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ABSTRACT identify its evolutionarily conserved nucleotides. We have
determined the sequences of these snoRNAs from several

Three human small nucleolar RNAs (snoRNAs), E1, E2 vertebrates.

and E3, were reported earlier that have unique

sequences, interact directly with unique segments of MATERIALS AND METHODS

pre-rRNA in vivo and are encoded in introns of protein

genes. In the present report, human and frog E1, E2 and General methods

E3 RNAs injected into the cytoplasm of frog oocytes The following procedures were as described before: cDNA

migrated to the nucleus and specifically to the synthesis with avian myeloblastosis virus reverse transcriptase

nucleolus. This indicates that the nucleolar and nuclear (4); polymerase chain reaction (PCR) amplification of cDNA and

their evolutionarily conserved segments. Homologs of products 22). Unless indicated otherwise, human E1, E2 and E3

these snoRNAs from several vertebrates were RNA end primers were used for cDNA synthesis and for PCR

sequenced and this information was used to develop amplification of cDNA and liver genomic DNA.

RNA secondary structure models. These snoRNAs

have unique phylogenetically conserved sequences. Microinjection into frog oocytes

PCR amplification was used to synthesize DNA fragments that
INTRODUCTION had a bacteriophage T7 RNA polymerase promoter and full-

Processing of rRNA precursors requires several small nucleotength frog E1, E2 or E3 RNA sequences. The frog E1 DNA

RNA (snoRNA) species (reviewedir?). E1/U17 6-8), E2 and %anlate was made from a genomic cl@)ethe frog E2 and E3

; DNA templates were made from cDNXenopus laevikas six
E.3 (3-6) snoRNAs do not belong to the main class of SNoRNA otential genes for E1 RNA; we used tisequence, since it has
since they lack the C and D sequence boxes that are prese

most snoRNAs, do not show substantial sequence homology w| €n shown to be expressed RNA synthesi vitrowas in the

_32 indi
any other snoRNA and do not associate with the nucleolar prot A ;Iﬁgcr%(? (fg)pp?é;g (t)(; Egg}{:l—ep ;Sgrs]éngg);ated, and the cap

fibrillllar_in. They are £qurshekeepri]ng RNAE’I\?EC(E they ;’;\re PreseNt3on | abeled snoRNAs were injected into the cytoplasm of
in all tissues tested), These three sno s may play as ye ; ) .
undetermined roles in ribosome biogenesis, since they inter%(g' aevisoocytes, which were then incubated atGSor 20 h.

. ; ; ; -Labeled frog oocytes were fractionated under oil into nucleus
directly (psoralen crosslink) with unique segments of pre-rRN%nd cytoplasm 24). Their RNA was extracted and then

invivo(4). E1, E2 and E3 RNAs do not have any of the sequenc . o ; )
that are known to be nuclear or nucleolar localization signals fg ?Egg;tee(? snb gRNlAOs/O W eprceJl)i/I;ajcérg/tlgan ;gteo tﬁgl Cﬁf&ggﬁqhgﬁrséz
other small nuclear RNA®X15). E1 6,7.8), E2 (L6) f"m.d E3 oocytes. After 20 h incubation, the oocytes were fixed in
(17,5) RNAs, among other snoRNA¥){ are encoded in introns formaldehyde, embedded in glycol methacrylate angn2

of protein genes. : ;

The intracellular localization and transport of a given RNAieptlonstwerg used Lor autc?radlogéaghi. ,\Iﬁfgozs uredsl}/fve‘rdéK,a%%
species are essential to its function in the cell and are importaaIng autoradiograpny emulsions roda -« and fiiord 1.5L.
to the understanding of its various functions and interadtions
vivo (reviewed in18-20). Nothing is known about how these
three snoRNAs localize in the nucleus and nucleolus. Toward thitie sequences of théterminus ofX.laevisE2 and E3 RNAs
long-term goal, we injected human and frog versions of theseere determined by'RACE (rapid amplification of cDNA
snoRNAs into the cytoplasm of frog oocytes and then monitoramhds) £5). Complementary DNA was synthesized using a primer
their intracellular localization. To study how the various funceorresponding to a conserved internal E2 or E3 RNA sequence.
tional domains of an RNA species function, it is important tdhe product was digested with RNase H and purified by gel

Sequencing of RNA ends
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electrophoresis. A tail was added to cDNA with terminal El E3E2

deoxynucleotidyl transferase and dATP. PCR amplification of NENCNC WNCOWNCOWNC
taled cDNA was with an anchored dT primer

(GCGGAATTCTTTTTTTTTTTTTTTTTT) and a nested primer A B

corresponding to another conserved E2 or E3 RNA sequence. The
PCR product was purified by gel electrophoresis and its sequence
determined by thermal cycle sequencing. The sequences of the .« -
3'-end of frog E2 and E3 RNAs were determined by the following . .
procedure. Cellular RNA was ligated with T4 RNA ligase to an

oligodeoxynucleotide that was phosphorylated at'tter&inus

and was blocked at the-@&1d with cordycepin [SP6Reco,
ATAGTGTCACCTAAATGAATTCC(3-dA)] (26). The product

was precipitated with isopropanol in the presence of ammonium

acetate. A second-Bnd phosphorylated oligodeoxynucleotide 123456 1234567891011

(SP6eco, GGAATTCATTTAGGTGACACTAT), complemen-

tary to SP6Reco, was used for cDNA synthesis of the ligation

product using reverse transcriptas&)( The product was Figure 1.E1, E2 and E3 RNAs, but not their antisense transcripts, specifically
digested with RNase H and precipitated with isopropanol in thécalize in the nucleus after they are injected into the cytoplasm of frog oocytes.
presence of ammonium acetate. The CONA was amplied b{e) -Labeed un CL &2 0 £ Russ ure e i e orencey
,PCR using the SP6eco primer and a primer corresponding to m?nal vesicles (nuclei) (N) and cytoplasm (C) anc}/their RNA was extracted
internal E2 or E3 RNA conserved sequence. The PCR produgd fractionated by gel electrophoresis. Similar cell equivalents were loaded in

was gel purified and sequenced by thermal cycle sequencing. all lanes. The dots indicate the electrophoretic mobility of the radiolabeled,
capped snoRNAs before injection into oocyteB) (abeled antisense
transcripts complementary to frog full-length E1 (lanes 1-3), E2 (lanes 4-7) and
RNA secondary structure E3 (lanes 8-11) RNAs were injected and analyzed as in (A). Lanes 4 and 8 show
the original RNA samples before injection (O). Lanes 1, 5 and 9 show RNA
Models for the secondary structures of E1, E2 and E3 RNAs weramples isolated from whole oocytes (W).

constructed by a combination of the phylogenetic comparative

method £7) and thermodynamic predictiodid). Sequences were \yith 7-monomethylguanosine. This cap is not a nuclear localiz-
aligned manually and searched by computer for conserved poterdiibn signal ¢,10) and had no effect on this transport, since
pairings and co-variation of sequence changes using COVARIfapped antisense transcripts remained in the cytoplasrBFig.
TION (29). Potential secondary structure elements were predicted\ycleolar localization domains tend to be more complex than
thermodynamically using MULFOLDZ26) and sorted for con- pyclear localization domains3@31). We asked next if these
sistency between sequences and with the comparative data.  snoRNAs, when injected into the cytoplasm, migrate to the
nucleolus. If that was the case, our other question was whether the
RESULTS nucleolar localization signals of these three snoRNAs are conserved
between human and frog. Intranuclear distribution was monitored by
El, E2 and E3 RNAs need mechanisms to localize in ttell microscopy autoradiography. Whole oocytes were sectioned to
nucleolus and nucleus. First, the mature forms of these snoRN#&imize losses of non-organellar nucleoplasmic components.
remain continuously in the nucleolus in interphase cells, inste&timan and frog E1, E2 and E3 RNAs localized in the nucleolus
of being scattered throughout the cell. Second, both the nucleohfter they were injected into the cytoplasm (Rg.Figure 2G,
and the nuclear membrane break down during mitosis. Themithout many autoradiography silver grains, shows the typical
whether the association of these mature snoRNA molecules wappearance of the many nucleoli presetd.iaevisstage 5 and 6
nucleolar structures is interrupted or not in mitosis, there has docytes 82). The clustering of silver grains is easier to see in the
be a mechanism to restore or maintain this association. Finallgsence of staining (FigH-J). Staining shows that it co-localizes
the pre-mRNA transcription and processing steps that generat#h nucleoli (Fig.2A—F). The nucleus (germinal vesicle) of a
these snoRNAs occur at nuclear sites outside the nucleolusXfaevisstage 5 or 6 oocyte contain®500 large (15-2Qm
mechanism is needed to transport these newly made snoRNAslimmeter) nucleoli, located mainly in the outer region of the nucleus.
the nucleolus. We asked first if these snoRNAs, when placed Bisnurposomes are smaller (J# diameter) and are scattered all
the cytoplasm, can migrate to the nucleus and, if so, whether ter the oocyte nucleus. Sphere organelles are fewer (50-100 per
nuclear localization signals of these three snoRNAs are cooecyte nucleus), are located primarily in the center of the oocyte
served between human and frog. Injections were into theucleus and have a different appearance (a smaller sphere with two
cytoplasm because (i) the mature forms of these snoRNAs areBrsnurposomes on its surface) (reviewed recentl@nOur cell
the cytoplasm during mitosis, (ii) we are interested in both theicroscopy autoradiography experiments show silver grain clusters
nuclear and nucleolar localization signals of these snoRNAs and-localized with every one of the many large bodies located in the
(iii) cytoplasmic injections are less damaging to the oodyte. outer region of the frog oocyte nucleus (Rignd data not shown).
vitro transcribed human E1, E2 and E3 RNAs localized in thig is clear that most, if not all, of the nuclear structures where this
nucleus after they were injected into the cytoplasm of frogutoradiographic signal localizes are nucleoli.
oocytes (Fig1A). This localization is RNA sequence specific, Next we wanted to identify the evolutionarily conserved
since antisense transcripts of frog E1, E2 and E3 RNAs did netquences of these snoRNAs, since the results in Figamel@
migrate to the nucleus (FitiB). To minimize degradation, both indicate that their nuclear and nucleolar localization signals are
the snoRNAs and antisense transcripts were capped &ethe 5 conserved between amphibians and primates and this information
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A B~ ® T include a 6 base sequence between human E1 positions 124 anc
NU ¥ " NO» i y ’ L] 125 and a 9 base segment between positions 129 and 13). (Fig.
% L ; ’ Since these snoRNAs have unique conserved sequencés, (Fig.
" a cy the next question was where these segments may be in their
! L " ] NU ’ b possible secondary structures. There were no models of E3 or E2
,NO oL o * . RNA secondary structure and the only E1 RNA secondary
. _ By L. ¥ ‘: -“'_ A 'i ,:" structure model£(_33) were bfclsg-zd _solely on thermodynamics,_an
_— . - approach that has important limitations. We have used the available
e _ S sequences to construct working models for the secondary struc-
8 ; tures of these three snoRNAs (Hijg.Thermodynamic predictions
= & were used to guide the comparative analysis of structure. The
model of E1 RNA is supported by a number of phylogenetic
E @ s F _ ‘co-variations’ (concerted sequence changes that maintain comple-
@- P & mentarity within a predicted helix). Co-variation at two positions
in an uninterrupted helix is generally accepted as ‘proof’ that a
helix exists 84). On this basis, three of the helices in the E1 RNA
secondary structure model are proven. The model is also supported
. . by several isolated co-variations and humerous instances of single
e 0 - . base changes that retain complementarity through the us&of G
" pairings that are consistent with the predicted structure. All of the
helical elements in this model are present in structures predicted
I ! thermodynamically (e.g. within 10% of the minimum free energy
at 37C) for each sequence individually. Several base paired
segments in previous models of E1 RNA secondary structure
. . (8,33) are not compatible with the sequence variation datadjFig.
The E3 RNA secondary structure model is supported by two
Figure 2. Human and frog E1, E2 and E3 RNAs localize in the nucleolus afterphyk:)gem_:‘t.IC CO_Vanath.nS in separate helices ar.]d there are
they are injected into the cytoplasm of frog oocyliesLabeled frog E24), numerous instances of single base changes that retain complemen
E3 B) and E1 €) RNAs, human E1{ andH), E2 € andl) and E3 £ and tarity. In the model of E2 RNA, one helix is proven by phylogenetic
J) RNAs and the antisense transcript of frog E3 RGfwere injected intothe  co-variation of 2 base pairs and several others are supported by

Cyé"p'asm of frog Ioo‘éytg& For each ”g”scriptbSim”arhamoums of RN/? a”c?co-variation of individual base pairs, as well as single base changes
radioactivity were loaded per oocyte. After incubation, the oocytes were fixe s . . L .
embedded, sectioned and then exposed to autoradiography emulsion for 5 d%%at maintain complementarity. Thermodynamic predictions using

(A-G) or 3 months (H-J). Some slides were then stained with hematoxylin andne available complete and partial sequences are consistent with the
eosin (A and B) or toluidine blue (C-G). Other slides were not stained (H-J)structure model; none of the alternatives predicted thermodynami-
NU, nucleus; NO, nucleoli; CY, cytoplasm. The bar represenisnl0 cally for any one of the sequences are feasible in the others. All of
the helical elements are predicted thermodynamically for each
Sgquence independently. These are the first secondary structure

would also be useful to study other functional domains of the .
snoRNAs. Since the cellular levels of these snoRNAs argjow ( T0dels of E2 and E3 RNAs. The available results suggest that
iRese three snoRNAs have different secondary structures.

we determined their sequences after PCR amplification of cDN A Lo 2
and genomic DNA. When only genomic sequences are available!n psoralen crosslinking experimeintivo, there are psoralen

they are apparently expressed sequences, since they differ f qgucts at several nucleotide positions of E1, E2 and E3 RNAs

the RNA sequences of other organisms in similar nucleotiddat may be crosslinking sites to pre-rRNA). (Antisense

positions (Fig3). Since the E3 RNA gene resides in intron 8 of/godeoxynucleotide-targeted degradation in cell extragts (

the human and mouse protein synthesis initiation factor 4Afnd in frog oocytes (R.Mishra and G.Eliceiri, submitted) revealed
(elF-4All) gene {7,5), primers corresponding to the flanking accessible snoRNA segments in ribonucleoprotein particles.

exons were used for PCR amplification of genomic DNA fro ome of these accessible sections or possibly crosslinking sites

various vertebrates. Sequencing of the PCR products showed #@ I evolutionarily conserved sequences located in apparently

E3 RNA sequence in intron 8 of the elF-4All gene in a|Eonserved single-stranded snoRNA regions @jig=1, E2 and

; 3 and other snoRNAs that lack C and D boxes have the sequence
ertebrates tested except frog (Hp.The nucleotide sequence ; X X
v 5 1es xcept frog (R ! icle sequ ACA near their 3ends; the ACA box is required for accumula-

determined directly and it was necessary to clone it first. T% and 3-end formation of a yeast non-intronic SnoRNA, snR11
sequence of one of these plasmid clones showed substarkiid: The ACA sequence is conserved and in an apparently
homology to exons 8 and 9 of the elF-4All gene, but E3 Sewen(&(énserved sm_gle-stranded segment of these three snoRNAs in
homology cannot be detected in between (BigThese results vertebrates (Figl). The present mpde]s of vertebrate E1, E2 and
indicate that the E3 RNA gene has remained in intron 8 of tfes RNA secondary structure (Fig). differ from the model of
elF-4All gene in mammals and birds, but not in amphibiang©ast SNR11 sSNoRNA secondary struct8i. (

There is substantial sequence conservation from mammalian to

fish E1 and from mammalian to amphibian E2 and E3 RNA$®|SCUSSION

Some segments of the fish and frog E1 RNA sequences are absent

in mammals and chicken. These segments have the same lerigth E2 and E3 RNAs are expected to have novel nucleolar
in fish and frog and some of their nucleotides are conserved. THegalization signals, since they lack the known nuclear or
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Figure 3. Sequences of vertebrate E1, E2 and E3 RNAs and E3 RNA genes. The chicken and zebrafish E1 sequences and the rat and mouse E2 sequences :
genomic DNA. The other new sequences are from cDNA. Human sequences (3,4) and frog and pufferfish E1 sequences (8,33) were reported earlier. The rab
and E3 cDNA sequences, nt 21-134 of the frog E2 sequence and nt 30-110 of the frog E3 cDNA sequence were confirmed by those of genomic DNA. To seq
E3, genomic DNA samples from the species indicated were amplified by PCR using primers corresponding to exons 8 and 9 of the host gene, elF-4All (5). The
product ofX.laevisDNA was cloned in plasmid and the sequence of one of the clones is shown (frog DNA). An asterisk means a residue in the sequence of the sp
indicated that is identical to that in human; a dash indicates a missing residue. The nucleotide positions in the human E1 and E2 sequences and the entire hul
coding and flanking sequences are numbered on the right side (there is a dot over every tenth residue). The human E3 coding region is underlined and its nuc
positions are numbered in italics. Exons 8 and 9 of the elF-4All gene are boxed. The bold line between the rat and mouse E3 flanking sequences indicates a 2
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segment that is located immediately upstream of the E3 coding region and is identical in rat and mouse.

nucleolar localization elements of other nuclear RNA4).
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intracellular localization of the snoRNAs whose localization
The intracellular distribution of human E1, E2 and E3 RNAs thatignals are known. For example, the nucleolar localization of
were injected into the cytoplasm of frog cells indicates that tHdRP snoRNA requires a 40 base snoRNA sequence elerfpnt (
nuclear and nucleolar localization signals of these snoRNAsd the nuclear localization of U3 snoRNA requires both a 13
reside within their evolutionarily conserved segments. An AGAase snoRNA sequence element and a 5 bp dt&mThese
triplet is found just downstream of thet&rminus folded domain observations suggest that E1, E2 and E3 RNAs each may have
of many snoRNAs that have the ACA b8%), but is absent from different nucleolar localization signals. Extensive conserved
the conserved sequences of E1, E2 and E3 RNAs. The AGAcleotide sequences, which are absent in E1, E2 and E3 RNAs,
sequence is the only conserved sequence shared by these threeequired by other snoRNA species to function in pre-rRNA
snoRNAs. Much longer sequence elements are needed fwocessing or for sSnoRNA processing from pre-mRNA introns
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Figure 4. Models for the secondary structures of E1, E2 and E3 RNAs. These models were constructed by a combination of phylogenetic comparative analysi
thermodynamic prediction (see text). The human RNAs are shown; sequence differences present in the remaining organisms are indicated by the arrows. Nucle
absent in one or more sequences are indicatéd \Watson—Crick (A=U or G=C) pairs are indicated by dashes, G-U pairs are indicated with dots. The sequence i
numbered 5- 3'. Sequence co-variations are boxed; all other sequence changes in base paired regions are consistent with the use of G-U base pairs in RNA. As
indicate sites of psoralen adducts in psoralen crosslinking experimentswhich may crosslink to pre-rRNA (4). Lines show single-stranded RNA segments that
are in accessible sites, by antisense oligodeoxynucleotide-targeted degradation in cell extracts (4) or in frog oocytes (R.Mishra and G.Eliceiri, submitted).

(36,37). For example, several U8 snoRNA conserved sequences-evolved with their functional partneg8(39). The genes for two
are needed for its function in pre-rRNA processing, including fivtronic snoRNAs, human EZ)(and frog U1640), both show two
sequences consisting of 4-8 nt ea®$).(These observations identical sequences in the same positions: CTACCTA, 123 nt
suggest that the E1, E2 and E3 R&i®\acting elements required upstream of the snoRNA coding region, and GAGAAATG, 27
for these functions may be novel and possibly also differetvases downstream of the snoRNA coding sequence. One or more of
among these three snoRNAs. It is anticipated that proteins thlagse three flanking sequences might have a role.
interact with these elements participate in the mechanism of
intracellular localization of these snoRNAs. ACKNOWLEDGEMENTS
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