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ABSTRACT

An RNA homologous to U2 RNA and a single copy
gene encoding the RNA homolog have been character-
ized in the microsporidian,  Vairimorpha necatrix. The
RNA which is 165 nucleotides in length possesses
significant similarity to U2 RNA, particularly in the 5 '
half of the molecule. The U2 homolog contains the
highly conserved GUAGUA branch point binding
sequence seen in all U2 RNAs except those of the
trypanosomes. A U2 RNA sequence element impli-
cated in a U2:U6 RNA intermolecular pairing is also
present in the U2 homolog. The  V.necatrix U2 RNA
homolog differs at positions previously found to be
invariant in U2 RNAs and appears to lack an Sm
binding site sequence. The RNA can be folded into a
secondary structure possessing three of the four
principal stem-loops proposed for the consensus U2
RNA structure. A cis-diol containing cap structure is
present at the 5 ' end of the U2 homolog. Unlike the cap
structures seen in U-snRNAs and mRNAs it is neither
2,2,7-trimethylguanosine,  y-monomethyl phosphate,
nor 7-methylguanosine.

INTRODUCTION

EMBL accession no. Z50072

While molecular genetic and biochemical approaches have been
indispensible in achieving an ever increasing understanding of the
structure and function of ShnRNPs, comparative analysis of highly
divergent snRNAs is also a valuable tool in this undertaking. Using
phylogenetic approaches, considerable insight into the structure of
snRNAs can be gained by including extremely primitive (divergent)
organisms in comparative molecular biological studies of ShARNAs.
If structural and functional homologs of sSnRNAs are present in
such divergent organisms, they may also provide a glimpse of the
nuclear pre-mRNA splicing apparatus as it first emerged in
eukaryotes. Currently there is a paucity of information regarding
putative ShnRNAs in such organisms.

In this report we have identified and characterized an RNA
from the microporidiaWairimorpha necatrixvhich is structural-
ly homologous to U2 RNA. Organisms in the phylum Microspora
are among the most ancient eukaryotes thus far identifjed (
These obligate intracellular parasites lack mitochondria; it has
been proposed that the microsporidia diverged prior to the
acquisition of this organelle in the eukaryotic line. They have a
primitive nuclear division and their ribosomes and rRNAs are of
prokaryaotic sizeq,6). The U2 RNA homolog identified in this
organism shows a high degree of divergence from the U2
consensus sequence in that a number of variant nucleotides occul
at positions previously found to be invariant. Also, in sharp
contrast to other snRNAs it appears to containcab structure

The splicing of nuclear pre-mRNAs is apparently common to ayyhich is not 2,2,7-trimethylguanosine, 7-monomethylguanosine,
eukaryotic organisms. The splicing of the pre-mRNA substrafe®r y-monomethyl phosphate.

takes place in the context of a dynamic supramolecular complex

termed the spliceosome (for reviews 58 Spliceosomes, which  MATERIALS AND METHODS

have been particularly well characterized in mammalian and yeast,
systems, include a number of small nuclear RNAs (SnRNAs). These

paration of nucleic acid

relatively abundant, uridine rich RNAs are found in small riboDNA isolation Vairimorpha necatrix spores were opened by

nucleoprotein complexes (ShnRNPs) and appear toigeitous in

germination. Spores were incubated in 50 mM phosphate buffer

eukaryotes. A hallmark of the snRNAs (with the exception of thgpH 11.4) for 45 min followed by centrifugation to remove the
U6 RNA) appears to be the presence of the hypermethylatedtubation buffer. The spore pellet was resuspended in 50 mM
2,2, 7-trimethylguanosin€ Bap structured). The U1, U2, U5 borate buffer (pH 9.2), 15 mM KCI. Germination was monitored
and U4/U6 snRNPs are present in the spliceosome and have biggrphase contrast light microscopy. Afte8 min, when the

shown by a variety of means to be necessary for splig)né\ (

majority of spores had germinated, the solution was extracted

number of functionally relevant base-pairing interactions amongith phenol—chloroform and the nucleic acid was precipitated
snRNAs and also between snRNAs and the pre-mRNA have bdepm the aqueous phase with ethanol. The nucleic acid was treated
identified. Prominent among these are interactions of U2 RN#ith 0.2 mg/ml ribonuclease A for 30 min at’&7 followed by

with the pre-mRNA and U6 RNAY.

phenol—chloroform extraction and ethanol precipitation.

* To whom correspondence should be addressed
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RNA isolation Nucleic acid was isolated using the glass bea@he electrophoretic mobility of the primer extension product in
method, as described previousty. The nucleic acid was treated relation to the sequencing ladder allows positioning of'tbad
with 2 pg/ml ribonuclease-free deoxyribonuclease | for 1 h abf the RNA.

37°C, followed by phenol—chloroform extraction and ethanol

precipitation. Immunoprecipitation of RNA

For immunoprecipitations, 2.5 mg of Protein A—Sepharose in
NET-2 [150 mM NaCl, 50 mM Tris—HCI (pH 7.4), 0.05% (v/v)
Vairimorphanecatrixgenomic DNA was partially digested with Nonidet P-40] was incubated with rabbit anti-7-monomethylgua-
SalBA and ligated to bacteriophage lambda L47.1 which hadosine serum or with anti-2,2,7-trimethylguanosine mouse
been digested witBanHI. Phages were plated @scherichia monoclonal antibody (K121) plus rabbit anti-mouse Id@ (

coli strain P2392 lysogen. Screening of the library was carried owith mixing, for 1 h. The Protein A—Sepharose conjugates were
essentially as previously described utilizing%-labeled U2-L15 washed three times with 1 ml NET-2 and resuspended in a final
oligonucleotide (see DNA sequencing) as a hybridization pbe ( volume of 30Qul NET-2. Seventy-five microliters of the Protein
A-Sepharose conjugate were combined with the RNA antigen for
a final reaction volume of 15@. The mixture was allowed to
incubate at 4C with gentle shaking for 2 h. The samples were
RNAs were resolved on 8% polyacrylamide gels containing 8 Mhen microfuged briefly and the resulting supernatant was
urea or on 5.75% aminophenylboronate gels (see modificationadllected and saved. The immunopellets were washed five times
RNAs) and electroblotted onto nylon membrane (Hybond Nyith 1 ml aliquots of NET-2, and resuspended in NET-2. Both the
Amersham; or Zeta-Probe, BioRad). After fixing the RNA toimmunosupernatants and the resuspended immunopellets were
membranes (UV-crosslinking, or baking for 1 h at’®) purified by phenol-chloroform extraction and were subsequently
prehybridization and hyldlization were carried out as describedethanol precipitated.

above for the lambda library screening.

Lambda library construction and screening

Northern blot analysis

RNase protection

Southern blot analysis The 2.5 kbHindlll fragment containing th¥.necatrixU2 gene

Vairimorphanecatrixgenomic DNA (51g) was cut wittEcoRl,  was subcloned into pTZ19U (USB). The T7 and T3 RNA
Hindlll or BanHI and resolved by agarose gel electrophoresigolymerase promoters flanking the insert were used to generate
and blotted onto nitrocellulosg)( The filters were hybridized to 32P-uniformly labeled RNAs in both the sense (T7 transcript) and
a 120 bpSaBA fragment corresponding to nucleotides 22—142ntisense (T3 transcript) orientation in the presence of the
of the U2 homolog which w&8P-labeled by the random primers appropriate polymerase. These RNA transcripts were hybridized

method 9). in separate experiments to totelnecatrix RNA and the
unhybridized RNA was digested with RNase A and T1 RNase.
DNA sequencing The samples were extracted with phenol—chloroform and precipi-

tated with ethanol. Samples were resolved on 8% polyacrylamide
A 2.5 kbHindlll fragment containing the U2 gene was subclonedels containing 8 M urea and visualized by autoradiography.
into M13 mpl18. DNA sequencing was done with T7 DNA
polymerase (Sequenase kit, USB), using oligonucleotide primg{fdification of RNAs
U2-L15 5-CAGATACTACACTTG-3, U2.2 B-CTCTCAAA-
GTTATCGGC-3, U2.3 3TCTTAAGATGCCAGAGA-3, and 5 cap structures were removed by periodate oxidation and
U2.4 B-CAGGTGGACCAATGACAA-3. U2.2 was constructed B-elimination (L2). Total RNA (10-15.g) was incubated in
based on the sequence obtained with U2-L15, and U2.3 and U2&ul 20 mM NaOAc, 50 mM Nal@for 90 min at 0C in the
were constructed based on the sequence obtained with U2.2. Tiagk. The reaction was terminated withubéthylene glycol. The
primer extension sequencing reactions were carried out usihtglOs formed was removed by microdialysis for 4 h@@ 4The
5'-32P-labeled primers or unlabeled primers in the presence sfmple was ethanol precipitated and resuspendedurwéger.
[a-35S]dATP and were resolved on 8% polyacrylamide geldwenty-five microlitres 1 M lysine (pH 9.3) was then added, and
containing 8 M urea and visualized by autoradiography. the sample was incubated in the dark for 4 h at room temperature.
The B-elimination reaction was terminated by the addition of
30l glacial acetic acid, and the sample was precipitated by the
addition of 2.5 vol ethanalln vitro capping was carried outin
RNA dideoxy sequencing with reverse transcriptase was dot@ul reactions containing 50 mM Tris—HCI (pH 7.9), 1.2 mM
using 3-32P-labeled U2-L15 primer as described previoushMgCl,, 6 MM KCI, 5 U RNasin,2.5mMDTT,2mMGTP, 0.3
(8,10). The 3end was mapped by annealing total RNA to an M181M adenosyl--methionine (AdoMet) and 0.5 U guanylyltranfer-
mp18 clone containing the antisense strand of the U2 homolage (Gibco BRL). The reactions were stopped withlL.60 mM
The hybrids were digested with mung bean nuclease. TIEDTA, purified by phenol-chloroform extraction, and ethanol
resulting protected DNA fragment was annealed to the U2g&ecipitated.
primer. The primer was extended with T7 DNA polymerase The RNA samples were resolved by aminophenylboronate gel
(Sequenase kit, USB) in the presence of ANTPsafeS]dATP.  electrophoresisl@). The 5.75% aminophenylboronate gels were
After denaturation, the radiolabeled primer extension produptrepared by mixing 15 g urea, 4.3 ml acrylamide (40% wi/v of a
was run on a sequencing gel alongside a sequencing laddérl acrylamide/bis mixture in water), 3.2 ml 0.92 M Tris-acetate
generated using the same primer and the intact M13 mp18 clofgH 9.0), and 90 miy-acryloyl-3-aminophenylboronic acid to a

RNA sequencing and end mapping
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for by a single copy gene (data not shown). This result also
provides further evidence that the genomic clone is not a
pseudogene, but codes for the U2 RNA homolog.

Figure2 shows the DNA sequence of the U2 RNA homolog
and flanking regions. The coding region is aligned with human
and consensus U2 RNA sequen@sThe 5 end of the RNA
coding region (designated +1) was positioned by comparing the
V.necatrix RNA sequence, determined separately by RNA
dideoxy sequencing, with the genomic DNA sequence (data not
shown). The 3end of the coding region was mapped (as
described in Materials and Methods) to nucleotide +165 of the
genomic DNA sequence (data not shown). The only known U2
RNAs which are smaller than the 165 nucleotidecatrixU2
homolog are those of the trypanosoniezi{).

Primary and secondary structure of the microsporidian
Figure 1. Identification of thev.necatrixU2 RNA homolog by Northern blot U2 RNA homolog
hybridization analysis. Lane 1, size markers (kinase-labatgdragments of

bacteriophagex174; fragment sizes indicated in left margin); lane 2, total rat Examination of the aligned sequences in Figushows that
:l‘i’fgsr‘;'_\l'gbggg)ugf‘flg'éﬁ?g&i‘fgg;ﬁ’\‘A (5Hg). RNAs were probed with  gjonificant homology is present particularly in therégion
' between the/.necatrixU2 RNA homolog and the human and
consensus U2 RNAs. Thénecatrixsequence from nucleotides
final volume of 30 ml. Polymerization was initiated with 460 21 to 43 with the exception of T21, exactly matches the highly

of ammonium persulfate and iBof TEMED. invariant nucleotide 24—46 region of the consensus U2 RNA (
This region includes the GTAGTA (nucleotides 32—38; consen-
RESULTS sus sequence) branch point recognition sequence found in all U2
. RNAs except those of trypanosomés,{4). The underlined
Demonstration of the presence of a U2 RNA homolog nucleotides (nucleotides 7, 9, 10, 15 and 44) in thedion

in microsporidia represent divergence at positions in heecatrixU2 homolog

Our first efforts were focused on the search for a U2 RNARreviously found to be invariantin U2 RNAs (indicated by upper
homolog in the microsporidiavinecatrix Comparison of U2 Case letters in the consensus sequence). U2 RNAs exhibit a
RNAs from a variety of divergent taxa has shown that thgreater degree ofdlyergence in thiec8f of the molecule thar] the
sequence extending from nucleotides 20 to 47 is highly conservéd@lf- TheV.necatrixand human sequences show very limited
(2). This region includes the branch point recognition sequenggmlarlty in the 3region. Interestingly, the alignment introduces
(GUAGUA), which is present in all known species with the? 9ap between nucleotides 94 and 95 o¥/thecatrixsequence.
exception of the trypanosomésg(L4). An oligonucleotide probe This corresponds to the; location (nucleotides 99-105; human and
(U2-L15) complementary to this invariant regi6pwas utilized ~ consensus) of the highly conserved Sm binding sequence
for Northern blot hybridization analysis of microsporidial RNA.(A(U)4-¢G) found in all U2 RNAs X7) except those of

As seen in Figurel, a V.necatrix RNA (lane 2) which is trypanosomes which lack the Sm sit& {4). However, it should

signficantly smaller than the rat U2 RNA (lane 3) hybridized t&€ noted that the Begion of thé/.necatrixsequence does contain
the U2-L15 probe. an ATTTTTTA sequence at nucleotides 132-139. While this

sequence is consistent with an Sm binding site, the location of this
sequence is quite different from that of the consensus Sm binding
site and may be involved in a secondary structure pairing. A
To characterize further this U2 RNA homolog, we sought taonserved sequence element which does appear to be present il
isolate the gene encoding this RNAVAecatrixgenomic library  the 3 region is GCTTGC, nucleotides 127-132. This sequence
screened with the U2-L15 probe showed several positive plaqgueacompasses a putative tetraloop sequet)cim the stem Il
These positive plaques were subjected to further analysis and tegion of the consensus U2 RNA (F3@).
putative U2 gene was localized to a 2.3hdlll fragment by Using computer-assisted free energy minimalization, the
restriction mapping. To ensure that this fragment containeédnecatrixU2 RNA homolog can be folded into the structure
sequence coding for the U2 RNA homolog rather than pgictured in Figur@A, possessing a free energy of —29.7 kcal/mol
pseudogene, plasmid subclone constructs were used to genefafe20). The consensus U2 RNA secondary structure is shown
radioactive RNA probes in both the sense and antisenseFigure3B with the characteristic stem—loop structures labeled
orientation. An RNase protection product corresponding in siZg lla, llb, lll and 1V) ). The stem—loop structures in Fig@fe
to the full lengthV.necatrixU2 RNA homolog was observed which resemble the consensus stem-loop structures are corre-
when the antisense RNA probe was hybridized toVatatatrix ~ spondingly labeled (eg. I, lla, llb, Ill). Two other stem—loops in
RNA, as would be expected for a true gene (data not shown).the V.necatrixU2 homolog without obvious correspondence to
Vairimorpha necatrix genomic DNA cut with a variety of the stem—loops of the consensus model are labeled x and vy.
restriction endonucleases was analyzed by Southern blot analy§iemparison of the stem—loop | of the homolog and the consensus
In all cases a single band was observed to hybridiaénieeatrix  structures shows the former to lack the internal loop and to have
U2 RNA homolog probe, indicating that the U2 homolog is codedn AUC in the apical loop region rather than the uuuu found in the

The gene encoding the U2 RNA homolog
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¥, necatriz <25 T AMAGTGETTTTT AACTGCATTT AACACTTCAA
200 TGTTACTATA AGTGETATTCC AAAAAGACAA AAAAGCTAGT TTTCAAATTC
S CTTCATCOCA AAATAGARAC TOACCAAAAT TOACCGAGEA GORACATATT
I ATAAAACAAA ACATACAATT CCOGTTTTCA AMACGGGAMA GATACGCTAG
A0 TETSTTTAGA TTTTTTTTTT AGEATAANTT TTTATTTTTC TTACECCDIC
V.necaris  +1 A---CTCTCA AAGTTATGOG CTIGATCRA GTGTAGTATC TGTTCTAGTC
Bagriian +1 . TCG. . TCTEC GGCC. 7.7, ., Ak, TA,
COTSEEUA +] AL*S¥¥TCTY "GCYTEL1TRAG CT AGATCAR GTglagtAl s TETTCTT™ Te
Vonecarms  +48 GEOTTAACAA CTEACTTATE CGCAAG. . .GEA GTATAATAC- TTAGEALAST
Bauman +i1 A, T, T T TACSE.., . T.T.TCC.. .&GC....TA A, TOSGA
CONSEN5US 1,5| iu- " TRAY™ "™ ¢II3"',*."'" "I"c'-l"ﬂ'EH LR R Y- TTE-""["HT
Vonecamics  #9% - - cGGEAGAT GTAAAATGAG AGATGTGCTT GCATAATCAT CATTTTTTAT
Buman +1N TTTT, ., .. CA GGG .. GA T .G A ,, . TCOE, . CA TCCACEE. .
consensus  +101 'I'TTTEE““ fgrtATEERE T CREETT GCTUY*"*** YryyPAc" YAt
+165
¥.onecaris +14] AGATST--- - CTG--GCATE TTAAGA - - - - ---Tﬁl:T?T'r' TTATTTAATT
Faman #1531 C. .G, QaTA T.,.CA.T.C. .CC.. GAACG GTGQCA, G
CONSEnaus - 1-|_5|.||--1-.'------ T?HCA'THEL LR ---.,---
¥ onecarizs +ITE TTTTCCCCTT CTATEITTT

Figure 2. Sequence of the gene encoding\tmecatrixU2 homolog and alignment of thenecatrixRNA coding region (+1 to +165) with human and consensus

U2 RNA sequences. A 2.5 Itindlll fragment of a bacteriophagdeclone containing the RNA coding region was subcloned into M13mp18 and sequenced with
oligonucleotide primers U2-L15, U2.2, U2.3 and U2.4. The strand corresponding to the RNA transcript is shown. Dashes (-) represent gaps introduced intc
V.necatrixcoding region to promote alignment with the human and consensus U2 RNAs. Nucleotides in the first 50 b¥secafiikeoding region which differ

from invariant nucleotides of the consensus sequence are underlined. In the human sequence nucleotides which are identivahézalmsE@indicated by

a period (.). The consensus sequence is from ref. 2 (based on 12 U2 RNAs) Invariant residues are indicated by uppercase letters. Lower case letters represent 1
which are identical in all but one species. Asterisks (*) in the consensus sequence represent positions that are variable (including possible deletions or insertion:
branch point recognition sequence (nucleotides 32—-38) and Sm binding site (nucleotides 99-105) are bold underlined in the consensus sequence. P
transcriptional promoter sequence elements are boxed: a TATA box-like sequence centered at —25, a sequence centered at —71 TAGBEGETHAA

which shows perfect dyad symmetry. Ther3 of the coding region falls within a run of six thymines which is indicative of an RNA polymerase Il termination signal.
The reverse complements of two sequence elements: —7 to +3 and +19 to +25 (both boxed) are consistent with the Box A and Box B tRNA promoter elements (1
The +3 to -7 element,-BGTGAGGGG-3, corresponds to the box A consenst®GYNNRR-GG-3; and the +25 to +19 element, GATCAAG-3, corresponds

to the box B consensus;G(A/T)TCRAN-3.

consensus structure. The covariant base pair A7/U21 in tA@alysis of the 5 end structure of the U2 homolog
V.necatrixU2 RNA homolog provides phylogenetic support for
the pairing near the base of stem I. The nucleotide correspondi® 2 7-trimethylguanosine hypermethylated cap structure has
to theV.necatrixU21 nucleotide is an adenosine in all other U2peen observed in all snRNAs thus far examined, with the
RNAs. As will be discussed later, this phylogenetic substitutiogxception of U6 RNAJ). The microsporidial U2 RNA homolog
has implications regarding U2 RNA interactions with U6 RNAwyas tested for the presence of this cap structure with a monoclonal
Structures corresponding to the consensus stem-loops lla anddtibody (K121) which binds specifically to the 2,2, 7-trimethyl-
are present in the homolog. The highly conserved lla loop regiguanosine cap structurl). As seen in the Northern blot shown
(Fig. 3B) has been proposed to be capable of pseudoknotting fyFigure4, the U2 RNA oEuglena gracilisvas precipitated by
base pairing with a downstream sequence eler@éntThe lla  the K121 monoclonal antibody (lane 7, immunosupernatant; lane
loop sequence in thénecatrixmodel (Fig.3A) includes the 8, immunopellet). Th&.necatrixtU2 RNA homolog, however,
sequence UUAC (nucleotides 52-55) which is consistent with thgas not immunoprecipitated by the K121 antibody (&idane
consensus sequence (UAAY) and could pair with nucleotidel immunosupernatant; lane 3, immunopellet). To ensure that this
85-88 (UUAG) to form the four base-pair helix, UUAA/UUAG. was not due to an artefactual inhibition of precipitation in the case
The stem—loop Il structure of the homolog possesses ti¢ the microsporidian preparation, immunoprecipitation was
highly conserved CUUG loop structure of the consensusitempted with a mixture of the two RNA preparations. In the
structure. Stem—loop y, while corresponding positionally t@resence of.necatrixRNA, theE.gracilisU2 RNA is precipi-
stem—loop IV, (i.e. 3to stem-loop Ill) does not appear totated efficiently (Fig.4, lane 4, immunosupernatant; lane 5,
correspond to the consensus stem-loop IV in terms of itmunopellet), indicating that the lack of precipitation of the
structure. Its small loop size contrasts sharply with the consendyeecatrixU2 RNA homolog is not due to inhibition. Immuno-
structure’s larger loop and therefore is unlikely to be a structurptecipitation was also attempted with an antiserum specific for
counterpart. However, the homolog sequence encompassihg 7-methylguanosine cap structure. The antibody efficiently
nucleotides 93-150 (stem-loop Ill) can be folded into aprecipitated globin mMRNA, which contains the 7-methylguanosine
alternative structure which has limited resemblance to the consensap, but did not immunoprecipitate the U2 RNA homolog (data
stem—loop IV in terms of its larger loop size (data not shown). not shown).
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Figure 3. Secondary structure models of YheecatrixU2 RNA homolog and the U2 consensus RN¥. $econdary structure of thinecatrixU2 RNA homolog.
V.necatrixU2 secondary structure model was generated by the program Mulfold. Stem—loops which show homology to those of the consensus structure
correspondingly labeled. Other stem—loops not corresponding to those of the consensus structure are labé3¢t/2 andse(isus secondary structure (numbering

is based on th8.cerevisiasequence). The secondary structure is based on the alignment of 12 U2 RNA sequences and is redrawn from Guthrie and Pattersor
Invariant residues are uppercase. Lowercase letters represent positions which are identical in all of the sequences except one.

While these results appear to rule out the presence of eitheRIA was incubated with guanylyltransferase capping enzyme in

these two cap structures in ¥aecatrixtU2 RNA homolog, it is

the presence of GTP and AdoMet and was subsequently analyzed

also possible that the putative cap structure is sequesterediasimmunoprecipitability with anti 7-methylguanosine antibody.
otherwise inaccessible to antibodies. To test this possibility, tfige modifiedv.necatrixJ2 RNA homolog was immunoprecipit-

U2 RNA homolog was exposed to periodate gralimination

able with this antibody (data not shown). This result suggests that

treatment. In RNAs which contain an inverted nucleotide cagieV.necatrixU2 RNA homolog putative cap structure should be

structure, this treatment exposes theriphosphate terminus,

accessible to antibodies and that the lack of precipitability of the

which is a substrate for the Vaccinia virus guanylyltransferasetive V.necatrixtU2 RNA homolog with either anti-2,2,7-tri-

capping enzyme2@). Periodatg¥-elminination treate®.necatrix

methylguanosine or anti-7-methylguanosine antibodies is not due



520 Nucleic Acids Research, 1996, Vol. 24, No. 3
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Figure 4.Immunoprecipitability of th&.necatrixJ2 RNA homolog and of the
E.gracilisU2 RNA with anti-trimethylguanosine mouse monoclonal antibody
(K121). V.necatrix and E.gracilis total RNA were incubated with K121
antibody as described in the text. RNAs were visualized by Northern blot
analysis, using 'B2P-labeled U2-L15 as a probe. Lane 1, unfractionated
V.necatri@®NA; lane 2).necatrixRNA immunosupernatant; lane\Bnecatrix
immunopellet. Lane 4/necatrix+ E. gracilisRNA immunosupernatant; lane

5, V. necatrix+ E. gracilisimmunopellet. Lane 6, unfractionatédyracilis
RNA; lane 7 E.gracilisRNA immunosupernatant; laneBgracilisimmuno-
pellet. a and lindicate the electrophoretic mobility positionskafglenaU2
RNA andV.necatrixU2 RNA homolog respectively.

Figure 5. Changes in electrophoretic mobility of thecatrixU2 RNA
homolog andE.gracilisU2 RNA after removal of the' &ap structures arid

vitro capping.VairimorphanecatrixandE.gracilistotal RNA were subjected

to periodate an@-elimination treatment. Aliquots of the treated RNAs were
then incubated in the presence of guanylytransferase and GTP. Samples were
run on an aminophenylboronate gel prepared as described in the Methods.
RNAs were visualized by Northern blot analysis usirg?B-labeled U2-L15

as a probe. Lane 1, untreatédecatrixRNA; lane 2, periodat/elimination
treatedV.necatrixRNA; lane 3, periodatBfelimination + guanylyltransferase
treatedV.necatrix RNA. Lane 4, untreate&.gracilis RNA; lane 5, perio-
datep-elimination treatedE.gracilis RNA; lane 6, periodat@/elimination +
guanylyltransferase treatdfl.gracilis RNA. Band a,V.necatrix U2 RNA
homolog without treatment; band b, with periodatgdimination treatment;

to inaccessibility. The fact that after periodatelimination band c, with periodatg/elimination + guanylyltransferase treatment. Band d,
treatment the RNA became a substrate for the capping enzy é;racms U2 RNA without treatment; band e, with periodatelimination

. .2 treatment; band f, with periodgieglimination + guanylyltransferase treatment.
suggests that an inverted cap structure may be present in the
nativeV.necatrixU2 RNA homolog.

The low level of U2 RNA homolog presentVimecatrixand  guanosine was added to the oxidized RNA. Additional experi-
the technical difficulty ofn vivo labeling with P2PJorthophos-  ments showed that thetive V.necatrixU2 RNA homolog was
phate precluded direct RNA analysis of the cap structuriot a substrate for guanylyltransferase capping enzyme (ruling
Therefore, the technique of boronate affinity gel electrophoresigit a di- or triphosphate’ erminus), for the adenylylation
was exploited, allowing detection of cis-diols such as would bRaction of RNA ligase in the presence of ATP (ruling out a
found in an inverted nucleoside cap stuctii (n this technique, - monophosphate &erminus), or for polynucleotide kinase (ruling
aminophenylboronate (APB) derivatives are incorporated intogut an unphosphorylated &rminus, data not shown). These
polyacrylamide gel by copolymerization. The mobility of RNAsresults, together with the boronate gel analysis, strongly suggest
through these gels is retarded as a function of the number gt a cis-diol containing structure is present at temé of the
cis-diols present in the molecule, which form reversible covaleRktiveV.necatrixJ2 RNA homolog. This conclusion rules out the
adducts with the polyacrylamide bound boronatesimorpha  possibility of a-monomethyl phosphate cap structure, which has
necatrix RNA and E.gracilis RNA were analyzed by this heen demonstrated for U6 RN23]. The fact that the electropho-
technique. As seen in Figlsethe U2 RNAs of both preparations retic mobility of the RNA products which were oxidized and then
increased in mobility to the same degree as a result of perigeated with guanylyitransferase was greater than that of the
datef-elimination pretreatment, which removes nucleosides coRyiginal native RNAs also warrants consideration. This result
taining a free cis-diol (e.g.'5nucleoside cap and a' 3 syggests that the originalt8rminus is unphosphosphorylated and
unphosphorylated terminal nucleoside; compare lane 1, ban@ghtains a free cis-diol. Period@elimination treatment would
and lane 2, band b fétnecatrixU2 RNA h0m0|og and lane 4, remove this 3 unphosphory|ated nucleoside \jm an RNA

band d and lane 5, band e tgracilis U2 RNA). For both  containing a 3phosphorylated terminus, which would not react
V.necatrixand E.gracilis treatment of the oxidized U2 RNAS \ith the gel-bound boronates.

with guanylyltransferase and GTP resulted in a U2 RNA product

with a lower electrophoretic mobility than that of the oxidized UZy,5cyssion

RNA (compare lane 2, band b and lane 3, band ¥.if@catrix

U2 RNA homolog and lane 5, band e and lane 6, band f fdm this paper we have identified and characterized a homolog of
E.gracilig). This mobility shift indicates that a cis-diol containing U2 spliceosomal RNA from the microsporidiénecatrix one of
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the most primitive eukaryotic organisms yet identifi&)l. ( extreme heterologous nature of Sm polypeptide homologs
Indeed, this organism is thought to have diverged from thessociated with thénecatrixU2 RNA homolog.

eukaryotic line prior to the introduction of mitochondria. The The U2 RNA homolog can be folded into a structure which has
presence of a U2 RNA homolog in this organism suggests that thartial similarity to the consensus structure proposed for U2
eukaryotic pre-mRNA splicing machinery arose very early in thBRNAs (2). The folded structure model of the U2 homolog, which
eukaryotic lineage and may indeed be a universal feature whs generated based on energy minimalization, possesses thre
eukaryotes. The presence of a U2 RNA homolog in thisf the four principal stem—loops proposed for the U2 RNA
amitochondrial organism suggests that either this organism masinsensus structure (F&). The stem—loop | structure of the U2
have once had mitochondria, or that spliceosomal SnRNAs weR&A homolog resembles its consensus U2 counterpart in size and
present prior to the appearance of mitochondria. If the latter liscation. The U2 homolog loop sequence (AUC), however,
true, it would contradict the hypothesis that spliceosomaliffers from the uridine rich (uuuu) of the consensus U2 @Fig.
snRNAs arose from fragmentation of group Il self-splicingThis characteristic is consistent with the loop region being
introns @4). In contrast, in the amitochondrial organiSiardia  functionally tolerant to mutation in yeast7f. Phylogenetic
lamblia, no homologs to spliceosomal snRNAs appear to bsupport for the pairing near the base of stem | is provided by the
present, although several trimethylguanosine capped nucleofaf:U21 covariant base pair seen in YheecatrixU2 homolog.
snRNA homologs have been identifiedb) These nucleotides, which correspond to U10:A25 of the consen-

The U2 RNA homolog d¥.necatrixs relatively small (165 nt) sus sequence, were previously found to be invaridnt (
in relation to other U2 RNAs with only those of trypanosomes$tructures corresponding to the consensus stem—loops lla and IIb
seen to be smalleid14). As would be expected, the RNA are also present in the U2 homolog. Mutational analysis of
possesses primary sequence homology to U2 RNAs primarily stem—loop lla has been implicated it to have a role in at the level
the more highly conservedhalf of the molecule. THénecatrix  of U2 snRNP or spliceosome asseml).(As seen for U2
homolog contains the highly conserved GUAGUA branchpoirinRNAs @7), potential pairing of the U2 homolog lla loop
recognition sequence which is involved in a base pairingtructure with downstream sequence to form a pseudoknot is
interaction with the pre-mRNA and is seen in all U2 RNAs excepossible. Based on energy minimalization, theeion of the
for those of the trypanosomés(14). The functionality of the U2 molecule is folded into a stem—loop Ill like structure. Alternative-
homolog in splicing will be predicated on ascertaining the presenige the 3 region can be folded into a structure which has some
of introns in specifid/.necatrixgenes and the mechanism of theirresemblance to a stem—loop IV domain. These secondary
removal. This is a subject which still awaits investigation. Istructure alternatives are also encountered in'treg®n of an
splicing does occur, the question of whether homologs to the ott&cerevisiaeU2 RNA functional deletion derivative3@). In
requisite spliceosomal snRNAs are present is also pertinent. Xenopusoocytes it has been shown the stem-loop IV domain is
preliminary experiments we have detected the presence ohecessary for the binding of U2 snRNP specific protait)sThe
number of small RNAs in the 80—200 nucleotide size range whidregion of the trypanosomal U2 RNAs contain a stem-loop IV
contain 5 cap structures. Among these is an RNA whose partidike structure but lacks a stem—loop Il structufes 14).
sequence shows homology to U6 RNA (preliminary results). However, the trypanosomal U2 RNAs may not be strict

A highly conserved U2 RNA sequence which has beefunctional homologs to other U2 RNAs since apparently only
implicated in a base pairing interaction with U6 RNA (helix I) intrans-splicing occurs in these organisms.

Saccharomyces cerevisi@®) is present in the U2 homolog. The  One of the most unexpected findings of this work is the presence
U2 homolog sequence GCUUUGAUCA (positions 17-26) isf a cis-diol containing cap structure on the U2 homolog which is
identical, with the exception of U21, to tAecerevisiasequence neither 2,2,7-trimethylguanosine nor 7-methylguanosine. Trime-
GCUUAGAUCA (positions 21-30). The underlined portions ofthylguanosine cap structures are present in all spliceosomal
the S.cerevisiasequence pair with U6 RNA to form the helix | snRNAs except U6, which hasyanonomethyl phosphate cap
structure, with U24 and A25 forming a two nucleotide bulge. Th&3). For trimethylguanosine caps, t& methylation occurs in
V.necatrixsequence matches tBeerevisiasequence exactly in  the nucleus and the additiod2 methyl groups are acquired
the paired regions. However, the invariant bulged A25 of thefter transport of the snRNA into the cytoplas®)(The lack of
yeast corresponds to U21 in thecatrix. This finding is  a trimethylguanosine cap is apparently not restricted to the U2
consistent with the apparent toleranceirofvitro or in vivo  RNA homolog inV.necatrix Immunoprecipitation experiments
splicing to substitution at the A25 site observe8.iterevisiae conducted with '3end-labeled total.necatrixRNA indicate that
(27,28). This nucleotide in yeast is thought to participate in @o other trimethylguanosine capped RNAs are present (unpub-
tertiary interaction with the G52 of U6 RNAS). Identification  lished data). The apparent lack of an Sm site in the U2 RNA
and characterization of ®necatrix U6 homolog would be homolog may be related to the lack of the trimethylguanosine cap.
necessary to ascertain whether a pairing homologous to the abbtiveXenopusoocytes it has been shown that an Sm site and
U2:U6 pairing occurs iW.necatrix As mentioned above, we have associated Sm proteins constituting the Sm core are a prerequisite
preliminary evidence for the existence of a U6 RNA homolog.for cap hypermethylatior8g). Trypanosoma brucdi2 RNA,

The V.necatrixU2 RNA homolog lacks the canonical Sm however, which lacks the Sm site, has a trimethylguanosine cap
binding site sequence (Fig) which occurs in all U2 RNAs (13). The hypermethylated cap structure has been shown to have
except for those of trypanosomdss,(4). Future experiments a role in intracellular snRNA transpofi3-35) However, the
will determine whether polypeptides with Sm antigenicity arédentification of the cap structure in the U2 RNA homolog and
associated with the U2 RNA homolog. Preliminary experimentsther snRNA homologs will be a necessary first step in
have shown the U2 RNA homolog is not immunoprecipited frorascertaining any such functional role for the cap. It will also be of
crude V.necatrix extracts with anti-Sm antisera (unpublishedinterest to examine whether anomolous cap structures are presen
data). This preliminary result may be due either to the absenceimmicrosporidial mMRNAs.
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