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Capping Signals Correspond to the 5’ End in
Four Eukaryotic Small RNAs Containing
v-Monomethylphosphate Cap Structure

GLEB SHUMYATSKY,! SHIGEKI SHIMBA, AND RAM REDDY?
Department of Pharmacology, Baylor College of Medicine, Houston, TX 77030

In eukaryotic cells, the y-monomethylphosphate cap structure has been identified in four small RNAs, namely,
U6, 7SK, B2, and plant U3 RNAs. In this study, we show that in the case of 7SK and B2, as well as in
plant U3 RNAs, the 5’ stem-loop followed by a short single-stranded region serves as the capping signal. We
previously showed that the nucleotides 1-25 of mouse U6 snRNA, also comprised of a stem-loop followed by
a short single-stranded region, function as the capping signal. These data show that capping signals in all four
RNAs have common features. The length of the stem-loop among these capped RNAs varied from 20 to 108
nucleotides, with no significant variation in the capping efficiency. In addition to the capping signal, we also
observed a minimum RNA length requirement of about 15-25 nucleotides following the stem-loop for effi-
cient capping in vitro. The capping signal in plant U3 snRNA corresponds to the additional 5’ stem-loop
found in U3 RNAs from plants and lower eukaryotes but absent in U3 RNA from higher animals. Consistent
with this observation, the human U3 RNA that lacks the additional 5’ stem-loop was not a suitable substrate

for capping when compared to U6 snRNA.

IN eukaryotes, in addition to mRNAs, several small
RNAs contain cap structures on their 5’ ends. These
capped small RNAs contain either trimethylguano-
sine (TMG) or y-monomethyltriphosphate
(methylphosphate) cap structures (Reddy and Busch,
1988; Reddy et al., 1992). In the case of human
cells, the TMG-capped RNAs include U1-US and
U7-U13 RNAs (Reddy and Busch, 1988; Tyc and
Steitz, 1989). The TMG cap structures in small
RNAs have diverse functional roles, including en-
hancing the stability (Kleinschmidt and Pederson,
1990) and in some instances transport across the
nuclear membrane (Fischer and Luhrmann, 1990;
Hamm et al., 1990; Fischer et al., 1991). All TMG-
capped RNAs studied to date are transcribed in the
nucleus by RNA polymerase II with cotranscription-
ally added m’G on their 5’ ends, as is the case with
m’G cap formation in mRNAs (Eliceiri, 1980; Skuz-
eski et al., 1984). In the case of frog U2 snRNA, it
was shown that the m’G cap is further methylated
to TMG in the cytoplasm (Mattaj, 1986); thus, the
formation of TMG cap structure takes place in two
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discrete steps, the cotranscriptional m’G addition in
the nucleus and trimethylation in the cytoplasm.
However, m’G cap in TMG-capped RNAs of some
organisms, such as Trypanosomes, are formed post-
transcriptionally and an in vitro capping system for
TMG cap formation has been reported (Zwierzynski
and Buck, 1990).

To date, four small RNAs containing the meth-
ylphosphate cap structure have been characterized;
these are U6 (Singh and Reddy, 1989), 7SK (Gupta
et al., 1990a; Shumyatsky et al., 1990), rodent B2
(Shumyatsky et al., 1990), and plant U3 RNAs
(Shimba et al., 1992). Although the nuclear U6 sn-
RNA and nucleolar U3 snoRNA are involved in
pre-mRNA and pre-rRNA processing, respectively,
the functions of nuclear 7SK and cytoplasmic B2
RNAs are not known. Although not yet fully char-
acterized, there is evidence for the existence of ad-
ditional methylphosphate-capped RNAs (Gupta et
al., 1990a; Liu et al., 1992). We studied the func-
tion of methylphosphate cap structure using the frog
oocyte system, and in the case of U6, 7SK, and B2

!Present address: Department of Biochemistry and Molecular Biology, M. D. Anderson Cancer Center, 1515 Holcombe Blvd., Hous-

ton, TX 77030.
2Address correspondence to Ram Reddy.



30

RNAs, the methylphosphate-capped RNAs were three
to nine times more stable compared to correspond-
ing RNAs containing ppp on their 5’ ends
(Shumyatsky et al., 1993). These data show that one
of the functions of methylphosphate cap structure is
to enhance the half-life of RNAs and as shown ear-
lier, this property is common to other known cap
structures such as m’G (Shatkin, 1976, 1985) and
TMG cap structures (Kleinschmidt and Pederson,
1990). This may explain the presence of different
cap structures in U3 snoRNA from animal and plant
cells and suggests that in the case of plant U3
snoRNA, the methylphosphate cap may functionally
substitute for TMG cap structure found in U3 snoRNA
of animal cells.

Using U6 snRNA as the model substrate, we
previously showed that all the three phosphates of
the initiation nucleotide incorporated during tran-
scription of the U6 snRNA are retained during cap
formation and an RNA sequence-dependent methyl-
transferase methylates the gamma phosphate of the
substrate RNA (Gupta et al., 1990b). In the case of
m’G or TMG-capped RNAs, only two of the three
(a and B) phosphates of the initiation nucleotide in-
corporated during transcription are retained in the
final RNA. Therefore, the mechanisms of meth-
ylphosphate and m’G TMG cap formation are fun-
damentally different (Gupta et al., 1990b; Reddy et
al., 1992). Because U6 (Hamm and Mattaj, 1989)
or 7SK snRNA (Shumyatsky et al., 1993) does not
leave the nucleus, the methylphosphate cap forma-
tion appears to take place in the nucleus. We previ-
ously showed that the 1-25 nucleotides of U6 snRNA
comprised of a stem-loop followed by a short sin-
gle-stranded region is necessary and sufficient to di-
rect cap formation in vitro (Singh et al., 1990). In
this study, we extend these studies to three other
methylphosphate-capped RNAs, and in every case,
we found that 5’ stem-loop followed by a short sin-
gle-stranded region is necessary to direct cap forma-
tion in vitro. In addition to this core capping signal,
we find additional, apparently sequence-indepen-
dent, RNA length requirement following these cap-
ping signals to direct cap formation in vitro.

MATERIALS AND METHODS
Plasmid

The mouse U6 (Das et al., 1988), human 7SK
(Murphy et al., 1987), and mouse B2 (Kramerov et
al., 1982) genes were used for generation of plas-
mids suitable for transcription by T7 RNA poly-
merase. The T7 promoter sequences have been
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introduced by means of polymerase chain reaction
(PCR) so that the T7 transcripts of the genes started
with the first nucleotide of the corresponding RNA.
PCR was also used to make shorter versions of U6
and 7SK RNA genes (1-35 nucleotides and 1-115
nucleotides for U6 and 7SK, respectively). B2 RNA
gene under T7 promoter was cut with PfIMI and
BglII restriction endonucleases, filled in with T4
DNA polymerase, and ligated using T4 DNA ligase
resulting in a deletion corresponding to nucleotides
77 to 105 of B2 DNA sequence.

RNA Synthesis In Vitro With T7 RNA Polymerase

The plasmid DNAs were linearized by cutting at
the appropriate restriction sites. Linearized DNA (2
pg each) was incubated in 20 pl of transcription
buffer (Epicentre Technologies Corp.; Madison, WI),
10 mM DTT, 0.5 mM each of ATP, CTP, UTP,
0.04 mM GTP, 20 U of T7 RNA polymerase, 20 U
of RNasin, and 20 uCi [a->’P]GTP (Amersham
Corp., Arlington Heights, IL) for 60 min at 37°C.
Labeled RNAs were fractionated on 10% denaturing
polyacrylamide gels; bands of interest were excised
and eluted RNAs were precipitated with 3 vol. of
ethanol including 20-40 pg of glycogen or 10 pg
of E. coli tRNA as carrier. The purified RNAs were
suspended in 10 pl of sterile water and used for
further experiments.

Capping In Vitro With HeLa Cell Extracts

The capping reactions were carried out essentially
as described earlier by Gupta et al. (1990b). Briefly,
approximately 20,000-50,000 cpm of in vitro-tran-
scribed uncapped RNA was incubated with whole
HeLa cell extract (~300 pg of protein) in the cap-
ping buffer [S0 mM Tris-HCl (pH 8.0), 150 mM
KCl, 10 mM MgCl,, and 4 mM AdoMet] at 30°C
for various time periods as specified in the figure
legends. The reactions were terminated by the addi-
tion of SDS/phenol, and the purified RNAs were

"digested with nuclease P1 and in some cases also

with alkaline phosphatase. When the RNA length is
different between samples, the amount of radioac-
tivity was adjusted so that approximately the same
number of 5’ ends are being analyzed. These digests
were fractionated by electrophoresis on DEAE-cel-
lulose paper at pH 3.5 (Singh et al., 1990). The ra-
dioactivity was quantified by counting the cut DEAE-
cellulose paper in a liquid scintillation counter or
using the Betascope 603 blot analyzer system (Beta-
gen, IntelliGenetics Inc., Mountain View, CA). Au-
toradiography was done at —70°C using
Hyperfilm-MP (Amersham) with Lightning Plus
screens.
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FIG. 1. Analysis of cap structure of small RNAs synthesized in frog oocytes. Approximately
20 nl containing [a-32P]GTP and 4 ng of different small RNA genes were injected into each
frog oocyte nucleus, incubated for 16 h, and the labeled RNAs were purified by electrophore-
sis on a polyacrylamide gel. The RNAs indicated on top of each lane were isolated, purified,
and digested with nuclease Pl (lanes 1-3 and 5), or with nuclease Pl followed by alkaline
phosphatase (lanes 4 and 6), electrophoresed on DEAE-cellulose paper, and subjected to auto-

radiography. me, methyl.

Oocyte Injections

After a low-speed centrifugation of the oocytes to
facilitate accurate injection, labeled RNA samples in
approximately 20 nl were injected into each oocyte
nucleus or 50 nl into cytoplasm. After an overnight
incubation, the oocytes were suspended in homome-
dium [50 mM Tris-HCI (pH 7.5), 5 mM EDTA,
1.5% SDS, 300 mM NacCl], digested with protein-
ase K, RNAs extracted with phenol-chloroform, chlo-
roform, and precipitated with 3 vol. of ethanol.
Extracted RNAs were analyzed on denaturing 10%
polyacrylamide gels, and usually three to five oocyte
equivalents of RNA per lane were loaded on poly-
acrylamide gels.

RESULTS

The Methylphosphate Cap Formation Can Be
Uncoupled From Transcription In Vivo

We showed previously that U6 snRNA can be
transcribed in vitro in the presence of AdoHcys,
which is a competitive inhibitor of methylation re-
actions including the methylphosphate cap formation
(Singh et al., 1990; Gupta et al., 1990b). In addi-
tion, U6 snRNA synthesized under T7 promoter
with ppp on its 5' end can be accurately capped in
vitro by the HeLa cell extract (Gupta et al., 1990b).
These data indicated that transcription and capping
can be uncoupled in vitro. We wanted to see whether
methylphosphate cap formation and transcription are
actually uncoupled in vivo. To achieve this, we in-
jected U6, 7SK, 5S, and 7-2 RNA genes into the
nuclei of frog oocytes and the synthesized RNAs

were analyzed for the presence of methylphosphate
cap structure.

In the case of U6 (Fig. 1, lane 1) and 7SK RNAs
(Fig. 1, lane 3), only 15-30% of the RNAs were
capped with mpppG on their 5' ends and the rest was
found to be pppG. Because 5S RNA and 7-2 RNAs
do not contain the cap structure, as expected, both
5S and 7-2 RNAs were not capped (Fig. 1, lanes 2
and 5, respectively). An aliquot of the 7SK RNA
(lane 4) and 5S RNA (lane 6) was also treated with
alkaline phosphatase after nuclease PI digestion. As
expected, the pppG in these two cases was com-
pletely digested and mpppG cap structure formed in
7SK snRNA was resistant to digestion by alkaline
phosphatase (lane 4). These data demonstrate that
the synthesis of 106 nucleotide-long U6 RNA, as
well as 331 nucleotide-long 7SK RNA, could be
completed in vivo without an obligate requirement
for capping. These data also show that capping in
the case of frog oocytes is rather slow and rate lim-
iting compared to transcription of these RNAs.

Kinetics of Capping In Vitro

To study the efficiency of capping of different
RNA substrates in vitro, we needed conditions where
the RNA substrate is not limiting. We used labeled
U6, 7SK, and B2 RNAs for in vitro capping reac-
tions and quantified the capped and uncapped forms
of added substrate RNAs at different intervals rang-
ing from 2 to 30 min. Although there are no appar-
ent primary sequence homologies between 7SK, U6
and B2 RNA sequences, all these three RNAs were
capped with similar efficiencies (Fig. 2). To com-
pare the efficiency of capping of different RNAs
that vary in length as well as in sequence, we chose
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FIG. 2. Kinetics of methylphosphate cap formation in vitro with
different RNAs as substrates. U6, 7SK, and B2 small RNAs were
transcribed in vitro with T7 RNA polymerase in the presence
of [a-*?P]GTP as the labeled nucleotide, and equal moles of each
RNA were used as substrate in an in vitro capping reaction.
After various periods of incubation, RNAs were purified, di-
gested with nuclease P1, electrophoresed on DEAE-cellulose pa-
per, and subjected to autoradiography. The radioactivity in pppG
and ™pppG spots was quantified using a Betascope blot analyzer,
and the radioactivity in pppG and ™pppG was taken as 100%.
Conversion of ppp to ™pppG with increasing period of incuba-
tion is presented.

a 10-min time period where approximately 50% of
the added RNAs are still in uncapped form (Fig. 2)
and used these conditions to determine the capping
efficiency of different RNAs. In some experiments,
the quantity of cell extract added to the capping re-
actions was reduced to obtain 50% capping in about
a 30-min time period.

5" End Sequences From 7SK, B2, and Plant U3
RNAs Can Direct Capping In Vitro

Plasmid DNAs containing U6, 7SK, B2, and
Plant U3 RNA genes were used as templates, and
RNAs were synthesized using T7 RNA polymerase.
All the resulting RNAs contained 5’ ends identical
to the corresponding cellular RNAs but differed on
their 3’ ends; in addition, these RNAs also did not
contain any sequences corresponding to the vector
following the RNA sequences. These RNAs were
incubated with HeLa cell extract and the fraction of
5’ ppp converted to methylphosphate cap was quan-
tified (Table 1). First, we used U6 snRNA as a
substrate and U6,_,, RNA (Fig. 3A, lane 2) was
capped as efficiently as the full-length U6 RNA
(Fig. 3A, lane 1); however, U6,_;5 RNA was capped
with only 10% efficiency (lane 3). We also used
U6, 3, and U6, ,; RNA, and these RNAs were
capped very inefficiently compared to U6 snRNA
(Fig. 5, lanes 2 and 3; Table 1). The 5’ stem-loop
in U6 snRNA was destroyed by site-directed mu-
tagenesis in two linker-scan mutants. These two
mutants were no longer capped in vitro (Fig. 3,
lanes 5 and 6) compared to wild-type U6 snRNA
(lane 4). These data confirm our earlier data (Singh
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TABLE 1
CAPPING EFFICIENCIES OF VARIOUS snRNAs AND snRNA
MUTANTS
U6 RNA
1-106 (Dra I) 100
1-46 (Mbo II) 95
141 (Oligos) 15
1-35 (Oligos) <5
1-35 + 26 vector 9%
7SK RNA
1-331 (Dral) 100
1-126 (Alu I) 90
1-108 (Nla III) <10
147 (SerF I) <5
B2 RNA
1-180 (Dral) 100
1-104 (Bgl II) 100
1-83 (Fok I) 100
1-77 (NlalIl) 10
1-77 + poly A 60
1-74 (PflmMI) 7
1-74 + poly A 65
1-66 (SctF I) <5
1-50 (Ava II) <5
1-16 (Dde I) <5
U3 RNA (human)
1-215 (Rsal) 40
1-107 (Ddel) 10
1-91 (Mnll) 7
1-80 (Mnll) <5
1-64 (HgiAI) <5
U3 RNA (plant)
1-230 (BamHI) 100
1-97 (Haelll) 90
1-55 (EcoRI) <5
1-45 + 35 vector (HindIII) 90
U2 RNA (human)
1-188 (Smal) <5

Capping efficiencies of truncated and/or modified RNAs were
calculated, taking the capping efficiency of the corresponding
wild-type snRNA as 100%. The results presented are averages of
three independent experiments.

et al., 1990) that the integrity of the 5’ stem-loop is
essential for capping.

In the case of 7SK,_;,¢ RNA (lane 8), the cap-
ping efficiency was similar to full-length 7SK RNA
(lane 7), and 7SK,_ s RNA was capped with less
than 10% efficiency (Fig. 3A, lane 9) compared to
full-length 7SK RNA. B2, 33 RNA was capped as
efficiently (lane 11) as the full-length B2 RNA (lane
10); however, B2, ;,; RNA was capped with less
than 10% efficiency (lane 12). Figure 3B shows the
secondary structure of human U6 and secondary
structures corresponding to the 5’ ends of 7SK and
B2 RNAs. It is interesting to note that the second-
ary structures of 7SK (Wassarman and Steitz, 1991)
and B2 RNAs (Blandon et al., 1990) contain a
stem-loop on their 5’ ends, and both B2 RNA, ¢,
with 14 nucleotides after the stem-loop and 7SK
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FIG. 3. (A) Effect of 3' deletions on capping efficiency of U6, 7SK, and B2 RNAs. The U6, 7SK, and B2 small RNA genes under T7,
promoter were truncated, and full-length or truncated versions with 3" deletions were incubated under in vitro capping conditions. The U6
gene linker-scan mutants described in Singh et al. (1990) were transcribed in the presence of AdoHcys and labeled RNAs were assayed
for capping. The numbers above indicate the length of the RNA starting from initiation nucleotide 1. The U6 LS1/8 contained GGTACC
between nucleotides 1 and 8; LS13/20 also contained GGTACC between nucleotides 1 and 6. After the capping reaction, the RNAs were
purified, digested with nuclease P1, electrophoresed on DEAE-cellulose paper, and subjected to autoradiography. (B) Secondary struc-
tures of U6, 7SK, and B2 small RNAs. The secondary structure of U6 snRNA is from Epstein et al. (1980). The 7SK and B2 RNA
secondary structures are from Wassarman and Steitz (1991) and Blandon et al. (1990), respectively. The arrows indicate the sites where
RNAs were truncated and used for capping in vitro.
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FIG. 4. Effect of 5' deletions on the capping efficiency of U6, 7SK, and B2
RNAs. U6, 7SK, and B2 small RNAs, where sequences near the 5' end were
deleted, were prepared with 5' ppp by transcription in vitro in the presence of
[a-32P]GTP. Full-length and the corresponding RNAs with deletions near the 5'
end were subjected to capping reaction in vitro; the labeled RNAs were puri-
fied, digested with nuclease P, electrophoresed on DEAE-cellulose paper, and

subjected to autoradiography.

RNAj 126 with 18 nucleotides following the stem-
loop were capped nearly as efficiently as the corre-
sponding full-length RNAs. In contrast, RNA
with 11 nucleotides after the stem-loop, 7SK1 108
RNA with only the 5' stem-loop and B2177 with
eight nucleotides after the stem-loop were not good
substrates for capping in vitro (Fig. 3A, B, and Ta-
ble 1). These data show that in addition to the U6
snRNA, the 5" ends of 7SK and B2 RNAs are ca-
pable of directing the methylphosphate cap forma-
tion. These data also suggest that it is not the total
length of the RNA starting from the 5' end that is
important for capping; rather, it is some minimum
length of the RNA following the stem-loop that is
important in determining the capping efficiency.

5' End Sequences of 7SK and B2 RNAs Are
Required for Capping In Vitro

Nucleotides 1-25 comprise part of the first stem-
loop of the human U6 snRNA (Fig. 3B). We previ-
ously demonstrated that U6A2 25 snRNA lacking 2-25
nucleotides does not serve as a substrate for capping
(Singh et al., 1990). We synthesized U6AL 25 RNA
in the presence of AdoHcys so that this RNA does
not contain the methylphosphate cap structure. When

this RNA was used as a substrate for capping, the
capping efficiency was found to be <5% (Fig. 4,
lane 2). We also prepared constructs where the 5’
end sequences corresponding to a portion of the
stem-loop of 7SK and B2 RNAs are deleted and
these RNAs were tested for their ability to direct
capping in vitro. Both 7SKA2 48 (lane 4) and B2A2 38
(lane 6) were not capable of directing cap formation
in vitro. As expected, the U6 (lane 1), 7SK (lane
3), and B2 RNA (lane 5) were capped efficiently
under the same conditions. These data demonstrate
that, just like in U6 snRNA, the 5' end sequences
that contribute to the stem-loop structures in the case
of 7SK and B2 RNAs (see Fig. 3B) are also re-
quired for directing cap formation in vitro.

Role of Random RNA Sequences 3' to the Capping
Signal

Our earlier studies on the identification of cap-
ping signal in U6 snRNA were carried out by tran-
scription of altered U6 snRNA genes in vitro using
the HeLa cell extract (Singh et al., 1990). In many
of these experiments, the transcription was driven by
the U6 gene promoter and the transcription termina-
tion occurred at a cluster of T residues in the vector
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Fig 5. Effect of unrelated sequences 3' to the capping signal on the efficiency of cap-
ping in vitro. Labeled U6 and B2 small RNAs with different 3" truncations and alter-
ations, as indicated on the top of each lane, were prepared in vitro and subjected to
capping reaction in vitro. The labeled RNAs were purified, digested with nuclease PI,
electrophoresed on DEAE-cellulose paper, and subjected to autoradiography. U61 35.26
RNA is 61 nucleotides long and has 26 nucleotides of vector sequence following the

U613 sequence.

sequence. Consequently, the transcripts contained
portions of the U6 RNA sequence on the 5' end and
sequences derived from the vector on the 3" end.
We wanted to see whether capping signal corre-
sponding to the 5' end of U6 RNA without the vec-
tor sequence on the 3' end is sufficient to direct cap
formation.

We tested U6 RNA with different lengths, all of
which contained the same 5' end, and only U 676
RNA (Fig. 3, lane 2) or U6 RNA longer than 46
nucleotides (data not shown) were capped as effi-
ciently as the wild-type U6 RNA. C6I" | was capped
with 35% efficiency (Fig. 5, lane 2), and C61_3l and
U613 RNA were capped with an efficiency of 10%
or less (Fig. 5, lanes 3 and 4, respectively; Table
1). These data indicated that although U6125 is the
capping signal (Singh et al., 1990), this signal is not
functional unless some additional sequence is present
on the 3' end of the capping signal. Because U6l_25
snRNA with vector sequence on its 3' end was as
good as the sequence from the U6 snRNA (Singh et
al., 1990), there appears to be no specific sequence
requirement 3" to the core capping signal. We di-
rectly tested this possibility by testing U613 RNA
containing 25 nucleotides of the vector on its 3" end
for capping efficiency. This RNA was capped as ef-

ficiently as the wild-type U6 RNA (compare lanes 1
and 5). These data further support the suggestion
that there is a length requirement following the es-
sential 5' stem-loop.

We also tested 62~ 7 RNA, which does not get
capped by itself (Fig. 5, lane 7), and added an un-
related sequence on its 3' end. This modified B2
RNA again was capped (Fig. 5, lane 8) as effi-
ciently as the wild-type RNAs (Fig. 5, lane 6).
These data are consistent with the results obtained
with U6 snRNA and confirm that random sequences
are sufficient to fulfill the length requirement fol-
lowing the core capping signal.

Poly A Sequence Following B2j_77 RNA Is
Sufficient to Direct Cap Formation In Vitro

We also tested whether a simple homopolymer
like poly A can substitute for this length requirement
3' to the capping signal. 6277 RNA, which by it-
self does not get capped in vitro, was polyadeny-
lated with poly A polymerase and this RNA was
tested for capping in vitro. As expected, 627
RNA, as well as 6274 RNA, was capped with
<5% efficiency (Fig. 6, lanes 2 and 3, respective-
ly). B2177 RNA (lane 4), as well as 6274 (lane
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FIG. 6. Effect of poly A sequences on the capping efficiency. Labeled B2j 74 and B2177 RNAs were polyadenylated with poly A
polymerase and the average length of poly A added was approximately 150 A residues. These poly A+ B2 RNAs were subjected to
capping reaction in vitro. In addition, the full-length B2 RNA and B2174 and B21 77 RNAs without poly A were also used as controls.
The labeled RNAs, after the capping reaction, were purified, digested with nuclease P1, electrophoresed on DEAE-cellulose paper, and

subjected to autoradiography.

5) with poly A on its 3' end, was capped with ap-
proximately 60% efficiency compared to wild-type
B2 RNA (lane 1). These data show that the capping
enzyme prefers a heteropolymer; however, a ho-
mopolymer like poly A can, to a large extent, sub-
stitute for a heteropolymer.

Any Stem-Loop Followed by a Single-Stranded
Region Is Not Sufficientfor Capping In Vitro

Although the four methylphosphate-capped small
RNAs have similar structural requirements (i.e., a
stem-loop followed by a single-stranded region),
there is no obvious primary sequence common to
these four RNAs. In addition, there are very few
nucleotides conserved among capping signals in the
5' stem-loop structure of U6 RNA from various
yeasts (Roiha et al., 1989). These observations raised
the possibility that any stem-loop structure followed
by some single-stranded region may be sufficient to
direct capping in vitro. The transcripts containing
the human immunodeficiency virus type 1 (HIV-1)
TAR element and the RNA from the coding region
of gene 10 of the T7 phage (pET-3) can form a sta-
ble stem-loop at their 5" ends (Fig. 7A).

To test this possibility, we prepared these two

RNAs and incubated them in vitro under conditions
where capping of U6 snRNA is approximately 50%
complete (Fig. 7B, lane 1). There was no detect-
able capping in the case of pET-3 RNA after 10 min
(lane 3), 20 min (lane 5), or 1 h (lane 7) of incuba-
tion. In the case of TAR RNA, there was no detect-
able capping after 10 min (lane 2) or 20 min (lane
4) of incubation. However, there was some detect-
able low level of capping of TAR RNA transcripts
after incubation for 1 h (lane 6) or longer (data not
shown). These data show that any stem-loop fol-
lowed by a single-stranded region will not serve as
a substrate for capping in vitro.

Capping Signal in Plant and Human U3 RNA

The plant U3 snoRNAs are unique in having
methylphosphate cap structures whereas U3 sno-
RNAs form animal cells and lower eukaryotes, in-
cluding yeasts, contain the TMG cap structure (Shimba
et al.,, 1992). In addition, the 5" end of human U3
snoRNA secondary structure contains one stem-loop,
whereas the 5' end sequence of plant U3 snoRNAs
contains two stem-loops (Fig. 8A). We prepared
plant U3 RNAs of different sizes and tested them
for capping efficiency. Again, full-length plant U3
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FIG. 7. (A) Secondary structures of the 5' end of the HIV-1 TAR RNA and T7 phase DNA. TAR RNA sequence corresponds to
nucleotides 1-59 of HIV-1 RNA (Muesing et al., 1987) and pET sequence corresponds to nucleotides 1-26 of bacteriophage T7 DNA
(Rosenberg et al., 1987). Remainder of the sequence is from the plasmid vector. (B) Capping of unrelated stem-loop structures in vitro.
Plasmids containing the T7 TAR element and T7 pET-3 sequence were linearized with Pvu Il and EcoR V, respectively, transcribed by
T7 RNA polymerase, and the transcripts were purified on polyacrylamide gels. The T7 TAR construct gave a 170 nucleotide-long RNA
that has a 5' stem-loop of 59 nucleotides. The T7 pET-3 construct gave a transcript of 174 nucleotides that includes a 5 stem-loop of 21
nucleotides. Lane 1: U6 RNA as a control; 15, 30, or 60 shown on top are die period (min) of incubation. These transcripts were
incubated with HelLa cell extract for capping for various time periods; RNAs were purified, digested with nuclease PI, electrophoresed

on DEAE-cellulose paper, and subjected to autoradiography.

RNA and
otides after the stem-loop, were capped; however,
U3j_5 RNA, which has only 15 nucleotides after
the stem-loop, was not capped (Fig. 8B, lane 4 and
Table 1). When we used U 3”5 RNA with 35 nu-
cleotides of vector sequence on the 3' end, this
RNA was capped as efficiently (Fig. 8B, lane3) as

RNA, which contains 50 nucle-

the wild-type U3 snoRNA (Fig. 8B, lane 1). These
data show that methylphosphate cap containing plant
U3 snoRNA has similar structural requirements as
the U6, 7SK, and B2 RNAs for directing cap for-
mation in vitro.

Plant U3 snoRNA genes are normally transcribed
by RNA polymerase Il (Kiss et al., 1991). These
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U3 snoRNA (Parker and Steitz, 1987) and tomato U3 snoRNA (Kiss et al., 1991) are shown. The arrows indicate the sites where RNAs

were truncated and used for capping in vitro.

investigators modified the tomato U3 snoRNA gene
so that it could be transcribed by RNA polymerase
II and acquired the TMG cap (Kiss et al., 1991).
These data showed that plant U3 snoRNAs have
methylphosphate capping signal as well as TMG
formation signal. Therefore, we wanted to test whether
human U3 snoRNA has methylphosphate capping
signal in addition to the signal for TMG formation.
Wild-type human U3 snoRNA and two shorter ver-
sions were prepared and their capping efficiency was
compared with U6 and 7SK snRNAs (Fig. 8C). The
human U3 snoRNA was capped with about 10% ef-
ficiency (lane 5) compared to U6 or 7SK RNA
(lanes 1 and 3, respectively). In addition, although
the 5’ ends of U6 (lane 2) or 7SK (lane 4) snRNAs
alone were capped efficiently, the human U3,_,.,
RNA (lane 6) and U3, 3, RNA (lane 7) containing
the 5’ stem-loop followed by 43 and 27 nucleotides,
respectively, were capped with less than 5% effi-
ciency. These data show that human U3 snoRNA
does not contain a capping signal found in other
methylphosphate-capped small RNAs.

DISCUSSION

One of the main observations made in this study
is that in the four methylphosphate cap-containing
small RNAs that have been studied thus far, the
capping signals correspond to their 5’ ends consist-
ing of a stem-loop followed by a short, single-
stranded region. The size of the stem-loop among
these RNAs varied significantly, from 20 nucle-

requirement in this portion of the capping signal.

We also looked for common sequences/features
between capping signals among various methylphos-
phate-capped RNAs. In most of the U6 snRNAs, a
G-C pair four nucleotides starting from 5’ end, and
ACAU near the base of the stem-loop were found
otides in the case of human U6 snRNA to 108 nu-
cleotides in the case of human 7SK snRNA, with
no significant difference in the capping efficiency
(Fig. 2). These data suggest that although the stem-
loop is required for the capping, the size of this
stem-loop is not very critical. In addition, phyloge-
netic comparison of U6 snRNA from different or-
ganisms has shown that the stem-loop corresponding
to the capping signal in U6 snRNA from different
yeasts varies in size from 11 nucleotides to 46 nu-
cleotides (Roiha et al., 1989). These data also sup-
port the suggestion that the size of the stem-loop can
vary substantially and still act as an efficient cap-
ping signal.

The second observation is that in addition to the
core capping signal of 25 nucleotides at the 5’ end
of human U6 snRNA, there is an RNA length re-
quirement for capping in vitro. The U6,_3;s RNA
encompassing the core capping signal was not capa-
ble of directing capping in vitro. The same RNA
length requirement following the stem-loop was found
in the case of 7SK, B2, and plant U3 small RNAs.
However, this length requirement can be satisfied by
vector sequence or RNA sequence from another
portion of the RNA. Even a poly A sequence was
largely able to substitute for this random sequence.
These results suggest that there is no strict sequence
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FIG. 8. (B) Capping of tomato U3 RNA in vitro. Labeled tomato U3 RNA and 3'-truncated or altered tomato U3 RNAs, as indicated on
the top of each lane, were prepared in vitro and incubated under capping conditions. The purified RNAs were digested with nuclease P1,
electrophoresed on DEAE-cellulose paper, and subjected to autoradiography. (C) Capping of human U3 RNAs in vitro. Full-length hu-
man U3 snoRNA and two 3'-truncated U3 RNAs and other RNAs, as indicated on the top of each lane, were synthesized in vitro and
incubated under capping conditions. The RNAs at the end of the incubation were purified, digested with nuclease PI, electrophoresed on

DEAE-cellulose paper, and subjected to autoradiography.

to be conserved in animal and yeast RNAs (Roiha
et al., 1989). However, neither human 7SK nor
mouse B2 RNA contained these sequence features,
although these RNAs are capped as efficiently as the
U6 snRNA (Fig. 2). Our data indicate that all these
RNAs are capped by a common capping enzyme

(Shimba and Reddy, 1994). These results raise the
interesting question as to what this capping enzyme
is recognizing in these different RNAs. At this
stage, only two things seem to be common and re-
quired for capping. These are: 1) the 5' stem-loop
followed by a short, single-stranded region; 2) ap-
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proximately a 10-20 nucleotide-long random RNA
sequence following this core capping signal. The 5’
stem-loop in TAR RNA is very stable with a stabil-
ity number of —37.6 kcal/mol (Muesing et al.,
1987) compared to —10.8 kcal/mol' for 5’ stem-
loop in human U6 snRNA (Singh et al., 1990). In
spite of this, stable stem-loops followed by long,
single-stranded regions in TAR or pET RNAs could
not direct cap formation (Fig. 7A and B), suggest-
ing that there are critical features in these capping
signals that are yet to be identified.

The secondary structure of nucleolar U3 RNA
from different organisms has been studied by differ-
ent investigators. All the available information sup-
ports the notion that U3 RNA from animal cells
contain two stem-loops designated I and II (Parker
and Steitz, 1987). However, the U3 snoRNA from
lower eukaryotes like yeast (Porter et al., 1988;
Segault et al., 1992; Selinger et al., 1992) and
plants (Kiss and Solymosy, 1990) contain three stem-
loops designated IA, IB, and II. Although the 3’

SHUMYATSKY, SHIMBA, AND REDDY

stem-loop (IT) is common and conserved in all known
U3 snoRNAs, the stem-loop IA, which we showed
to be the methylphosphate capping signal in plant
cells (Shimba et al., 1992; this study), is not present
in animal cell U3 snoRNA. It appears that these se-
quences corresponding to the capping signal present
in lower eukaryotes were lost during evolution of
higher animals. These observations are consistent
with the possibility that an ancestral U3 snoRNA
transcribed by RNA polymerase III underwent con-
version into the U3 gene that is transcribed by RNA
polymerase II and the methylphosphate capping sig-
nal in animal U3 snoRNA genes was subsequently
lost.
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