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ABSTRACT interactions, and the La protein which binds the poly(U) tails of
Y RNAs in a subset of Ro RNP5-().

Four distinct Y RNAs, each with unique sequences (termed
hY1, hY3, hY4 and hY5) are immunoprecipitated from nucleated
human cells with antibodies to the 60 kDa Ro protein. These
is composed of a complex between the 60 kDa Ro RNAs_ range from 85 to 112 nucleotides (nt) in length, contain no
protein and Y RNAs. Human cells contain four distinct modified bases, and are products of RNA polymerase Il

Y RNAs (Y1, Y3, Y4 and Y5), while other eukaryotes transcription {,4-5). . . ,
contain a variable number of Y RNA homologues. The 60 kDa Ro protein has been characterized in mammals,

Y RNAs are small ‘cytoplasmic’ RNAs which are
components of the Ro ribonucleoprotein (RNP) complex.
The core of this complex, which is found in the cell
nuclei of higher eukaryotes as well as the cytoplasm,

When detected in a particular species, the Ro RNP has amphil?ians ar!d ngmatodé_le), andis detect_ed With anti-60l kDa
been present in every cell type within that particular Ro an'ubodles in birds and fish1. The La protein, v_vhlch functlons
organism. This characteristic, along with its high as a terminator of RNA polymerase Il transcription, is also highly
conservation among vertebrates, suggests an important conserved, having been identified in amphibians, insects and yeast,
function for Ro RNP in cellular metabolism; however, this as well as in mammaléZ-15). The 52 kDa Ro protein appears to
function has not yet been definitively elucidated. In order be less well conserved, being detected with antibody reagents only
to identify conserved features of Y RNA sequences and in human and simian tissuess).

structures which may be directly involved in Ro RNP Like the Ro RNP protein components, Y RNAs have been
function, a phylogenetic comparative an  alysis of Y detected in various vertebrates by immmunoprecipitation with
RNAs has been performed. Sequences of Y RNA anti-60 kDa Ro antibodies; however, the number of Y RNA
homologues from five vertebrate species have been homologue types present in a particular species varies
obtained and, together with previously published Y RNA (1,10,17-22). This may indicate overlapping functions for these
sequences, used to predict Y RNA secondary structures. RNAs in cells or some specialized function(s) for the non-conserved
Anovel RNA secondary structure comparison algorithm, Y RNAs in particular species. The presence of the Y5 RNA appears
the suboptimal RNA analysis program, has been devel- to be least conserved, while Y3 is the most conserved Y RNA
oped and used in conjunction with available algorithms (10,21,22). Sequences of iguana, mouse, frog @adnorhabditis

to find phylogenetically conserved secondary structure elegansy RNAs are knowng,10,22,23). The latter species has
models for Yl, Y3 and Y4 RNAs. Short, conserved only one Y RNA molecule, which may be a Y3 homologue.
sequences within the Y RNAs have been _|dent|f|eq and The 60 kDa Ro binding site on human Y RNAs has been
are invariant among vertebrates, consistent with a identified by ribonuclease protection experiments to be at the 5
direct role for Y RNAs in Ro function. A subset of these and 3 ends of the RNAs, which are homologous among the

are located wholly or partially in looped regions in the

Y3 and Y4 RNA predicted model structures, in accord
with the possibility that these Y RNAs base pair with
other cellular nucleic acids or are sites of interaction

between the Ro RNP and other macromolecules.

different Y RNAs @4). Complementarity between the ribonuclease
protected sites suggests the presence of a homologous terminal
stem in each of the Y RNA secondary structures. Though indirect
evidence has suggested that one 60 kDa protein binds one Y
RNA, biochemical purification studies have identified at least
three subpopulations of Ro RNP particles based on structural
INTRODUCTION heterogeneity 3,24). One particle contains hY5 RNA, one
The Ro ribonucleoprotein (RNP) complex consists of the 60 kDeontains only hY4 RNA, and one includes hY1, hY3 and hY4
Ro protein, which binds one of four human RNA moleculefRNAs. Like the 60 kDa Ro protein, Y RNAs are found to reside
(Y RNAs), the 52 kDa Ro protein which does not directly bind Yin both the nucleus and cytoplasm, and not all Y RNAs in a given
RNAs, but appears to be associated with 60 kDa Ro by proteiell are complexed with 60 kDa Ro protein at a given tibag (
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A definitive function for the Ro RNP complex has not beerfarris. Guinea pig and cow Y RNAs were obtained from Cav-12
identified, though some functions have been suggested. Thad BBK cell lines by G. J. M. Pruijn.
finding that 60 kDa Ro protein unassociated with any Y RNA RT—PCR of purified rabbit and duck Y RNAs was conducted
binds mutant ribosomal RNAs Xenopus laevisocytes has led using specific primers (17-20 nt long) constructed from human
to the suggestion that 60 kDa Ro facilitates the discard of mutavift and Y3 RNA end sequences. Reverse transcriptions were
cellular ribosomal RNAsZ6,27). Recently, antibody to 60 kDa carried out (Pharmacia First Strand cDNA Synthesis Kit,
Ro protein was found to immunoprecipitate telomerase activithlameda, CA), then cDNAs were amplified by standard PCR
in human cells, but neither the 60 kDa Ro protein nor Y RNAsonditions (30 cycles of 30 s each at 94, 55 afn€ 72 reactions
were identified as essential components of telomerase adativity containing 50 mM KCI, 10 mM Tris—HCI, pH 8.0, 1.5 mM
vitro (28). MgCly, 0.1% Triton X-100, 0.2 mM each dNTP, Ui each

Regardless of its true role in cellular metabolism, the primargrimer and 2.5 ag DNA polymerase).
functional component of the Ro RNP could be either Ro protein RT-PCR of guinea pig and cow Y RNAs was conducted using
or the small, structural RNAs. Accordingly, the RNAs may bdotal cellular RNA as template with mixtures of Y RNA end
serving as purely architectural elements or alternatively masequence primer pairs (26—-29 nt long). RT was carried out using
function in some catalytic capacity. In either case, Y RNAs maguperscript Il reverse transcriptase (Gibco BRL, Breda, The
directly interact with other proteins or nucleic acids, in additiorNetherlands), followed by PCR [five cycles of 1 min each at 95,
to their known interactions with the 60 kDa Ro and La proteins35 and 72C, followed by 30 cycles of 1 min each at 95, 45 and
Indeed, native Ro complexes have been observed to be high7@f C in solutions containing 50 mM KCI, 20 mM Tris—HCI, pH
molecular weight J), suggesting the possible presence 08.3, 2.5 mM MgCJ, 0.05% W-1 (Gibco BRL), 0.1 mM each
additional macromolecules. Any sites on the Y RNA structuredNTP, 0.5uM each primer and 2.5 U dagDNA polymerase].
which interact with other cellular constituents would be predicted To obtain sequence information from the trout Y1 RNA and the
to be highly conserved in sequence, structure or both. Owmleick Y3 RNA, which did not share sufficient end sequence
hypothesis is that Y RNAs directly participate in Ro function byhomology with human Y RNAs for successful RT-PCR, alternative
base pairing with other cellular nucleic acids, as is the case wittrategies were employed. Purified trout Y RNA was radiolabeled
a number of other non-messenger RNAs, including the small nuclesirthe 3 end with [3-32P]pCp and RNA ligase, gel purified and
U RNAs of the spliceosome compleX9(34). An additional sequenced enzymatically (Nuclease Method RNA Sequencing Kit,
prediction of this hypothesis is that any sequence-conservéghersham/USB, Arlington Heights, IL). Complementary DNA
interaction sites will be located, at least partially, in loopedvas then synthesized (First Strand cDNA Synthesis Kit, Pharmacia)
regions of the RNA secondary structures, available for thaith a trout Y1 specific reverse primer (tY1l.rev, TAGTGAG-
initiation of pairing interactions. CAGGTWGGGATCAC) constructed using the enzymatic RNA

In order to test these predictions, we have obtained novel $équencing information. Following poly d(G) tailing with
RNA sequences from cell lines of rabbit, duck, trout, guinea pitgrminal deoxynucleotidyl transferase, the cDNA was amplified
and cow origin. These sequences, along with the previousty PCR with tYl.rev and a poly d(C) adapter primer [LinC,
published human, mouse, iguana and frog Y RNA sequenc€GCGAGCTCGAATTCGGTA(C)4).
have been used to predict the most likely Y1, Y3 and Y4 RNA For the duck Y3 RNA, first strand cDNA synthesis was carried
secondary structures from a phylogenetic comparison analysgit with a human Y3 reverse primer followed by poly d(G) tailing
This method of analysis is based upon the premise that molecutard PCR with the Y3 specific primer and LinC.
homologues will form highly similar structures, regardless of
sequence differences. Although many RNA structures have be@
successfully predicted from phylogenetic comparison analyse
most notably, 16S rRNA, 5S rRNA and ribonuclease P RNArhe rabbit Y1 RT-PCR product was blunt-ended with T4 DNA
(35-37), an efficient and objective method of analysis has beegolymerase, then ligated intblincll digested and purified
lacking. This issue has been addressed in this study with an analystigc18. The duck and trout RT-PCR products were cloned into
which utilizes a novel secondary structure comparison algorithm {ge pCRII TA cloning vector (Invitrogen, San Diego, CA)
arrive at secondary structure models from computer predictions gfcording to the manufacturer’s recommendations. Other RT-PCR

Iamplementary DNA cloning and sequencing

optimal and suboptimal structures of homologous RNAs. products were digested wiicaRI andHindlll, gel purified and
cloned into théecaR| andHindlll sites of pGEM-3Zf. Double-
MATERIALS AND METHODS stranded dideoxy DNA sequencing was performed with the

. Sequenase version 2.0 DNA Sequencing Kit (Amersham/USB).
GenBank accession numbers

The novel Y RNA sequences described herein may be access@gbrid RNA sequences

with the following GenBank codes: rabbit Y1, U82128; duck Y1,

U82125; trout Y1, U82129; duck Y3, U82125; guinea pig Y1For secondary structure modeling, hybrid sequences were

U84678; and cow Y1, U84671. constructed for the RNAs with one or more undetermined end
sequences. The first 17 and last 19—20 nt of the rabbit, duck, trout

o~ ; o and guinea pig Y1 sequences are from the human Y1 RNA

?RNI-?_%%ISC&“O”S’ sequencing and reverse transcription sequence. Similarly, the first 15 and last 20 nt of the cow Y3 RNA
are from the human Y3 sequence. Itis already known that the bulk

Rabbit, duck and trout Y RNAs were purified by immuno-of nucleotides represented by human sequence in the hybrid RNAs

precipitation as described®338) from SIRC, CCL141 and base pair to form stems in Y RNA structur2s,89). Therefore, it

RTG-2 cell lines (ATCC, Rockville, MD), respectively, by A. D. was presumed that the analysis of hybrid sequences, as constructec
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Figure 1.Hypothetical SORA score calculation. Matriceg A, and A, representing hypothetical stem—loops 1, 2 and 3, are shown. A value of 1 is assigned to each
base pair between nucleotidesndj, and is depicted as such in matrices A. The summation of matrices A, resulting in masrshawn. The elements of matrix

A', d, are divided by the number of homologues, N, considered and squared. These values are then summed and added to theevalBeBBiewaumber of
unanimously unpaired nucleotides and C is a constant used to modify the contribution of B to the score. Higher scareeesfetstructural similarity.

would not interfere with determinations of the structures assumed btructures of a particular comparison set, C is a constant to modify

the middle two-thirds of the Y RNA sequences. the contribution of B to the score, and N is the number of
homologues analyzed. Constant C is required for accurate scoring
Secondary structure modeling in this algorithm so that structure combinations do not score

higher due to the presence of base pairs which may not be

All computer applications were performed on a Digital 210G&ommon to all structures in a comparison set. A value of C = 0.45
Server (DEC 2100) containing two Alpha processors. Théor PFOLD with a window = 1.0 was empirically found to be
operating system was running OpenVMS AXP version 6.2.  optimal among a range of values tested and was thus selected as

Optimal and suboptimal secondary structures were predicteddefault parameter. The scores are computed for all possible
for each Y RNA sequence using the MFOLD program, versionombinations of sub-structures from MFOLD data produced for
2.2 (40) available in the Genetics Computer Group (GCG) versiosach RNA homologue. Up to 200 of the highest scoring
8.0 program suite4(l). MFOLD parameters were as follows: comparisons are reported. An example score calculation for a
maximumloop = 40, temp = 370 for human, cow, mouse, guinea single comparison of three hypothetical structures is shown in
pig, rabbit and iguana sequences; temp =°@for the duck Figurel.
sequence, and temp = 28Dfor frog and trout sequences.

Sequence alignments from the GCG LINEUP module WerB o) TS
used to adjust all sequences to a maximal lengthbafses, in
which gaps were inserted to maximize sequence similarity.  Novel vertebrate Y RNA sequences

An adaptation of the PLOTFOLDI{) program was used to
derive base pair information for the maximum number ofA general strategy of RT-PCR using primers constructed from
structures [/window = 1.0] having free energies within 25% ohuman Y RNA end sequences was employed for obtaining novel
that assigned to the most thermodynamically stable structuvertebrate Y RNA sequence information. For the trout Y1 and
predicted by MFOLD. In this adaptation, called PFOLD, a singleluck Y3 RNAs, sufficient end sequence divergence was present
secondary structure is stored in an array of dimensighn, to preclude hybridization with human primers. In these instances,
where 4 = 1 for a base-pair between basemdj; Aj = 0  approaches involving internal enzymatic RNA sequencing and
otherwise. The matrix A is symmetric about the axis. homopolymer tailing of complementary DNA (cDNA) allowed

In the suboptimal RNA analysis program (SORA), for a giverRT-PCR to be conducted such that all but then8ls of these
RNA homologue, single optimal or suboptimal secondanRNAs should be resolved. In total, partial sequences for six
structure predictions from each species are combined asdiéferent Y RNAs from five different species were revealed. This
comparison set. The unique portion of matrices A in a particulas the first elucidation of Y RNA sequence information from the
comparison set are summed to give matrixAAscore for any birds and fish. These data are summarized in F@ure
comparison set of structures is given by: score = E(a'wlN)z, Most interesting was the trout Y1 RNA homologue, with
where B is the number of bases unanimously unpaired in all ti32 differences from the human Y1 (hY1) RNA sequence noted
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A. Y1 RNA Sequences the Ro binding site in Y1 RNAs could not be evaluated, the
o o 60 corresponding segment in the Y4 sequences is well conserved,

human* UGGUCC! 'UAGUGRIGUUAUC ¢ uUGAY. .[ucUt AGUCAGUURAC uciel - . - . .
O O 1 I S A with an 8 ntinvariant segment present at positions 85-92fFig.
9.pig  ggougguccgaagguagiaARUAUCURAAUUAY. iGUURACACUCAGY . PoAGAUT Nucleotides at the’ @nd of hY_3 which haye been protected from
;ab';“ ggeugguccgaagguaguGRGUUA UUGRU. | UGUUCACAGUCAGUIACAGACTS RNase digestion by Ro protein, Y3 positions 91-97, are less well
uc ggcugguccgaagguaglU¢ UAUCU UUGAU|. .[UGUT AGUCAGU (o Uy H B B H
wout vccucceabupuacudicaAsEk ok opaprcuY. [eacucacubd . A conserved but point to specific bases which may directly contact

o . . ~ 1 the Ro protein.
human  ppcuc CUNCUCACUACUGCACUUGACUAGUCUY A number of other invariantly conserved segments of sequence
AP 9 A 0 I were noted in each of the Y RNAs, which may mark protein or
rabbit  [alscucay . CUCUIMe etk cdueUCACURAugeacuugacuagacuun nucleic acid binding sites. Particularly interesting is an 8 nt
duck  AoQuCEUCEUNIGY. coctipEaedECubcdeAC eugeacuugacuagueuun segmentin the Y1 RNAs, CAGUCAGU, beginning at position 44
trout G .[UCCACAUY. 1. GUGANKCGAACCUSCUCACURcugeacuugacuagucuun in Figure2. If gaps in the guinea pig and trout sequences may be
B. Y3 RNA Sequences ignored, then this sequence is a portion of 17 contiguous,

. . - L . .60 invariant nucleotides. Aside from a 6 nt fragment near'tead
pumant e JARUUGAUCRCARCEAGUDACAGROLUCU of Y1 (part of the Ro binding site), no other fragment longer than
g GUGG! CUL JAAUUGALU C CICAGUUACAGAUU . - - . -

PO ¥ e 1 AN N AAUUCAT AR ACOUACAGRTLCD 2 or 3 nt is completely conserved in Y1, this is excluding the 3
duck UUAAROUARUUGATCACAGUCAGUUACAGATUCY end, which could not be evaluated. The presence of such a
;9:;: P eaUCCEAIYIAACUGCURCUURU AR IUARUUGAUCACAGUCAGUUACAGEUDUCT conserved segment amid non-conserved nucleotides suggests tha
T GCUGGUCC GUGGUUGCC ¢ JAAUUGAL C AGUUACAGACUUCU . . . . . . h

— - el = this region is important in Y1 function. Furthermore, if Y1
human focuudcfy ..Mu directly binds another cellular constituent, this is the most likely
cow  PeUUCERpEUCCREUCCCACTgenucacungacuagocuu site that would be involved.
mouse [UGUUC uCc A E U . .
duck  bew S s There are four completely conserved segments 7 ntin length in

uc UCC UcCcC gcu uugacuagccuuu . - - - - B

lguana rGuucEbeuCaauCceacuaeuuguTGAdh the Y3 sequences not including the Ro protein binding sites,
frog  PGUUGUY. UCCACUCCCACUGCUUGHCUUGAGHR though a 6 nt fragment near thieehd may not be excluded as

C. YARNAS ~ potentially importar_ﬁ for function (Fi@). Interestingly, one of _
' equences . _ A «  these sites (Y3 positions 56—-65, UUCUUUGUUC) overlaps with

a potentially homologous segmeniGaenorhabditis elegang

RNA (UUUCUUU) by 6 nt, possibly marking a key functional

human*
iguana

G GGUCCGAUC 1 UGGGUUAUCA. .4 UURACAJUUAGUGUCACUA. G
Gf
frog*** GGUUGGUCCC

GGUCCE. GUUAUCACAG UURACAGUUAGUUUCACUARKCC

UGGGUUAUG.C. \UU|. CAGUUAGURJUCACUA . .
— o R , i site in the Y3 RNA§1).
human caacasdeceeeacuscaducacucd oo Finally, three contiguous stretches of conserved nucleotides
P N 1 O 1 W 1 were found in the Y4 sequences, occurring at hY4 positions
frog cuy.uuu.g ACCUUGACUGH .

17-26, 47-53 and 69-78. Further analysis of more disparate Y4
sequences will be required to assess the likely importance of each

Figure 2. Y RNA sequences and alignments. Sequence alignments 8f)Y1 ( of these regions.

Y3 (B) and Y4 C) are shown. Sequence derived from oligonucleotide primers
is shown in lowercase letters. Nucleotides which are conserved across a&
species, with the exception of primer regions, are boxed. *, from ref. 4; **, from

ref. 22; *** from ref. 9; #, from ref. 5 and ##, from ref. 23. All other sequences . . .. L
are from this study. Sequences were first aligned to maximize sequence similarity

using the Genetics Computer Group (GCG) Lineup program
(41), and alignments were saved with the Print command. Gap

over the interval homologous to hY1 nucleotides 1-93. The dudositions were identical to those in Figdréowever, the guinea

and rabbit Y1 RNAs were found to exhibit seven and five sequengéd Y1 and cow Y3 sequences shown in FigBrevere not
differences from hY1, respectively, within the 72 nt intervalincluded in initial analyses. RNAs having one or more ends with
spanning the primer regions. Similarly, the guinea pig Y1 RNA_mdet_ermmed_ sequence were analyzed as atrtificial hyl:_)rld_sequences
differed from the hY1 18-92 sequence in two positions, with oné Which the first 15-17 and Ias; 19-20 nt were subst|tut|or_15 from
nucleotide deletion and one substitution. The cow and duck YBe human sequences (Materials and Methods); these included
homologues were found to contain three and five differenceglinea pig, rabbit, duck and trout Y1 RNAs and the cow Y3 RNA.

respectively, from the human Y3 (hY3) RNA sequence. A lack of sufficient unique duck Y3 sequence information, owing
to an apparent’'%end truncation during reverse transcription,

precluded this RNA from analysis.

Individual complete or hybrid sequences were then folded with
Alignment of these novel Y RNA sequences with those alreadyne MFOLD program version 2.2 on the GCG 8.0 program sulite
known revealed certain conserved segments within each of th&,41), using the /temp qualifier to allow the usage of adjusted
Y1, Y3 and Y4 RNAs (boxed areas in F&primer regions are energy rules for the normal body temperatures of the animal
indicated by lower case letters). Several of these conservepecies from which the sequences were taken. MFOLD data sets
segments are7 nt in length (colored boxes). A 9 nt segment atonsisting of those structures occurring within 25% of the
Y1 positions 3—11 is invariantly conserved and occurs, less 1 piredicted free energy minimum, were then created using PFOLD,
in the Y3 and Y4 RNAs where it occurs in both at positions 4-1-n adaptation of PLOTFOLD as discussed in Materials and
These sequences fall within oligonucleotides protected fromflethods. PFOLD outputs the data in two formats—one format
ribonuclease digestion by Ro protein and further define part of tifeenfld files) is read by our SORA, while the second format (.fld
Ro binding site Z4). Although the conservation of thel&lf of  files) allows typical PLOTFOLD outputs of the structures for

econdary structure modeling

Y RNA sequence alignments
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Table 1.tRNAJI" SORA solutions

MFOLD Structure Number

Solution SORA
No. E.coli A. laidlawii M. pneumoniae  S. lividans  T. thermophila H. influenzae  Score

1 1 1 2 2 2 6 23.56

2 1 1 7 2 2 6 23.39

3 1 1 2 11 2 6 23.14

4 1 1 3 2 2 6 23.12

S 1 1 2 2 2 16 23.08

The five highest scoring solutions are shown. MFOLD structure number is the ranking by free energy of
a particular secondary structure computed by GCG MFOLD for @N#fom various species.
Designations are as follows.coli, Escherichia coli A.laidlawii, Acholeplasma laidlawi
M.pneumoniaeMycoplasma pneumonia8.lividans Streptomyces lividang.thermophila, Thermus
thermophila H.influenzagHaemophilus influenzae

manual perusal of the data sets. For our analyses, the structuresle 2.Y1, Y3 and Y4 RNA SORA solutions from initial analyses
in the so obtained data sets were numbered consecutively and are

referred to by these MFOLD structure numbers. SORA jobs werglRets e
run in batch mode; the larger jobs required increasing certain SORA

VMS parameters such as Working Set QUOta, which WagolutionNo. Human Mouse Rabbit Duck Trout Score

increased to 50 000. 1 3 4 2 27 45 45.73
An initial test was conducted with available tRNA glutamine 2 ; : 2 ” - popts

sequences from various genera of EubacteBacHerichia 4 3 5 2 1 45 45.45

(GenBank K00182),Acholeplasma (X61067), Mycoplasma ’ ’ ! ’ ! ® 1540

(X17113), Streptomyce$X58873), Thermophilus(M35400) and

Haemophilus(U32783)], since thé&scherichia colitRNA-gin

structure is knowr42). The number of structures in the resulting Y3 Resuits

P25 (free energy within 25% of the predicted minimum) datasets MFOLD Structure Number SORA

ranged from 8 to 30, and a total of 13 271 040 comparisons wereplutionNo. Human _ Mouse _ Iguana  Xemopus Score

made by SORA. The results, by MFOLD structure number, are | 1s 6 | 4 4384

shown in Tablel. Only one structure type was found in the five 2 s ¢ ! 2 s

best answers, and this SORA solution structure completely agrees ) 1 | 4 4224

with the secondary structure derived from the crystal structure.  $ Is 1 1 12 42.18
SORA was then applied to the Y1, Y3 and Y4 sequence

alignments in initial analyses, and those results are summarized

in Table2. The MFOLD data sets used in these analyses allowed resus

a maximum loop size of 40 since similar analyses conducted with MFOLD Structure Number

the default maximum loop size of 30, gave Y4 and Y3 model soutionNo.  Human ~ lguana  Xenopus oo

structures which were not unanimously homologous and/or had

lower SORA scores (data not shown). The total number of 6 1

1 1

2 16 6 1 . 3843
comparisons made for the Y1, Y3 and Y4 analyses were 71 662 500, . M ; B
1 477 980 and 3696, respectively. The longer run consikbd 5 16 20 1 37.98

of CPU time, while the shortest run was completed in seconds.
The Y1 SORA solution structures from individual species,

along with their associated MFOLD structure numbers arelne five highest scoring solutions are shown. MFOLD structure number is the

presented in Figur&. The final solution required manual ranking by free energy ofapartlcular se_condary structure computed by GCG

unpairing of certain base pairs which were not unanimous,ly'v":O"D for'¥ RNAs from various species.

conserved in order to maximize the similarity of structures between

species. These manual changes are highlighted on the original

MFOLD-derived structures shown in Figl@eRemarkably, the Y1  The presence of stem llla was supported by chemical probing

SORA solution structure is nearly identical to a model proposedhta in that model, but not by the enzymatic data. Perhaps this

for the Y1 RNA from chemical and enzymatic probing dag.(  stem breathes in the Y1 structure or is present in a subset of Y1
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Table 3.Y1 and Y3 RNA SORA solutions from expanded analyses supported by a number of base changes, though none is
V1 Results compensatory. Thus, although these Y3 and Y4 secondary
MFOLD Structure Namber structures are the best predictions which can be made given the
Solution SORA current data, sequences of more disparate Y3 and Y4 homologues
No.  Human  Mouse GuineaPig Rabbit ~ Duck  Trout  Score will be required to test these solutions.
! 3 ) ! N - " o2 Manual examination of several of the best scoring SORA
2 3 4 1 2 1 45 46.04 solutions for all of the analyses conducted confirmed that the
: ; . ' 2 7 PRI SORA scores accurately reflected the degrees of homology
5 3 4 1 2 10 45 4567 among the combinations of structures compared.
Following these initial analyses, two additional partial sequences
became available, namely the guinea pig Y1 and cow Y3
¥3 Results sequences. After the construction of hybrid sequences for these
MFOLD Structure Number RNAs as discussed in Materials and Methods, they were added to
SolutionNo, Foman Cow  Mowe Tmme  Xowpms Soore the Y1 and Y3 SORA analyses. The number of comparisons
examined in the Y1 analysis was thus increased to 2 866 500 000,
) = = o | : pige) while the number of Y3 comparisons increased to 67 987 080.
3 Is 12 ! ! ‘ as7 While_: the expanded Y3 SORA analysis yielded the same SORA
5 15 12 . 1 12 4220 solution structure as before (Tall)e the expanded Y1 analysis

found a somewhat different solution structure, with a SORA score
of 45.67 (data not shown).

The five highest scoring solutions from each analysis are shown. MFOLD Thereis asimple explanation for this finding. The best structure
structure number is the ranking by free energy of a particular secondary structur : : :
computed by GCG MFOLD for Y RNAs from various species. The guinea pig from_the earlier analySlS for Y1 was not present in the

Y1 data set used in the Y1 analysis contained a forced structure generated witELOTFOLD OL_jtpUt and Was not available .for SORA. Once this

the following command: MFOLD /FORC=1,108,8 /FORC2=13,fAMRC3= structure was included (i.e., forced), then it was found to be the

24,554 [FORC4=30,49,8 /[FORC5=57,69,4 IMAXL=40. best solution in the revised analysis. Perhaps, this problem would
have been avoided if a smaller energy increment was allowable
by PLOTFOLD, thereby producing more of the possible

molecules. All five stems present in the Y1 SORA solutiorbtructures for SORA to consider. _ _
structure are recurrent motifs in nearly all of the MFOLD P25 In particular, manual examination of the guinea pig Y1 data set
data sets tested, with prevalences ranging from 13 to 97%f Y1 structures revealed an absence of the structure representing
Exceptions include stems Illa and Ilib in the trout data set ari@#€ initial solution for Y1 depicted in Figug although such a
stem IV in the trout and duck data sets. While the trout Illb angtructure (with a predicted free energy of —19.6 kcal) was easily
duck IV stems occurred only once in their respective data seterced using the /force MFOLD qualifier. This structure was also
true stems llla and IV did not occur at all in the trout P25 data sétot found in the entire PLOTFOLD data set of Y1 structures,
Moreover, these stems were not found in the entire set of troifitough all stem elements of the structure were present as recurrent
MFOLD structures produced at a window of 1.0. However, théotifs in the data set. Upon the addition of this forced structure
trout structure found in the Y1 SORA solution set (B)g.did  to the guinea pig Y1 data set submitted to SORA, the SORA
contain pseudo-stems llla and IV, denoted’ ldad IV. A  analysisyielded the same solution shown in Figuwéth a score
number of base changes occur in the predicted helical regionsaf46.12, exceeding the score obtained without the inclusion of
the Y1 solution structures, providing additional evidence for theiihe forced structure (Tablg. Therefore, the structure initially
existence. Compensatory changes support stems Il and 1V, gatind was the best of those known. Also, though the PLOTFOLD
these occur at rabbit base pair U59-A66 and duck base palgorithm will not produce all possible RNA secondary structures
G20-C87, respectively. per seit has the capacity of predicting multiple structures and a
Interestingly, when SORA was run with a duck Y1 MFOLDsuperior capacity to predict stem motifs.
data set folded at /temp = 32, rather than the normal Avian  The invariantly conserved residues at thertls of each of the
body temperature of 42, a duck structure similar to the Y1 Y RNAs (Y1 nucleotides 3—11 and Y3 and Y4 nucleotides 4-11)
SORA solution structure was not produced. This illustrates are found to participate in a stem proposed by otke38)( and
utility of the temperature modified energy rules of Turner anch previously proposed bulged cytidirze,39) is unpaired in all
colleagues 43). The isolated base pairs between human Yf the structures predicted.
nucleotides 71 and 86 may be unlikely to exist; although allowable The core of the Y1 invariantly conserved sequence (hY1l
in MFOLD version 2.2 30), isolated base pairs are disallowed innucleotides 42—49, CAAGUCAGU) is located entirely within a
MFOLD version 2.3 (M.Zuker, personal communication). Thes@redicted helical region, apparently unavailable for base pairing
two isolated base pairs and 11 others @@igre not completely with other cellular nucleic acids. In contrast, a number of other
conserved in the Y1 solution structures and should be manualiyvariantly conserved sequences, reside at least partially in
unpaired to maximize structural similarity. looped regions in the Y RNA molecules. The Y3 conserved
The Y3 and Y4 SORA solution structures (F4). are segment at hY3 positions 56—65, which overlaps a potentially
essentially identical to models previously proposed by us usifgpmologous region of th€.elegansY RNA, is completely
fewer species and a completely different comparison algorithompaired in the Y3 SORA solution. Similarly, 5 of 10 invariant
(11,22). Similar to the Y1 SORA solution, the predicted helicalnucleotides in the Y4 RNA, at hY4 positions 17—26, are unpaired.
regions of the Y3 and Y4 secondary structure models afEhough many other of the conserved blocks of nucleotides are
recurrent motifs in the MFOLD data sets, and stems | and Il apgimarily located in predicted helices of the Y RNA SORA
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Figure 3. Y1 SORA solution structures. Secondary structures are from the highest scoring SORA solution shown in Table 2. Nudotglésifthe human
Y1 sequence are reverse shaded. Rankings, corresponding to free energies predicted by MFOLD, are labeled beneath afienidsodesicase letters indicate
bases derived from oligonucleotide primers. Covariation was observed in stem Il of duck Y1 (pair béfegeh@®) and in stem IV of rabbit Y1 (pair between
US9 and A9). Bars between nucleotides denote canonical base pairs. Diamonds between nucleotides denote non-canonical base paiss ahioltovildw
diamonds between nucleotides represent base pairs which are not conserved and were manually unpaired to maximize iritgtural sim

solution structures, most have 2 or 3 nt dangling into loopestems I, II, lllb and IV. While stem llla is not supported by the
regions. Since only a few unpaired nucleotides may be requirede¢azymatic cleavage data from that study, it is somewhat in
initiate base pairing between a folded RNA and another nucleic aagdreement with the chemical probing data, suggesting that this stem
(44); however, the possibility that these conserved Y RNA segmerdsuld be forming in a subset of purified Y1 RNAs in solution. The
base pair to other cellular nucleic acids cannot be discounted. peculiar pyrimidine-rich loop which was unusually resistant to both
single- and double-stranded RNases in that study, does occur in the
DISCUSSION Y1 SORA solution structure as well, but is not conserved in
sequence. The use of the MFOLD/SORA method to successfully
An objective method for phylogenetic secondary structureredict both transfer and Y RNA structures demonstrates its broad
analysis has been developed, in which the novel SORA, describagplicability to general problems of RNA secondary structure
here, is combined with the already widely available MFOLDcomparison.
program, allowing automated phylogenetic analysis. In addition The trout Y RNA molecule described herein shares 66%
to accurately predicting the Eubacterial tRAsecondary sequence identity to the human Y1 RNA molecule. With Y1
structure, which completely agrees with tBecoli tRNAJI"  identities spread throughout its length (Fig), it is reasonable
crystal structure, independent chemical and enzymatic probing assume that this trout Y RNA is a Y1 homologue. Given this
evidence strongly suggests that the Y1 RNA model describedsumption, however, this RNA could not be folded into a
herein is accurate as we89). Both Y1 RNA models predict secondary structure absolutely identical to the Y1 RNAs of other
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A. B. solution structures could be generated, and the data sets of the
" Dl homologues missing from each N-1 analysis could be examined
e~ g for the true lack of ability to fold into their respective N-1 SORA
b w uu\\A‘ solution structures. If the structures in question could be forced to
L R - L I ,unne vl fold, they would be added to their respective data sets, then the
u,,c’i/‘s,uu [A° Y% il u_ © entire group of expanded structure set$ ¢huld be re-analyzed
L w2 using SORA. Hence, any inability of MFOLD to predict a crucial
i “’ 8 homologous structure could be circumvented.
C C.f\ v B Like all phylogenetic comparative analyses, the MFOLD/
oy ¢ Yay, cc SORA method requires the use of sequences having sufficient
z—Ug:gcu 20—§E§\70 homology for reliable sequence alignment. Therefore, the most
" uA " u—A recently characterize@.elegansy RNA could not be incorporated
ae By into the current analysis. The only two recognizable Y RNA
m:z Seig homologies within this RNA are the Ro protein binding site and
oA ta “_"" a possible 6 nt homology (UUCUUU, at hY3 positions 56-61)
‘ool 0 —cou with an invariantly conserved segment of the Y3 RNA identified
ce ia herein. The invariance of this sequence likely marks an element
I uA : §§ important to or even essential for Y3 RNA function. Interestingly,
s S B¢ s this sequence is completely unpaired in the proposed Y3 RNA
oee ©* Oy, SORA solution structure, leaving open the possibility that the Y3
hY3 hya RNA may base pair with another cellular nucleic acid(s) at this site.

The presence of an invariant block of 8 nt in the Y1 sequence
(athY1 positions 42—49) amid surrounding nucleotides which are
not conserved suggests that this is a key functional site for this
Figure 4.Y3 and Y4 SORA solution structures. Only the human Y3 and Y4 RNA. HOW_ever’ its Io_cat|on W'_th_m a p_alred reglor_1 O_f the Y:_I' RNA
structures are shown. Reverse shaded letters are positions of either nucleotif@vors the interpretation that it is a site of protein interaction or a
substitutions or gaps in sequence alignment, as compared with homologousecessary structural element, rather than a nucleic acid binding site.
non-human sequences. Other designations are as in Figure 3. Covariation was|n addition to those discussed above. all blocks of invariant

. . . . 9 8 N . ) ) L . .
evident in stem Ill of iguana Y4 (pair betweerf%and U5 numbered g0 0nce identified in this study are potentially important to Ro
according to human Y4). . . . o .

function and may be involved in sequence-specific contacts with
protein or nucleic acid. Furthermore, those located at least
dartially in looped regions in the Y RNA secondary structures
ay be particularly interesting in this regard since they are more
likely to have sequence-specific contacts exposed.

#15 #16

species (Fig3), suggesting that the trout Y1, as the Y1 sequen
itself, has diverged to some degree. Alternatively, it remains
formal possibility that the trout ‘Y1’ sequence is not a Y1
homologue but either arose by convergent evolution or has begfikedardless of the nature of any proposed contacts between the
lost in other species. There may be a precedent for at least ong of NVAS and other cellular constituents, the existence of
these pathways with the existence ofemopusy RNA, which |n'var|an'tly conserved nucleoqdes in the_ Y RNAs is consistent
shares sequence similarity with other known Y RNAs only at th¥ith a direct role for Y RNAs in Ro function.

60 kDa Ro binding region and is otherwise not identifiable as a
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