
Volume 9 Number 7 1981 Nucleic Acids Research

The 3'-terminal region of bacterial 23S ribosomal RNA: structure and homology with the 3'-
tenninal region of eukaryotic 28S rRNA and with chloroplast 4.5S rRNA

Mohamed Ali Machatt, Jean-Pierre Ebel and Christiane Branlant+

Institut de Biologie Moleculaire et Cellulaire du CNRS, Laboratoire de Biochimie, 15, rue Ren6
Descartes, 67084 Strasbourg Cedex, France

Received 19 February 1981

ABSTRACT

The sequence of the 110 nucleotide fragment located at the 3'-end of
E.coli, P.vuZgaiz and A.puncata 23S rRNAs has been determined. The homology
between the E.coti and P.vutga&ii6 fragments is 90%, whereas that between the
E.coti and A.punctata fragments is only 60%. The three rRNA fragments have
sequences compatible with a secondary structure consisting of two hairpins.
Using chemical and enzymatic methods recently developed for the study of the
secondary structure of RNA, we demonstrated that one of these hairpins and
part of the other are actually present in the three 3'-terminal fragments in
solution. This supports the existence of these two hairpins in the intact mole-
cule. Indeed, results obtained upon limited digestion of intact 23S RNA with
T1 RNasewere in good agreement with the existence of these two hairpins.

We observed that the primary structures of the 3'-terminal regions of
yea6t 26S rRNA and X.&aeviZ 28S rRNA are both compatible with a secondary
structure similar to that found at the 3'-end of bacterial 23S rRNAs. Further-
more, both tobacco and wheW chloroplast 4.5S rRNAs can also be folded in a
similar way as the 3'-terminal region of bacterial 23S rRNA , the 3'-end of
chloroplast 4.5S rRNAs being complementary to the 5'-end of chloroplast 23S
rRNA. This strongly reinforces the hypothesis that chloroplast 4.5S rRNA ori-
ginates from the 3'-end of bacterial 23S rRNA and suggests that this rRNA may
be base-paired with the 5'-end of chloroplast 23S rRNA.

Invariant oligonucleotides are present at identical positions in the homo-
logous secondary structures of E.Cofi 23S, yea6t 26S , X.Ztaevi 28S and
Whew and tobacco 4.5S rRNAs. Surprisingly, the sequences of these oligonucleo-
tides are not all conserved in the 3'-terminal regions of A.putctata or even
P.Vuwga&lZ 23S rRNAs. Results obtained upon mild methylation of E.colL 50S sub-
units with dimethylsulfate strongly suggest that these invariant oligonucleo-
tides are involved in RNA tertiary structure or in RNA-protein interactions.

INTRODUCTION

The 3'-terminal region of bacterial 16S ribosomal RNA has been shown to

participate in mRNA selection (1-3). The question is open whether bacterial

23S ribosomal RNA also plays a functional role. A study of evolutionarily con-

served sequences of this RNA region might be informative in this respect. Fur-

thermore, determination of the primary structure of the 3'-terrninal regions of

different bacterial 23S rRNAs should be helpful in the determination of the

secondary structure of this rRNA region. Indeed, the secondary structures of
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tRNAs, 5S rRNAs and 16S rRNAs (4-7) were found to be conserved throughout bac-

terial evolution, with mutations balanced by compensatory mutations in order

to maintain strand complementarity. Detection of such compensatory mutations

has already been very useful in predicting 16S rRNA secondary structure (6,7).

The same situation is expected for 23S RNA.

To study the 3'-terminal region of 23S RNA, we took advantage of the fact

that this region is released as a fragment of 110-112 nucleotides in length

(fragment 3') upon digestion of 50S ribosomal subunits with Naja oxiana RNase

(8,9). In this way, we prepared the 23S RNA 3'-terminal regions from E.co&L

MRE 600 and from two phylogenetically related bacterial species: PwO£teW

vuwgaiz and Aeromonats punctta. We previously determined 70% of the nucleoti-

de sequence of the E.coti fragment 3' (30). As there were differences between

this sequence and the rDNA sequence established by Brosius et al. (10), we

completed it and determined those of the P.vuwgaAvz and A.punctata fragments 3'.

Comparison of these sequences strongly suggested the existence of two hairpins

in fragment 3'. Using both chemical (11) and enzymatic (12,13) methods recently

developed for the study of RNA secondary structure, we checked if fragment 3'

bears these two hairpins in solution as well as within 50S subunits.

As the 3'-terminal sequences of the large ribosomal rRNAs from yea6t
and X.Ztaevi cytoplasmic ribosomes (14,15) and from mouse and human mitochon-

drial ribosomes (16,17) have recently been sequenced, we checked if these may

have common structural features with the 3'-terminus of bacterial 23S rRNAs.

The ribosomes of flowering plants contain an additional small rRNA species

designated 4.5SrRNA (18-21). On the basis of a sequence homology between wheaet
chloroplast 4.5SrRNA and E.coZi 4.5SRNA, Wildeman and Nazar (22) suggested

that these two 4.5S RNAs may have a common function. On the other hand, on the

basis of sequence homology between ;tobacco chloroplast 4.5SrRNA (23,24) and

the 3'-terminal region of E.coti 23S rRNA, Mac Kay (25) proposed that the two

latter sequences are derived from a common ancestor and may be functionally
equivalent. In order to gain more insight into this problem, we checked if

chloroplast 4.5SrRNA and the 3'-terminal region of bacterial 23S rRNAs may

have similar secondary structures.

MATERIALS AND METHODS

1. Preparation of 50S subunits. Three bacteria species were used : E.coai MRE

600, Ptoteus vutgaxiz (strain isolated by Dr. Monteil) and AeAomonar punctata
(67.12 Institut Pasteur). E.coti and P.vutgaXAL were grown as previously des-

cribed in the presence or absence of {32p} orthophosphate (26). A.panctta was
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grown in the same medium as for E.Cot but at 30°C and for 3.5 hours. The 50S

subunits were prepared from"tight couples 70S" according to Hapke and Noll.

(27).
2. Methylation of 50S subunits with dimethylsulfate was achieved according to

Peattie and Gilbert (11). 50S subunits (250 pg) were dissolved in 250 lpl of

buffer containing 10 mM MgCl2 and 50 mM Na cacodylate pH 7.0.After addition of

8 il of dimethylsulfate, the mixture was incubated for 12 min at 37°C. 75 il

of buffer containing IM Tris acetate pH 7.5, 1 M 2-mercaptoethanol and 1.5 M

Na acetate were added and the subunits were precipitated with 900 VlI of etha-

nol. They were then dissolved in 200 pl Na cacodylate buffer containing 0.15M

NaCl, reprecipitated and washed with ethanol.

3. Digestion of 50S subunits with Naja oxiana RNase (8). Intact or methylated

50S subunits were dissolved at 1 mg/ml in buffer containing 10 mM MgCl2, 350mM

KCl and 10 mM Tris-HCl pH 7.5. Digestion was for 4 hours at 0°C with 8U of

Naja ox&na RNase per 100 pg of subunits. The reaction was stopped by phenolic

extraction in the presence of Na dodecylsulfate. The extracted RNA was preci-

pitated twice and washed with ethanol. The resulting fragments were fractiona-

ted by electrophoresis on 6 % polyacrylamide gel.

4. Limited digestion of 23S RNA. 23S RNA was obtained from 50S subunits by

extraction with phenol. It was then partially digested with T1 RNase for 30

min at 0°C at an enzyme/substrate ratio between 1/10 and 1/100 (w/w) in buffer

containing 350 mM KCl, 10 mM MgCl2 and 10 mM Tris-HCl pH 7.5, or at an enzyme/

substrate ratio of 1/1000 (w/w) in 10 mM Tris-HCl pH 7.5. The resulting frag-

ments were fractionated by electrophoresis on 8 % polyacrylamide gel.

5. End-labeling of RNA fragments. 3'-end labeling was achieved according to

England and Uhlenbeck (28), overnight at 4°C or for 1 hour at 37°C. 5'-end

labeling was performed with {y-32P}ATP and polynucleotide kinase.

6. Chemical digestions of 3'-end labeled RNA fragments. For nucleotide sequen-

ce analysis, digestions were performed according to Peattie (29).

For detection of h_gher-order structure, digestions were performed accor-

ding to Peattie and Gilbert (11). Guanines and cytosines were methylated with

dimethylsulfate. Adenines were carbethoxylated with diethylpyrocarbonate. Both

reactions were performed under mild conditions preserving the RNA structure.

Strand scission was induced by Na borohydride and aniline at m7'G, by hydrazine
and aniline at m3C and by aniline at modified A residues.
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7. Enzymatic digestions of end-labeled RNA fragments.

For nucleotide seauence analXysis, digestions were performed as previously

described (30).

For secondary structure analysis, digestions were performed with T , Si
and Naja oxXana RNases under the conditions in which RNA structure is main-

tained as previously described (13).

8. Polyacrylamide gel electrophoresis. Both enzymatic and chemical digests of

end-labeled fragments were fractionated by electrophoresis on polyacrylamide

slab gels (0.5X300X400 mm or 0.5X300X900mm) in Tris-borate buffer pH 8.3.

RESULTS

1. Isolation of 23S RNA 3'-terminal fragments. Using the conditions described

in Methods, E.coti ribosomal 50S subunits were reproducibly digested with

Naja ox.ana RNase (8). Fingerprint analysis of the released fragments had

revealed that one of them (fragment 3') is about 110 nucleotide lond and cor-

responds to the 3'-end of 23S RNA (9). P.vvutgaa and A.kpunctata 50S subunits

were digested under the same conditions and the digests were fractionated to-

gether with the E.cobi digest on a 6% polyacrylamide gel. Very similarpatterns

of fragment fractionation were obtained for E.coti and P.vutgaki.6 whereas the

pattern obtained for A.punctat was different (Fig. 1). Nevertheless, 50S sub-

units from both A.punctata and P.vuwPgaAviL released a fragment having the same

electrophoretic mobility as fragment 3' from E.coLe.

2. Sequence analysis of E.coti, P.vutgat" and A.punctata 23S RNA 3'-terminal

fragments. P.vutgaAtLs and A.ppunctata 23S RNA fragments having the same elec-

trophoretic mobility as E.coti fragment 3' together with fragment 3' itself

were labeled at the 3'-terminus by ligation with {5'_32p} pCp. Their primary

structures were determined by the chemical method for RNA sequencing. The re-

sults are summarised in Figure 2.

Concerning the E.coZi fragment 3' the results obtained complete those

previously published (30) and confirm the existence of sequence differencies

between E.co& MRE 600 23S RNA and the E.coZi K12 rrnB operon (10). The se-

quence A-C-U-C-C-C-U-G-A-G-A-G-Up in E.coti MRE 600 23S RNA is replaced by

A-C-C-C-U-U-U-A-A-G-G-G-Up in the E.co&i K12 rrnB operon (nucleotides 2992-

2804). It is noteworthy that Bram et al. (31), who determined the sequence of

the 3'-part of the 23S RNA genes of the rrnX and rrnD operons obtained the

same sequences as in E.coZi MRE 600 23S RNA.

The homology displayed by the sequences of the E.coti, P.v u9gaV6 and
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Figure 1: Polyacrylamide gel electrophoresisa b a C of Naia oxtana RNase digests from E.coLi (a),
E.C P.V P.vugaA" (b) and A.punctvta (c) 50S subunits.

The digestions were performed as described in
Methods. The digests were fractionated on 6%
polyacrylamide gels. Fragment 3' corresponding

-T* *to the 3'-terminal 112 nucleotides of E.coet is
JEC A.P indicated.

(P

A.ppunctata fragments (Fig. 2) confirms the fact

that the two latter fragments correspond to the

"W 4w 3'-terminal regions of P.vutgaAiL and A.panctata
23S RNA, respectively. Nevertheless, it should

be pointed out that, whereas the degree of homo-

logy is very strong between the E.ccoti and P.vuw-

gaas fragments (90%), it is only 60% between

the E.coti and A.punctata fragments.

3. Secondary structure study of bacterial23SRNA

3 '-terminal region.

3.1 Model bindin&. Previous results suggested

that nucleotides 3 to 10 starting from the 3'-

end of 23S RNA are base-paired with the 8 nucleo-

tides located at the 5'-end of the molecule (32),

the two 3'-terminal uridines being free of base-pairing. The 3' and 5' ends of

P.vutgaAL 23S RNA display the same complementarity (unpublished results). But

in this case only one unpaired 3'-terminal uridine is present. In A.panctta
23S RNA there are no free 3'-terminal uridine. As no sequence work has been

performed on the 5'-end region of this RNA, it is not possible to know whether

base complementarity exists between the 3' and the 5' regions.

Digestion of E.coLi 23S RNA at position 2793 by Naja oxtana RNase indicates

that the nucleotides around this position belong to a structured RNA region
(33). The sequence 2791-2795 displays a complementarity with the sequence

2801-2805. Observations made during 23S RNA sequence analysis strongly suggest

that the corresponding base-pairing exists in large 23S RNA fragments and even

that it is stable in the presence of 8 M urea. Indeed, when 23S RNA fragments

containing the sequence 2791 to 2805 were 5'-end labeled and partially diges-
ted with RNases in the presence of 8 M urea and that the resulting products

were fractionated on polyacrylamide gel containing 8 M urea, we observed

very low yields of cleavage at guanines 2791, 2801 and 2803 whereas guanine
2799 was deeply digested (Fig. 3). In addition, the bands corresponding to
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cleavage at positions 2803, 2804 and 2805 were compressed on the sequencing

gel. Both observations are well explained by the existence of the base-pairing

between regions 2791-2795 and 2801-2805 (upper stem of the hairpin denoted I

in Figure 3).

Naja oxiana nuclease probably recognizes this base-paired region and clea-

ves E.coti 23S RNA at positions 2792 and 2793. Since similar cleavage posi-

tions were observed in P.vutgaxiz and A.,punctata 23S RNAs, these RNAs are

expected to bear a similar base-paired region. The presence of the correspon-

ding complementarity could not be demonstrated, since the sequences establi-
shed for these two 23S RNAs begin at the 5'-end of the loop of hairpin I.

As mentioned above, sequence differences were observed between the E.coLi
MRE 600 23S RNA and the E.co1i K12 rrnB operon in the region 2793-2802. It

can be seen that three of the differences are located in the loop of hairpin I

whereas the two others are located in the stem of this hairpin and they com-

pensate for each other in maintaining the complementarity (Fig. 3). This ob-

servation is an additional argument for the existence of the upper stem of

hairpin I. We have no experimental data concerning the lower stem of this

hairpin, it has been proposed as a tentative.

On the assumption that hairpin I exists and that the 3' and 5' extremities
of 23S RNA are base-paired to each other, we looked for the possible secondary

structure in the region 2806-2894. Two hairpins II and III could be formulated

in the three 23S RNAs studied (Fig. 3), their existence is strongly supported

by compensatory sequences.

3.2 ExRerimental verification of the model

3.2.1 Study o6 the 3'-te&'unna RNA tegionrtawtn 50S subunits. The
3'-terminal region of 23S RNA is strongly resistant to ribonuclease attack

within 50S subunits (34). No T1 RNase cleavage was observed undermild condi-

tions and only positions 2793 and 2792 were cleaved by Naja oxiana RNase.

Therefore approaches based on enzymatic digestion of the subunits were not

suitable to determine the secondary structure of this region.

Peattie and Gilbert (11) recently developped a chemical method in order to

detect higher order structures in RNA. We applied it to the study of 23S RNA

within 50S subunits. In this method, dimethylsulfate is used to sense secondary
structure at the level of cytosine and tertiary structure at the level of

guanine. The reagent methylates the N-3 of cytosine and the N-7 of guanine if

these N-moieties are not hydrogen-bonded. Diethylpyrocarbonate is used to

detect the stacking of adenine.
The E.coZi 50S subunits were treated with these reagents in the mild condi-
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tions described in Methods. They were then digested with Naja ox&tna nuclease.

In the case of dimethylsulfate treatment for time durations less than 15min the

pattern of fractionation was identical to that of untreated 50S subunits. This

was not the case for the diethylpyrocarbonate treatment. Thus, we only studied

fragment 3' obtained after modification of 50S subunits with dimethylsulfate.

Cleavage of the phosphodiester bonds at methylated cytosines and guanines was

performed as described in Methods and the resulting products were analyzed on

polyacrylamide gel in parallel with digests of fragment 3' prepared as for RNA

sequencing (Fig. 4a).

Under our conditions of dimethylsulfate treatment only cytosine 2858 and a

limited number of guanine residues from fragment 3' were methylated (Fig. 4b).
The yield of cytosine 2858 methylation was low. Therefore, this approache es-

sentially indicates the availability of guanines N-7 and thus provides little
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Figure 4: Identification of the guanines and cytosines in
the 3'-terminal region of E.coti 23S RNA which are methy-
lated upon dimethylsulfate treatment of 50S subunits.

a) 50S subunits were treated by dimethylsulfate and then
digested with Naja oxiana RNase as described in Methods.
Fragment 3' was recovered and 3'-end labeled. Strand scis-
sion at the level of methylated guanines and cytosines was
achieved as described in Methods. The resulting products
were fractionated on polyacrylamide gel (CM, GM), in paral-
lel, with 3'-end labeled fragment 3'digested as for RNA
sequencing (A,U,C,G). The bands corresponding to the methy-
lated cytosine - and methylated guanines D are indicated.
b) Schematic representation of the results m-methylated G,
0-.-methylated C.
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I
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A
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information on fragment 3' secondary structure. These results will be discussed

below in the paragraph dealing with tertiary interactions and RNA protein in-

teractions at the 3'-end of 23S RNA.

3.2.2 Study o6 the 3'-teA'minat RNA tegion wathin 23S RNA. Limited digestion
of 23S RNA with T RNase gave information on the guanine residues in

the single - stranded regions of this RNA. The partial digestion products

were labeled at their 5'-terminus and sequenced by the enzymatic method for

RNA sequencing. Three cleavage positions were identified in the 3'-terminal

region (Fig. 3). The existence of the three cuts is in good agreement with the

model proposed in Figure 3 , as they are all located in single-stranded regions.

3.2.3 Study o6 6,tagment 3' in 4so0wtZon. As Naja ox&xna digestion of isolated

23S RNA yielded a large number of fragments, it was not possible to use this

procedure to split chemically modified 23S RNA as in the case of 50S subunits.

Therefore we studied isolated fragment 3'. This fragment contains neither the

5'-end of 23S RNA nor the trinucleotide 2791-2793 which is supposed to be base-

paired with fragment 3' sequences 2896-2904 and 2803-2805, respectively. There-

fore, this fragment is not likely to have the same structure in solution as

within 23S RNA. However, fragment 3' in solution may contain hairpinsII and III.

The study of fragment 3' was made with both the enzymatic and chemical me-

thods for secondary structure study. The chemical method has been described

above. Fragment 3' from E.coLi 23S RNA, labeled at the 3'-terminus, was modi-

fied with dimethylsulfate and diethylpyrocarbonate under the same conditions

as for 50S subunits. After strand scission, the products were analyzed on

polyacrylamide gel . In this case, almost all cytosine residues in single-

stranded regions were methylated. All guanine residues were modified, a diffe--

rence was only observed in the yield of methylation, guanine 2822 beeing highly

methylated. Almost all adenine residues were also modified with dielthylpyro-

carbonate adenines 2821 and 2823 in the loop of hairpin II being modified at a

higher yield.
The enzymatic method for secondary structure determination is based on the

fact that single-stranded RNA regions are more sensitive to T1 and SI nuclease

attack, whereas base-paired RNA regions are more sensitive to N4aja oxAna RNase

digestion (33). Fragment 3' from A.punctata labeled at the 3'-terminus was di-

gested with these three nucleases under conditions preserving RNA structure.

The digests were fractionated on polyacrylamide gel in parallel with digests

performed with T1 and U2 RNases in denaturing conditions. The ladder was ob-

tained by random degradation in boiling water (Fig. 5a).
The results of both enzymatic (Fig. 5b) and chemical methods are
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in good agreement. They reveal that hairpin II and the upper stem of hairpin

III are present in fragments 3' from both E.wcoh andA.pbici Na 23S RNAsr. The

situation is less clear in the case of the lower stem of hairpin III two of

the cytosines located in this stem were methylated with dimethylsulfate, sug-

gesting structural rearrangements in the isolated fragment . Nevertheless, the

results obtained provide additional arguments in favour of the existence of

hairpins II and III in intact bacterial 23S RNAs. It should be noted that the

segment 2883-2894, which is single-stranded in Figure 3 might be basepaired

with a segment of 23S RNA exterior to the 3 -terminal region.
3.3Comrison with the 3'a-terminal reiions of yeast 26S rRNA, Xenoues

ZaevZU 285 rRNA and mouse and human mitochondrial 16S reNAs. Veldian et aL(14)

have observed sequence homologies among the 3'-terminal regions of E.hcor 23S

rRNA, yeast 26S riNA and X.taCv-uc285 rRNA.

Hall and Maden (35) recently sequenced the 5'-terminal region ofX.eiteno
285 rRNA. This sequence reveals that the complementarity found between the two
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ends of E.coti 23S rRNA does not exist in the case of 28S rRNA. Nevertheless,

we observed that the 20 nucleotides at the 3'-end of the molecule contain two

pentanucleotides displaying a complementarity with two pentanucleotides located

within the 100 nucleotides at the 5'-end of the molecule (Fig. 6a). On the

basis of the primary structure, hairpins similar to bacterial hairpins I, II

a <hA
U AG
G Acl ~ ~ c

U
C-GuA-U

U-[/jUlA~u CFGU U C G

<+G UG C UNCE1G IGC G

C AG

CCAUCA1G@IGCCAAGCUUUUUGUo 3.

-15u
5''1

b UA UAE

G c~G

U A

AUUUU GEEL UGCGU ITM A Cf A UUGU f R AW

U AA GUIU G C GCAA A
A CUCCA UUUA U A'

A flI CU UG U U U G

,* u c u C

A UUGGA
G fAll

-134 G AL1 AA AGA

' U 3

Figurj6: Possible secondary structure of a) the 3'-terminal region of
X.&4teQVZ28 rRNA and b)the 3'-terminal region of yeast 26S rRNA.

The nucleotide sequences are from Sollner-Webb and Reeder ( 15) and Veidman
et al . (i14), respectively. Homologies with the E. c0U23S rRNA 3'-terminal
region are indicated identical nucleotides at identical positions,,__J
mutations of the transition type. In the case of X.Z tevLs 28 rRNA the penta',
nucleotides displaying a complementarity with pentanucleotides located in the
5'-terminal region of the molecule are underlined .
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and III can be formulated at the 3'-end of X.fevL5 28S rRNA (Fig. 6a). Fur-

thermore, in these structures the oligonucleotides whose sequences are conser-

ved from E.coli 23S rRNA to X.ZaeviA 28S rRNA are located at identical posi-

tions.

On the basis of yeast 26S rRNA 3'-terminal sequence, hairpins similar to

bacterial hairpins I, II and III can also be formulated in this rRNA. Though

the hairpin corresponding to bacterial hairpin III is somewhat larger (Fig.6b),

the homologous oligonucleotides are located at similar positions.

No significant homology was found between the 3'-terminal sequences of bac-

terial 23S rRNA and those of mouse and human mitochondrial 16S rRNAs (16,17).

We did not find any significant homology at the level of secondary structure

either. We only observed that, as is the case for 23S rRNA, the postulated 5'

and 3' ends of human mit 16S rRNA display a complementarity. Such a complemen-

tarity is,however, not observed in the case of mouse mit 16S rRNA.

3.4 ComREarison with chloroElast 4.5S rRNA. As mentioned above, it was of in-

terest to know wether chloroplast 4.5S rRNA has a secondary structure similar

to that of the 3'-terminal region of bacterial 23S rRNA or to that of E.co&

4.5S RNA. Tobacco and wheat chloroplast 4.5S rRNAs have been recently sequenced

(22-24). On the basis of these sequences both rRNAs can be folded in similar

way as the 3'-terminal region of bacterial 23S rRNA (Fig. 7a and b), but not

in similar way as E.coti 4.5S RNA. Furthermore, we observed a strong comple-

mentarity between the 5'-terminal sequence of Eugtena gJtacitL chloroplast 23S

rRNA (36) and the 3'-end of both tobacco and wheat 4.5S rRNAs (Fig. 7 a and b) .

This observation strongly suggests that the 3'-terminus of chloroplast 4.5S

rRNA and the 5'-terminus of chloroplast 23S rRNA are base-paired as is the

casefor the two ends of E.coti 23S rRNA.

Wildeman and Nazar (22) estimated the secondary structure of wheat chloro-

plast 4.5S rRNA in solution. They found all the base-pairs of hairpins II and

III, plus a certain number of additional base-pairs. The additional base-

pairing they proposed involving the two ends of the molecule is considerably

less stable than the possible base-pairing between the 3'-end of 4.5 rRNA and

the 5'-end of 23S rRNA. So that this base-pairing is unlikely to occur within

the ribosomes. On the other hand, the 5'-end of 4.5S rRNA may be base-paired
with a segment in the 3'-terminal region of chloroplast 23S rRNA, since its

counterpart in E.coU 23S rRNA is probably base-paired with segment 2783-2785.

The other additional complementary base-pairs considered by Wildeman and Nazar

are not complementary in tobacco chloroplast 4.5S rRNA or in bacterial 23S

rRNA. Therefore, from a phylogenetic point of view, the corresponding base-
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pairingsare unlikely to occur, and indeed they are rather unstable.

Thus, our observations based on comparison of sequence potential secondary

structures are supported by the experimental results of Wildeman and Nazar. As

proposed by Mac Kay chloroplast 4.5S rRNA corresponds to the 3'-terminal re-

gion of bacterial 23S rRNA. The homology between these two RNAs is not restric-

ted to 4.5S rRNA fragment 35-103 as suggested by this author. Rather, it ex-

tends up to the 5'-end of the 4.5S rRNA molecule, fragment 1-26 corresponding

to a part of hairpin I and to hairpin II. This is also true for wheat chloro-

plast 4.5S rRNA and also for Duckweed 4.5S rRNA, which has been tentatively

sequenced by Wildeman and Nazar on the basis of its TI and pancreatic RNase

digestion products. This, therefore, seems to be a general rule for 4.5S rRNAs.

Nevertheless, 4.5S rRNAs from different flowering plants display differences.

For instance, compared to Duckweed and wheat 4.5S rRNAs, tobacco 4.5S rRNA

contains an additional sequence between hairpins II and III. This sequence is

self complementary and may be folded in a small hairpin.

As shown in Figures 3, 7 a and 7b, the 3'-end of E.cot 23S rRNA and tobacco

and wheat 4.5S rRNAs contain a series of common oligonucleotides which are lo-

cated at identical positions in their secondary structures. Some of these oli-

gonucleotides are also found at similar positions in the putative secondary

structures of yeast 26S rRNA and X.taeviZ 28S rRNA 3'-terminal regions (Fig.

6a, 6b and 8).

DISCUSSION

We determined the nucleotide sequence of the 110 nucleotide fragment loca-

ted at the 3'-end of E.co1i, P.vutgaWvZ and A.punCtata 23S RNAs. A strong

sequence conservation is observed between the P.vutgawAl and E.co&Z fragments

(90%) . The conservation is not as strong between the A.punctata and E.co&z

fragments (60%). This is surprising since the Ae/omownoa have been classified

close to P.vutgaAZL and E.co1i in the bacteria classification established by

Fox et al. (37) on the basis of 16S rRNA comparisons. Our results are never-

theless in agreement with the phylogenetic relationships they proposed: name-

ly, EocheAichia and Ptotew having a common ancestor which itself has a common

ancestor with AeAomonaWs.
In spite of the great difference in their nucleotide sequences, the three

3'-terminal fragments studied could be folded in the same structure made of

two hairpins (II and III). The presence of hairpin II and of part of hairpin

III in fragment 3' in solution strongly reinforces the idea that these two

hairpins exist in bacterial 23S rRNA. Indeed, guanines 2822, 2844 and 2859
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located in loops of hairpins II and III are the only ones to be cleaved upon

mild TIRNase digestion of 23S RNA.

Tobacco chloroplast 4.5S rRNA, the 3'-end of yeast 26S rRNA and that of

X.&aeviZ 28S rRNA were found to display sequence homology with E.cot 23SrRNA

3'-terminal region (25,14). The degree of homology between this latter 23SrRNA

region and the two 4.5S rRNAs is high (about 65%). It is higher than

that observed between the 3'-terminal regions of E.co&i and A.punctata 23S

rRNAs (60%). The homology between the 3'-terminal region of E.cod. 23S rRNA

and the 3'-terminal regions of the two cytoplasmic rRNAs, is smaller (50% and

40% for X.ZaeviZ 28S rRNA and yeast 26S rRNA, respectively). In spite, of the

numerous differences in their primary structures these prokaryotic and euka-

ryotic rRNA regions potentially have a very similar secondary structure. This

observation strongly suggests the existence at the 3'-end of the large cyto-

plasmic rRNAs and in chloroplast 4.5S rRNA of a structure similar to that

found at the 3'-end of bacterial 23S rRNA. Furthermore, it supports the idea

that chloroplast 4.5S rRNAs and the 3'-terminal region of bacterial 23S rRNA

have a common ancestor and equivalent functions.

A similar structure was not detected in either mouse or human mitochondrial

16S rRNAs. However, the presence of a small size rRNA, similar to chloroplast

4.5S rRNA in mouse and human mitochondria is not excluded.

The 3'-terminal region of E.CoUi 23S rRNA, the two chloroplast 4.5S rRNAs

and the 3'-terminal regions of the two cytoplasmic rRNAs, not only have secon-

dary structures with the same general shape. They also bear common oligonucleo-

tides located at identical positions in their secondary structures. It is sur-

prising that the sequence of these oligonucleotides is not entirely conserved

in the 3'-terminal region of A.punctata 23S rRNA, and even in that of P.vuwga-
6 23S rRNA which is 90% homologous to the 3'-terminal region of E.cozL 23S

rRNA. One explanation could be that in respect to these oligonucleotides P.vut-
gaA" and A.panctata 23S rRNAs have diverged from their ancestor. Another al-

ternative could be that a convergent evolution has lead to these oligonucleo-
tides in different ribosomes species. Finally, a third possibility is that the

ancestor of cytoplasmic and chloroplastic ribosomes was closer to E.coti ribo-
somes than to P.wvuwgaAi or A.punctat ribosomes. Whatever is the answer, one

point is obvious. Since these oligonucleotides are found in E.cozi, chloroplast
and cytoplasmic ribosomes, they should have an important role : they may be in-

volved in RNA tertiary structure, in RNA-protein interactions or in ribosome

ligand binding.
The third alternative is not very likely, since the 3'-terminal region of
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E.coti 23S rRNA is not exposed within the 50S subunits. Indeed, this region is

not cleaved upon TIRNase digestion of the subunits. The degree of methylation

of its guanine residues upon dimethylsulfate treatment of the subunits is

smaller than that observed for other 23S rRNA regions, in particular, the 5'-

terminal one (unpublished results). Finally, previous results have demonstrated

that this 3'-terminal region belongs to a compact area of the 50S subunits (38).

Only the extreme 3'-end seems to be prominant at the surface of the subunit,

since, it was labeled upon incubation of the 50S subunits with {5'-32PI pCp

and T4 RIA ligase.

Involvement of the invariant oligonucleotides in RNA tertiary structure or

in RNA-protein interactions is strongly supported by the results we obtained

upon dimethylsulfate treatment of the E.coti 50S subunits. Indeed, the guanine

residues located in the single-stranded invariant oligonucleotides are not me-

thylated, also those guanine residues located in the base-paired invariant oli-

gonucleotides are only methylated to a small extent. It should be noted that

these guanine residues are, on the contrary, all methylated in the 3'-terminal

region of E.coti 23S rRNA in solution and with the same yield as the other

guanine residues. Obviously, more RNA tertiary interactions are expected to be

present in the 3'-terminal region within the 50S subunits than in solution, but

this is probably not sufficient to account for the difference of methylation

observed. Some of the protected guanine residues probably interactwith proteins.

The sequence conservation in hairpins II and III is striking in view of the

great variability in hairpin I. This hairpin represents a "hot spot" of muta-

tion in 23S rRNA. The insertion which has separated the 4.5S rRNA from the 23S

rRNA in chloroplast rDNA occured in this area.
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