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ABSTRACT. The expansion segments in eukaryotic ribosomal RNAs are additional RNA sequences not
found in the RNA core common to both prokaryotes and eukaryotes. These regions show large species-
dependent variations in sequence and size. This makes it difficult to create secondary structure models
for the expansion segments exclusively based on phylogenetic sequence comparison. Here we have used
a combination of experimental data and computational methods to generate secondary structure models
for expansion segment 15 in 28S rRNA in mice, rats, and rabbits. The experimental data were collected
using the structure sensitive reagents DMS, CMCT, kethoxal, micrococcal nuclease, RNR$¢a3e

CL3, RNase Y, and lead(ll) acetate. ES15 was folded with the computer program RNAStructure 3.5
using modification data and phylogenetic similarities between different ES15 sequences. This program
uses energy minimization to find the most stable secondary structure of an RNA sequence. The presented
secondary structure models include several common structural motifs, but they also have characteristics
unigue to each organism. Overall, the secondary structure models showed indications of an energetically
stable but dynamic structure, easily accessible from the solution by the modification reagents, suggesting
that the expansion segment is located on the ribosomal surface.

Prokaryotic and eukaryotic ribosomes share a common some role in ribosome assembly or in translation. However,
structural RNA core. Ribosomal functions such as peptidyl it has been suggested that they simply are remnants of tran-
transferase activity and interaction sites for translation factors scribed spacers that are tolerated because they do not disturb
and tRNA have been mapped to this phylogenetically the other ribosomal component). Experimental approach-
conserved structurel{-3). Mammalian rRNAs are longer es to investigating the role of the expansion segments have
than their prokaryotic counterparts. Blocks of nucleotides shown that ES19 in domain Ill of yeast 26S rRNA may be
inserted in the common core account for the main increaseremoved, or replaced with the slightly longer but equivalent
in size. The inserts vary greatly in length and nucleotide sequence from mouse, without disrupting ribosomal assembly
composition between species, yet they always occur at theor polysome formations). On the other hand, insertion of
same sites in the conserved structure. The inserted sequences19-nucleotide sequence into ES3 of the small subunit rRNA
are usually termed variable or V regiors ), divergentor  of yeast interferes with the assembly of 40S suburdi}. (

D regions 6, 7), or, as used here, expansion segmentsES) Similarly, deletion or replacement of ES27 Fhermus

(1, 8). The expansion segments are in many cases GC richthermophilus26S rRNA with an unrelated sequence of
and almost always lack the high degree of methylation similar length is lethal). However, the expansion segment
present in the universal cor@)( There is also a high  can be replaced with the homologous sequence @
frequency of repetitive sequences in many expansion seg-charomyces cefsiae, Dictyostelium discoideupor Cae-
ments, which might have arisen from slippage during norhabditis elegansleeninga et al14) suggested that part
replication (L0), or through unequal crossing ovek, (L1).  of the equivalent expansion segment in yeast is involved in

The question of whether expansion segments serve agos subunit assembly based on deletion studies. These
function has been widely debated, and there is evidence botheyperiments show that certain expansion segments are
for and against any functional role. It seems improbable that essential even though their exact function remains unknown.
the expansion segments persist in eukaryotes without having . .

The species-dependent variability in length and sequence

. . . of the expansion segments makes comparative sequence
T This work was supported by Swedish Natural Research Council Vi . fficient hf dicti fh
Grant B 650-1981117/2000. analysis an insufficient approach for prediction of the secon-
*To whom correspondence should be addressed: Natural Sciencedary structure. The high GC/AT ratio found in most of the
Section, Sdertan University College, Box 4101, S-141 04 Huddinge, expansion segments and the high percentage of repetitive

Sweden. Phone:+46 8 585 88701. Fax:+46 8 585 88510. E-mail: ;
odd.nygard@sh.se. sequences also cause problems when using secondary struc-

L Abbreviations: ES, expansion segment; CMCT, 1-cyclohexyl-3- ture modeling by energy minimization, as these sequence
(2-morpholinoethyl)carbodiimide methmtoluenesulfate; DMS, di- elements allow several secondary structure models with near-

methyl sulfate; DOC, sodium deoxycholate; EDTA, ethylenediamine- i ;
tetraacetic acid; EGTA, ethylene glycol bis(2-aminoethyl ether)- ly equal free energy. Thus, additional experimental data are

N,N,N'N'-tetraacetic acid; RNase, ribonuclease; RT-PCR, reverse N€eded to identify the most probable secondary structure
transcription polymerase chain reaction; SDS, sodium dodecyl sulfate. models.
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Ficure 1: Line model of the mouse 28S rRNA according to Gutell et 31).(The expansion segment studied here, ES15, is located in
domain Il of mouse 28S rRNA, and protrudes from the equivalent helices in rat and rabbit rRNA. Helix 44.1, which is part of the conserved
ribosomal core, is included in helix | of our structure models.

Here we have analyzed the secondary structure of expan-incubated for 10 min at 30C. The samples were treated
sion segment 15 (ES15) using a wide range of structure with DOC and Triton X-100 to final concentrations of 1.9
specific RNA modifying chemical reagents and enzymes. and 0.9% (v/v), respectively, and centrifuged to remove
ES15 protrudes from helix 44.1 in domain Il of 28S rRNA larger aggregates. The supernatants were treated with NH
(Figure 1) and has so far only been found in mammalian Cl and Mg(CHCOOQY, at final concentrations of 0.5 M and
28S rRNA @, 15—17). The experimental data and available 5 mM, respectively, to remove ribosome-bound translational
phylogenetic information were used in predicting secondary factors. The samples were layered onto a 15 to 28% (w/v)
structure models for mouse, rat, and rabbit ES15 using thecontinuous sucrose gradient in 20 mM Tris-HCI (pH 7.6), 5
energy minimization-based secondary structure programmM MgCl,, 5 mM 2-mercaptoethanol, and 70 mM KCI. The
RNAStructure 3.5. runoff ribosomes were pelleted by centrifugatiom oh at
MATERIALS AND METHODS 20000@y,, at 5°C and dissolved in ribosome buffer.

Preparation of Rabbit RibosomeRabbit (New Zealand
red strain) reticulocyte polysomes were prepared according
to the method of Nygal and Nilsson 19). Rabbit reticulo-
cyte lysates were layered onto discontinuous sucrose gradi-
ents consisting of 1 mL of 35% (w/v) sucrose in 20 mM
Tris-HCI (pH 7.6), 25 mM KCI, and 2 mM Mg(CkCOO),
superimposed on 1 mL of 60% (w/v) sucrose in the same
buffer. The gradients were centrifuged for 170 min at

ChemicalsDimethyl sulfate (DMS) and 1-cyclohexyl-3-
(2-morpholinoethyl)carbodiimide methwtoluenesulfate
(CMCT) were from Aldrich-Sigma. 2-Keto-3-ethoxybutyral-
dehyde (kethoxal) was from ICN Pharmaceuticals. Lead(ll)
acetate was from Merck. The PCR kit, micrococcal nuclease
from Staphylococcus aurepsbonuclease CL3, and deoxy-
nucleotides were from Boehringer Mannheim. Ribonucleases
V; and T; were from Amersham-Pharmacia Biotech. Super- ) X .
script reverse transcriptase was from Life Technologies, Inc. 2°700@ at 5°C, and the pelleted ribosomes were dissolved
The DNA sequencing kit was from Perkin-Elmer, and the [N fibosome buffer.
fluorescent cDNA probe was from Oswell. Unlabeled cDNA  Chemical Modification of rRNA in Intact Ribosomes.
probes were from Scandinavian Gene Synthesis. The rRNARibosomes (30 pmol) in final volumes of 5L were
sequences used for primer annealing during PCR, sequencingnodified as follows. DMS modification was carried out for
and primer extension were G18361849 and C2025 5 min at 37°C in the presence of 20 and 90 mM DM3&J.
A2039 (mouse numbering). CMCT modification was carried out for 15 min at 3C in

Buffers.The ribosome buffer consisted of 30 mM Hepes- the presence of 20 and 100 mM CMCZ20]. Kethoxal
KOH (pH 7.6), 70 mM KCI, 0.25 M sucrose, 2 mM Mg£l modification was carried out essentially according to the
and 5 mM mercaptoethanol. The hybridization buffer con- method of Stern et al.2(l), except that the kethoxal
sisted of 50 mM Hepes-KOH (pH 7.6) and 100 mM KCI. concentration of the stock solution was 34 mg/mL in 99%

Preparation of Mouse and Rat Ribosomigmuse (NMRI (v/v) ethanol. Samples were incubated for 60 min &C4n
strain) and rat (Sprague-Dawley strain) liver homogenates the presence of 9 and 23 mM kethoxal. Cleavage with lead-
were prepared as described by Morley and Jackd@nh (  (Il) acetate was carried out essentially according to the
Runoff ribosomes were prepared by incubating the homo- method of Ciesiolka et al2@). The samples were incubated
genates in the presence of 0.1 mg/mL creatine phosphoki-for 10 min at 35°C in the presence of 1.4 and 2.1 mM Pb-
nase, each of the 20 amino acids (each at/ A% 0.7 mM (CHsCOO). The reaction was stopped by addition of EDTA.
Mg(CHsCOO), 85 mM KCI, 25 mM ATP, 50uM GTP, Control samples were identically treated but without the
and 30 mM creatine phosphat&8]. The mixtures were  modifying reagent.
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Table 1: Chemical and Enzymatic Reagents Used in This Study

reagent molecular mass (Da) specifiéity position of modification or cleavage ref
DMS 126 ssAandssC N1-A, N3-C (N79G 32
CMCT 424 ssGandss U N3-U, N1-G 32
kethoxal 148 ss G N1-G, N2-G 32
micrococcal nuclease 17000 ssN INp 59
ribonuclease T 11000 ss G Gp 60
ribonuclease CL3 16800 SSEss A, ss G Ch 61
ribonuclease Y 15900 ds N or stacked N N 45,62
lead(ll) acetate 261 ss or dynamic ds regions ' Np 22,37

ass, single-stranded; ds, double-stranded; N, any B&@annot be detected by primer extension.

The ribosomes were precipitated with 2.5 volumes of generated DNA fragment was sequenced using an Applied
ethanol and 0.1 volumef@ M NaCH;COO (pH 5.2) and Biosystems 377 DNA sequencer.
pelleted by centrifugation. The pellets were dissolved in 0.1 Modeling the Secondary Structur8econdary structure
M Tris-HCI (pH 7.6) and 0.5% (w/v) SDS, and the RNA models of the expansion segments were generated using the

was extracted with phenol as described below. RNA folding program RNAStructure 3.524) based on
Enzymatic Modification of rRNA in Intact Ribosomes. Mfold (25—27). The modification and cleavage data were
Ribosomes (30 pmol) in final volumes of 5@ were used to control the folding procedure.

incubated with modifying enzymes as follows. Micrococcal
nuclease cleavage was performed by incubating the ribo-RESULTS AND DISCUSSION

somes for 15 min at room temperature in the presence of 1 Secondary structure models of mammalian 28S rRNA

_Tk']vl CaCb. and 3 or 12. unitsch)f mig&qgocc?lEng_c;IKaﬁ))(f | contain a specific extension of conserved helix 44.1 located
& reaction was terminated by addition o toafinal 5 jomain 11 of 28S rRNA (Figure 1)1). Here we have

concentration of 2 mM, and the rRNA was immediately
extracted with phenol as described below. Cleavage with
RNases was carried out as follows. For RNagecleavage

of the ribosomes was incubated for 15 min at®&with 2

and 10 units of nuclease. RNase CL3 cleavage was carriedSt
out for 15 min at 50°C in the presence of 0.02 and 0.10
unit of nuclease. Cleavage with RNase Was carried out
for 5 min at 37°C with 0.4 and 2.0 units of nuclease. Control
samples were identically treated but without the nuclease.
The reaction mixtures were diluted with an equal volume of
0.1 M Tris-HCI (pH 7.6) and 1% (w/v) SDS and subjected
to phenol extraction as described below.

combined available phylogenetic information with chemical
and enzymatic modification data to construct a secondary
structure model for ES15 in mice, rats, and rabbits.

Chemical and Enzymatic Probing of the Secondary
ructure.Secondary structure data for ES15 in mice, rats,
and rabbits was collected using the structure-sensitive
chemical and enzymatic probes listed in Table 1. The
structure probing experiments were performed a minimum
of three times for each reagent and organism. Each round
of modification was then analyzed two to three times by
primer extension using an ES15 specific probe. Typical
examples of primary modification data are shown in Figures

_Mild Deproteination.In a series of experiments, the 47 (see below for discussion). The experimental data are
ribosomes were subjected to a mild deproteination before ¢\, ymarized in Figure 3.

modification @3). Briefly, the ribosomes were incubated for

: . For th llection of ndary str r Wi
1 h at 37°C in the presence of 1 mg/mL proteinase K and or the collection of secondary structure data, we used

. : . intact 80S ribosomes. Consequently, it was essential to
0.5% (wiv) SDS, final concentrations, followed by mild exclude interference of ribosomal proteins during structure

phenol extraction. probing. Therefore, we also performed chemical and enzy-

Phenol Extraction of RN/Ribosomal RNA was extracted  matic modification of rRNA that had been prepared from
from the ribosomes with a 1/1 phenol/chloroform mixture the ribosomal particles with proteinase K and a mild phenol
saturated with 0.1 M Tris-HCI (pH 7.6). The extracted rRNA  extraction g3). The modification data obtained from the
was precipitated with 2.5 volumes of ethanol and 0.1 volume geproteinized rRNA were the same as those found in intact
of 3 M NaCHCOO (pH 5.2), dissolved in #D, and stored  riposomal particles (not illustrated), indicating that the
in aliquots at—80 °C. structure analysis was not influenced to any larger extent

Primer ExtensionPrimer extension was as previously by ribosomal proteins.
described20). Briefly, 0.5 pmol of RNA was hybridized to Alignment of Sequencdsuring the modification experi-
0.25 pmol of fluorescent probe in hybridization buffer. The ments, we discovered discrepancies between the published
samples were incubated for 3 min at 90 and allowed to  sequences in GenBank and our modification patterns. ES15
cool to room temperature for 10 min. All four deoxynucle- from mice, rats, and rabbits was therefore subjected to RT-
otides, at final concentrations of 0.5 mM, and 37.5 units of PCR and direct sequencing. The resulting mouse and rabbit
reverse transcriptase were added and the samples incubatesequences contained heterogeneities, whereas the rat se-
for 30 min at 45°C. The resulting cDNA was analyzed on quence was completely homogeneous. The latter sequence
4.75% (wl/v) acrylamide sequencing gels in an Applied differed slightly from the published sequence (GenBank
Biosystems 377 DNA sequencer. accession number V012707 (Figure 2).

Sequencing of ES15 by RT-PCRNA was used in A comparison of the obtained mouse sequence with the
reverse transcription and the resulting cDNA subjected to previously published genomic sequence (GenBank accession
PCR with probes flanking the expansion segment. The number X00525)16) showed that the population of rRNA
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Helix [
Mouse GCAGUCGGAACGG----GACGGGAGCGGCCGCEGEG—~————m—m—mm = — UGCGCGUCU-C-UCGG-~——~--~
Rat GCAGUCGGAACGG—~-~-~GACGGGAGCGGCCGCGEEE——~———— = m e = — CGCGCGACC-CCGGGG—-~=~———
Rabbit GCAGUCGG-~-CAGAGC-GAGAAAGA-GA--GUGGA—————==~—=—————— GCGCG—=—===—m———————————
Human GCAGUCG—~~--AGAGUGGACGGGAGCGGC~GGGGGCGGCGCG-~———— CGCGCGCGCGCG-UGUG—--GUGUGC
Chimpanzee GCAGUCG=-~-AGAGUGGACGGGAGCGGC-GGGGGCGGCGCGGGECGUGUGCGCGCGCGCG-UGUGUGCGUGUGU
Gorilla GCAGUCG—=-~--AGAGUGGACGGGAGCGGC-GGGGGCGGLCGCG———————— CGCGCGCGCG-UGUGGG——=————
Helix II Helix 11X Helix I11
Mouse GUCGG~G-GQUGC————m——— = GUGGCGGGGGCCCGUC-CCCCGGCUCCCCUCCG--CGC-GCCGGGUUUCG
Rat GCCGG-GCGGE-C——————— e m e = GUC----GGCG-UUCGG-CC-GGCGCGCCGCCCGUCCAC-CCCCGGGGCU--
Rabbit GCCGG~G~GGACU----CCCCCC————————= GCG---GGGG-UCCGC~CCCC-CCCCCC————=mmmmmmmmm e — e
Human GUCGGAG-GGCGGCGGCGGCGGCGGCGGGGGUGUG--UGGGG-UCCUC-CCCCGCGLCCCcece~---ACGCcuccucececucce
Chimpanzee GUCGGAG-GGCGGCGGCGGUGGCGGCGG---—GGG~--UGGGG-UCCUC-CCCCUGCCCC———-—-——— ACGCCGCCUuccececuce
Gorilla GUCGGAG~GGCGGC—~-——-GUGUGGGC—————= G-G--UGGGG-UCCUCGCCCC-CCUCCCC———~—~ CGC~GCCUCcccuce
Helix II Helix I
Mouse @ = —-mmmmm e C-CCCCGCGGCG-UCGGGCCCCGCGGACGCUACG CdelsedNele 151
Rat = CCCCCCGCGGCG-UCGGGCCCCGCGGACGCUACG Cluelaler e 145
Rabbit ~  ————mm e ] CCCCCCGGACGCUACGC|oleleleyNole: 104
Human UCCCGC—————————————— CCACGCCCCGCUCCCCGCCCCCG--GAGCCCCGCGGAGGCUACGCslelslerNale 1957
Chimpanzee UCCCACCCACCACCGCCGCCGCCAC-CCCCGCUCCCCGCCCCCG--GAGCCCCGCGGAGG-UACGColelderNalel 211
Gorilla UC-—~—mmm e e e CCAC-CCCCGCUCCCCGCCCCCGG-GAGCCCCGCGGACGECUACGC CsleloferNolet 172

Ficure 2: Alignment of ES15 in mouse, rat, rabbit, human, chimpanzee, and gorilla 28S rRNA. The alignment was performed in part with
the ClustalW alignment progran2§, 63) and complemented by a manual search for common motifs (dotted boxes; see the text). Helix
44.1 (shown in Figure 1) is denoted with black boxes. Mouse, rat, and rabbit sequences were determined by RT-PCR and direct sequencing
(see the text). The sites of insertions, deletions, and substitutions in mice and rats compared to the published sequences are underlined.
Human, chimpanzee, and gorilla 28S rRNA sequences are from Kuo d5alNumbers at the end of each sequence indicate the total
number of nucleotides for each sequence, including helix 44.1.

isolated from mouse ribosomes was a mixture of mainly two restrictions during folding. A comparison of secondary
sequences, one being almost identical to the published sestructure predictions of, among others, 5S rRNA, made with
quence, and the other differing by a deletion of five nucleo- and without structure probing data, shows that accuracy of
tides (Figure 2). The latter was the dominating sequence. prediction is improved from 26 to 87% when modification
In the case of rabbit ES15, a similar explanation seems data are included2d).
plausible. However, in this case we were not able to locate The suggested secondary structures for ES15 in mice, rats,
specific positions for deletions and/or insertions. The domi- and rabbits are shown in panels-& of Figure 3, respec-
nating rabbit ES15 sequence is shown in Figure 2. It should tively. The calculated free energies of the structures are
be noted that the base specific structure probing data are in—38.7,—39.0, and-29.4 kcal/mol for mice, rats, and rabbits,
agreement with the mouse, rat, and rabbit sequences listedtespectively. However, one should note that the RNAStruc-

in Figure 2. ture software does not include algorithms for estimating the
The obtained sequences were aligned with human, chim-free energy of noncanonical base pairs, such 43 GA,
panzee, and gorilla ES15 sequendés ¢sing Clustal\W 28). and UC. These types of base pairs have recently been

As seen in Figure 2, mouse, rat, and rabbit ES15 containedidentified in 23S rRNA as well as in many other types of
a high percentage of repeats of three to five guanines or cy-RNA structures 29, 30), and we suggest that they occur in
tosines. Similarly, primate ES15 also contains highly repeti- ES15 (see below). In calculating the free energy of our
tive sequences, which is particularly evident in humaris. ( structure models (Figure 3), we could therefore not include
Because of the highly repetitive nature of the sequences,the stability contributed by the noncanonical base pairs.
several different alignments were possible. Therefore, we The three models contain an initial helix, helix I, which
identified probable helical motifs, common to all ES15 se- includes the conserved helix 44.1 (Figure 1) that belongs to
guences, using the modification data. These common motifsthe structural core3l). At the end of helix I, there is a short
were the extension of the initial helix, helix I in Figure 2, single-stranded branch point, leading into hairpin A and helix

an internal helix (helix 11), and a helixloop motif (helix Il (Figure 3). Helix Il branches off into helix Il and hairpin
). B. The only exception to this general structure model is rabbit

Prediction of Secondary StructufBhe secondary structure  ES15, which only has one helical arm on the far side of helix
of ES15 was modeled using RNAStructure 328)( a PC Il (Figure 3C).

version of Mfold 5—27). The RNAStructure software uses Helix I. The bases in the proposed helix | were essentially
energy minimization to construct secondary structure modelsprotected from single-strand specific modification in ribo-
of a given RNA sequence. In our case, without any somes and in deproteinized RNA (not illustrated). The only
restrictions, the software generated a large number of exceptions were U13 and G15 in mouse (Figure 3A) and
different secondary structures with very similar free energies, C14 in rat (Figure 3B) that were weakly accessible for
due to the repetitive nature of the sequences. To minimize modification. In the proposed secondary structure models,
the number of possible structures, we used the modificationU13 and G15 are involved in U-A and-G base pairs
data, including the previously identified heliceslll as positioned at the termini of short helices (Figure 3A). The
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Ficure 3: Proposed secondary structure of ES15. The first nucleotide fron-#edSin the initial helix is numbered as position 1. Sites
available for modification by DMS® and®), CMCT (s¢ and %), and kethoxal & and a). Sites available for cleavage by nuclease and

Pb(ll) are denoted by arrows and an identifying letter: micrococcal nuclease (m and M), RNase CL3 (c and C), Ri\aseé T), RNase

V; (v and V), and Pb(ll) (pb and Pb). Black symbols and capital letters show strong modifications or cuts; white symbols and small letters
indicate weaker modifications or cuts. Helices identified in the alignment (Figure 2) are denoted by Roman numerals. The remaining
helices are named A and B to distinguish them from the conserved helices. Boxed nucleotides indicate overlap of the hybridization site of
the probe used in primer extension. (A) Proposed secondary structure of mouse ES15. The free\&)dsgy 8.7 kcal/mol (see the text

for discussion). (B) Proposed secondary structure of rat ES15. The free en@jis(—39.0 kcal/mol. (C) Proposed secondary structure

of rabbit ES15. The free energAG) is —29.4 kcal/mol.

kethoxal reactivity of the N2 position of G15 is compatible increased dynamic instability of base pairs next to loops,
with the suggested involvement in a\& base pair 32). hinges, and bulged nucleotide33j.

However, the N3 position of U13 should not be accessible The initial seven base pairs in helix | belong to helix 44.1
for CMCT modification when U13 is paired with an adenine. (31). The site for hybridization of the probe used in primer
Previous studies of rRNA secondary structures have indicatedextension (seen boxed in Figure 3) overlaps this conserved
that bases in base pairs at helix termini have a higher helix. This part of the 28S rRNA has previously been found
probability of being accessible for single-strand specific to be inaccessible to single-strand specific chemical modi-
chemical modification 33, 34) presumably due to an fication, supporting its participation in a helig4).
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Ficure 4: Selection of the secondary structure probing data for
the nucleotides proposed to form hairpin A in mice and rats: (A)
mouse, (B) rat, (a) control sample, (b) 20 mM DMS, (c) 90 mM
DMS, (d) 20 mM CMCT, and (e) 100 mM CMCT. The numbering

of nucleotides is according to panels A and B of Figure 3. Modified
bases are in bold. The sequence has been shifted by one nucleotidg.
to compensate for the fact that primer extension stops one nucleotide”™
before the modification site.

B

Helix | was essentially identical in all three species, but
as the rabbit sequence lacked the AA motif following helix
| in mice and rats, an additional C-G base pair could be
formed by pairing C17 with G91 (Figure 3C).

Hairpin A. The sequences proposed to form hairpin A in
Figure 3 exhibited considerable sequence variations. In rabbit
ES15 (Figure 3C), the sequence contains purines almost
exclusively, with seven of the 21 bases being adenines. As
rabbit ES15 contains no uracil rich sequence complementary
to the bases in the putative loop, the adenines could not form
canonical WatsonCrick base pairs with any other region
in the expansion segment. In the model of rabbit ES15,
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FIGURE 5: Selection of the secondary structure probing data for
the nucleotides proposed to form helix 11l in mice and rats: (A)
mouse, (B) rat, (a) control sample, (b) 20 mM DMS, (c) 90 mM
DMS, (d) 20 mM CMCT, and (e) 100 mM CMCT. Modified bases

re in bold. For the numbering of nucleotides, see the legend of
ure 4.

MM

!

3'GGCCCCCCCCCCCCCCCCCCCCUGGGGGCGECCCccccucs!
| 1 ! |

88 80 70 60 51

hairpin A consists of a six-base pair helix and an apical Fgyre 6: Selection of the secondary structure probing data for
heptaloop. The loop is accessible for lead(ll) cleavage, andthe nucleotides proposed to form heliix 1l in rabbits: (a) control
four of the bases are also accessible for DMS or CMCT sample, (b) 0.02 unit of RNase CL3, and (c) 0.10 unit of RNase

modification. The helical part of the putative hairpin A
contains a stack of four &/G-A base pairs similar to that
observed in 23S rRNA and other crystallized RN2S,(35,

CL3. The numbering of nucleotides is according to Figure 3C.
Modified bases are in bold. The sequence has been shifted as
described in the legend of Figure 4.

36). Note that the contribution of these base pairs to the the three AG base pairs was available for modification by
stability of the structure was not considered by the folding DMS. This type of modification is possible if these base pairs
software (see above). The N1 position of the adenines in are in the sheared conformation. The sheared conformation
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A comparison of the mouse and rat sequences forming
the putative hairpin A (Figure 3A,B) showed that the
sequences were very similar, with nucleotide differences seen
at only six positions (Figure 2). Similar secondary structures
could therefore be expected. Nonetheless, this part of rat and
mouse ES15 exhibited differences in their modification
patterns (Figures 3A,B and 4). As the secondary structure
models were constructed using the modification data, the
differences resulted in slightly dissimilar models. As seen
in panels A and B of Figure 3, the main differences between
the models are the size of the single-stranded sequence
connecting helix | and hairpin A and the subsequent shift of
the nucleotides forming the latter structure. In the model of
mouse hairpin A, the apical loop is a tetraloop, one of the
most common types of apical loops in RNA structuré®) (

In rats, the apical loop is proposed to be a triloop containing
the sequence GCG supported by the most common and stable
closing base pair, C-G49).

In the model of mouse hairpin A, A28 is suggested to be
involved in an A-U base pair at the end of a helix, even
though the base was strongly modified with DMS (Figures
3A and 4). As indicated above, this could be due to dynamic
breathing at the terminus of the helix. However, DMS
reactivity of A28 is also possible if the A2848 base pair
is in the reverse Hoogsteen conformation, leaving the N1
position accessible for DMS modificatioB®). This type of
base pair is typically found at helix termini and can be
flanked by a G-C base pair as in the group | intron ribozyme
domain @0, 43). In the model in Figure 3A, the structure
below the A-U pair is slightly sensitive to lead(ll) cleavage.
Above the A-U pair is a kethoxal and nuclease sensitive
bulge. This bulge is followed by a nonreactive G-C base
pair and a GU base pair in which the N2 position of guanine

120 110 100 90

Ficure 7: Selection of the secondary structure probing data for  Alternatively, A28 is not bound to U48; instead, the
the nucleotides proposed to form hairpin B in mice and rats: (A)

kethoxal sensitive G29 pairs with U48, leaving A28 as the
g&usse(dgg)orr?th(%oN(I:gr%trg:q3azgpﬁ)o(:)n)w? %mgTDthe n(ﬁ?n%%r?;gl bulged nucleotide. The N2 position of G29 would then be
of nucleotides is according to panels A and B of Figure 3. Modified available for kethoxal modification. However, this alternative
bases are in bold. The sequence has been shifted as described iresults in a thermodynamically slightly less stable structure
the legend of Figure 4. than the main model.
is also compatible with the strong CMCT reactivity of the In rat hairpin A, there were very few modification sites
N1 position of G36. The helical part of hairpin A contained overall, indicating a relatively stable hairpin structure
two nucleotides (G23 and C39) that were positioned as (Figures 3B and 4). One ambiguous site was the RNase T
bulged nucleotides in the model in Figure 3C due to the sensitive G43, which is located in a helix, although just
RNase CL3 accessibility. However, as the bulged bases areébefore the final base pair, and should therefore not be
inaccessible for CMCT and DMS modification, it is possible accessible. However, as mentioned earlier, this can be
that the bases form a G-C base pair and that the nucleasaittributed to an increased flexibility of base pairs neighboring
cleavage is due to structural distortions caused by the adjacenbulges 83). In the model, the kethoxal reactive G41 is
stack of proposed noncanonical base pairs. positioned in a GG base pair also involving the nonreactive

As mentioned above, the sequence forming the apical partG31 (Figure 3B). This is possible if the-G pair is in the

of the putative hairpin A was very accessible for modification GGN7 imino conformation [see Table 1 and Nagaswamy et
by lead(ll) acetate (Figure 3C). Experiments on synthetic al. (30)].
model oligonucleotides and rRNAs indicate that all single- It has previously been shown that (GABA) tandem
stranded regions and double-stranded regions with increasednismatched base pairs, such as those of the- &% and
flexibility are accessible for lead(ll) cleavage2( 37—40). A28-G45 pairs in Figure 3B, constitute a particularly stable
Thus, the accessibility of the apical region of hairpin A for mismatch, especially if in the context of neighboring G-C
lead(ll) acetate cleavage supports the conclusion that thebase pairs 44). Formation of a GA pair involving G27
bases were not involved in Watse@rick base pairing. The  would still allow kethoxal access at the N2 position [see
possibility of modeling the loop as a GAGA tetraloop, with Table 1 and Nagaswamy et aBQj]. The crystal structure
A28-G33 as a closing base pair, was rejected, as previousof the 50S ribosomal subunit also shows thaf®ase pairs
observations show that GAGA tetraloops are inaccessibleare much more common in the rRNA structure than previ-
to lead(ll) cleavage40). ously anticipatedZ9).

is available for kethoxal modification (Figure 3A).
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It is possible to shift the nucleotides in the mouse structure cleavage by RNase CL3 (Figure 6). At a low RNase CL3
of haipin A to create a model more similar to that in rats concentration (Figure 6b), cleavage was mainly introduced
and vice versa. However, these alternate structures are lesbetween C79 and C86. At higher concentrations, the enzyme
compatible with the modification data, since several of the had access to the phosphate backbone at almost all cytosines
nucleotides that are accessible to single-strand specificin the sequence (Figure 6c¢). The increased number of
reagents would then be modeled as double-stranded. Incleavage sites is most likely due to a successive destabiliza-
addition, these structures would be energetically less stabletion of the RNA upon initial cleavage of the sequence and

Helix 1l. The sequences proposed to form helix 1l are does probably not reflect the secondary structure of this
highly conserved between the six organisms presented inregion. The sequence between C70 and C85 was also hyper-
Figure 2, with only a few nucleotide exchanges between the reactive to several single- and double-strand specific reagents,
three species studied here (Figure-38). It was possible  suggesting that the sequence forms a very dynamic structure
to model this helix in several alternate structures, becausethat could result in the complex cleavage pattern summarized
of the high number of guanines and cytosines. The secondaryin Figure 3C.
structure models for helix Il presented in Figure 3 were the  The rabbit sequence from G59 to C75 seems phylogene-
ones that best suited the experimental data and were mostically most similar to helix 11l in the other species (Figure
conserved between the three species that were investigated?). On the other hand, this region was extremely accessible
In the structure models, the bases available for chemicalto cleavage by lead(ll) acetate, while the proposed helices
modification have been positioned as bulged nucleotides with I1l in mice and rats were essentially inaccessible to cleavage
one exception, C133 in the mouse sequence (Figure 3). Thisoutside of loops and bulges (Figure 3). It is therefore possible
base was slightly accessible for modification by CMCT but that nucleotides G59C75 in rabbits are more homologous
not by DMS (Figure 3A). CMCT-dependent modification to the proposed hairpin B in mice and rats rather than helix
of cytosines has previously been seen in other rRNA regionslIl.

(34), but the structural requirements for this type of  Asseenin Figure 3, helix lll is closed by a terminal loop.
modification are not known. In the model of mouse ES15, the loop is a pentaloop (Figure

In mice and rabbits, helix Il was readily cleaved by RNase 3A). The sequence forming the loop was highly reactive
V4, indicating a stacked and, most probably, helical structure. toward both single-strand specific reagents and Pb(ll)
According to Lowman and Draped%), RNase \ has no (Figures 3A and 5A). In rats, helix Ill supports an apical
absolute requirement for a double-stranded helix; instead, ittetraloop (Figure 3B). Tetraloops are the most common type
recognizes certain ordered stacking conformations, the mostof terminal loops in RNA helices4g). The proposed
predominant being that of a phosphate backbone in a helical?UUCG' tetraloop (Figure 3B) was accessible for modifica-
conformation. This backbone does not necessarily need totion by DMS and CMCT but inert to Pb(ll)-induced cleavage
be in a double-stranded RNA helix, even though that would (Figures 3B and 5B). The lack of Pb(ll) reactivity is
naturally be the most probable explanation. In our model, consistent with the observations of Ciesiolka et4)(The
the helical conformation is also supported by the lack of UUCG tetraloop has been extensively examined and shown
accessibility of single-strand specific modification reagents to be one of the most stable tetraloops [see Williadig (
to helix II. and Leulliot @8)]. In eukaryotic 18S rRNA, the UUCG

Helix Ill. This proposed helix consists mainly of G-C and tetraloop is most commonly closed by a G-C pair, although
C-G base pairs (Figure 3). In rats, the bases forming the a closing C-G pair, such as in our proposed model (Figure
putative helix were essentially inaccessible for modification 3B), is quite prevalent, and the most stable closing pair for
by single-strand specific reagents (Figure 5B). One exceptiona tetraloop 47). Recently, Dale et al.40) showed that a
was found at C67. This base was slightly accessible for sequence identical to the GGCUUCGGCC sequence present
modification by DMS (Figures 3B and 5B), most likely due in rat ES15 spontaneously forms a stable hairpin with a
to the instability of the neighboring 4G wobble base pair UUCG tetraloop, consistent with our model of helix Il in
(33). In mice, the putative three-nucleotide bulge in helix rats (Figure 3B).

Il was supported by CMCT and lead(ll) modification data Hairpin B. The sequence forming hairpin B in the
(Figures 3A and 5A). secondary structure models was absent in rabbit ES15 (Figure

In rabbits (Figure 3C), the G-C base pairs proposed to 3C). Even in mice and rats, the sequences showed little
form helix 11l were very accessible to Pb(ll), even though similarity except for their high content of guanines and
the 3-side of this suggested helix was also highly accessible cytosines (Figure 3A,B). This made it virtually impossible
to RNase V. The strong lead acetate cleavage sites indicatedto single out one secondary structure model without the
a dynamic property of this proposed helix, in contrast to the secondary structure data.
apparent stability of helix Il in mice and rats. The proposed secondary structures for hairpin B contain

As mentioned above, the recognition element for RNase short helical segments, separated by single-strand stretches
V, is that of a helically stacked phosphate backbone, or aof variable length, and an apical loop containing five (rat)
structure similar to it45). Thus, a dynamic structure with  or six (mouse) nucleotides (Figure 3A,B). The helical nature
helical elements would support the suggested helix Il in of the sequences suggested to be involved in the short helices
rabbits. A stacked nature would also explain the suggestedwas supported by RNase ¥leavage. The apical penta- and
single-stranded nucleotides that were highly accessible tohexaloops of the proposed hairpin B showed no sequence
RNase \{, such as nucleotides 76 and 77 in Figure 3C. similarities (Figure 3A,B). In both species, the loop was

During sequencing of rabbit ES15, we noticed that the accessible to several single-strand specific reagents.
sequence contained a long stretch of 20 cytosines,-C67  In the models, the apical helices contain a noncanonical
C86 (Figure 2). This sequence was extremely sensitive to C-C base pair (Figure 3A,B). According to Kierzek et al.,
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C-C mismatches such as those suggested for €015 accessible for modification. This is consistent with its
in the mouse sequence and @9515 and C98C110 in the suggested role in ribosome degradation in apopt&§H(7).
rat sequence, destabilizes the helix, but would have a Tne structural models presented here were based on
relatively small effect since the flanking G-C pairs stabilize .homical and enzymatic modification data, as well as
the structure §0). o _ _ . phylogenetic comparisons made between the three species
According to the model in Figure 3B, the apical helix in a1 \were studied. ES15 sequences are known for an
rat halrpl_n B is connected to a short three-base pair helix additional three organisms, humans, gorillas, and chimpan-
via two single-strand bulged bases, C112 and G113. The Iat-Zees (Figure 2)165). These sequences are longer, largely due

ter base was accessible for modification by kethoxal, al- . .
though the whole sequence (111GCGGCG116) was sensitiveto the higher number of short repeats. A sequence comparison

to RNase V cleavage. As mentioned earlier, this is possible with mouse, rat, and rabbit ES15 allows some predictions

if the bulged nucleotides are stacked in an ordered structure©"¢eMNg the possible secondary structL_Jre, although this
(45) prediction is hampered by the lack of experimental data. The

In rats, the initial helical stem of hairpin B is suggested sequences suggested FO form helix I are hlghly. similar
to contain two bulged nucleotides, C88 and G121 (Figure between rernts and pnmaFes., exqept that the helix can be
3B), based on their accessibility to micrococcal nuclease and®Xtended with a few base pairs in primates. Thus, the primate

kethoxal. The helical stem and the apical hairpin are joined S€duences could be folded into a structure similar to helix |
together via a bulged loop that was sensitive to single-strand(Figuré 3). The sequences that form helix Il in mice are
specific modification (Figure 3B). A93 and U117, in the presen_t in prlmates,_ t_)gt contaln_an additional aden05|_ne.
bulge loop, could not be joined in a WatseGrick type of There is also a posmp!llty of form!ng a homologqe to helix
base pair as the N1 position of A93 and the N3 position of [ll, although the additional cytosines and guanines allow
U117 were available for modification by DMS and CMCT, formation of a substantially longer GC rich helical stem
respectively (Figure 7B). The strong reactivity of U117 also terminated by an apical UCCU tetraloop (see Figure 2).
excluded formation of a reverse Hoogsteen base pair. Likewise, the sequence between helices | and Il in primates
In the model of mouse ES15, the helical stem of hairpin allows construction of a hairpin similar to hairpin A, although
B contained a trinucleotide loop, sensitive to RNase T the additional nucleotides in primate ES15 would result in a
kethoxal, and lead(ll), and a-@ base pair (Figure 3A). U more extended helical stem. This was most obvious in
C base pairs are present in crystals of synthetic RNA doublechimpanzees, where the additional sequences consist of a
helices and in 23S rRNA2Q, 51). The bases in a {€ base large number of short repetitive elements. Construction of a
pair should not be sensitive to DMS and CMCT modification, primate structure similar to hairpin B was more difficult due
as was also the case with the U8421 putative pair (Figure  to the large proportion of cytosines found in primate ES15,
3A and 7A). In the model (Figure 3A), the initial helical most notable in the chimpanzee sequence. A folding of these
stem was connected to the apical part of the hairpin via a sequences tends to generate more than one hairpin, thereby
tetranucleotide bulge displaying accessibility for DMS, creating a bulkier structure. As mentioned above, hairpin B
kethoxal, and Pb(ll). was the most divergent between the species that were studied,
General Structural Obseations.Overall, ES15 fromthe  and was even absent in the short rabbit ES15 sequence
three organisms studied was relatively accessible for chemical(Figure 3C). It is therefore possible that this part of the ES15
and enzymatic modification. Both the small reagents DMS, structure allows considerable flexibility in both size and
kethoxal, and CMCT and the much larger nucleases inducedstructure of the inserted sequences. If so, the sequences
a large number of strong modifications and cleavages. Theforming hairpin B could be expected to have a more exposed
available data in the literature suggest that the three- hosition on the ribosomal surface than the remaining ES15.

dimensional structure of the rRNA core is identical in Tpjs would be in agreement with hairpin B being the most
ribosomes from eubacteria and eukaryotes and that the extra,clease sensitive region in ES15.

sequences found in eukaryotic rRNA lie outside this core Th d diction el | .
(52). Previous observations show that these extra sequences € seconaary structure prediction aloarctiia moris-
are significantly more susceptible to nuclease cleavage than oMl 23 S TRNA, pased on phyloggnetlc analy§$)( has
the rRNA core, indicating that they are near the surface of PE€N shown to be in agreement with that found in the 50S

the ribosome34, 53). This is confirmed by recent data. The Subunit @9), with the exception of several additional, mainly
bacterial counterpart of helix 44.1 is located in the middle noncanonical, base pairs. Thus, comparative analysis gener-

of the back of the large ribosomal subunit, where it is &{€S @ surprisingly accurate secondary structure model of
exposed on the surface29). It should be noted that ribosomal RNAs. One can therefore assume that the predicted
archaebacteria, such Bloarcula marismortuifor which ~ Seécondary structure of the eukaryotic rRNA core will be
the crystal structure of the large ribosomal subunit has beenlargely correct. However, the lack of useful phylogenetic
determined29), also contain expansion segments. However, information has made it impossible to generate secondary
these are fewer in number and shorter than in eukaryotesstructure models for the expansion segments of the eukaryotic
(6, 54), and there is no counterpart of ES15 in archaea. In a 'RNAs. Secondary structure predictions for these expansion
comparison of the three-dimensional structures of rabbit and segments will therefore have to rely on other methods while
yeast ribosomes, i.e., ribosomes containing 23S-like rRNA awaiting a crystallographic determination of the eukaryotic
with and without ES15, Morgan et al5%) identified a ribosomal structure. Here we show that combining available
protruding finger adjacent to the L7/L12 stalk in rabbit 60S phylogenetic and experimental structure probing dae (
ribosomal subunits as ES15. These studies show that ES1%8) can be useful in generating secondary structure models
is situated on the surface of the ribosome, where it could be for these parts of the eukaryotic rRNAs.
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