. The structure of this cap core was
shown to be XpppG, where X was identified as a nonnucle-
otide compound (13). The XpppG was digested with tobacco
acid pyrophosphatase (Promega), and the digest was frac-
tionated by chromatography and electrophoresis. The la-
beled pG and P;, used as standards, were obtained by treating
[2-3?P]JGTP with venom phosphodiesterase and alkaline
phosphatase, respectively. The monomethyl [*P]phosphoric
ester (CH3-O-P) was prepared by incubating 1 uCi of
[*?P]orthophosphate in 10 ul of 10 mM TrisHCl (pH 8) with
1 ml of methanol at 65°C for 16 hr. The conversion of
orthophosphate to monomethyl phosphate was >90% as
confirmed by its comigration with unlabeled monomethyl
phosphate obtained from Sigma and release of P; by alkaline
phosphatase (data not shown). The formation of methyl
phosphate from orthophosphate and methanol has been re-
ported (16).

Chromatographic and Electrophoretic Analysis. Chroma-
tography on PElI-cellulose plates (Fig. 1 A, D, and G) was
carried out as described (17). The first dimension was devel-
oped with water up to the origin, with 0.25 M acetic acid until
the solvent migrated 10 cm, and with 0.88 M formic acid until
the solvent front had migrated an additional 12 cm; the
second-dimension solvent was 0.22 M TrissHCI (pH 8).
Chromatography on cellulose plates (Fig. 1 B, E, and H) was
done as described (18). The first-dimension solvent was
isobutyric acid/water/NH4OH, 66:33:1 (vol/vol), and the
second dimension solvent was 0.1 M sodium phosphate
buffer, pH 6.8/ammonium sulfate/1-propanol, 100:60:2 (vol/
wt/vol). Electrophoresis was carried out as described (19)
(Fig. 1 C, F, and I). The first and second dimensions were at
pH 3.5 on cellulose acetate and DEAE-cellulose paper,
respectively. The total amount of radioactivity analyzed in
the case of Fig. 1 A—F was approximately 1000 cpm each; in
Fig. 1 G-I, equal counts (1000 cpm each) from in vivo labeled
cap components and synthetic standards were applied. Au-
toradiography was done for 72 hr at —70°C by using XAR-5
film and Lightning Plus screens.

RESULTS

To characterize the cap structure of U6 snRNA, the relative
mobilities of various nucleotides and their modified counter-
parts during chromatographic and electrophoretic separa-
tions (13, 17, 18) were analyzed. The 2’-O-methylated nucle-
otides, in relation to their unmethylated counterparts, mi-
grate faster during electrophoresis on DEAE-cellulose paper
at pH 3.5 and in two-dimensional chromatography on PEI-
cellulose sheets (13, 17). In contrast, the 2’-O-methylated
nucleotides migrate faster in the first dimension but slower in
the second dimension on cellulose plates (18). It has been
argued that these effects of hydrophobic modifications on the
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mobilities of nucleotides probably result from an increase in
both mass and hydrophobicity, as well as a slight increase in
pKjy of the residues after methylation (18).

The cap core obtained from the U6 RNA was digested with
tobacco acid pyrophosphatase and electrophoresed on
DEAE-cellulose paper at pH 3.5. In addition to pG and P;,
one spot with electrophoretic mobility greater than P; was
observed (13). This modified y phosphate from the 32P-
labeled U6 snRNA, designated Xp, was previously analyzed
by chromatography and electrophoresis (13). The mobilities
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of Xp and XpppG during chromatography on cellulose plates,
PEI-cellulose plates, and electrophoresis on DEAE-cellulose
paper (13, 15) suggested that X could be a methyl group.
Therefore, we analyzed several phosphate derivatives, in-
cluding CH;-O-P, by electrophoresis and chromatography.
We used 3?P-labeled pG, P;, and CH;-O-P as synthetic
standards to compare with labeled Xp, P;, and pG derived
from the HeLa cell U6 RNA cap core. Fig. 1 A and B show
the analyses of U6 cap components in two different two-
dimensional chromatography systems. The mobility of Xp
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Characterization of U6 cap structure by chromatography and electrophoresis. (A, D, and G) Two-dimensional chromatography on

PEl-cellulose plates. (B, E, and H) Two-dimensional chromatography on cellulose plates. (C, F, and I) Two-dimensional electrophoresis on
cellulose acetate and DEAE-cellulose paper. (Top) Analyses of tobacco acid pyrophosphatase digestion products of HeLa cell U6 cap core.
(Middle) Analyses of standard pG, P;, and CH3-O-P. (Bottom) Analyses of a mixture of U6 snRNA cap components and standard pG, P;, and
CH3-O-P spotted together. The unlabeled pG, pA, pC, and pU were also included in the samples as internal standards and are indicated by broken
circles. Unlabeled pm’G and labeled pm3-27G were analyzed in the two-dimensional chromatography system of Silberklang et al. (18), and their
mobilities are indicated in B, E, and H. pG, P;, and CH3-O-P were also analyzed separately, and their chromatographic and electrophoretic
mobilities were the same as shown here. The X indicates the origin, and arrows show the first and second dimensions.
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Fic. 2. Cap structure of human U6 snRNA. Diagrammatic
representation of the methylated y phosphate of the 5' nucleotide G
(nucleotide N1) of human U6 snRNA. The 2’, 3’, and 5' represent the
carbon moieties of the ribose sugar.

from the U6 RNA (Fig. 1 A and B) was identical to that of
CH;-O-P (Fig. 1 D and E). Similarly, the mobility of Xp (Fig.
1C) was the same as that of CH3;-O-P (Fig. 1F) in two-
dimensional electrophoresis. To eliminate experimental vari-
ations during analysis on different chromatographic plates
and electrophoresis on DEAE-cellulose paper, approxi-
mately equal number of counts from in vivo labeled cap and
synthetic standards were mixed and analyzed by the same
systems. The Xp and CH3-O-P comigrated in all three sys-
tems (Fig. 1 G, H, and I), showing that Xp in the U6 RNA
is a monomethyl phosphate ester. The structure of U6 RNA
cap is shown in Fig. 2.

DISCUSSION

The data presented in this study show that the y phosphate of
the 5’ end of human U6 snRNA is blocked by a monomethyl
phosphoric ester (Fig. 2). Any proposed cap structure for U6
snRNA must account for the following properties attributed to
Xp from rat U6 snRNA (13): (i) it is a nonnucleotide; (ii) X is
linked to P; by an ester linkage since alkaline phosphatase can
release P; from Xpi; (iii) it does not contain free amino group(s);
and (iv) there are no periodate-oxidizable vicinal hydroxyl
groups. The structure of y-monomethyl phosphate is consis-
tent with all these observations. This and the fact that Xp and
CH3-O-P comigrate in different chromatographic and electro-
phoretic separations lend credence to Xp being a monomethyl
phosphoric ester involving the y phosphate of the initiation
nucleotide of U6 snRNA. The 5’ end of U6 snRNAs charac-
terized earlier from rat (13), mouse (20), trypanosomes (21),
Physarum (22), plants (23), and dinoflagellates (24) was shown
to contain cap structure different from m$2’G cap found in
other U snRNAs. In addition, U6 snRNA is the most con-
served of all the U snRNAs (9, 25); therefore, it is likely that
U6 snRNA from other species has the same cap structure as
shown in Fig. 2.

Interestingly, U6 snRNA is the only known capped RNA
transcribed by pol III. Our earlier studies showed that the
promoter for the U6 gene is external (26); however, tran-
scripts lacking sequences corresponding to the U6 snRNA do
not get capped. For the purpose of capping, transcripts
containing as few as 25 nucleotides corresponding to the 5’
end of U6 snRNA were as good substrates as the full-length
U6 snRNA (our unpublished results), indicating that 1-25
nucleotides of U6 snRN A contain information necessary and
sufficient for capping. These data indicate that information
for the formation of U6 cap resides within the transcribed
portion of the U6 gene and may explain why U6 is the only
known capped RNA transcribed by pol III. The 5’ region of
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U6 snRNA can potentially form a stem-loop structure (6, 9,
13, 25), as validated by chemical modification data (20) as
well as phylogenetic comparison of known U6 sequences
(25), indicating that the integrity of this stem-loop structure
is important for the U6 snRNA function.

The cap structure of mRNAs has been shown to enhance
the stability of mRNAs by protecting against 5’ exonucle-
olytic degradation and to increase translational efficiency by
facilitating the formation of the initiation complex (reviewed
in refs. 1 and 2). Recent studies indicate that cap structure
plays additional roles in mRNA biogenesis. These include
transcription initiation (27), generation of capped primers
necessary for influenza viral mRNA synthesis (28), pre-
mRNA splicing (29, 30), and 3’ processing of mRNAs (31,
32). The virion RNAs of cowpea mosaic virus and three
picornaviruses (namely, poliovirus, encephalomyocarditis
virus, and foot and mouth disease virus) have been shown to
contain a covalently linked protein at the 5’ end of the RNA
(reviewed in ref. 1). In the case of poliovirus RNA, a specific
protein, VPg, with U residues attached to it, may serve as a
primer during RNA replication (33). The function(s) of tri-
methyl guanosine cap structure in other U snRNAs and of
methyl phosphate cap structure in U6 snRNA are not known.
The methylation of the y phosphate may protect U6 snRNA
from exonucleolytic degradation. In fact, while methylgua-
nosine cap structures can be cleaved from capped RNAs by
venom phosphodiesterase, the U6 cap is resistant (13).

This report on the biochemical identity of U6 cap repre-
sents the third category of RNA cap structures, the other two
being: (i) nucleotide caps found in mRNAs, U RNAs, and
many viral RNAs; and (ii) protein cap on certain viral RNAs
(1-3). The characterization of the U6 cap structure will
enable one to develop antibodies specific to U6 cap structure,
which will be useful in studying the structure and function of
the U6 cap and spliceosomal U6 ribonucleoprotein particle.
Our observation that a short region within the U6 snRNA
sequence contains the information for the capping of U6
snRNA will help to understand the underlying principles
governing the formation of this cap structure.
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