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ABSTRACT. Expansion segment ES6 in 18S ribosomal RNA is, unlike many other expansion segments,
present in all eukaryotes. The available data suggest that ES6 is located on the surface of the small ribosomal
subunit. Here we have analyzed the secondary structure of the complete ES6 sequence in intact ribosomes
from three eukaryotes, wheat, yeast, and mouse, representing different eukaryotic kingdoms. The availability
of the ES6 sequence for modification and cleavage by structure sensitive chemicals and enzymatic reagents
was analyzed by primer extension and gel electrophoresis on an ABI 377 automated DNA sequencer.
The experimental results were used to restrict the number of possible secondary structure models of ES6
generated by the folding software MFOLD. The modification data obtained from the three experimental
organisms were very similar despite the sequence variation. Consequently, similar secondary structure
models were obtained for the ES6 sequence in wheat, yeast, and mouse ribosomes. A comparison of
sequence data from more than 6000 eukaryotes showed that similar structural elements could also be
formed in other organisms. The comparative analysis also showed that the extent of compensatory base
changes in the suggested helices was low. The in situ structure analysis was complemented by a secondary
structure analysis of wheat ES6 transcribed and folded in vitro. The obtained modification data indicate
that the secondary structure of the in vitro transcribed sequence differs from that observed in the intact
ribosome. These results suggest that chaperones, ribosomal proteins, and/or tertiary rRNA interactions
could be involved in the in vivo folding of ES6.

Eukaryotic 16S-like rRNAs are generally longer than their can contain up to 800 nucleotideé3—<11). The increase in
prokaryotic homologues. Blocks of additional nucleotides are length is mainly due to inserts at thé-énd of ES6, but
inserted at fixed positions within the common rRNA core inserts at the '3end are also found in some taxa, e.g.,
(1). These additional sequences, usually termed expansiorKinetoplastida and EuglenoiddZ, 13).
segments (ES5{1) or variable regions (V)Z, 3), are absent ES6 can be divided into two halves, where the two parts
in most eubacteria and archaebactetiad. Little is known exhibit different sequence variability characteristics. For the
about the function of the expansion segments, but mutationss'-half, the variability permitted construction of a consensus
as well as deletions in the expansion could be detrimental secondary structure model, based on covariation analysis
to ribosomal function§—8). Rearrangements in the position  (http://www.rna.icmb.utexas.eduf}4) (Figure 1). The con-
of some expansion on the ribosome, e.g., ES27, have beersensus model for theé®nd of ES6 in mouse 18S rRNA is
associated with a shift between functional stats ( fully compatible with chemical accessibility data obtained

One of the expansion segments in 18S rRNA is termed for ES6 in both isolated 40S subunits and complete 80S
ES6 () or V4 (3). This expansion segment is positioned ribosomes 15, 16).
between helices 23 and 24 in the common core of the On the other hand, the'Balf of ES6 is relatively
eukaryotic 16S-like rRNAs (Figure 1). Unlike most of the invariable. This has made secondary structure prediction
expansion segments, ES6 is present in all eukaryotic 16S-ysing covariation analysis a challenging project. Several
like rRNAs, suggesting that it may have a functional role. secondary structure models have been suggested fot-the 3
The average length of ES6 is 250 nucleotid®s klowever,  section of ES6§, 17—21). The latest contribution to the
in taxa such as protists and insects, the expansion segmeng|ethora of secondary structure models was based on a
comparative sequence analysis of more than 3000 ES6
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Ficure 1: Secondary structure model of 18S rRNA [Comparative RNA Web site, http://www.rna.icmb.utexad fiusiowing the
position of expansion sequence ES6 as defined by Gé&JbiThe sequence for ES6 in mouse (GenBank accession number X00686) is
shown together with the proposed secondary structure of'teeddion of the expansion segment [http://www.rna.icmb.utexas.&d)}/ (

The adjacent helices in the secondary structure core are numbered according to the system of Wu¢8.efta. gosition of ES6 in the

40S ribosomal subunit is according to Spahn et4i).(The 40S subunit is shown from the solvent side.

Table 1: Primers Used for Primer Extension, Sequencing, and Cloning

primer sequence use complementary nucleotides

TCGGCATAGTTTATGG primer extension sequencing (antisense) 10PB6 in yeast 18S rRNA
CGGCATCGTTTATGG primer extension 1026040 in wheat 18S rRNA,
1080-1094 in mouse 18S rRNA
ATACGAATGCCCCCG primer extension 87893 in wheat 18S rRNA,
933-947 in mouse 18S rRNA
AACACTCTAATTTTT primer extension 811825 in mouse 18S rRNA,
753—767 in yeast 18S rRNA
CTCGAAGCTCGCCCT primer extension 34862 in in vitro-transcribed
wheat ES6 (Figure 6)
TCGGCATAGTTTATGG sequencing (antisense) 16234 in wheat 18S rRNA
GGCGCGCAAATTAC sequencing (sense) 42042 in wheat 18S rRNA
ACGGCTACCACATCC sequencing (sense) 40115 in yeast 18S rRNA
AATGAAAACATCCTTGGCAAATG cloning (antisense) 948970 in wheat 18S rRNA
GGACCTTGGGCCGGG cloning (sense) 73852 in wheat 18S rRNA

made to use an experimental approach to analyze thel% Triton X-100 (by volume) and layered on a discontinuous
structure of the whole ES6. Therefore, we have analyzed sucrose gradient, containing 10 mL of 10% sucrose (weight
the secondary structure of the entire ES6 in ribosomes fromby volume) in buffer A superimposed on 5 mL of 28%
wheat, mouse, and yeast using a range of structure specificsucrose (weight by volume) in buffer A. The gradients were
RNA-modifying chemical and enzymatic reagents. The centrifuged in an SW 27 rotor for 16 h at 90@RQ The
experimental results were used to restrict the number of monosomes in the pellet were dissolved in ribosome buffer
possible secondary structures generated with the RNA foldingand stored in aliquots at80 °C.

software MFOLD (version 3.1)24, 25).

MATERIALS AND METHODS
Materials. Dimethyl sulfate (DMS), 1-cyclohexyl-3-(2-

Yeast monosomes were prepared from pelleted yeast
BY4743 cells 28). The cells were dissolved in a buffer
containing 20 mM Hepes-KOH (pH 7.6), 2 mM Mg(GH

morpholinoethyl)carbodiimide methstoluenesulfate (CMCT) ~ OOk, 100 mM KCI, 1 mM DTT, 1 mM PMSF, and 4000
and spermidine were from Sigma-Aldrich. Ribonucleases V1, Units of RNasin/mL. An equal volume of glass beads was
restriction enzyme BstEIl (Eco 065), and Sephadex G25 fine 2dded, and the cells were crushed by vigorous shaking on a
were from Amersham Biosciences. SuperScript reverse vortex mixer. The glass beads were removed by centrifuga-

transcriptase was from Life Technologies, Inc. T7 RNA tion for 5 min at 800@.., and the supernatant was treated
polymerase and RNasin were from Promega. The pYESZ.lW'th DOC gnd Triton X-100, each at a final concentratlon
TOPO TA cloning kit was from Invitrogen. Proteinase K Of 1% (weight by volume). The samples were centrifuged
was from Roche. for 20 min at 15000, and the supernatants collected and
Buffers.Ribosome buffer consisted of 30 mM Hepes-KOH treated with KCI at a final concentration of 0.5 M. The
(pH 7.6), 70 mM KCI, 0.25 M sucrose, 2 mM Mggland supernatants were layered onto a 0.75 M sucrose cushion in
5 mM mercaptoethanol. Buffer A consisted of 70 mM KCl, buffer A and the ribosomes pelleted by centrifugation for 4

5 mM MgCl,, 20 mM Tris-HCI (pH 7.6), and 1 mM DTT.
Preparation of Ribosome§Vheat monosomes were pre-

pared from wheat germ cell free extract®6,(27). The

extracts were treated with 1% DOC (weight by volume) an

h at 150000,,. The pelleted salt-washed ribosomes were dis-
solved in ribosome buffer and stored in aliquots-&0 °C.

Mouse liver monosomes were prepared as previously
d described 29). The isolated salt-washed monosomes were
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Table 2: Composition and Base Pair Variability for Helices E23_A, described by Larsson and Nygar80], using the primers

E23 11, E23 12, and E23_14 in ES6 listed in Table 1. The PCR product was cloned into the
. o pPYES2.1 vector and transformed into TOP1@Bmpetent
helise ggﬁbe A_Ubaééupag_cgmg?gni(é ) U ”gggg’gg';e”g;{)‘gafy Escherichia colcells, using the pYES2.1 TOPO TA cloning
E23 A 1 00 00 00 30 %59 o1 kit. The amplified and punflgd plasm_ld containing the W_he_at
~ 2 966 05 00 00 00 00 ES6 sequence was linearized using BstEll, a restriction
3 00 00 00 974 01 00 enzyme that cleaves the plasmid & the inserted ES6
z 30 90 2D 03 58 s 2 ilGUY23  sequence. Contaminating nucleases were removed by treat-
6 00 00 00 00 31 945 ment with proteinase K [0.05 mg of proteinase K in 400
Z; 9% Sg-g S-g 8-8 8-8 8-8 A 41 of buffer containing 10 mM Tris (pH 8.0), 50 mM NacCl, 5
E2311 1 00 00 00 00 00 66 %@ 36 mM EDTA, and 0.5% (weight by volume) SDS] for 60 min
T 29 00 00 0.0 140 3.4 547 °®, 236 at 37°C, followed by phenol extractior8(Q). The linearized
2 8-8 8-8 g-g 82-2 2(2)-? (1’% plasmid with the cloned wheat ES6 sequence (pYES2.1/
5" 964 00 00 00 00 00 wheat-ES6) was precipitated with 2.5 volumes of ethanol in
E23_ 12 1 01 00 00 97 17 00 ! the presence of 0.1 volumd 8 M NaCH;COO (pH 5.2),
S e 6 00 00 00 ®26AGC.20  collected by centrifugation, dissolved in®, and stored at
4 1.2 20 913 04 00 24 —20°C.
g 2'2 8-2 (1)-3 98-; g-g 8-3 Preparation of Wheat ES6 Transcripts in Vitfeor in vitro
E23 14 1 908 14 11 01 00 04°@ 14 transcription, purified and linearized plasmid pYES2.1/wheat-
2003 01 02 759 157 25 ES6 (5ug9) was incubated in a buffer containing 10 mM
3 L2 02227 308 32 0 ad DTT, 0.5 mM ATP, 0.5 mM CTP, 0.5 mM GTP, 0.5 mM
5 21 07 22 519 194 138 UTP, 100 units of RNasine, and 40 units of T7 RNA
g g-g %gg gg-g 8-8 (1)17) gg ‘;g, %g U 11 polymerase in a final volume of 106L. After incubation
: : ' ' : oy aa for 2 h at 37°C, 50 units of DNase | was added and the
S 05 06 27 263 200 294 og >3 incubation continued for 10 min at 3T. The volume of
ﬂ cl)-g 8-% g-g 7;-1 43-2 41-2 8,31 the reaction mixtures was increased to 2Q0by addition
E238 1 03 01 03 03 07 971 of 10 mM DTT, and the samples were extracted twice with
2 02 00 02 28 10 948 phenol and chloroform (1:1). The in vitro-transcribed ES6
93 9 31 98175 %% %% %—97 %% 808-92 RNA was precipitated with 2.5 volumes of ethanol in the
~ 2 939 01 30 02 00 15 presence of 0.1 volumef@d M NaCH;COO (pH 5.2),
E23 10 1 16 00 974 00 00 04 dissolved in ribosome buffer, and purified by gel filtration

2 0L 00 01 23 946 20 on a Sephadex G-25 fine column (1 ctr2 cm) equilibrated
* See Figure 4 for helix numberingBase pairs are numbered from  in ribosome buffer. Fractions containing rRNA were pre-
the B-end of the 5strand of each heliX The first nucleotide is that Cipitated as described above peIIeted by Centrifugation and

in the B-strand.? Expressed as the percentage of the total number of . S
sequences. The calculation is based on a total of 6362 sequences fofiSSOIved in ribosome buffer. The RNA was heated at 42

helices E23_A, E23_8, E23_9, E23_10, and E23_12, 6357 sequences C for 10 min to allow secondary structure formatic@gy
for helix E23_11, and 6242 sequences for helix E23 °Tthe most before chemical and enzymatic modification.
abundant noncomplementary base pairs are shown in cases ¥#%&Ye Modification of rRNA.Chemical modification and enzy-

of the base pairs are complementdri.total of 89% of the sequences . . .
lack the B-base in base pair 2.Corresponds to base pair 1 in helix matic cleavage of rRNA were as previously describ&Q) (

E23_11 in Figure 47 A total of 92.4% of the sequences lack one or USINg the single-strand specific Cherr_li_cal reagents DMS and

both bases in base pair BCorresponds to base pair 1 in helix E23_12 CMCT and the double-strand specific enzyme RNase V1

in yeast (Figure 4)_i.A total of 3.2% of the sequences lack one or both (33, 34).

bases in base pair 2. Identification of Modification SitesThe positions of the
modified bases and/or cleavage sites were identified using

dissolved in ribosome buffer and stored in aliquots-80 primer extension as previously describ&%)( The primers
°C. are listed in Table 1. The primer extension products were
Preparation and Cloning of the Wheat ES6 SequeRde. analyzed on 8% (weight by volume) acrylamide sequencing

PCR of the ES6 sequence in wheat was essentially asgels in an Applied Biosystems 377 DNA sequencer.

Table 3: Helix Lengths

percentage of sequences that could form a helix with the indicated maximum number of b&se pairs

helix® 1 2 3 4 5 6 7 8 9 10 11
E23 A 0.0 0.0 0.7 1.9 2.0 5.8 24.4 65.2
E23 11 0.0 1.9 285 63.8 5.7
E23 12 0,0 0.3 1.3 26.1 67.9 3.5 05 dnd
E23 14 nd nd nct o 0.6 1.4 3.0 5.0 10.3 25.3 53.1
E23 8 0.3 2.2 97.5
E23 9 3.2 96.8
E23 10 1.4 98.6

a See Figure 4 for helix numberingThe calculation is based on a total of 6362 sequences for helices E23_A and E23_12, 6357 sequences for
helix E23_11, and 6242 sequences for helix E23 *Tne hundred twenty sequences (1.9%) of the 18S rRNA sequences in the database lack helix
E23_14 according to our sequence alignméhtot determined.
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Ficure 2: Alignment of ES6 sequences from wheat, yeast, and mouse GenBank accession numbers AY049040, J01353, and X00686,
using Clustal W 87, 38). Asterisks show the conserved nucleotides. The horizontal line shows the location of ES6 within the aligned
sequences. The arrowheads mark theafid 3-ends of the in vitro-cloned wheat ES6 sequence.

Secondary Structure PredictionSecondary structure (33, 34). The modifications generated by the various reagents
models for ES6 were generated using the energy minimizing were detected by primer extension using fluorescently labeled
software MFOLD (version 3.124, 25). The experimentally ~ primers. The primer extension products were separated on
obtained modification data were used to restrict the number an ABI 377 DNA sequencer. The obtained modification data
of possible RNA structures generated by the softwa. ( are shown in Figure 3. Lanes containing unmodified 18S

Sequencing of the ES6 Sequence in Yeast and Wieessst rRNA were run in parallel to identify the reagent-independent
and wheat 18S rRNA was sequenced by RT-PCR essentiallynatural stops.
as described by Larsson and Nygas@)(using the forward ES6 in WheatThe 5-part of ES6 in wheat (Figure 3A)

and reverse primers listed in Table 1. , contained several bases that were accessible for single-
Base Pair Composition and Helix Lengffhe nucleotide  ganq specific modification. Clustered regions with three or
sequence of ES6 from more than 6000 organisms wasy,,.e adjacent accessible bases were found at U14UG16,
downloaded from the European ribosomal RNA database U38CAC41. and A94UU96. Position A40 in the second
(http;//.wmt/;/]v.psb.tu%ent.be/ rRl\ll(A/;iG)._'trrr]]e presengghgtnmer:t N cluster also served as a partial natural stop. However, the
used in the database was kept with minor adjustments opeak height at this site was clearly increased upon addition
correct for. ahgnmgnt errors. Incomplete sequences lacking of DMS, suggesting that this position was available for
sequence information covering the ES6 region were remoVedsingle-strand specific modification. Additional reactive bases

g]?‘;’;eecag.‘r"a.tri]ot”hgfhbg?c‘zp"f‘."t‘é‘émrﬁ"ﬁgfg‘ azr“;rt]gesr‘“mberwere found at A46, U66U67, G69, U77, C82U83, A87,
Se pars ices listed | S : U91U92, G108, and U110U111.

RESULTS Position A94 was modified by CMCT and not by DMS.
An additional CMCT-modified adenine was found at position

Several attempts to generate secondary structure modelsl70 (see below)

of expansion segment ES6 in eukaryotic 18S rRNA have ) )
been made on the basis of phylogenetic sequence compari- Nuclease V1 cleavage sites were founaBthe bases in
sons B and references therei2, 20). However, as there is  the sequences G35C36, C44G45, C50, C84CUAGCCIO,
considerable uncertainty about these structures, a large par€99CG101, U104CG106, and C112C113. Cleavages oc-
of ES6 is usually left without a defined secondary structure curred in the regions between the single-strand modified
in some of the most used secondary structure diagraf)s ( bases except at U91, where both CMCT and nuclease V1
(Figure 1). Here we have used an experimental approach toaCCESSib“ity were observed. The abl'lty of RNase V1 to
obtain structure data that could be used in the constructioncleave at stacked single-strand bases may explain this
of secondary structure models of ES6. To gain insight into observation 3, 34).
the applicability of the generated models, the structure of The central section of ES6 (Figure 3B) was insensitive to
ES6 in ribosomes from three different organisms, wheat cleavage by RNase V1. However, this part was relatively
(Triticum aestium), yeast accharomyces cernsiae), and accessible to modification by the single-strand specific
mouse Mus musculus representing different eukaryotic reagents. CMCT and DMS reactive bases were found at
kingdoms, was analyzed. Although the ES6 structures in A117, U118, A133, A148, A156U157, U161, A166, and
these three organisms have relatively similar lengths (233, A168 and in the cluster A170UU172. A170 was modified
232, and 240 nucleotides in wheat, yeast, and mouse,hy CMCT and not by DMS. As mentioned above, even A94
respectively), an alignment of the ES6 sequences usingexhibited this abnormal behavior. As this type of reactivity
Clustal W @7, 38) showed that only approximately half of has, to our knowledge, not previously been reported, it was
the nucleotides were conserved (Figure 2). possible that our previously determined sequence of wheat
Structure of ES6 in Situ 18S rRNA (GenBank accession number AY049040) con-
tained errors. This possibility was analyzed by sequencing
The secondary structure of ES6 in wheat, yeast, and mouséES6 from the ribosome population used in the actual
ribosomes was analyzed using the structure sensitive chemiexperiments. The results confirmed that positions 94 and 170
cal and enzymatic reagents CMCT, DMS, and RNase V1. are adenines (results not shown). Thus, there was no obvious
Ribonuclease V1 specifically cleaves double-strand regions, explanation for the abnormal chemical reactivity at these
whereas DMS and CMCT modify only single-strand bases positions.
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Ficure 3: Accessibility data obtained by modification and primer extension of rRNA in isolated ribosomes from wheat, yeast, and mouse
and of in vitro-transcribed ES6 from wheat. The samples were incubated in the presence of 20 mM DMS (red), 100 mM CMCT (blue), and
2 units of RNase V1 (green). An unmodified but otherwise similarly treated sample was used as a control (black). The ES6 sequence (from
5' to 3) of each organism is shown below at the bottom of each graph. Panels A and B showehe 3-parts of ES6, respectively. The
numbers indicate the nucleotides from tHeefd of ES6.

The 3-section of ES6 (Figure 3B) contained many sites G214CC216, and A223UCGGA228. Bases accessible to
that were accessible for nuclease V1 cleavage. Accessiblesingle-strand specific modification was mainly located in two
sites were concentrated to three sequences: U201CCU204teactive clusters, A186UCAUA191 and A231AUGA235
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(Figure 3B), with additional modified bases found at Secondary Structure Models
A183A184, U204, and U209.

ES6 in YeastThe B-section of ES6 was accessible to The analyzed ES6 rRNA sequences fromlwheat, yeast,
double-strand specific cleavage by nuclease Vafdases and mouse were fOIded.W'th the RNA folding software
U32, C49, C66, UBGGAGS9, C91, C99U100, and c111 MFOLD (version 3.1), which is based on the Zuker energy
(Figure 3A). Because of the many uridines in this part of minimization algonthm %4, 25). The CMCT and DMS
ES6 in yeast, this part of the expansion segment Wasmain_modlflcatlon data obtained from the experiments were used
ly accessible,for modification by CMCT. A majority of the to restrict the number of secondary structure m.o.dels.gener-
modified bases occurred in clusters containing three or moreﬁfggi fi]:)a:tict)zearl?dsile?/(;ueenC:tte[r)rl\jse égnf'rgrlfg;gesseégngh;
modified nucleotides. Such clusterswere found atA36UUUUUU42, truct del %t b df ,th mp tiqated ary
A53UUUS6. C67ULUCCUU7A. and C92UUGUYE. Ad- | Structure models were obtained for the investigated species
ditional moaified bases were Ioc,:ated at A10A11, U14U15 %Flgurle 4). Thﬁ € ;econdarylstructure models contained five
U45, U47, UB0AB1, and A108. Nucleotide C71 was also 10 000 HZ;:p:ESA"i‘En(SE?:ﬁ :\1/3/6 Helices. £23 1 and
part of a natural stop, but the peak height was clearly E23 2p[heli.ces apre numbered according to "[he system of
increased after addition of CMCT. We have previously noted " . 9 ys!

. = .~ Wuyts et al. 12)], and an apical loop of four to five
that cytosines can be mor:mﬂet()j by CMCThat the pH gsed N ucleotides (Figure 4). Helix E23_1 contains B bp and
our experimentsl(, 23). The observation that A36 and A53 ; ' - - -
were gccessiblé(sfor )modification with CMCT made us v to two unpaired nucleotides. Due to the lack of single-
suspect that the yeast ES6 sequence retrieved from GenBan tran(rj] slpecn‘llch moc::ﬂ(r:]atlons, this paF:tl\? f ES\?lwals modeled
. . : _ ; s a helix, altho there were no RNase cleavages to
differed from that in the yeast strain used in our experiments. x ug W vad

. ) .- support the helical nature. The modifications seen at the
Therefore, ES6 in the BY4743 strain was sequenced UsiNG;arminus of helix E23 1 in wheat and yeast (Figure 4A,B)
RT-PCR. The sequencing confirmed that the bases at -

o . ; could indicate that these bases were involved in dynamic
positions 36 and 53 were indeed adenines (data not shown), ,stable base pair89). Helix E23_2 contains-812 bp and

As previously mentioned, two CMCT reactive adenines 5 internal asymmetrical loop. The helix was partly acces-
were also found in ES6 from wheat ribosomes (see above).gjple to cleavage by nuclease V1, while the nucleotides in
The CMCT reactive adenosines seem to be located in similaryhe jnternal loop were available for single-strand specific
sequence contexts, i.e., immediately followed by two CMCT mqgification in the three species that were investigated. The
reactive uracils. As adenines normally do not react with apjical loop of helix E23_2 consists of four to five nucle-
CMCT, the abnormal reactivity of the four modified adenines otides. In mouse, this loop is a tetraloop of the common
was not used in modeling the secondary structure of ES6.GNRA type, while in wheat, the loop is of the UMAC type,

The middle section of ES6 contained no RNase V1 which was recently shown to structurally belong to the

reactive sites. However, nucleotides accessible to single-GNRA family of loops @0). All nucleotides in the apical
strand specific modification were found at U117U118, A129, |oop were accessible for modification in yeast and wheat,

A131, A146, U154AUU157, A164, U169U170, and A178 while only one nucleotide was reactive in mouse. The two

(Figure 3B). modified bases, A36 and U42, found in yeast could
The 3-section of ES6 was exposed to nuclease V1 potentially form a dynamic instable-N pair (39).

cleavage in the sequences U197GGUUCU203, U210UGG- The sequence between hairpin A and helix 23 in the 18S

UUUCUAZ219, and A222CCAUC227 (Figure 3B). Single- rRNA core was considered to form a single-strand region

strand specific modifications were found at A184, due to the presence of DMS and/or CMCT reactive bases

A186AU188, G190, G194, U197, and G233A234 (Figure 3B). (Figure 4).

ES6 in Mouseln comparison to those of wheat and yeast,  Hairpin B. Hairpin B consists of two helices, E23_4 and
the B-section of mouse ES6 contained relatively few CMCT E23 7, and an apical loop of five to six nucleotides (Figure
and DMS reactive bases (Figure 3A). The reactive bases were4), The apical loop was accessible to single-strand specific
also mainly found as single sites and not within larger modification in the three investigated species. Helix E23 4
clusters. Accessible bases were found at A41, U48, G57,differed slightly in appearance and accessibility for single-
U69G70, A97, and U100. Nuclease V1 cleavages were and double-strand specific modification between the inves-
detected 3of bases C44G45, C55, G91, U93, C99, G103, tigated species (Figure 4). The helix was inaccessible to both
and C108, indicating that these bases were involved in helicalsingle- and double-strand specific modification in mouse
structures. while being accessible for RNase V1 in both wheat and yeast.

The middle section of ES6 (Figure 3B) contained two The single-strand specific modification of U74 in the
clusters of CMCT and/or DMS reactive bases located in the terminus of helix E23_4 in yeast could result from dynamic
sequences G124UU126 and C160CGAG164. Additional breathing as previously discusseddy,
modified bases were found at positions A153, A173, G178, Helix E23_7 was accessible to nuclease V1 cleavages at
and A187 (Figure 3B). No nuclease V1 cleavage sites were structurally homologous positions in the three experimental
detected in this part of the mouse ES6 sequence. organisms (Figure 4), while several bases in the internal loop

The RNase V1 sensitive sites found in thes8ction of of the helix and in the loop between helices E23_4 and E23_7
ES6 (Figure 3B) were mainly concentrated in two sequences,were accessible for DMS and CMCT modification.
C205GGUU209 and G220GU222. Three additional cleavage Hairpin B is connected to hairpin A via a short single-
sites were detected 8f U225, A230, and C238. Clusters strand linker sequence consisting of four to seven nucleotides.
of bases available for single-strand specific modification was The linker sequence was available for single-strand specific
seen at A190AUG193, A195AUAGG200, and U240GA242 modification at homologous positions in the investigated
(Figure 3B). species.



Structure of Expansion Segment ES6 in 18S rRNA

A (Wheat)
Insert Il
oo Ulggg
G
220 .n
e Sh, E23 14
Insert | u e .U Ve
GUGUUA Sge
c AU, et A
~Ag, 5 Cdeese g o UG,
c1rs .
0wy 23,12 c.u hiniad Al
O E23 11
: .u o€ - . 20
6" UcsGAUARE 3
------- [l ¥ cAa M0
Aua Acc&u:u: AUU fh ?,
EB B . G ucazs Su AMtuue E'E",‘!-":_"'_‘-f": ch
Up o EBS0 wY "“‘amcn&i! GAUACUULUGE coph
o AGaA el 26 23 Yy, i@
130 c.c 26
g-c
Ak c-c®
Hairpin E Ga"" LN
GuUGGECUU 250 gm
200 @Y E219 E23 14 Ga.uh
s . c.a
Agl 4
AR T N 34 24
u- G / w Y / G-U
1mow,” “e17s A %, G-cY 23
A E23 129 oS¢ 20, M3 e
cug 4 E2311 u.8 Aug CRA 2
c c | 1 uUssucauuA-URAY GA
128 C UGGGAUAL G A u-c A y-A G GA SS68E -]
o BT, Adué, Heeeee e & AyS 1
u A Uy L]
=D L MV G10
149 @ yC e g “
C.
Hairpin D u Gu" U c
- A A o e
AG R o x«ccﬁ_'n LI . % B S
Hairpin C [ LR c-g
ol S ER4 Ag. 19
02 bl Weoey ueis e
0, U s 6" C oy c-e
Ay EEGAUEE &
DRI e v_%
hi
E23 7
Hairpin B f
Hairpin A = ¢ 8
C (Mouse)
Insert Il
wY YV Vgag
G
G
| T 215U IJu ‘ E23_14
nser u
c‘_‘l_l Guuuua G 9
LTI H o
& . o E23 11 wz&ﬁ"s;.”‘u.c e8¢
F ez 128" *:! Y es e = §x
176C c cccﬂiaauuu u “
WFoogl W D AAD S
auAGG G“CB ALC UL auu LT e
B3B8 —6a Gua o’ 5 20 VY e vo M2p A,
] E23 10  y 130 a*fuue  cogacock TAcs sct‘-
138* A, AAR sV Ez38 GUBG=L1‘ GCCGCGU uGl:u u‘r.s.
25 " Cu,.y
,_._auan 26
G-C
FIiE 0,5,
Hairpin E e Ca,
G
suuscuuUy] c b}
c
216U s Gg.uh
vy u. c.o s
180 it 24%:U
c—*—a 2‘2/( c G.u
. O % G-Uy,
ok | E23_11 o T VA A, *e
I - A . A-U CRA s
0 E23_12 CG“. | 's' ¢ ccnaauua-uanu an 3
) GGAAUAAUG— G A—A—U-A_G-O A Goa  co
¢ c c.m ssee LR a1 B
0yt e e /:””a 153 & v 23
A gl 28 PERTI I ] &
U-“G'c ol PO s
g "G'L;”fao it A
ul s "}
Hairpin D 1388 g A A gm0 e e
£l e A Il cGucuccguu.c,aUu
Hairpin C 120 g.9
iwn \c 1‘::'; 5“ rs:;, c.a™?
G-C
En4 c.o E231
3 ?2323:2 S
uy !BI:*;CG
- G
e
E23 7 /;‘:c;:%
IR e %
Hairpin B e232 S S

Hairpin A ‘. 0

Ficure 4: Secondary structure models for ES6 in wheat, yeast, and mouse. The basic layout and helix nomenclature were adopted from

Biochemistry, Vol. 45, No. 26, 2008073

B (Yeast)

Insert I

M u

Insert | "5
S 170 182 ‘ i

o U—H—g
e o B2

Yluggy
u

'ul
vuuu ey %, E23 14

e
[ 3..!1‘ BL'ICALI
E23_13 l.c
e, G
6 5"

g .y
FE231 zg.l"'é,.‘l 78

‘0"”’ ﬁ UGGAALAA—U
AGS AC A

Ay I;m: ::n uu '&]u g

u E23_10 140 U E23 8 nalu.IJF

WG, g
132 An:‘.ﬁ Guscsc

Hairpin E H H“u

GUUGG

®200
E23 9 »

208 U )f/ E23_14 u cclgz

“UU (T

.. A /23/35&2/ g

o A e
o 5 21 ju . 2408
C u

K23 12, u”“. L] 7 u,® % ua-

v .
I ‘: c UGGI!U:\! U A-G

AnAC 0D
”al 15|ncs ‘“:20
164

& L
M . ".‘C u. e
Hairpin D .5 u. e

au gl e
o % E23A o
1m1wA, A B3

Hairpin € e

I L
i# 103 ucc uC.
.c“c scud’ c
WU oo E23 4

c
.u,_.c UTGTJ\ GUUC c.‘l Y
G e
E23 7

Hairpin B

00 @aCUAL3N
u
uuauusn‘ﬁacu 5 ct,

JOuuAACyY, ncc Cl:l‘
Carz

25 I cu. uum 26

<
“ananoe
006

2
nearEa

. ,
- a0eCa 0

LA
e
o
o
(-]

B
=

ra
.c
S

A
Hairpin A g
0

Wuyts et al. 12). Helix E23_A is equivalent to helix E21_6 described by De Rijk et 4h).(Modification data are depicted as follows.

Filled circles represent bases modified by DMS or CMCT. Arrows indicate RNase V1-dependent cleavages in the backbone. The gray box
contains the nucleotides suggested to be involved in base pairing with bases i23SBdets | and Il shows the secondary structure

models of part of ES6 according to Wuyts et di2), Inset | covers nucleotides 12A85 for wheat, 118183 for yeast, and 125192 for
mouse. Inset Il covers nucleotides 18530 for wheat, 182229 for yeast, and 192237 for mouse.

Hairpin C. Hairpin C consists of a helix with 8 bp and an sible to  modification in

apical pentaloop containing only purines. The loop was E23_A (Figure 4) was insensitive to both single- anddouble-

accessible for single-strand modification at homologous strand specific modification
positions in wheat and yeast, whereas the loop wasinaccesspecies.

mouse. Helical stem

in the investigated
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FIGURe 5: Most stable secondary structures of expansion segment ES6 from wheat (A), yeast (B), and mouse (C), folded without restrictions,
using the RNA folding software MFOLD (version 3.124 25).

Hairpin C is connected to hairpin B with a single-strand stem was accessible for double-strand specific cleavages at
region that consisted of five to six nucleotides. Several of structurally homologous positions in all three species that
the nucleotides were accessible for single-strand specificwere investigated, while the apical loop was inaccessible to
modification (Figure 4). single-strand specific modification with the exception of one

Hairpin D. Hairpin D varied considerably in nucleotide CMCT sensitive uracil (U209) in wheat. Surprisingly, the
composition in the investigated species. The hairpin consistsloop was accessible to cleavage by the double-strand specific
of a short helix, E23_12, with-35 bp and a loop of variable  RNase V1 (Figure 4).
length. Many of the homologous bases in the apical loop Hairpin E was connected on its-8ide to helix 24 in the
were highly reactive to modification by DMS and CMCT. 18S rRNA core via a single-strand linker region containing
Thus, the data support the single-strand nature of theseseven to eight nucleotides. The nucleotides in this link were
nucleotides. accessible for single-strand specific modification at structur-

In wheat, the helical region of hairpin D contained an ally homologous positions in wheat, yeast, and mouse.
unpaired nucleotide, C162, that functioned as a reagent- The region between internal helix E23_11 and theife
independent stop for the reverse transcriptase (Figure 3B).of hairpin E contained a region of 13 or 14 nucleotides that
This bulged nucleotide probably reduced the stability of the was suggested to be single-stranded due to the accessibility
adjacent base pairs, thereby possibly explaining the CMCT of homologous bases to single-strand specific modification
reactivity of U161. An alternative explanation was that the in the species that were investigated.

A-U pair could involve an amino-2- or amino-4-carbonyl S .

hydrogen bond, leaving the N3 position in uracil accessible Structure of in Vitro Transcribed ES6 from Wheat

for CMCT maodification. No nuclease V1 cleavage sites were  During modeling of the secondary structure, we noted that
detected in helix E23_12. folding of the ES6 sequences with and without application

The single-strand region between hairpin D and helix of folding restrictions, obtained using structure sensitive
E23 11 contains 1214 nucleotides in the investigated chemical and enzymatic probes, resulted in different second-
species (Figure 4). The occurrence of DMS and/or CMCT ary structure models (compare Figures 4 and 5). Moreover,
accessible sites at homologous positions in wheat and yeasthe most stable structure models generated by the energy
suggested that this was a single-strand sequence, althougminimizing software were partly species specific (Figure 5).
only G178 was accessible for modification in mouse. Some structural features of these models were, however, also

Two adenosines located at structurally homologous posi- present in the models of ES6 generated on the basis of the
tions on each side of hairpin D were available for DMS in situ experiments. In mouse ES6, four of the identified
modification in the examined species. hairpins were identical, hairpins-AD (Figures 4 and 5),

Internal Helix E23_11Helix E23_11 consists of 4 bp in  whereas in wheat and yeast, only two identical or closely
wheat and yeast and 3 bp in mouse. No nuclease V1similar hairpins (hairpins A and B in wheat and hairpins A
cleavages supported the presence of this helix. One com-and C in yeast) could be identified (Figures 4 and 5).
plication in the construction of this helix was the reactivity Recent reports show that prokaryotic ribosomal proteins
at the N1 position of A178 in yeast and its homologous display RNA chaperone activityl(). Thus, there was an
position, A187, in mouse. However, this base could be obvious possibility that the ES6 sequence could be prevented
reactive if these AU base pairs were in the reverse from forming stable but functionally misfolded states by
Hoogsteen conformation. Alternatively, the closing base pair chaperones available in the nucleus during synthesis, pro-
could exhibit dynamic breathing, as previously discussed cessing, and folding of the rRNA. To see if folding of the
(39). expansion segment was influenced by environmental factors

Hairpin E. Hairpin E (E23_14) contains-911 bp and a  in the cell, the structure of wheat ES6, transcribed, purified,
terminal loop of 13-15 unpaired nucleotides. The helical and folded in vitro, was analyzed.
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For this purpose, the wheat ES6 sequence together with L/
helices 24-26 (Figure 1) was transcribed in vitro and allowed Agg}}usw TN AL T { 365
to adopt a stable secondary structuB2)( Short vector m. GAGA cueﬁoﬁiéﬁ'ﬁ”' 2
sequences were added at both ends of the in vitro-transcribed gt &*ﬁ
wheat ES6 sequence. As the two vector sequences were self- Uim ; =
complementary, they could potentially form an additional e ashe 63—
helix homologous to helix 23 in Figure 1. Thus, the in vitro- =<5 242
transcribed sequence could form a structure similar to the . Y4 g8,
in vivo structure An analysis of the secondary structure of .AUA el &5
the transcribed and folded RNA sequence showed that the ° 55ad)] uh*f ';:— ”m -
RNA was accessible for single- and double-strand specific /;;, ) § ‘:; io???i?fﬁizzu
modification at positions 51 and 63, respectively. ey 85:5°Y2. 1 ey, 23
The modification data for the '$art of the in vitro _:JGCA;‘Z TR e,
transcribed sequence are shown in Figure 3A. Here, sites valed " mediiciiiacs .
available for DMS and CMCT modification were found at ) Q-T AL RN
All, C39ACA41, A46, C48A49, A57, U67, A76, C82, A87, T e o 5“;2019
A93, U95, and U96. Spread out nuclease V1 cleavages were R At
observed on the'aide of U7, C36, U59, U67, C84, C89, S oacTeodt e, U0 %o
C112, and C113. ELEE wjfs-;.:z"u
The middle part of the in vitro-transcribed sequence T w9t Co
(Figure 3B) was more accessible to cleavage by nuclease Hairpin B Hairpin';%i“c,
V1 than the 5part of the transcript. Sites available for °e

cleavage were detected at C124U125, C160UC162,A168,Ficure 6: Proposed model for the in vitro-transcribed and folded
and G174CA176. DMS reactive sites were found at A117, wheat rRNA sequence. Helices and modification data are indicated
A129A130, A132A133, A137, A139, A146AA148, asinFigure 4.

A151A152, A156, A166, and A168. None of the bases in this
part of the transcript were available for CMCT modification. 2{tempts have been made to construct a consensus secondary

The 3-part of the in vitro-transcribed sequence was mainly structure model for ESG3( 12, 17-21), but a large section

accessible to nuclease V1 cleavage (Figure 3B). Accessibleli:sfaar:);Igzsvé';hggtgﬁgnZ?aiit\r/lécéireulgnsfgggi%giz&/u:ture
sites were seen at A181, C185, A159UA191, G193, C203, ha\?e analyzed the structBre of ES6 icr]1 ribosomes from wheat,
G208U209, U211U212, C215CUU218, A228G229, and y

A231A232. Three single-strand reactive bases were foundyeast and mouse using secondary structure sensitive chemi-
at positioné A181 A238. and U240 cal and enzymatic reagent$5 30). On the basis of the

. . obtained modification data, a common secondary structure
The secondary structure model created using the experi-

) : odel for ES6 in the three organisms could be constructed.
mental data suggested that the part of the transcript derive his model contained five hairpins, hairpins—-&, and one
from the rRNA core folded into a secondary structure similar internal helix, E23_11 (Figure 4) ' ’
to that originally predicted by covariation analysisi(42) ’ - '
and subsequently confirmed by crystallography of the
prokaryotic 30S subunit4Q).

The ES6 sequence of the transcript adopted a structure
closely similar to that obtained by folding the ES6 sequence h
without considering any of the experimental results. As can
be seen in Figures 5 and 6, both models exhibited similar
structural elements. However, due to the modification pattern ;
of the in vitro-transcribed ES6 sequence, hairpin Y3 became h
somewhat shorter. This allowed formation of a slightly longer
hairpin Y4 and an additional short helix, helix Y2_1 at the
expense of hairpin Y5 (Figure 6). The latter hairpin is absent
from the structure model of in vitro-transcribed and folded
RNA (Figures 5 and 6). The presence of helix Y1 and the
helical regions of the two large hairpins, Y3 and Y4, were
supported by nuclease V1 cleavages (Figure 6). Small
internal helix Y2_1 was not accessible to modification by
single- or double-strand specific reagents, whereas the single-
strand regions and the apical loops of hairpins Y2 and Y3
were available for single-strand specific modifications.

Correlation to Previously Suggested Secondary Structure
Models.Hairpins A and B have previously been predicted
using comparative sequence analysis and are commonly
accepted 14, 42). The single-strand regions in these two
airpins were accessible for DMS and/or CMCT modification
(Figure 4). This is in agreement with previous observations
using isolated 40S subunits and complete 80S ribosoh&es (
16). The double-strand nature of all helical elements in
airpins A and B, except helix E23_1, was confirmed by
RNase V1 cleavage (Figure 4).

Hairpin E with its long terminal loop has been proposed
in earlier structure prediction8,(12, 18—21, 23, 44). With
the exception of U209 in wheat, the 435 nucleotides in
the loop were inaccessible for modification by DMS or
CMCT. In contrast, there were several sites in the loop that
were available for cleavage by nuclease V1. The low
reactivity to chemical modification and the relatively exten-
sive exposure to nuclease V1 indicate that the loop might
be stacked or involved in base pairing with another region
in the 18S rRNA. We have recently suggested a tertiary
DISCUSSION interaction between bases in thepart of the apical loop

(positions G210UUGGCCUU218 in wheat) and bases in

ES6 is the largest expansion segment present in eukaryoticexpansion segment ES3{BAGGCUGAC-3) on the basis
16S-like rRNAs (L2). Its ubiquitous presence suggests that of comparative sequence analys®?)(and on structural
ES6 may have a functional role in the ribosortig)( Several probing data Z3). In previous structure predictions of ES6
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(3), bases in the 'spart of the apical loop (positions U167A168 and G149C150, respectively (helices E23 9 and
A205UUGUGUUG213 in wheat) were proposed to form a E23_10 in Figure 4, inset I).
long pseudoknot by base pairing to the single-strand The main disadvantage of this model is that it leaves the
sequence between helix E23_11 and hairpin E (positionsmajority of the bases in hairpin C as single-strand bases,
U182AACAUCAU190 in wheat). In a re-evaluation of the although only one base in wheat and two in yeast were
ES6 structure using base covariation analysis, Wuyts et al.accessible to single-strand specific modification (Figure 4).
(12) proposed the general existence of a shorter form of the Furthermore, helix E23_8 (Figure 4, inset ) is not compatible
pseudoknot (involving positions A205UUGUG210 and with the modification data as the reactivity of A183 and A184
C185AUCAU190 in wheat) in eukaryotes (helix E23_13 in in wheat and of A190, A191, and U126 in mouse (Figure 4
Figure 4, inset 1l). The short pseudoknot could acquire baseinset I) would require considerable destabilization of the short
pairs at the expense of the helix length in hairpin E23_14 helix. Thus, the only alternatives to E23_A would be the
and vice versa, giving a variable length of the single-strand two short (Table 3) helices E23_9 and E23_10.
apical loop of hairpin E23_143( 12). This variability was The main problem with the model presented here is that
suggested to be associated with the ribosome switchingthe existence of E23_A helices could not be confirmed by
between allosteric states during protein synthebs. double-strand specific cleavages (Figure 4). In fact, the whole
The shorter form of the pseudoknots is compatible with ES6 sequence between hairpins B and E is inaccessible for
the proposed interaction between ES3 and EZb 23). RNase V1 cleavage while being exposed to modification by
However, both the long form and the short form of the the considerably smaller single-strand specific chemical
pseudoknot involve some of the most DMS or CMCT reac- reagents (Figure 4). Thus, the secondary structure model for
tive bases in the ES6 sequences that were investigated (Figthis part of ES6 was solely based on the occurrence of single-
ures 3 and 4). All bases in the sequence A186UCAU190 asstrand specific modifications.
well as U209 in wheat were accessible for modification by ~ The presence of helices E23-B23_12 in the model by
single-strand specific reagents. The reactivity of the N1 posi- Wuyts et al. {2) was based on a comparative analysis of
tion of A186 and A189, both involved in-AJ base pairs in ~ more than 3000 18S rRNA sequences. As a complement to
the pseudoknot, could be explained if theUAbase pairs  the experimental approach, we have carried out a comparative
are in the reverse Hoogsteen conformation. However, thesequence analysis of putative helix E23_A as well as of
reactivity of the N3 position of U209 could not easily be helices E23_8E23_14 using the more than 6000 18S rRNA
explained. Likewise, construction of a homologous pseudoknot sequences currently available from the European small
in mouse and yeast involved the strongly reactive basesribosomal subunit RNA databasé?] (Tables 2 and 3). Helix
U192G193 and A195AU197 (mouse) and A184 and E23_ 13 was notincluded in the analysis as the experimental
A186AU188 (yeast). As indicated above, the reactivity of data made the presence of this helix less likely (see above).
the N1 position of adenines involved in-B base pairs is  The current sequence alignment used in the database was
compatible with the reverse Hoogsteen conformation. How- kept with only minor adjustments to correct obvious align-
ever, the reactivity’s of the N3 position of U188 in yeast ment errors 36). Accordingly, the composition and abun-
and U192 and U197 in mouse and the reactivity of the N1 dance of base pairs in helices E23-E23_14 were relatively
position of G193 in mouse are less compatible with these similar to that reported by Wuyts et alld) despite the
bases being involved in base pairing interactions. One explan-increased number of sequences used here.
ation for the high reactivity in these regions could be that  As noted by Wuyts et al1@), the extent of compensatory
the pseudoknot is dynamic. Thus, if the pseudoknot exists, base changes varies between the putative helices. Helix
the structure must be open long enough to allow DMS and/ E23_14 exhibits substantial compensatory base changes,
or CMCT to react with temporary single-strand bases. The while helices such as E23_A, E23 8, E23_9, and E23_10,
modification data from mouse and wheat cannot rule out the the helices characterizing the two alternative structures for
existence of a pseudoknot with highly dynamic properties. the central part of ES6, exhibit limited compensatory base
The sequence forming hairpin D varies considerably in changes (Table 2).
both length and base composition with a variability of more  Wuyts et al. {2) have suggested that the structure of ES6
than 25% for certain bases in the apical lodg)( Despite might differ between phyla. Thus, one possibility was that
this variability, many authors have predicted hairpin D as a the capability of forming a helix similar to E23 A was

common structural motif in ES63( 12, 18, 21). A helix restricted to a subgroup of eukaryotic organisms. However,
similar to adjacent helix E23_11 has also been proposed inour analysis shows that a helix homologous to E23_A can
some earlier structure prediction3 (2). be formed in all 18S rRNA sequences currently listed in the

The sequence forming hairpin C is highly conserved in European small ribosomal subunit RNA databa3@).(As
all species 45). It is therefore not surprising that a seen in Table 3, there is a substantial length variation in helix
homologous hairpin was included in several of the previous E23_A. However, a helix with 48 bp could be formed in
secondary structure models of ESH (721, 45). 99.3% of the organisms. Thus, helix E23_A would probably
Recently, Wuyts et al. 1) suggested an alternative offer more stability to the structure than the two alternative
secondary structure for this sequence based on a comparisoshort helices, E23_9 and E23_10.
of more than 3000 rRNA sequences. According to this  Comparison of the Secondary Structures of Wheat ES6
alternative model (Figure 4, inset ), three nucleotides, Transcribed and Folded in Vitro with the Secondary
U121UA123 (wheat numbering), form an extra internal helix, Structure in Situ.Analysis of the structure of in vitro-
helix E23_8, by pairing to nucleotides U182AA184. Bases transcribed and folded wheat ES6 showed that tHeaf of
U136A137 and G140U141 (wheat numbering) form a short ES6 differed significantly from that obtained in situ, whereas
interrupted pseudoknot by base pairing to nucleotides the secondary structure models for theh&lIf (hairpins A
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and B) were similar, although there was a difference in the
number and position of modifications recorded in situ and
in vitro (Figures 4A and 6). An estimation of the free energy
for the two structures suggests that the in vitro structure is

more stable than the in situ structure. The increased stability -
is mainly due to long helices Y1 and Y4 (11 and 16 bp, \
respectively) (Figure 6).

Suggested helices ¥41Y4 (Figure 6) were incompatible
with the structural probing data obtained in situ (Figure 3).
Thus, a structure similar to that obtained in vitro does not
exist in the ribosome, suggesting that stable helices Y1 and >
Y4 do not form during folding of the 18S rRNA in vivo.
One possible explanation could be the involvement of
chaperones in folding of eukaryotic rRNAS, in analogy with
the situation in prokaryoted). If the sequence from G178
to U195 is prevented from an immediate cotranscriptional
interaction with the complementary sequence from G200 to
U217 (hairpin Y4 in Figure 6), part of the latter sequence
(G210UUGGCCUU218) could interact with its complemen-
tary sequence in ES2%2, 23), thereby stabilizing the rRNA )
in favor of the in situ structure. The stabilizing effect of ES6/ Hairpin E
ES3 could only roughly be estimated. Calculations using
RNAeval @6) suggest that the tertiary interaction could

contribute to the stability by lowering the free energy by
—9 to —11 kcal/mol. FIGURE 7: Suggested position of the structural elements of ES6 in
S - the yeast 40S ribosomal subunit. A three-dimensional model of ES6
_A structural stabilization of ES6 due to binding of \yas constructed using ERNA-38§). The model was superim-
ribosomal proteins seems less likely as cryo-EM studi@s ( posed on the contour of the yeast small ribosomal subunit as seen
suggest that the expansion segment lacks prominent proteirfrom the solvent side4). The position of hairpin A (blue) is as
interaction partners. This suggestion is supported by theSuggested by Spahn et a7. ES6 is colored green and ES3 red.

substantial accessibility of ES6 to chemical and enzymatic o o
reagents reported here. It should be noted that the localization of hairpin D

adjacent to hairpin E is very speculative as there are no data
to guide the positioning of this hairpin. The high availability
of the apical loop for modification only indicated an exposed
position on the small ribosomal subunit.

Hairpin C 1-‘
\~ \_jHairpin D -~
A

Localization of the Structure Parts in the Cryoelectron
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