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ABSTRACT
TnE nucleotide sequence of the Anacystis nidulans 23S rRNA

ene, including the 5'- and 3'=ttantnh'YeTTgNS has been
determined. The gene is 2876 nucleotides long and shows higher
grimary sequence homoloqy to the 23S rRNAs of plastids (84.5%)
thant tha of E. coli 179%). The predicted rRNA transcript
alsotshares. many, secondarY strVctural featVres with those or
plastids, reintorcing the engosymbiont hypothesis for the origin
of these organelles.

INTRODUCTION

The hypothesis that chloroplasts originated from

endosymbiotic bacteria is widely accepted. Overwhelming evidence
supporting this idea (1) has come from nucleic acid hybridisation

studies of cyanobacterial and Euglena gracilis chloroplast rRNAs

(2); from ribosomal reconstitution experiments (3) ; from

Tl-oligonucleotide cataloguing of 16S rRNAs of plastids and

cyanobacteria (4,5,6) and from comparative primary sequence data
of the rRNAs and/or their genes. Most of the latter form of

evidence has involved comparisons of chloroplast and E. coli
rRNAs. However, a contemporary organism more likely to be
related to the ancestor of plastids is the cyanobacterium

Anacystis nidulans.
In view of this, we have studied one of the two rRNA gene

clusters of A. nidulans, and have shown it to be similar to
those of plastids in the complement and order of genes, except

that there is no physically distinct 4.5S rRNA (7). The spacer
between the 16S and 23S rRNA genes contains genes for tRNAIle and

tRNAAla (8), as do those of Z. mays (9), N. tabacum (10), and
E. gracilis (11) chloroplasts. The A. nidulans tRNAs

themselves show higher primary sequence homology to those of
plastids than to those of E. coli. The 5S rRNA gene of A.
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nidulans also is more homologous to plastid 5S rRNA genes than to
the E. coli 5S rRNA gene (7). Sequence data on the 16S rRNA

gene of A. nidulans (12) shows the same relationship.

MATERIALS AND METHODS

Materials

Restriction enzymes were purchased from Bethesda Research
Laboratories and New England Biolabs and used as suggested by the
manufacturer. Phage M13 cloning vectors, primer and host cells
were obtained from New England Biolabs. DNA polymerase I (large

fragment) was from Boehringer Mannheim. [a-32P]-dATP was
synthesized according to the method of Walseth and Johnson (13).

DNA Preparation and Restriction Mapping
The recombinant plasmid containing the rRNA gene cluster of

A. nidulans was propagated on E. coli JF1754 and the DNA

purified as described previously (8). The restriction map for
enzymes Eco RI, Bam HI, Sal I, Pst I, Sma I, Xma III and Hind III
is shown in Figure 1 (a). The 23S rRNA gene lies on Sma I

fragments of 1.4 and 2.3 kb, Hind III fragments of 0.48, 0.84 and

1.23 kb, and Sma I-Hind III fragments of 0.98 and 1.2 kb. These
fragments were purified from low-melting-point-agarose and

16, 23 S 1 Kb
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Figure 1. (a). Restriction Map of the 6.3 kb Cloned rRNA Gene
Cluster of A. nidulans. The 16S, 23S and 5S rRNA genes are
indicated E-Y neavy oars. (b). Strategy for Determining the
Sequence of the 23S rRNA Gene and FlankI g Regions. Arrows
indicate the origin and direction of sequencing.
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subcloned into phage M13 using the restriction enzymes Tag I, Sau

IIIa, H II and Rsa I, as shown in Figure 1 (b).

DNA Sequencing

Sequencing was done by the dideoxynucleotide chain
termination method using the phage M13 system (14). DNA

sequencing gels were 33 x 40 x 0.3 cm and 8% in polyacrylamide
(19:1, acrylamide:bis) and contained 8 M urea, 50 mM each of tris
base and boric acid, 1 mM EDTA (pH 8.3). The gels were run at

1500 V and several loadings were performed to obtain overlapping
sequences. Most regions were sequenced several times and in both
orientations.

RESULTS AND DISCUSSION

The nucleotide sequence of the 23S rRNA gene and the 5'- and
3'-flanking regions is presented in Figure 2. The termini of the

23S rRNA gene were determined by comparison with the published
sequence of the E. coli 23S rRNA (15). The gene is 2876
nucleotides long, slightly shorter than that of E. coli (2904

nucleotides) and longer than that of N. tabacum chloroplast

(2804 nucleotides), excluding the 4.5S rRNA region. It is 54.2%
G+C.

The 23S rRNAs of A. nidulans and plastids show several
additional nucleotides relative to that of E. coli, as shown in
Table 1. In C. reinhardii chloroplast, there is a 7S and 3S
rRNA 5' to the 23S rRNA gene (16). These small rRNAs are

homologous to the 5' terminus of other chloroplast 23S rRNAs and

Table 1. Insertions in 23S rRNAs of A. nidulans and Plastids
Relative to E. coli. (A) A nidulans,-7Z)- ZT. mays (N) N.
tabacum, (CF- C. reinharaii. Tlheco-ordinmtes Lt er to tft
location of the additional nucleotides in the A. nidulans
sequence relative to the E. coli sequence.

3375

Location A z N C

270-278 9 - - 9

292-313 22 25 26 25

1245-1249 5 5 5 ?

1496-1501 6 7 7 ?

1601-1605 5 6 6 ?

1834-1838 5 5 5 ?
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CTTTGCAAGCAGGATGTCAGCGGTTCGAGTCCGCTAACCTCC CAAAAA tRNAAla
100

GACTGCTTAAAATTCAAAAAATCAGTTCAGCATCTTAAGTTTTCGATTTT
150

CGTATCGGAAGGCTTAGGAATGCCTGAGTTGAAAGACTCAGCAAGAACCT
200

TGAAAACTGCATAGAGATGAGAGTGTAGGTATCACAGACACCATCTCATC
250

ATCACTTGATTGAGTCAAGTGGGAGAAATGGAAGTCAGGAAAGAAGTAGT

AICAAGGACGTGGCTACCGA-CGATACGCCTCGGGGAGCTGGAAGCAAGCATE G.AAGG.ACGTG-CTAArTCTGCGATrAArGCGTCGGrTAAGG.TG.ATrATGAArCrGT

_ 140
A TGAT-CCGAGGATTTCCGAATGGGGCAACCCCATGTACGGCC --------
E TATAACCGGCGATTTCCGAATGGGGAAACCCAGTGTGTTTCGACACAACTA

A
E

' ' 185
------ACCTGAATCCATAGGGTGGCCGCGACGAACCCGGCGAATTGAAAC
TCATTAACTGAATCCATAGGTTAATGAGG-CGAACCGGGGGAACTGAAAC' 198

235
A ATCTTAGTAGCCGGAGGAAGAGAAAACAAAAGTGATTCCCTCAGTAGCGO
E ATCTAAGTACCCCGAGGAAAAGAAATCAACCGAGATTCCCCCAGTAGCGC

' 285
A CGAGCGAACGGGGACCAGCCTAAACCAAACTCCACGGAGTTTGGGGTCGT
E CGAGCGAACGGGGAGCAGCCCAGAGCCTGAATCA --------- GTGT-GT

334
A GGGACAGCAATGTGGACTGTGAATGTTAGACGAAGCAGCTGAAAA-CTGC
E GTGTTA-------------------- GTGGAAGCGTCTGGAAAGGCGC

316
''' 381

A ACCAGQGAAGGTGAAAGTCCTGTAGTCGAAAATTQAACA-GCC-T-AGC
E GCGATACAGGGTGACAGCCCCGTACACAAAAAT-9-CACATGCTGTGAGC364

' 431
A TGAATCCCGAGTAGCACGGAGCACGTGAAATTCCGTGTGAATCCGCGAGG
E TCGA---TGAGTAGGGCGGGACACGTGGTATCCTGTCT AATATGGGGGG

I ~~~~~~~411
ACCA-CCTC4TAAGGCTAATACTCCTGTTGACCGATAGGCCA0A

L ACCATCCTC-CAAGGCTAAATACTCCTGACTGACCGATAGTGAACCAGTA
I ~~~~~~~460

529
A CCGCGAGGGAAAGGTGAAAAGAACCCCGGAA-GGGGAGTGAAATAGAACA
E CCGTGAGGGAAAGGCGAAAAGAACCCCGGCGAGGt;GAGTGAAAAAGAACC

510

' '
C G579A TGAAACCGTGAGCTTACAAGCAGTCGGAGCCCGATTCAACGGGTGACGGC

E TGAAACCGTGTACGTACAAGCAGTGGGAGCACGCTTAGGCGTGTGACTGC
' ' ' 560

' ' ' ' 628
A !TGCCTGTTGAAGAATGAGCCGGCGACTTATAGGCACTGGCA-GGTTAAG
E TACCTTTTTTATAATGGGTCAGCGACTTATATTCTGTAGCAAGGTTAA-

677
A GCGGAAATGCCGAAGCCAAAGCGAAAGCGAGTCTGAATAGGGCGAT-AGT
E -CCGAATAGG-GGAGCCGAAGGGAAACCGAGTCTTAACTGGGCGTTAAGT

I 657

A CAGTGTTTATAGACCCGAACCCGGGTGATCTAACCATGGCCAGGATGAAG
ETGC,AGGGTATAGACCCGAAACCCGGTGATCTAGCCATGGGCAGGTTGAAG

A CTTGGGTAACACCAAGTGGAGwTCCGAACCGACCGATGTTGAAAAATCGG
E GTTGGGTAACACTAACTGGAGGACCGAACCGACTAATGTTGAAAAATTAG
'''' ' 757

* ~~~~827
A CGGATGAGCTGTGGTTAGGGGTGAAATGCCAATCQAACCCGGAGCTAGCT
E CGGATGACTTGTGGCTGGGGGT,AAAGGCCAATCAAACCGGGAGATAGCT807

A GGTTCTCCCCGAAATACGTTGAGGCGTAGCGGTATG-G-ATT-ATAGCGG
E GGTTCTCCCCGAAAGCTAmAGG- -TAGCGCCTCGTGAATTCATCTCCG

I ~~~~~~855
I ~~~~~~'923

A TGGGGTAGAGCACTGATTCGGTGCGGGCTGCGA-GAGCGGTACCAAATCG
E -GGGGTAGAGCACTGTTTCGGCAAGGGGGTCATCCC GACTTACC,CCC4G

A AGTCAAACTCCGAATACGCCGTGTAC---ACCATGCCAGTCAGACTGT9I
E ATGCAAACTGCGAATAC-CGGAGAATGTTATCACGGGAGACACACGGCGG

I 1~~~~~953

A GGGATAACCCCATGGTCAAGAGGGAAACAGCCCAGACCACCAGCTAA'
E GTGCTAACGTCCGTCGTGAAGAGGGAAACAACCCAGACCGCCAGCTAAGG

1003
I 1070

A TCCTCAAATCAGAACTTAGTGATAAAGGAIGTGGGAGTGCATAGACAACC
E TCCCAAAGTCATGGTTAAGTGGGAAACGATGTGGGAAGGCCCAGACAGCCI ~~~~~1053

1120
A AGGAGGTTTGCCEAGAAGCAGCCATCCTTAAAAGAGTGCGTAATAGCTCA

1103

' 1169
A CTGGTCAAGCGCTCCTGCGCCGAAAATG-AACGGGGCTAAGTTCG,rAcCC
E CTGGTC,AGTCGGCCTGCGCGGAAGATGTAACGGGGCTAAACCATGCACC

1256
A CGTAGGGTGAAGCGGTAGC -----GGAAGCAGCCGTGGACGAAACGGAA
z AAGCCTGCGAAGGTGT-GCTGTGAGGCATGCTGGAGGT-----ATCAGAA

1247
'' ' ' ' ~~~~~~~1306

A GTGAGAATGTCGGCTTGAGTAGCGAAAACATGGGTGAGAATCCCATGC
E GTGCGAATGCTGACATAAGTAACGATAAAGCGGGTGAAAAGCOCCGCTCGC

GCGGAGGGT;A 1356
A CGAAATCCCAAGGGTTCCTCCGGAAGGCTCGTCCGCGGAGGGTTAGTCAG
E CGGAAGACCAAGGGTTCCTGTCCAACGTTAATCGGGGCAGGGTGAGTCGA
' 1347

1406
A GTCCTAAGGCGAGGCAGAAGTGCGTAGTCGATGGACAACAGGTTAATATT
E CCCCTAAGGCGAGGCCGAAAGGC,GTAGTCGATGGGAAACAGGTTAATATT

A CCTGTACCGATTTGGATTGTGCAGA-GGGACGGAGAAGGCTAGGCCAGC
E CCTGTACTTGGTGTT-ACTGCGAAGGGGGGACGGAGAAGGCTATGTTGGC

1446

1491
A AGGATGTTGGTT-ACC----------- TGTCC--AAGTGTCCGAGGCGTT
E CGG,9CGACGGTTGTCCCGGTTTAAGCGTGTAGGCTGGTTTTCCAGGCAAA

1496

1541
A GAGGAGCGGCGAACGCTCCGAGCTGAGGCGTGAGTGCGACCCGCTACG
E TCCG -----GAAAA---TCAAGGCTGAGGCGTGATGACGAGGCACTACG
' ~ ~ ~ ~ ~~~~~~~~~'Ir.'157

A GCGGGGAAGTGGTTGATGTCAAGCTTCCAAGAAAAGC-TCTAAACA-C-G
E GTGCTGAAGCAA,AAATGCCCTGCTTCCAGGAAAAGCCTCTAAGCATCAG

156 1
_16317

aI T-AATCCAAAATTGCCTGTACCCTAAACCGACACAGGTGGGACGGtAGA--------......... -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

* ' ' 1687
A GTATACCAAGGGGCGCGAGGTAACTCTCTCTAAGGAACTCGGCAAAATGA
E GATACC#AGGCGCTTGAGAGAACTCGGGTGAAGGAACTAGGCAAAATGG1682

1 CTCGTAACTTCGGGAGAAGG------ QTSC AGzATGCCGTAACTTCGG^GAG$AGGGCACGCTGATATTZi^GUGACTCCT& CG* 1732

A A GTTGG----------GTCGCA TGAA;AGGCCCAGGCGACT9M41ACC
9 G&GGA ,GCGAA CA9CAGATAC,CAGCTGGCTG,CACTGTTTATT

1782

A AAAAACACAGGTCTCCGCTAAGTCGTAAGACGATGTATGGGGGCTGACGC
E AAAAACACAGCACTGTGCAAACACGAAAGTGGACGTATACGGTGTGACGC
* ~~~~~~~1832

A CTGCCCAGTGCCGGAAGGTTAAGGAAGCTGGT-----CAGCGCAAGT8AA
E CTGCCCGG,TGCCGGAAGGTTAA-----TTGAT9GGGTTAGCGI,AAGC AA

'' ' ' 1906
A GCTGGCGACCGAAGCCCCGGTGAACGGCGGCCGTAACTATAACGGTCCTA
E GCTCTTGATCGAAGCCCCGGTAAACGGCGGCCGTAACTATAACGGTCCTA

' ' ' ' 1927

A AGGTAGCGAAATTCCTTGTCGGGTAAGTTCCGACCCGCACGAAAGGCT
EAG9TAGCGAAATTCCTTGTCGGGTAAGTTCCGACCTGCACGAATGGCGTA

1977

'' ' ' '2004
AACGATCTGGGC--GCTGTCTCAGAGAGAGGCTCGGCQAATAGGAGTGTC
E ATGAT--GGCCAGGCTGTCTCCACCCGAGACTCAGTGAAATTGAACTCGC
* ~~~~~~~2025

ATTGTAAQTACGGACTACCTGCACCCGGACAGAAAGACCCTATGAAGT
ETGTGAAGATGCAGTGTACCCGCGGCAAGACGGAAAGACCCCGTGAACCTT

i TACTATAGCTTGACACTGAACATTGCCTTa-TGTGTGAGGATAGGTGG
'' ' ' 2124

'' ' 2153
A GAGGCTATGAGACTT CCTTGTGGGGGAAGTGGAGCCAACGGTGAGATAC
E GAGGCTTTGAAGTGT9GACGCCAGT,CGCATGGAGC,CGACCTTGAA,A2TlA7C

I I~~~~~~ 220A CACTCTGTCAAAGCTAGAAGT-CTAACTTTGAGC TA
E CACCCTTT-AATGTTTG,ATGTTCTAACCGAcCC AATTCC 223

A CAGTA--TCAGGTGGGCAGTTTGACTGGGGCGGTCGCCTCTTAAAAGUAU
L GACAGTGTCTGGTGGGTAGTTTQCTG,GGGCGGTCTCCTCCTAAAGAGTA
* ~~~~~~~2273

A ACGGAGGCGCGCAAAGGTTCCCTCAGGCTGGTTGGAAATCAGCCGACGAG
E ACGGAGGAGCACGAAGGTTGGCTAATCCTGGTCGGACATCAGGAGGTTAG

2323

A TGCAAAGGCATAAGGGAGCTTGACTGCAAGACCTACAAGTCGAGCAM&I
E TGCAATGGCATAAGCCAGCTTGACTGAGCGTGAC9G,GCGAGCAGGTG

2373

A cGAA A&GUcC AGTGATCSMCGQFCTGAGTGGAAGGGCCE M E, CTAGT,GAT G,GTTCTGA.ATGG,AA CffC2GCOT
2423

A CAACGGATAAAAGTT-ACTCTAGGGATAACAGGCTGATCTCCTCCAA&AT&
E CAACGGC,TAAAAGGTA,TCCGGGGATA,ACAGGCTGATACCGCCCAAGAGT2473

A TTCAATCGACGGAGGTTGCCACCTCGATCTC.CATCATCGCAAC2E T T,CGCGGCGGT ,GTTGGCACCTCGATG,SCGG ,TCATCACATC2CTG
2523

A IGCTGAAGTCGGTCCCAAGGGTTGCGCTGTTCGCCCASTAAAGCG&5iS
E GGGCTGGTAGGTCCAGGGTATGGCTGTTCGCCTTAAAGTGOTAC

3376

. ~~~~~~~~1153

A GAAGCTGTGGAATTGC-----TGTGCAATT-GGTAGGGGAGCGhTT&&T
E GAAGCTGCGGCAGCGACGCTTATGCGTTGTTGGGTAGGGGAGCGTTCTGT

288

- -- -267SI

.
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I ~~~~- 2838 1A -CCGTTAATAGGCGCTATGTGGAAGTTCAGCAATGGAT
E TTGAAGACGACG,CGTTG-ATAGGCCGGGTGTGTAAGCGCAGCGA,TGCGT

28651
2887

A GAAGCTGAGGCGTACTAATAGACCG-AGGGCTTGAC AACACTTTGA
E TGAGCTAACCGGTACTAATGAACCGTGAGGCTTAA'2904

TATCGGCACTCTCCTCTATGCAGCCTTCAAGGCTCTAATCTCCATA29g*
2987CAQACCC CCTGGTGTCTATGCGGTATGGAACCACTCTGACCCCATCC

CGAACTCAGTTGTGAAACATACCTGCGGCAACGATAGCTCC8mr
5S

fi'uw-rwu-rrw-ro-----'-l;wXw-rr-ra^r=~l A

2816

Figure 2. Nucleotide Sequence of the 23S rRNA Gene and Flanking
Regions. The 3'-terminus of the tRNAAla the 23S rPNA gene and
the 5'-terminus of the 5S rRNA gene arE boxed. TIe sequence or
the E. coli 23S rRNA gene (E) is given below that of A.
niduThns (AT.

A. nidulans, as shown in Figure 3. In fact, the insertion of 22

nucleotides in A. nidulans and plastids relative to E. coli

(position 292-313) corresponds to the spacer between the 7S and

3S rRNA genes of C. reinhardii. On the other hand, the second

spacer, that between the 3S and 23S rRNAs, is present in the E.

coli 23S rRNA gene. The deletion of the 7S-3S rRNA gene spacer

in E. coli 23S rRNA is therefore puzzling. The region cannot be

of any functional importance since it is deleted in E. coli,

post-transcriptionally removed in C. reinhardii chloroplast and

forms variable secondary structures in A. nidulans and plastids
(see Figure 4).

The 3S equivalent is very highly conserved in secondary

structure, although primary sequence homology is quite variable

(see Table 2). A. nidulans shows by far the highest homology to

the 3S region of C. reinhardii chloroplast, and also shares a

9-nucleotide insertion in the 7S region relative to the other

organisms (see Figure 3). This may reflect a closer evolutionary

relationship between A. nidulans and the plastids of the

unicellular green algae, such as C. reinhardii and Euglena

gracilis. Both A. nidulans and E. grac4lis plastids share the
feature of uninterrupted spacer tRNAs (8,17). However, the 23S
rRNA gene of C. reinhardii chloroplast is interrupted by a 940
bp intervening sequence near the 3' end (18). A. nidulans 23S
rRNA contains no intervening sequence here, but neither do the Z.
mays or N. tabacum plastid 23S rRNAs (19,20).

The 3' terminus of the 23S rRNA gene of A. nidulans does

3377

A GTGAGCTGGGTTCAGAACGTCGTGAGACAGTTCGGTCCATATCCGGGZ GCGAGCTGGGTTTAGAA,CGTC GTGG,CACTTTCWCCCDTATCGCCTGG
r| | @ ~~~~~~2623

A GGCGTAAGAGTATTGAGGGATTTCTCCCTAGTACGAGAGGACCGGaGGE GGCGCT9GAGAACTGA9GGGGGCTGCTCCTAGTACGGAGGACCGG9
2700

A AACGCACCGCTGGTGTACCAGTTATCGTGCCAACGGTAAACGCTGGGTAGE GCGCATCACTGGT GG-ITT GCCAATGGC,ACTCCCGQTAG
2722

A CTACGTGTGGAGTGGATAACCGCTGAAAGCATCTAAGTGGGAAGCCCACE CTAAATGCGGAAGQGATAAGTGCTGAAAGCATCTAAGCACGAAACTTGCC
27722800

.ilqMGATGAGTACTCTCATGGCATAAGCCAGTAAGGTCACGGGTAC,iUU
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GGGAGCAGCCCAGAGCCTGAATCA GTG TGTGTGjII

..........T.A.C.G.... AAC G.G.T .... G.G

....C. T.A.C.MACTC ..CGGAGTTT G.G.TC ... G.

....AT..T.A. . ..ATG. .GCAAGATGTAG.G.TC ..G.G

..........T.A.C.G .... AAC .G.T . . G.G

7S

GTCTGGAAAGGCGCGCGATACAGGGTGACAGCCCCGTAC

.GT.. .GT.C.. .A.CC. .G.T..CT.T.J...A..G

AG.. A... CT. .A.C.G.G.A.. .T..T...GAT

AG.. .A. TCCT. .A.C.. .G.T .....AT.A.. .G

CG.CC.. .T.CT. .A.CC. .G.T. .C. .A. .T. .A. . .GC

3S

'A GTGGAAGC

i.GCAATACAAGCGTTGTGCTGCTA .GC .....

.GCMTGT GGACTGTGAATGTTA .AC.....

IGACAACATAAAAATCGCTATTTT AATAC.....

;.GCAATACAAGCGTCGTGCTGCTA .GC.... A

spacer

CAAAAA TGC ACATGCTGTGAG CTC GA TGAGTAG

.G.T.GCAT. .. ....TAC . ...T..CCC......

G ....T.A.... ..C . .. ..GAATCCC ......

....GAAAAMMA.A.T.TT.T..AATCCC......

G... GCAT. ..TA...TAT . ...T..CCC......

spacer

Figure 3. Alignment of 7S-3S rRNA Region of Chlamydomonas
reinhardii Chloroplast With Homologous Region of 23S-Yr .S -
E. Ii (Z) Zmy. , (A) A.,nidulans, (C C. reinhardii (N
EL bicunM. This region corresponds to nucCleUtides 2T463t ot
the A. nidulans sequence.

not contain a sequence homologous to the 23S-4.5S spacer of Z.
mays and N. tabacum chloroplasts (7). The region where the

23S-4.5S spacer occurs in plastids is found near a helix which is

altered in both plastids and A. nidulans relative to E. coli.

C:
A AG

T-c

GTGGOTGA TAGGCAAG

C AC TG

AT

a a

T T
GTGAC GA-AOGACOAAG

B ac
C T
T -A

A-I^-

:

f -
OTGG AAACA ATACGAAG

D A T
A C
C - a
A - T

C -

TOVGGAO ATAC

Figure 4. Potential Secondary Structures of the Reqions
Homologous to the 7S-3S rRNA Spacer of C. reinhardii. (Ay Z.

mays, B) C. reinhardii, (C) A. nidulWns, j)T-N --tabacum.
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Table 2. Percent Sequence Homology of the 4S rRNA Gene of C.
reinhardii and its Homologs. (C) C. reinhardil, (E) E. col-t
ZTzm nys, (A) A. nidulans, (N -N. tadCUMr.-

E A Z C N

E. coli 63 58 58 56

A. nidulans 67 85 71

Z. mays 71 79cMiloYqpast
C. reinhardii 75
CB 1ofOp i7raM --

Other helices which are altered (or even missing) in A.

nidulans and Z. mays chloroplast relative to E. coli occur at

positions 131 (where the helix is absent), 257-312/365-389 (where
the equivalent of the 7S-3S and 3S-23S spacers of C. reinhardii

chloroplast are found) and 1721 (where the helix is shortened) of

the A. nidulans sequence (see Figure 5). For the most part, the

secondary structures of the rest of the 23S rRNA molecules of E.

coli, A. nidulans and chloroplasts are superimposable. The

potential helices are of three types: highly conserved (involving
only Watson-Crick base pairs), irregular (containing G:U pairs)
and highly irregular (containing non-Watson-Crick base pairs,
especially G:A pairs and bulged residues). Some helices are

highly conserved phylogenetically, while others are extremely

variable but maintain secondary structural features.
In the following calculations, each potential helix in the

A. nidulans 23S rRNA molecule was tabulated according to whether
it was highly conserved, variable or highly irregular with

respect to the 23S rRNAs of E. coli and Z. mays chloroplast

(data not shown). Of the highly conserved helices (greater than

85% homology among the three organisms), A. nidulans 23S rRNA

shares approximately equal homology with those of E. coli and Z.

mays chloroplast. Of the variable helices, 80% show more

similarity to those of the Z. mays chloroplast 23S rRNA than to

to those of the E. coli 23S rRNA. Of the highly irregular
helices, 67% show more similarity to those of the Z. mays
chloroplast 23S rRNA than to those of the E. coli 23S rRNA. Of

the 13 positions where bulged residues occur in A. nidulans,
nine are common to all three organisms. Of the remaining four,
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AG
GA

_c~~~~~~~

at CoI

- ~ ~~~~~A~^

a1a
A~~~~~

I I ?-XAAI

UAAA

Anacystis nidulans 23S rRNA

(5'- half)

3380
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1850

IV

V

s' C'. U-A ? WAR

U 280 '. 2750

87 A

Ag CA AA'

U-S
tAC

Anacystis nidulans 23S rRNA

(3'- half)

Figure 5. Potential Secondary Structure of the 23S rRNA of A.
nidulans (adapted from the model of Noller et al [21]). Th.!
rT tfrlbetween nucleotides 258 and 389 is-higfly variable in
different organisms and does not conform to Noller's model. An
alternative secondary structure is shown in brackets.
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one is shared with Z. mays chloroplast, one with E. coli and

two are different in all 3 organisms. Those nucleotides found in
single-stranded regions of the molecule tend to be highly

conserved, although this is not as pronounced as in the case of
the 16S rRNA (21).

Certain regions of the 23S rRNA molecule are postulated to

interact with proteins, tRNAs or other rRNAs. Nucleotides 72-83

of the E. coli 5S rRNA are complementary to nucleotides 143-154
of the E. coli 23S rRNA (15) and an interaction between these

two regions has been proposed. There is no complementarity
between maize 23S and 5S rDNA in this region. In fact, part of

this region has been deleted in the 23S rRNA genes of both A.

nidulans and Z. ma chloroplast. A region complementary to

nucleotides 68-74 of maize 5S rRNA has been found between

nucleotides 1846 and 1855 of maize 23S rRNA (19). Comparable

sequence homology between this region of A. nidulans 5S rRNA and

nucleotides 1933-1938 is also present (see Figure 6). The region
of the 23S rRNA molecule of E. coli corresponding to that

delimited by nucleotides 2220-2347 in the A. nidulans 23S rRNA
molecule, is also believed to interact with 5S rRNA and proteins

L5, L18 and L25 (22). This region shows very similar secondary

structure in A. nidulans and plastids and is also the region
which is deleted in mammalian mitochondrial large subunit rRNA.

Mammalian mitochondrial ribosomes lack a 5S rRNA.

Several interactions have also been postulated to occur

between 16S and 23S rRNAs in both E. coli and Z. mays
chloroplast (19). These interactions are supported by chemical
modification studies and similar interactions could occur in A.

nidulans (see Figure 6). Compensatory base changes have

sometimes occurred in the A. nidulans sequence which maintain
the interactions. In addition, some nucleotide substitutions
strengthen these interactions. For example, an A to C change at

position 2438 of the A. nidulans 23S rRNA molecule relative to

that of E. coli allows additional base-pairing to occur with the

16S rRNA molecule.
The region corresponding to nucleotides 1962-1978 of A.

nidulans 23S rRNA in E. coli has been postulated to interact
with tRNAfMet. Very strong base-pairing could occur in E. coli
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68 75
5S CGGCAACG

*** ***
23S GCC UUG

1938 1933

726 736
16S AGGGAUUAGAU

23S CCUCUAGUCGG
2441 2431

743 752
16S GUAGUCCUAG
23S GACUAAAGGU

2292 2283

1344 1358
16S GCCCGVCACCAUG
23S CUAGUCGG

2439 2432

5 22
tRNA GGGUAGAG CAG CCUGGUA

* *** *** *****

2 3S AGAGACUCUGUCGCGGGUC
1980 1962

5 22
tRNA GGGUAGAGCAGCCUGGUA

*** *** ******* **

23S UCC UCUAGUCGGACAAU
2442 2426

Figure 6. Potential Interactions Between 23S rRNA and 16S rRNA,
5S rRNA and tRNAfMet in A. nidulans, Asterisks indicate
nucleotides which could partak-e in iaSering.

(17 bp with a single-base bulge), but this is much weaker in both

A. nidulans and Z. mays chloroplast (12 bp with 3 insertions
and 1 mismatch, and 11 bp with 3 insertions and 2 mismatches,
respectively). Much stronger base-pairing could occur in A.

nidulans between tRNAfMet and 23S rRNA between nucleotides

2426-2442. Strong base-pairing could also occur here between the

23S rRNAs and tRNAfMets of both E. coli and Z. mays

chloroplast. However, this is not substantiated by chemical

modification or cross-linking studies and is therefore

speculative.

A. nidulans and chloroplast 23S rRNAs can form very similar

secondary structures in the regions believed to interact with

proteins L24 and Ll in E. coli (22) as shown in Figure 7.

The region between nucleotides 2339 and 2562 is believed to

be responsible for peptidyl transferase function in E. coli 23S

rRNA. Very similar secondary structures can be formed by the

large subunit rRNAs of A. nidulans, chloroplasts and yeast

mitochondria. Chloramphenicol mutants map in this region in
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A. U-~ B.
GUA. A ... . . ..-0:*.

C4 *.S).. A.U.4._
14 A.U-

c-G~~~~~~~-

A-U
.!

. . ............... A.
.

.A ..

C-G
-c
A-:.-C C-

124 .--.A

U-A

U-A
20702 217

L1

Figure 7. Potential Secondary Structure of the Reqions of the
23S rRNA of A. nidulans Proposed to Interact with Proteins Li
and L24 M(Z2. - t --represent identical nucleotides to those
ound in E. coli 23S rRNA. Letters indicate nucleotide

differences.

yeast mitochondrial 23S rRNA (23) and have been found to contain

single-base substitutions at positions corresponding to

nucleotides 2424 and 2479 of the A. nidulans sequence. These

positions are conserved in A. nidulans, E. coli and Z. may
chloroplast 23S rRNAs and lie in long stretches of identical

nucleotides.
The 23S rRNAs of some plastids contain "hidden breaks' which

may result in the formation of the 4.5S rRNA of higher plants and

the 3S and 7S rRNAs of C. reinhardii. Broad bean chloroplast

23S rRNA has been shown to be unstable at high temperatures and

to dissociate into three fragments (24). This may be a common

feature of chloroplast 23S rRNAs, and the sequences in these

organelles and in A. nidulans corresponding to the 7S-3S and

3S-23S rRNA spacers of C. reinhardii may also be removed. It is

of interest that the 23S rRNA of A. nidulans also contains a

hidden break which results in its dissociation into two fragments

(25). Since the fragments formed are 0.17 and 0.88 daltons, the

break is likely to occur after the first domain or within domain

V. The exact location is under investigation. Cyanobacteria are
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Table 3. Percent Sequence Homology of 23S rRNA Genes. The 23S
rRNA genes from E. coIi (E), A. nidulans (A), N. tabacum
chloroplast (N)-and72-.-- mavs chtorop&astTZT were compared.The
*Rayer between the 23$ ana 4.5S rRNAs or plastidt was not
inc uded in the comparison.

E A N Z

E. coli 79 67 71

A. nidulans 85 84

N. tabacum 92

one of the few groups of prokaryotes known to contain hidden
breaks in their 23S rRNA, another feature shared by chloroplast
23S rRNAs.

The 3'-flanking region of the 23S rRNA gene does not contain
any typical eubacterial transcription stop or start signals (26)
and transcription probably proceeds through the spacer and 5S
rRNA gene, as is usual in eubacteria and some, if not all,
plastids (27). Potential transcription termination signals have
been located downstream from the 5S rRNA gene (7). The 5'- and
3'-flanking regions of the 23S rRNA gene can partake in base
pairing. This occurs in E. coli and probably serves as a
recognition signal for processing by RNase III (28).
Base-pairing also occurs between the regions flanking the 23S
rRNA (and 4.5S rRNA in those organisms which contain it) in
chloroplasts (20).

In conclusion, from primary sequence studies (see Table 3),
secondary structural features and physical characteristics of the
large subunit rRNA of A. nidulans, it is clear that it shows

more homology to chloroplast 23S rRNAs than to E. coli 23S rRNA,
thus giving further support to the claim that plastids arose from

cyanobacterium-like ancestors.
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Note added in proof

While this manuscript was being reviewed, the nucleotide
sequence of the 23S rRNA gene from the other rRNA gene cluster of
A. nidulans was published (29). That sequence differs from that
presented here in eight positions, mostlyin the 3'-terminal 600
nucleotides. These positions have been determined absolutely
unambiguously by us by sequencing in both directions. This may
reflect true differences between the two 23S rRNA gene copies.
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