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SUMMARY
The methods of enzymatic and chemical treatment of end-labeled RNA
were applied to the determination of the nucleotide sequence of
chicken and man UlA RNA and to the reexamination of that of rat
UlA RNA. The chemical method allowed the easy demonstration of the
cap structure. All three RNA were 165 nucleotide long. Two hither-
to non described modified pyrimidines were detected close to the
5' end. Only 9 base substitutions were observed from chicken to
man indicating a high degree of conservation of UlA RNA through
evolution.

INTRODUCTION
Metabolically stable low molecular weight RNA were found in the

nuclei of a variety of cell types (1-4). Four of these small RNA

(4.5SI, U1A, U2 and U3B RNA) isolated from rat Novikoff Hepatoma
cells were sequenced by Busch and coworkers (5-8). The interest
for the small nuclear RNA was renewed by the finding that they may
be hydrogen-bonded to premessenger RNA (9, 10) and that they were

present in the ribonucleoproteins containing the premessenger RNA
(11-14) which are assumed to be the site of splicing. Therefore,
it was proposed that the small RNA might insure the proper align-
ment of premessenger RNA sequences for splicing (15-17). This idea
was reinforced by the observation of at certain complementari:ty bet-
ween a single sequence a the 5' end of UlA RNA and a consensus of
the intron sequences adjacent to the splice point in premessenger
RNA. As premessenger RNA from various animal species were used for
the establishment of the consensus sequence and as only the publi-
shed sequence of rat UlA RNA was available (6), the model implied
a high conservation of the primary structure of UlA RNA through
evolution (16). This prompted us to determine the complete nu-
cleotide sequence of UlA RNA from 2 other animal species, chicken

©) IRL Press Umited, 1 Falconberg Court, London W1V 5FG, U.K.

Nucleic Acids ResearchVolume 8 Number 18 1980

4143



Nucleic Acids Research

andman (HeLa cells). As several differences from the published
sequence of rat UlA RNA were observed, we also studied this lat-
ter RNA. Indeed, our results show a certain number of discrepan-
cies with the published data.

MATERIALS AND METHODS

1. Isolation of UlA RNA. RNA from nuclear extracts of rat brain,
hen liver and HeLa cells was phenol-extracted at 0-4°C, pH 7.6
(18, 19). The 4-10 S RNA were fractionated on 10 or 12 % polyacry-
lamide gels and UlA RNA was eluted in the presence of 0.1 % Na
dodecyl sulfate.

2. Pre2aration of 5' end-labeled UlA RNA. The three step procedure
of Efstratiadis et al. (20) was used. The cap structure of UlA RNA
was cleaved by tobacco acid pyrophosphatase (a generous gift of Dr
M. Pinck) ; the remaining phosphate group was eliminated with al-
kaline phosphatase ; the resulting free 5' end was then labeled
with (y- 32P)ATP (Amersham) and T4 polynucleotide kinase. The RNA
was phenol-extracted after each of the two first steps and the
labeled RNA was purified by electrophoresis on a 15 % polyacryla-
mide gel.

3. Preearation of 3' end-labeled UlA RNA. Labeling was carried out
--with (5- P)pCp and T4 RNA ligase according to England and Uhlen-

beck (21). 25-100 pCLof pCp (Amersham) and 2-4 U of RNA ligase
were used to label 1 ig of RNA.

4. Preparation of 3' end-labeled eartial digestion eroduct of UlA
RNA. For a limited digestion with S1 nuclease, 1 ug of UlA RNA was
first preincubated for 10 min at 370C in 10 vl of 100 mM KCl, 10 mM
Mg acetate, 50 mM Na acetate, 2 mM ZnCl2 adjusted to pH 4.5 with
acetic acid. It was then digested for 7 min at 37°C with 5 U of S1
nuclease. The digestion was stopped by phenolic extraction in the
presence of 0.1 % Na dodecylsulfate. The resulting fragments were
labeled at their 3' end as above and fractionated by electrophoresis
on a 15 % polyacrylamide gel.
5. Sguence analysis of end-labeled RNA. Digestion with Ti, U2,

pancreatic and Phy I ribonucleases were previously described (22).
The digestion with Neurospora crassa nuclease was as described by
Krupp and Gross (23). The chemical digestions were performed ac-
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cording to Peattie (24). The resulting products were fractionated

on 0.5 x 400 x 300 mm polyacrylamide gels in Tris-borate buffer
(25).

6. Determination of seguences of large oligonucleotides. UlA RNA

was totally digested with Ti RNase. The released oligonucleotides
were labeled with (y-32P)ATP and polynucleotide kinase. Fractiona-
tion was by the fingerprinting technique on polyacrylamide gel
(26) : a first electrophoresis was performed at pH 3.5, the strip
of gel containing the fractionated products was then included at

the top of a 20 % polyacrylamide slab gel made up with borate buf-

fer at pH 8.3 and a second electrophoresis was performed.
5' labeled oligonucleotides were digested for 2 hours at 100°C,

in bidistilled water (22), and the resulting products were analy-
zed by electrophoresis on cellulose acetate in the first dimension
and homochromatography in the second dimension, using the homomix-

ture described by Brownlee et al. (27).

RESULTS
The same strategy was used to determine the nucleotide sequence of
UlA RNA from hen liver, rat brain and HeLa cells. The large T1
RNase digestion products were first sequenced by the technique of
homochromatography. The new RNA sequencing methods based on poly-

acrylamide gel electrophoresis were then applied to 3' or 5' end-
labeled RNA and finally to 3' end-labeled RNA subfragments.

1. Seqyuene anals of the large T1 RNase digestion 2roducts. The
5' end labeled oligonucleotides were prepared and fractionated by
homochromatography as described under Methods. Cytidine, uridine
and adenine positions were determined by mobility shifts (Fig. 1).
The results are summarized in Figure 5.

2. Sequence analysis of 5' end-labeled UlA RNA. A cap structure
2,2,7____ _

o

--------------------(m3297GpppAm-Ump) was found at the 5' end of UlA RNA from rat tu-
moral cells (6, 28). Based on the following evidences, a cap struc-
ture was also present in UlA RNA from hen liver, rat brain and HeLa
cells : when these RNA were treated with alkaline phosphatase and
then incubated with (y-32P)ATP and polynucleotide kinase, no labe-
ling was obtained. Only when the phosphatase digestion was prece-
ded by a tobacco acid pyrophosphatase treatment did we observe
labeling of products with the electrophoretic mobility of UlA RNA.
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Figure 1 : Sequence analysis of 5'-end
labeled T1 oligonucleotide 1.
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the quarter of the molecule located just after the cap structure
was deduced from these gels (Fig. 5). The nucleotides from thecap
structure were not detected since none of their phosphate linkages
coulc be cleaved by the ribonucleases used in this system.

3. Seguence analysof 3' end-labeled UlA RNA. UlA RNA were

labeled at their 3' end and no labeling of the cap structure was
observed under these conditions in spite of the presence of
a free 3' OH that might have been a substrate for pCp ligation.
The presence of the three methyl groups on the guanine residue
might prevent ligation. The labeled RNA were partially digested
with T1, U2, pancreatic and Phy I ribonucleases and by chemical
reagents (24) (Fig. 3). The digests were fractionated by
electrophoresis on 25 %, 20 %, 15 % and 10 % polyacrylamide gels.
The 28 nucleotides at the 3' end of the molecules were very re-
sistant to ribonucleases (Fig. 3). Furthermore, in the chemical
digests, the 5 guanines in positions 23 to 28 from the 3' end were

Chemical Enzymatic Figure 3 : 25 % sequencingdigestions digestions gel of-3' end labeled chi-
cken UlA RNA.
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displayed only when electrophoresis was performed at temperature
above 60°C. At room temperature, only 3 bands corresponding to

guanines were detected. In other words, the 3' end region of UlA
RNA possesses a secondary structure that is stable in the presence
of UM urea, attemperature below 6OC. As a consequence, fragments
differing by one or two nucleotides had the same electrophoretic
mobility and therefore comigrated on the sequencing gel. This stable
structure also prevented ribonucleases action. Such band compression

due to stable secondary structure was also observed for the series
of pyrimidines in positions 64 to 70 from the 3' end. The order of
these pyrimidines was deduced from the analysis ofT1 RNAse digestion
product 1 (Fig. 1). The general problem of secondary structure of

UlA RNA will be dealt with in more details in a subsequent paper.
U2 RNAse did not cleave after the adenosine at position 94

from the 3' end and no cut was observed at this level in boiling
water. As these two kinds of cleavage of the phosphodiester bonds

require a free 2' OH residue, we concluded to the presence of a

2'-0 methyladenosine as already described in rat UlA 'RNA (6). Ana-

lysis of the 3' end-labeled molecules by the chemical sequencing
method enabled us to determine the sequence of the 96 nucleotides

at the 3' end of the three UlA RNA (Fig. 5).

4. Sequence analysis of 3' end-labeled eartial digestion _rOducts.
4.1. Comeletion of the sequence determination. The nucleotide

sequence between positions 44 and 69 from the 5' end remained to
be determined. For this purpose, the three UlA RNA were partially
digested with S1 nuclease and the resulting products were labeled
at their 3' end. Two major labeled fragments, denoted S1 fragments
1 and 2, were obtained for each RNA species. S1 fragment 1 covered
the 5' half of the molecule, Si fragment 2 was smaller and corres-

ponded to the,30 nucleotides at the 5' end of the molecule (Fig.
5). These two fragments were analyzed by the chemical RNA sequen-
cing technique. In addition to the nucleotide sequences between
positions 44 and 69, these experiments brought new informations on
the sequences at the 5' end of the molecules. This will be discus-
sed in the next sections.

4.2. The nucleotides at eositions 6 and 7 from the 5' end. As
Neurospora crassa nuclease hardly cleaved after the pyrimidines at
positions 6 and 7 (Fig. 2), they were identified as pyrimidines.
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However, the chemical analysis of fragments S2 (Fig. 4) showed that
these pyrimidines were not modified by anhydrous hydrazine asshould
be cytidines nor by aqueous hydrazine as should be uridines. In or-
der to clear this matter up, 5' end-labeled RNA was partially di-
gested in boiling water and the resulting products were fractiona-
ted by two-dimensional electrophoresis on polyacrylamide gel, under
conditions where cytidines and uridines can be determined by mobi-
lity shifts. Pyrimidines at positions 6 and 7 behaved like uridine.
This discrepancy between the results obtained by different methods
can only be explained by a post-transcriptional modification of
these two pyrimidines.

Since these 2 nucleotides were recognized by pancreatic RNAse,
they could not be 2-0-methylated. They had the characteristic
charge of uridylic acid, therefore they could be pseudouridylic
acid, ribothymidylic acid or dihydrouridylic acid. Little is known
on the behavior of these 3 modified nucleotides under the
conditions of the hydrazine reaction except that pseudouridylic
acid was shown not to be attacked (24). Their sensitivity to the
Neurospora crassa nuclease is also ignored. In order to have some
insight into this problem, 3' end-labeled tRNAPhe from yeast

A G C U Figure 4 : Fractionation of chemical di-
aests of 3' end-labeled SI nuclease frag-
ment 1 from chicken U1A RNA by electro-
phoresis on a 20 % polyacrylamide gel.
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which contains the 3 modified nucleotides was submitted to these
treatments. Pseudouridylic and ribothymidylic acids behaved

like the 2 modified nucleotides of UlA RNA. They were hardly cut
after hydrazine modification or by the Neurospora crassa nuclease.
Resistance of ribothymidylic acid to hydrazine might have been
predicted on a chemical basis as the substitution ofan hydrogen
by a methyl group renders the 5,6 double-bond less sensitive to
nucleophilic attack. It is worth mentioning that hydrazine allows
the cleavage of deoxythymidine residues in the DNA sequencing me-
thod and not that of ribothymidine residues under our experimental
conditions. The differences of behavior may be attributed to the
use of a higher temperature in the first case than in the second
(20°C instead of 0°C).

Like the 2 nucleotides at positions 6 and 7 of UlA RNA, dihy-
drouridylic acids from tRNAPhe were not cleaved by Neurospora
crassa nuclease. In contrast to these 2 nucleotides, they were
attacked by both aqueous and anhydrous hydrazine under the condi-
tions used for RNA sequencing. This was rather unexpected si-nce
the 5,6 double-bond does not exist in dihydrouridine. The mecha-

nism of the reaction might be different from that proposed for

uridine and cytidine.
According to these data, the two modified nucleotides could not

be dihydrouridylic acids but pseudouridylic or ribothymidylic acids

or evidently other modified nucleotides having the same characte-
ristic behavior. Reddy et al. (29) who studied UlA RNA from Novi-
koff Hepatoma ascites cells found no modified nucleosides at posi-
tions 6 and 7.

4.3. The cae structure. Experiments like those of Figure 4 also
brought information on the cap structure itself. Firstly, Ump and
Amp residues were cleaved by chemical digestion and could be orde-
red. Secondly, cleavage products of the pyrophosphate bonds in the
cap structure were observed in the column corresponding to cytidine.
This may be explained by a nucleophilic attack of the second and
mainly of the third phosphate of the cap structure by anhydrous hy-
drazine. Aqueous hydrazine was probably not nucleophilic enough to
allow the reaction. Since this reaction and the corresponding pat-
tern on the sequencing gel are unique, they represent an easy way
to demonstrate a cap structure at the end of a molecule. We already
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made use of these features in a study of other nuclear RNA (unpu-
blished results). Combined with the results obtained by the other
techniques, the study of partial digestion products from UlA RIIA
allowed us to establish the complete nucleotide sequence of UlA
RNA from chicken, rat and man (Fig. 5).

DISCUSSION
Complete primary structures of small nuclear RNA were first re-

ported by Busch and coworkers (5-7) and these sequences supplied
a number of fundamental informations. But due to difficulties of in-
terpretation inherent to the fingerprinting technique that were for-
merly used, errors were made in the determination of the primary
structure of UlA RNA. This RNA was 165 nucleotide long in the three
animal species studied instead of 171 as previously published. The
new method for RNA sequencing were far more reliable and we routine-
ly employed both chemical end enzymatic techniques.

The expected phylogenetic relationships between chicken, rat and
man were apparent in the nucleotide sequence of UlA RNA (Fig. 5).
There were 7 mutations from chicken to rat. They were conserved in
human UlA RNA which presented 2additional mutations. This indicates
a high degree ofconservation, 96 %from chicken to rat, 99 %from rat
to human UlA RNA, or94 %between chicken and man. This isclose to
that observed between chicken and human 5 S RNA (95 %) , but lesser
than that observed between chicken andhuman 5.8 SRNA (99 %) (30).

The localization of the mutations was not random along the mo-
lecule. The 7mutations between chicken and rat were localized in the
5' half of the molecules. In contrast, the 2 additional mutations
in human UlA RNA were detected in the 3' half of the molecule. The
18 nucleotides at the 5' end of the molecule which are involved in
splicing models (16, 17) were conserved.

Also, the nature of the mutations was not random. All of them
were substitutions. In 7cases, cytidine residues were replaced by
adenine oruridine residues. Inthe 2other cases, guanine residues
were replaced by acytidine and anadenine residue. In other words,
these mutations tended to diminish the G+ Ccontent of the RNA (30).
The overall G+ Ccontent of UlA RNA was close tothat of 5 Sand 5.8 S
cytoplasmic RNA. However, no decrease of G+ Ccontent was observed
from chicken to man for 5 Sand 5.8 SRNA (30). This suggests diffe-
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rent ways of evolution for these small-size RNA.
While it has been claimed that small nuclear RNA are encoded

by multiple genes, of the order of 2,000 for each individual RNA
(31), no sequence heterogeneity of UlA RNA was observed. Further-
more no difference was detected between the sequences of UlA RNA
isolated from chicken brain and liver. This is the same situation
as observed for 5 S and 5.8 S RNA.

We examined the sequence of UlA RNA for its possible coding ca-
pacity. The AUG codon atposition 27 had an UGA termination codon in
phase at position 84 and the GUG codon at position 80,had an UAA
termination codon inphase atposition 125. The encoded peptides would
be short, 19and 15amino acids, respectively. The longest message
would contain a 2'-0-methyladenosine whose function in coding is
unknown. In addition, the termination codons were not repeated as
is usually the case in messenger RNA. Therefore, the probability
that UlA RNA codes for small peptides seems quite low.

UlA RNA contains a few modified nucleotides. In addition to the
cap structure and to the 2'-0-methyladenylic acid at position 71,
we detected 2 modified uridylic acids close to the 5' end of the
molecule. They behave like pseudouridylic or ribothymidylic acids
and other mehtods will be required for unambiguous determination.
This will require much more material than used for the whole nu-
cleotide sequence (5 pg). But this might be worthwile in as much
as these nucleotides are included in the sequencesof UlA RNA assu-
med to play a role in premessenger RNA splicing. In this respect,
it should be mentioned that a guanine residue at position 19 was
missing from the sequence used by the 2 groups who proposed this
model (16, 17). The implications of these results on the possibi-
lity of base-pairing between UlA RNA and the consensus sequence at
the extremities of introns will be discussed in a forthcoming paper
dealing with the secondary structure of UlA RNA.
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