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ABSTRACT

The complete nucleotide sequence of the sz:lobacteriur;z cutirubrum 23S
ribosomal RNA gene and its flanking regions has been determined. The gene .

sequence sharcs'59% homology with its Escherichia coli counterpart ana is 53%
homologous to the %lethanococcus vannielli 23S rRNA gene, suggesting
divergence within the archaebacteria. The secondary stmcture of the RNA has been
derived k’om the primary sequence according to the cxxsnngJ prokaryotic models.

Certain regioné on the hypothctical structure resemble the functional sites on the E.
“coli large sﬁbunit RNA. ; | |
, The 16S/23S spacer showed nd significaﬂt homology to its M. vannielli
- counterpart except for the occurrence of an alanine tRNA gene. A SSTRNA gene, a
cystéinc tRNA gene, as well as an open rcadi.ng‘f;am'e have been id;ntiﬁcd
downstream from the 23S rRNA codiﬁg seqﬁencc.,ﬁ No obviéu‘s prqmotcrj or
| - Shine-Dalgamo sequence is located immediateIYTxpStreafn frqm this open reading
" frame. Two possible termination signals (dyad symmetries) Wéré found. an is
- structurally similar to the rho-independent terminator and the other resembles the

i .v:'anu termination structure downstream from E. coli rm operons.

Expmssxon of the rRNA genes and tRNA genes in H. cutirubrum. has been
dcmonstratcd by RNA-DNA hybndxzanon analys1s Transcnpnon ot) the alanmc '

~ 1RNA . gene was shown ina cukaryoue system (HeLa cell lysatc) No cxprcssxon of

the two tRNA genes was detected in E. coli. i



TABLE OF CONTENTS Z

Page
B DS
Orgammuon nbosomal RNA genes ) - 2
- 3
: -4
Ribosomal RNA sequence homology as a :
measure of genetic relatedness 4
Divisions within the archacbactcna -- --- [
Primary SETUCLUTES-- ---nnmmmmmmmmmmormmmmmemmmmnnmmmmnenas 6
Post-transcriptional modifications : - 9
Secondary structures ,— 9
This work " 11
IL MATERIALS AND METHODS
" Bacterial strains and media---------- 13
DNA and RNA isolations - 13
Plasmids and phage stfains-- : 1 5
Enzymes and Reagénts : 15
~ Cloning of restriction fragments------ : : : 16
32p.1abelting of RNA------- L.
Labelling of DNA fragmcnis ‘ | - - ~ 19
Mapping of DNA fragments---- ' s ' 19
. Electrophosesis and immiobolizationof '
- of DNA apd RNA- , memreeeen! e==; 20
Hybridinﬁon analysis- - , - - 21
* DNA sequencing - 2]

C°’“P“‘“F°8mm$ for coﬁlpﬂmg sequcncmg data--- -2



In vitro transcription--- S

Radioamémphy - : \,7 — 22
A ‘ ‘ .
f
II. RESULTS .
Ggne orgammtmn - - - 23
Cloning and néppmg of IRNA genes-- N - 23
Primary sequence dctcrmmanon 23
Secondary structure derivation----------- 29
Gene expression . L - - 48
IV. DISCUSSION
GENe OrGANIZAION- --ovtmmmmmmmmmmosmmosmemmscccmsmm e emem oo fme e e ieeas $0
Primary sequence meee - —---50 -
»16S(23S. spacer - - ‘ x\\"-v" - 51
»3-flanking region ' : : --- 54
Secondary structure--—-. cemmmmenmne e .y
 Substructures on the large subunit nbosomal 13 EA——— 64
Gene expression : ‘ S 64
Evolutionary implications S - - 90
REFERENCES. % -
- APPENDIX 1. Complete nuctéotide sequence of the '
Halobacteriwn cutirubrum 23S L
| ribosomal RNA gene =111
Vi



- LIST OF TABLES

\
\\\ v
. Table " "Description ‘ Page
v 1 Listing of kmown prokaryotic 16S and 23S -8
ribosomal RNA sequences K
2. P]asmids and bacterioﬁhages 15

3. Description of DNA fragments analysed 28

~ by sequencing (

VI



LIST OF FIGURES

_Figure Page
1. Cia;ling of rRNA écnc cluster B . ) 24
2. Physical map of pHcrl N - .26
3. Strategy to sequence the 23S(rRNA gcné E - 30

and its flanking regions ‘ :
4. Nucleotide sequence of the 165/23S spacer 32
5. Nucleotide sequence of the 23S rRNA gene . 34
6. Nucleotide sequence of the 3'-flanking region v 46
7 'Secondary structures of tv/o H. cuurubrum tRNASs 52
8. Possible terminator structures _ 56
9. Secondary structure model of the 23S rRNA o - 59
10. Comparison of secondary structures of 23S rRNAs 62
11. Possible péptide transfer centre - . 65
12. Possible tRNA binding site - - . 68

13. Possible initiaté; tRNA interaction sites : 10
14. Possible subumt interaction sites L 72

1s. Poss:blc mtcractxon site between the 5S rRNA | ” 75

and 23S 1RNA : A _

16. Poss:b!c L1 ribosomal protein bmdmg region \ 78
17. Pos§1blc L8/ ribosomal protein binding site . 80
18. Alﬁha-sarcm cleavage site R o 82
19. Secondaty stmcturc of thc 3 lcnmnus of . : ~85- .

/ the23S1RNA L C
ZQ/ Southem cross analysis of tRNA gene expression . 88~
21. In vitro transcription studies . 9
22, Northemn ﬁybridization vanal)’(sis of gene expression - a 93 "

Vi



INTRODUCTION

Archaebacteria - | : -3

A group of .organisms fermerly classified as eubacteria, vdemonstrated unusual
'features that do not fit the deﬁmtron of eubactena These observatlons have led to the
postulation of a third line of descent, the archaebactena The extreme halophrles the
methanogens, certain Thermoproteales and the Sulfolo.bales comprise the Yrchaebacteria
(Woese et al.,1978; Magrum et al.,1978; Woese, 1981; Garrett, '1985).‘ Unlike the
eubac@a,»_mchaebmwﬁa‘lack diarninopimelic and muramic acids m their cell wall; instead

“they. usually have a simple proteinaceous covering (Kander and Konig, 1985). Their

&

lipids are built from ether (rather than ester) linked phytanyl chains; straight carbon chains

- afe replaced by polyisoprenoid (branched) chains (Langyvorthy‘, 1985). The genus |

Halobacterium possess a photosynthetic system unlike any other .photosynthetic bacteria.
The photOSYnthetic pigment, the bacterial rhodopsin, is similar to eukaryotie visual
pigments (Magrum etal., 1978). >

" The translanonal apparatus of archaebactena shows features different from that of the

'eubactena The charactensnc modification pattem and unique sequences in the tRN As

(Gupta,v 1984; Kuchino et al,, 1982), the use of _non-formylated methionine tRNA

(Bayley and Morton, 1978), the unique struictral features of their ribosomes (Lake, 1983;

Lake et al., 1984), are some of the dlstmgulshmg features:— As well, their

"

DNA- dependent RNA polymerases are rmmunologlcally related to their eukaryotrc T

counterparts (Zrlhg et al 1982a, Zrlhg et al 1982b Zrllrg et al, 19 5

-1983) ere the eukaryotes, therr elongatron factors are sensmve to ¢ ;
(Kessel and Klink, 1980 Kcssel and Klink, 1981 !flmk, 1985) o

A
N »l

Archaebactena became wrdely recogmzed as a separate phylogenetlc branch -

mdependent bf thc eubactena when Woese and Fox\(1977) presented evrdence for their -

Huet et al,

htheria toxin



‘ , ' Y
evolutionary divergence using RNase T1 oligonucfédtidc pattern compatisons of l6S"‘

»

ribosomal RNAs (Woesc and Fox, 1977). Detailed comparatxvc analysis o’f the

sequences of nbosomal RNAs (as well as the organization of their gcnes) has become a

« &

powerful tool for examining phylogenetic relanonshlps.

Oreanization of rik 1RNA.
“The conservatnon in TRNA gene orgamzanon within phylogenetically related. groups
of organisms has been studled (Takahashi et al.,1976; Neumann et al,, 1983 Hofman et
~al, 1979; Doolittle and Pace, 1971; Ellwood and Nomura, 1982; Henckes et al., 1982;
Bollen, 1982). ,
In prokaryotes, rRNA genes exist as a co-transcriptional unit of 16S-23S-5S rRNA
genes (Brosius et al. 1981; Smith and Dnbnanl 1968). The rRNA moleeules are about
1540 2900 and 120 nucleotides in length, respecuvely Chlorop}ast rRNAs are similar
(Grey and Doolrttle 1982; Orozco et al., 1980) Mxtochondnal rRNAs show a wrde_
range of vanablhty and some nutochondna appear to lack SS rRNA (Bnmacpmbe and
VSnege 1985). Thc rRNA operon may exist in munple COplCS There are at least seven
copies in E. coli (Ellwood and Nomura, 1982) and at Jeast ten in Bacxllus subnlz,s '
_' (Stewart et al., 1982) Eukaryotrc nuc]ear rRNA gencs ar&typréally tandcmly repeated

~.and transcnhed m ‘the order 5. 188 5.85- 28S 3 byRNA polymerase I (Roscnthal and

o Doenng, 1983 Long and Dawrd 1980) The 5S rRNA genes are- also usually tandemlyk i

repeated and sepatately transcribed by RNA polymerase I (Walker and Pace, 1983
Fedoroff 1979 Rwder, 1984)

The orgamzauon of the rRNA genes has been detem;.med by Neumann et. al (1983) S

_ in a small number of archaebactena A common orgamzauonal pattcrn was not, found N

“ ;Membcrs from the same subgroup tend to share a smularpattem In ‘the sulfur-dcpendent .

and some thermophrhc archaebactena (for example Desulfurococcus mobxl:s,.

| Thermoplasma actdophzlum ‘and Thermoproteus tenax ) rRNA gencs arc wrdelyy.;;.. -

v ] R . ’ : . »v .Q)"
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separated (Tu and Zillig, 1982; Ncun1ann et al., 1983). Multiple rRNA operons were
idéntified in some archacbactcria (Jarsch et al., 1983a; Neumahn et al., 1983). Four sets

of rRNA genes are found in Methanococcus vannielii. Additional 5S rRNA genes

_ separated from the JRNA operon are observed in  Sulfolobus

acidocaldarius,Thermococcus celer and Thermofilum pendens (Neumann et al.,1983).

. Wich et. al. (1984) demonstrated an apparent operon coding for a 5S rRNA and seven

tRNAs in Methanococcds vannielii. The linkage betwecn rRNA genes in the halophlles

‘ (and the mcthanogcns to a lesser extent) closely follows that of the cubactena Both
Halobacterium- volcqnu and Halobacteriugs marismortui have two separate rRNA
operons containing the typical eubacterial transcriptional unit of 5'-165-23S-5S-3',
whereas Halobacterium M[ooim and Halobacterium cutrirubrum have only a single copy

" (Neumann et al., 1983;; Daniels et al, 1985b: Mevarech, personal communication; -

Hofman etal., 1979; Lam, unpublished data; Hui and Dennis; 1985).

Transfcr RNA genes are. often found in thc 1nter-c1stromc spacer as well as the

ﬂanking regions of eubactcnal rRNA operons (Loughney et al, 1982 Wawropsck and

‘Hansen, 1983; Wawrousck et al., 1984 Campen et al ,1980 Grccn and Vold 1983;

[0 g &

Nakapma et al, 1981; Von 1985 Morgan et al 1977) Thls obscrvatlon also holds

v truc for thc cyanobactcna (lehanison and Doohttlc, 1983 Tormoka and Sugnura 1984)

a.nd sorite ‘archacbacteria (Jarsch and Bock, 1983b Leffcrs ‘and” Garrett 1984; Hui and,
- B

Dcnms 1985 Mankin et al., 1985) as well. So far, no tRNA ge{ws are found assoclated

n\,

wnh thc nucleax rRNA cnstrons of cukaryotes (Grcy and.Doelittle, 1982; Recder 1984)
' A largc numbcr of cukaryotlc and elibacterial tRNAs and tRNA gcn¢s havc been

] scqucnced (Spnnzl ct al 1985a,c Spnnzl et al,, 1985b) chucnces of the ma;opty of

archaeba‘#ctenal tRNAs avahable can(c‘ from Halobactenum Volcanu (Gu et al,, 1983

Gupta 1984) Charactcnstxc modnﬁcatxon pat;erns amd umque sequcnbes found in

a”

' R 3
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archaebacterial tRNAs are described by Gupta (1984; 1985).

| It was é striking disoovery to find interverning sequences (IVS) in archae- bacterial’
tRNAs; IVS hzfvc been considered exclusive to eukaryotes. Two tRNA genes, for serine
and leucine, containingi IVS in the anticodon rcgion were identified in the
archaebacterium, Sulfolobus solfataricus (Kaine et al., 1983). Daniels et al. (19852)
demonstratcd a 105 bp long interverning sequence in Halobacrenum halobmm The size
of this IVS is larger than any archaebacterial or eukaryotic nuclcar tRNA intron
discovered so far.

Intervemjng sequences in ribosomal RNA genes, have also been found inv some
plﬁstid mitochondrial and lower cukoryoﬁc rRNA genes as well (Heckman and
Rathandary, 1979 Tabak et al., 1984; Burke and RajBhandary, 1982 Cech et al,,
1983 Michel and Dujon, '1983; Allet and Rochalx 1979). Recently, an mtcrvcmng

sequence, 620 nucleotides long, has been located in the 23S rRNA gene of the.

érohaebactcdunx, Desulfurococcus mobilis (Kjems and Garrett, 1985).

- ‘Thc bonccpt of using the degree of homology in ribosomal RNA sequences for

taxanomnc classification i is well accepted (Woese et al., 1975 Fox et al 1977a; Fox et

. al, 1977b; MacKay etal, 1983; Stackebrandt and Woese, 1984;" Raue et al.;'1985).- A

largc number of SS and 5.8S rRNA chuenccs are. avahablc (Erdmann et al., 1985).
.Phylogcnetlc trees for cubactcna, fungl and grccn plants have been derived through
scqucncc cqmpansoh (Hon and Osawa, 1979 Dcloo et al., 1984; Hori et al., 1985;
Walker, 1985),

The use of larger rRNAs (rathcr than the SS rRNA) for such comparative analysis is

likely to be mom mformatxvc and more rchablc “Woese and Fox (Fox et al., 1977,

lv

-

“ . .
, . . . ) "
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) - -
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Woese and Fox, 1977) examined a numbcr of RNase T1 digestion pattcms obtained from

A of prokaryot;s cukaryotes and organelles. RNase T1 dxgc jzon‘-
products were s jected to two dimensional clcctmphoncsm to produce an olxgonuclcoudc )
fingerprint. / ¢ individual oligonucleotides were then sequenced. A set of

ohgonuclcou’dc catalogs of these organisms was constructed. The associatjon coefficient
)

(SAB) was derived by compansons of all possible pairs.of such catalogs, using the

follOW}/g formula, Spg = 2N, g/ NA+NB n Wthh N4, Ng and N, g are the total

numbcrs of nucleotides in sequences of hexamers (or larger) in the catalogs for organisms

/ 4 , . LI
/and B. This.coefficient is a measure of the evolutionary relatedness of organisms.

°
Divisi '.];,‘l\ haet :

l Bascd(ﬁ/h 16S )‘RNA sequence comparisons (an'd oligonﬁcleotidc cataloging), the
prokaryotcéxgré subdivided (Stackebrandt and WQesé 1984). The eubzilctéﬁa comprise ten
major sixbgro;ps. The archaebacteria form two major subdivisions, (i) the methanogens
and the extreme halophiles and (i) the sulffxr metabolizers. T}?c genus Thermoplasma
does not totally conform to either of these major groupings. Such a’branching pattern is
‘ cénsistcnt with the subdivision suggested by the.fRNA gene organization mentioned
above. ‘ : |

The halophilic; methanogenic brancﬁ is considered to be more closely related to the
eubacteria. The s‘ulfur metabolizers and the thermophiles are more related to the
" eukaryotes (Neumann et al, 1‘983; Matheson, 1985). In addition to the IRNA éene

oiganizations and sequence homologies mentioned above, a number of major differences

| bc’twccn these two branches have been observed Mc etal, 1984; Garrett, 1985). For
Acxamp]c, the 'subunit molecufar weights and the: imm’unofogical properties of
DNAdcpéndcnt RNA polymerases of the eukaryotic polymera‘sc (1) are more similar to
- those of the Sulfolobus than those of the-halophiles and the methanogens (Schnabel et



, 1983; lelxg et al., 1985). The secondary structures of SS rRI;IAs from Sulf'olobﬁs
' ac:docaldanus and Thermoplasma acxdophxlum resemble thc cukaryotic 5S pattern more
closely than the 5S rRNA from the halophiles and the methanogens (Stahl et al., 1981;
Fo'x et al., 1982; DeWachter et al., 1982). The sequence of the Halococcus initiator
{RNA resembles that of eubacteria \;/hilc the Sulfolobus initiator tRNA is closer to the
eukaryotes, and that of Thermopla.;;rza is intermediate (Kuchino et al., 1982; Lake et al.,
1984). Significant amounts of polyadenylated mRNA are founded in Sulfolobus (Lake
et al, 1984). The mechanism of cell division is another indication: the halophiles and
methanogens gndergo equal gcll division by septum formation as eubacteria do. The
sulfur metabolizers divide unequally by budding, constriction, branching, and other -
mechanisms (Stettef anq Zillig, 1985). Archaebacteria utilize glycolipids with ether |
: Iinkagcs. *The membrane lipids of Sulfolobus contain cyclopentanol C40-biphytanyl
" chains; also their neutral lipids contain branched alkyl benzenes. The membrane lipids of
the halophilic and méthano_genic archaebactegia contain neither (Lake et al., 1984;
Langworthy, 1985).

Eicctro;l inicroscopy has shown that ribosomes from the eubacteria, the eukaryptes
and the two subdivisions of archaebactena can be distinguished (Lakc 1983; Lake et.
al.,1984). For examp]c, the archaebacterial bill on the head of ﬂﬂé smal] nbosome subunit

s common to both archaebactena and eukaryotes but is abscnt in eubacteria. Thcf
‘kmyouc lobes are not seen m‘cubactcna and most archacbactcna The sulfur-dependent

archaebactena share common structral domains with eukaryotes that are absent in the

L)

—
halophiles and the methanogcns ;
Thcsc dlffcrences mentioned above, though based on very hm:tcd compansons have
raised suspicions conccrmng the validity of the currently accepted classification scheme in

the éfchaebactcria. ‘Do they represent a commeon line of descesit?
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Nuclegtide sequence determination of a large TRNA molecule is technically difficult.
Advances in rccombina;lt DNA methodology and DNA sequencing tcchnoiogics havc‘.
allowed the dctcrminatioﬁ of the complete nucleotide scqucﬁce of the genes for larger
ribosomal RNAs. Sequence determination of both the coding and the non-coding strands
provides independent verification of the sequence. The flanking sequence$ of TRNA
genes provide information on the signals for initiation and tcmﬁnt:}: of transcription as

l e and Stiege, 1985;

well as for the probcssihg of transcriptional producfs (Brimaéo '

Liebke and Hatfull, 1985). \ ¥

i
1

The majority of the eubacterial and archaebacterial 16S and 23S rRNA "gene
sequences available have been published within the past two years. Table 1 shows a

listing of most known prokaryotic 16S and 23S rRNA gene sequences.
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Tablel. Known scquch&oftﬁéct\éﬁ

al apd archaebacterial 16S and 238 ribosomal

RNA genes.
. Eubacteria .
¢, ‘
Anacystis nidulans  16S Tomioka and Sugiura, 23S  Kumano ctal., 1983
1983 , Douglas gnd Doolittle,
. Lo . 1984 :
- Bacillus brevis 16S Kopetal, 1984 a - mmmmnmmeteen
Bacillus S 23S Kopetl.,1984 b
* stegrothermophilus ~ . ]
Bacillus subtilus . 168 Green etal., 1985 23S Greenetdl., 1985 -
Es;:hcrichia coli 16S Brosius et.al,, 1978 23S  Brosius et.al., 1980
: Branlant et. al., 1981
. Mycoplasma 16S Iwamietal, 1984 ety ¢ eememopmeaaen
capricolum .
Proteus vulgéris 16S Carbon et.al., 1981 e s
‘Archacbactcria
'Halobacterium 16S Gupta et.al., 1983 SSUURI -
volcanii
Halobacterium 165 Mankin etal, 1985 —-  —eeececececes
halobium :
Halobacterium 16S Hui and Dennis, 23S this work
+ cutirubrum 1985 ° . o
Halococcus 165 Leffers ariq Garrett, —m mmmmeeeneeeee
morrhuae - 1984 . ‘
Methanococcus | 16S iarsch and Bock, 23S Jarsch and Bock,
vannielii ' 1985b 1985 a
~ Methanobacterjum  16S Lechner et al., e ememmmemenmende
formicicum 1985
Thermoproteus 16S Leinfelderet al., SN — -
tenax . 1985

PR



Comparahvc analysns of rRNA sequences has mvealed intriguing homo- logies that
_ suggcst a shared ancestry.for the three major kmgdoms For example, the eukaryotic

5. 88 and thc chloroplast 4.5S rRNAs cormrespond to the 5'- and 3'- terminal sequences of

bactcna] 23S rRNAs rcspccuvcly (Otsuka et. al.,1983; Mackett et al., 1981; Edwards and .

Kossel, 1981). Drosophila melanogaster has a 2S rRNA in its largc nbosomal subunit
corresponding approximately to the 3'- 25 nucleotides of the 5.8S rRNA (Pavlakis etal,

{

1979; Jordan et. al., 1976). | .

Post- i tional modificati
An obvious djsadvanfagc to sequencing the genes rather than the rRNAs is the lack of

' lnformations on ‘post-transcriptional modifications. Processes such as splicing of

interverning sequences and modifications of bases have to be determined separately. -

These post-transcriptional modifications may be essential to the production of a functional
{ . ) . )-‘,’4 A
ribosome. '

In cubaoteria, the majority of modifications are base methylations. E. coli 16S IRNA.

is the best studied moocl. 'In cukaryotes, both base modifications and ribose methylations
have been identified. Xenopus laevis 188 rRNA is a good cxamplq.* Modified bases
;;.télxd to occur in positions in the sequences which are analogous to those in eubacteria,
‘ whxlc the nbosc methylations are more wjdely distributed (Bnmacombc and Stiege, 1985;
Nollcr 1984 Starzky, 1984)
In most cases, the post-transcnpnonal modnﬁcatlons in E. coli 16S rRNAS occur in
mglons that are accessible to chemical probcs in the mtact 30S rRNA subunits (Nollcr
1974). These mgnons furthermore tcnd to be highly conscrvcd in primary and secondary

structures. o ' g

A number of rRNA gene sequences and their hypothetical secondary structures are

-

Y
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now avaliable for direct comparison. This allows reliable measurements of phylogenetic
relatedness. The fine structural differences imply their evolutionary divergence.
Furthermore, the identification of highly conserved regions suggests important sequences
r"esoonsible for the maintainance of a functional structure (Thompson and Hearst, 1983b).

Secondary structure models, though mostly hypothetical at this point, reveal a
common core structure (Luehrsen et al., 1981; Fox et al'., 1982, Woese 1983; Fox,
1984; Kuntzel et al., 1983; Noller and Woese, 19:81; Noller, 1984, Brimacombe ‘and
Stiege, 1985; Raueetal, , 1985). Using this core structure as a reference, evolutionary

divergence between orgamsms can be measured. Detailed structural differences in large

rRNAs, such as the presence of extra sequences or the’ absence of a halrpln are therefore

extremely merrnanve in the phylogeny of an organism. Fox et al. (1982 1985) predxcted-

subdivisions of archaebactena based on their proposed 5S IRNA sécondary structures.

Larger IRNAs contain more ‘Structral domains and therefore are more informative for

detailed comparison. Deduced structures can be subsequently confirmed expenmentally
Cun'ent techniques for secondary structure determination involve base spec1ﬁc chemlcal

and enzymatic probing for single strands (which correspond to open loop regions) and

double strands (which correspond to stem structures). Treatment with various specuﬁe .
cross-linking agents allows probmg for interactions within and between substructurcs '

(for review see, Woese et al., 1980; Branlant ct al., 1981; Qu et al 1983.;"

Expert-Benzacon and Hayes, 1985b; Hui and Cantor, 1985; Inoue and Cech, 1985; Maly

and Bnmacombe, 1983 Noller and Woese, 1981; Thompson and Hearst 1983a; Peattie,
1979 Peattxe and Gllbert, 1980; Vary and Voumnakis, 1984). Although cxpcnmentall
. evndence is somewhat limited it supports the pred:cted structureg '

9
Secondary ‘structure comparison ylclds structral homology and suggcsts funcuonal

domains. The 98 and 128 lunctoplast TRNAs from the kmetoplasud protozoan .

be;shmama taremolae show limited sequcnce homology toE. colz 16S and 23S TRNAs

v respecuvely g However, the secondary structure of the 9S rRNA conforis remarkably to

Ly
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_ portions of the E. coli 168 rRNA. It looks like a 16S rRNA with regions missing (De La
nguz ct. al.,, 1985a). Similarly, the 12S RNA can be superimposed on the E: ’coli 238
rRNA sccondary structure model (De La Cruz et al., 1985b). The domains for

tRNA-binding and peptide transfer are preserved. The 3'-terminal region of bacterial 23S -

rRNA has structural homology with the 3'-terminal region of eukaryotic 28S and the
chloroplast 4.5S rRNA (Mackett et al. 1981). Compensating base changes maintain
structurall;' important stems. "Non-Watson-Crick base pairing is occasionally found in
corrcsponding} stems in rRNAs from different organisms. In addition to the the well

known G-U pairing, G-A pairing, pyrimidine-pyrimidine mismatches as well as A-C

pairing are sometimes found. Some. significant regions, such as ribosomal protein

binding sites, the peptide transfer center and tRNA interaction sites, have been identified -

on the E. coli 16S and 23S rRNA through RNA-RNA and RNA-protein crosslinking
experiments (Woese et al., 1983; Barta et al., 1984; Raue et al., 1985). Homologous
sites on the structural models of other organisms can be inferred by structral comban’son
(for example, De La Cruz et él., 1985b; Spencer et al., 1984; Nazar, 1985).

E»Mcthods for tertiary and quatcmal;y structure determinations are extremely limited
(i’ielcr and Erdmznh, 1982). X-ray crystallography has been useful in elucidating the
icrtiary structure of tRNAs (Robertus et al., 1974; Schevitz et al. 1979); Crystals of
larger RNA molecules are difficult to obtain. Thiee-dimensional mo&cls may be d;:rivéd
from unfoldingyxpcﬁments'using specific crosslinking reagents (Atmadja et a;, 1985;
| Expert -Benzacon, 19853; Kléin et al. 1985; Inoue and Cech, 1985). . 3

The proccssmg and foldmg of the IRNA transcnpts, the bmdmg of nbosomalr

proteins, and the formatxog of the ribosomal subunits are all mysteries.

§

1M

Wc attcmpt to show the cvolutnonary relanonshlp of thc archac- bactenum .

Halobactenum amrubrum to othcr archacbactena and to eubactena, through analyms of



its ribosomal RNA gcnés. Our approach is (i) to examine the /o;ianization of its IRNA

genes, L(ij) to determine their primary sequences and (iii) to dcducé their secondary

structures. Detailed comparative analysis of the gene sequences and secondary structures
. . ) . .

may contribute to an understanding of the phylogenetic lineage of the extreme halophilic

archaebacteria.

We present here, the IRNA gene organization in Halobacterium cutirubrum as well

as the DNA sequences and secondary structures of (i) the 3'-half of the 16S rRNA gene,
]

(ii) the inter-cistronic spacer region, which includes a {RNAAl gene, (iii) the 23S rIRNA

- gene, (iv) the 58 rRNA gene and (v) a tRNACYS gene, which is located in the 3' flanking

region of this gene cluster.

‘E_‘
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" MATERIALS AND METHODS
| B jal Strai “‘ fedi ]

Halobacterium cutirubrum (NRC-34001) was obtamed from the NRC culture
%llccuon Ottawa, with the help of Dr. D. Kushner. Cultures were maintained in”
NRC-Halobacterium medium 2 at 37°C with vigorous shaking.

Escherichia coli strains HB101, JM83 and JM103 (carrying recombinant plasrrudfoﬁ:'
phagc) were grown in L-medium (1% tryptone, 0.5% yeast extract, 0.5% sodium
chloride and 0.1% glucose, pH 7.5) or yeast tryptone medium (0.8% tryptone, 0.5%
yeast extract a:1d 0.5% sodium chloride) with 'the appropiate antibiotics added (see Table
2). JIM103, which harbours rhe F factor necessary for M13 bacteriophage infcctibn, was

maintaixred on minimal medium plus glucose.

Halogacterium DNA was isolated from expon‘ehtially growing cells lysed in one ~

tenth growth volume of 0.5% sodium dodecyl sulfate, 10mM tris-HCI (pH 8) and 1mM
| EDTA. Proteins were removed by repeated phenol extractions followed by chloroform
extractions. DNA was spbo]ed out of the acjueous phase, wrvhich contains all nucleic
acids, into an overlaying ethanol phase (Marmur l".96l) DNA was dissolved to a
concentration of approxlmately l mg/ml in 10 mM Tris-HC], 1'mM EDTA, pH 7 8 and '
stored over chloroform at 4°C. B ' |
Plasmid DNA (pAT153 and pHcrl) was 1solated by the cleared lysate procedure -
| *(Clewell and Helinski 1969) from E. coli HB101, and further purified on a CsCl gradient
(l 1 g CsCl and 250 ug ethidium brormde per ml of cleared lysate, centnfuged atd0K
‘rpm for at least 36 hours}. Ethidium brormdc was extracted from the plasmid DNA with
butanol. Thc DNA wa&precrpntated from the aqueous phase at -20° C after the addition of
' 25volumcs of70% ethanol. R : Q/



For rapid, mﬂy&d scale plasmid isolaﬁ?ns, the quick plasmid preparation
procedures of (i) McCorrﬁick et al. (1981) and (ii) Bimboim and Doly (1979) were
employed. |

Restriction fragments were isolated from gel slices by standard methods described in
the literature (Smith, 1980; Lizardi et al., 1984).

Various épccics of RNA were isolated from a preparation of total nucleic acids by a

combination of electrophoretic and chromatographic methods. The 16S and the 23S

rRNA were separated from the DNA and low molecular weight RNAs by precipitation -

from 2M NaCl at 4°C. The two RNA species were then separated ona preparative 1.5%

%

agarose gel. A load of 100 pg per 6 cm? was clcctropﬁorgscld in 40 mM tris-acetate, A

2 mM EDTA, pH 7.8, (TEA buffer) at 11 volts/cm until the orange G tfacking dye was
at léast 12 cm from the origin. RNA bands, visualized under UV light (300 nm) after
ethidium bromide stzining; were excised and rqcovcréd by the electroelution method
' (Smith, 1980). A
Transfer RNA and crude SS rRNA were isolated from thc soluble fraction of the 2 M

NaCl by ethanol precipitation. To free these low mpTcuTar weight RNAs from
[

contammatmg large RNAs and DNA, a redissolved samplc (approximately. 200- 500 ug) '

was passed through a 60 cm long Sephedex G- 100 superfine column (1 cm in diameter),
cquhbrated and eluted in 1 M NaCl, 1 mM EDTA 10 mM tris-HC], pH 7.5. Transfer
RNA used for 3' end labelling in the Southcm CTOSS cxpenmcm was’ 1solated from the
total nucleic acids using a small Whatman DEAE cellu:)se (DE-52) column, equhbratcd in
0.1M NaCl 0.1 M tns-HCl pH 8 0 and clutcd with 1 M NaCl 05 M ms-HCl

‘pH 8.0. Fractions were analyscd by polyacrylamldc gcl clcctrophorcsxs 2.5 volumes of

95% ethanol were ﬂdw to the combnn;d desired fra-ﬁtloons to precipitate the RNA at - o

»

-20°C.

In vitro 32P-labc!!ed intact 5SS rRNA was 1solatcd by the clunon mcthod of Smith

14
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- (1980) from a prep-auvo(n% polyacrylanudc gcl (acryl: ?i , 38 2) cast in8 M urea, '

¢



0.1 M TEB buffer (100 mM tris-borate, 2 mM EDTA, pH 8.3).

e

m- ;l ’1 - .
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Plasmids and phages used in this project are shmmarized in Table 2.

Table 2. Plasmids and phages used in this projcci are listed.

DNA Marker Host strain Use Reference
Plasmids
pAT 153 Ampf, T  HBI101 construction of pHerl Twigg and Sherratt, 1980
' pBR 322 -Amp", T  HBI01 size markers "~ Bolivar and Backman, 197
_pHerl Amp’ HB101 carrying H.c. [RNA  this work
- genes o Coe T
pUC8  Amp',LacZ* JM83 subcloning pHerl Vieira and Messing, 1982
pUC13  Ampf,LacZ* JM83 subcloning pHerl Vieira and Messing, 1982
pH4-11  Amp’ HB101 transcriptional ‘Roy et al.; 1982
" studies
-_Phagcs
Mi13mp8 LacZ* JM103  subcloning pHerl Vieira and Messing, 1982
M13mp9 LacZ* JM103 subcloing pHerl ~ Vieira and Messing, 1982.
M13mp18 LacZ* - JM103 subcloning pHerl Yaniséh-Perronﬂet al., 1985
M13mp19 | LacZ* JM103  subcloning pHerl Yanisch-Perron et al., 1985
Lamda CI857 - size markers -
’ I

. 'Resrtriction:'emk'mu::‘leasw‘wm purchascd from Bcthc'sQa"Rcseai'cﬁ Laboratofj(, New



England Biolabs, P-L Biochcmicals (Pharmacia) and Bochringer-Mannheim. Restriction
cndonuclcasc dlgcsnons were carried out under the conditions recommended by the
manufacturers. Recogmtxon sequences for these cnzymcs are summanzed by Robcrts

(1985).

16

Radioisotopes ([a32P]dATP, [a32P]dC'I'P [a321>]cm> [V32P]ATP, [5"32P]pCp all -

at >3000 Ci/mmol and [a35$]dATP at >1000 Ci/mmol) were purchased from Ncw

Engiandv Ngxq!ear (NEN) and Amersham. -Non-radioactive reagents and enzymes used in”

DNA and RNA labellirig reactions were obtained from PL (with the execption of DNase I

Y fof nick translation, which-was purchased from Sigma). The riboriuclease T, used in two

dimensional tRNA finger printing ckpcﬁmerits was also obtained from Sigma.

Deoxy and dideoxy nucleotides, forward and reverse DNA prin;crs, and the Klenow

fragment of DNA polymerase for d1deoxy~DNA scqucncmg were purchascd from PL

and BRL

r

Nitrocellulose for Southern transfers, colony hybridizations anﬁ plaque lifts was

. ’ B
supplied by Millipore and Schliecher and Schyéll. The DBM pdper for northern transfers
was made accofding to the method of Alwine ét al. (1979). NA-45 DEAE membrane for .

the isolation of restriction fragments from agarose gels was purch-ascd from Schlicéher

'and Schucll.

- New England Nuclear supplied the HeLa cell in vitro transcnpnon system.
Transcription reactions were camcd out under standard condmons (Manlcy et al 1980

1982).

Flfty pg of genormc DNA was dlgcstcd with Bgl II and Hmd III ngcstcd DNA was

snzc frachonatcd ona 10 to 40% sucrose gradlcnt (in1 M NaCl 20 mM tns—HCl

pH 75) centnfuged at 36000 rpm for 14 hours ina SW 40 rotor 400 ul fractions wcrc .

g
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4 . (S /. .
-t e d

/T ’co"ccmz 40 Hl alnqgots of altcmatc fraénons wcrc clcctrophorcscd omra 0.5% s\garosc

cﬂr -

yggﬁaontaincd DNA fragmcnts of approxxmatcly 11 kb in sne Poolcg fractions were "
LR

e

a2

%pmwd thh 3 volumes of 95% cthanol

E‘/ Thc plasrmd vectof , PAT 153 was dlgcstcd with Bam HI, Eco RV and Hind oL Eco
zSPs

Rzg]gavcs thc 346 bp cxé‘ised Hmd III-Bam HI fragment to rmmrmzc recircularization.
.« . X ' 3 :
Thc ligation rcacnon was carried out at a total DNA concentratlon of 60 ng/pl ata
. ¢«
molar ratio o£5 1, passenger o vegtor. at ll 'C for 12 hours (alsa see Wc:ss and
Richardson, 1967). The hganon nuxture was used to transform compctcnt E. colz
‘HBIOI (Momson 1979) Insemon at the Bam HI and Hind III sites-of pAT 153

inactivates thc tetracyclme r,csxstance gene.- Transformants wcrc‘mltlally screencd on
< ‘

©
38

L agar thh ampxcﬂlm (SOug/ml) Thc amp1c11hn resistant gplomcs were then tested for

'\ tctracyclme seémvxty Ampr Tc:ts colomcs were spotted ona stcnle mtrocel]ulosc disc

1 -(porc size 22 um) and placed on L-agar with ampicillin. A ré'plica of this filter was
&ea:cg'wim 0.5M NaOH, 1.5 M NaCl to lyse cefls and to facilitate DNA binding to
, nitrdccllﬁlo’sc. Aftcr ncutralization (in3M N‘aOAc; pH 5), the filter was prepércd for
| hybndlzatxon inthe samc manncr as a Southern transfcr "
| Hundreds of ampncnllm resistant, telmcyclme sensitive uansﬂts were screened
| by the colony hybndlzanon techmque (Hanahan and Mesclson 1980 Gruntein and
Hogncss, 1975) using 32P-labelled 168 and 23S TRNAS as a probe.
. l?lasmld DNA wis isolated from the hybndxzatlon positive colonies by the mcthod of
Blmboun and Doly (1979) Plasmld DNA samples were then clectrophoncsed ona0.75% .

agarose gel for size dctcnmnatlon Purified recombmant p]asrmds of 14 to 15 kb were

sgbjected to Sqntbgrn_v hybndnzatlon analysis for_confmuon using 32P-16S rRNA as the



A x,’!?% ,‘ n; . . ] . * 18
-probe. Only one out of the fiffy',,hybridization positive colonies screened actually

"contained the H. cutirubrum ribosomal rRNA genes. This plasmid is named pHcrl.
Certain regions of interest on pHcﬁ were subcloned ;nto the pUC and M13 vectors
fc;r DNA sequencing analysis. The following fragments were purified from agarose gels:
a 2.7 kb Kpn I/Bam HI fragment, a 1.2 kb BamHI/Sal I fragment, a 4.5 kb Sma ]
: fragmgntl al2kbandal.0kb P;t I fragment. These fmgmcﬁts were separately ‘mﬁppcd
in detai_i and were further digested with selected four base specific restriction enzymes to
gerflerate_ sujfable sized products for subcloning. Standard procedures for subcloning and
screcni'nguwcre described by Messing (1983).
32p. ling of
Labelling of RNA was acl;icved by two m;thods.
(a) 3'-OH end labelling (England et al., 1980) '

About 2.5 times molar excess of [5'32P]pdp to RNA was used. :I'4 RNA ligasc'
<

catalyzes the reaction in '50 mM Hepes (pH 7.5)- 20 mM MgCl,- 4 mM dithiothreitol-
) o , .

- 4ug/ml BSA, at 4 °C. The cff;;cicncy of the labélling was checked by PAGE, followed by
radioautography (Laskey, 1V9:80). \ ‘ | ‘
() 5(; end 1abclling (Chaconas ahd van de Sandc, 1980)

Heat degradation 'ﬁt 90°C in alkaline hydrolysis buffer (5 minutes for HMW RNA and
10 minutes for RNA in 0.5 M Na,CO3 / NaHCOy, pH 9) causes random chain breakage
thus generating a variety of S'fOH terrhini for the T, polynucleotide kinasc catalyzed
reaction. Itis important to i’mow that H. cutirubrum 5S rRNA does not have a 5"
tcrr_m"nal phosphate (Nz{zar and Matheson, 1978), therefore intact SS rRNA can be labelled
directly without élkali-ﬁea; degradation. A typiceﬂ reaction involves a 20 minute incubation

at 37°C of 12 pmoles of heat degraded RNA, 12 pmoles of [V32P]AT'P, in 10 mM

Y
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MgCly- 5 mM dithiothreitol- 75 mM tris-HCl, pH 7.2. The reaction js stopped by adding

excess KHoPOy followed by heat inactivation at 70°C for 3 minutes.

Labelling of DNA fragments .
DNA fragments were labelled with 32P by three methods.
(a) Nick translation (Kelly et al., 1970; Rigby et al., 1977)

The nick translatién method is used to generate radioactive DNA probes. Random
nicking of the double stranded DNA template by DNase I (Sigma) provides 3'-OH ends
for DNA synthesis, and thus the incdrpoxation of b[a32P]dNTP into the newly synthesized
strand by the E. cc;li DNA polymerase 1. Nick translated DNA was separe_lt;d from
dNTPs using a small Séphadcx G50 column.
®) I}in in (Klenow and Henningsin, 1970)

DNA restriction fragmcnts having 3'-recessed ends (such as are gencratcd by Bam
HI, Hind III, Eco RI) can be labelled using the Klenow fragment of thc E. coli DNA
polymerase I. This enzyme adds nucleotides to the recessed 3'-OH terminus using the
S'-overhang of the opposite strand as a template. Incorporation of a radioactive substrate -
v(cg. [a32P}dATP) allows labelling of the DNA fragment at the desired position at each
end. 3'7cxonﬁclease activity allows flush 'cnds to be labelled, as well as 3'-?verhangir_1g
cnds. | |
- (c) Kinase labelling (Maxam and Gilbert, 1980)
Po]ynucleoudc kinase transfers the V- -phosphate of [V 32P]A'I'P to the 5'-OH terminus
of the DNA fragmcnt. 5'-OH termini must be generated by alkaline phosphatase .

treatment. .

’ Map};ing of a DNA fragment involved single and combined digests using a variety of

restriction endonucleases. The digestion products were separated by agarose or



/
polyacrylamide gel electrophoresis and sized according to their mobility compared with
known molecular weight markers. These digcstion products were then ordcred according
to the size of the fragments gcncratcd by parual rcstncuon digestions of the full lcnglh
DNA fragment labclled at one end. A radioautograph of the gel separating these partially
digested products rcvcals the distance of the cut sites from the labcllcd end, since only
those products extending from the labelled end would be dctcctcd by radioautography.
The locations of the restriction sites were then confirmed by repeating the partial digestion

experiment with the full length DNA fragment labelled at both ends. ’

El ] is and i bolization of DNA and RNA

Electrophoretic tcchniqﬁcs were modified from those described by Edwin Southemn
(1979). Agarose gel electrophoresis of DNA samples was carried out in 40 mM
tris-acetate, 2 mM EDTA, pH 78 (TEA buffer), at 5 volis per cm. Orange G was used as
the trackiné dye. The agarose concentration of the gels ranged from 0.35% to 1.5%.
Gels used for 16S and 23S rRNA isolations were fun at 11 volts per cm. Gel appératu_s
were constructed by Dr. K. L. Rdy following the design by E. Southern (1979).

Polyacrylamide gels (PAG) of various concentrations and degree of crogs-linkagc
were employed for the separation of fragments ranging from 50 to 1500 nucleotides in
size. 5% PAG cross-linked at aciyl:bis, 29:1, electrophoresed at 15 volts per cm in TEA
buffer were commonly used to frac.tionatc‘ DNA samples. Strand separaﬁon gels
consisted of 5% polyacrylamide cross-liriked at acryl:bis, 30:0._§_. They are cast and run
at<8 volts per cm in 6.1 M tris-borate and 2 mM EDTA, at pH 8.3 (0.1 M TEB buffer)
as dcscnbcd by Maxam and Gilbert (1980). -

Transfer RNA and SS rRNA samples were separatcd on a 10 % PAG (acryl bis,
© 38:2) at 15 volts per cmin 0.1 M TEB buffer.
5%, 6%, 8% and 20% polyacrylamide gels (cross-lmked at acryl bis, 38: 2) were cast
in 8.3 M urea and TEB at the concentration of the running buffer for DNA scqucpcmg
(Maxam and Gilbm,‘l980; Sanger et al.,1978; Smith and Calvo, 1980). Gels (19 cm

20
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wide x 85 cm tall x 0.25 mm thick) were pre-run at 70 Watts then electrophoresed at 75
Watts in 50 or 60 mM TEB buffer. Shorter gels (34 cm x 40 cm x 0.4 mm) were pre-run
at 45 Watts and electrophoresed at 50 Watts in 0.1 M TEB buffer. Meter long gels (1 15
cm x 24 cm x 0.25 mm) were usually run at only 3000 to 5000 Volts due to the limited
voltage output'of the power pack. A 1/4 inc;h !h-ick aluminum plate was placed over the
front élass plate to provide even heat distribution.

Transfer and immobilizatio;n of denatured DNA and glyoxﬂétcd RNA (MacMaster
and Carmichael, 1980) on to nitroccillulosc mcmbr&nc were described by Southern
(1975). Electroblotting of RNA onto DBM paper (northern transfers) was pcrforme_d as

3

described by Wahl et. al. (19'&9).

II l 3 l. . ] - ) l‘
The conditions for both DNA-DNA and RNA-DNA hybridization were described by

E. Southem (1975). Techniques used in the Southem cross experiments are described -

in the figure legend. |

Both the éhémical sequencing method (Maxam and Gilbcrt 1977; 1980) and the
enzymatic sequcncmg method (Sanger et al., 1977) were employed. )

The chemical sequencing method, which requires DNA fragments labelled at one
terminus, involves the random chemical modification of the _bases in basc‘ specific

reactions. The DNA strand is then-cleaved at the modiﬁed baée by a piperidine caialyzed

beta- clmunatron macnon The sequencing rcacnons were camed out as dcscnbcd by

- Maxam and Gilbert (1980) with some of the. modlﬁcatxons described by Snuth and Ca]vo .

(1980) and Rubin and Schmid (1980) _ , ’.

-

The cnzymauc scqucncmg method which utilizes DNA fragments subc]oned into

' Ml3 or pUC vectors, involves cham extension from a 17 base DNA primer annealed to -

thc vector seqnencé Just upstream from the subcloned fragment. "The chain cxtcnsnon is
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terminated by the incoporation of a dideoxynucleotide in four independent Basc-spcciﬁc
rcacti’ons (§angcr, “Nicklen and Coulson, 1977).'_ In. certain reactions
deoxyguanosinetriphosphate was replaced by d‘co;yinosineuipho‘sphatc to reduce
interference with sizé fractionation on polyacrylamide gel due to the formation of very

stable secondary structures. In some reactions, the lower energy [a”S]dATP' was

employed (instead of [a32P]dATP) to give better resolved images on rédi\oautogram;.
. \ . L]
' J

C i jﬂ aln I3 ’
Programs written by Staden (4978; 1979' 1980a; 1980b) and Delany (1982) were

obtamed Unfortunately, the adaptat:on of these programs to the MTS system was only -

parually completcd and therefore not yet complctcly functional. Staden's 7 ntrp program
for the translahon of open rcadmg frames (ORF) was operational. It was used to translate
the ORF downstream from the 5S rRNA gene. 'I'hc Bionet system was essential in the

allignment of the 23S rRNA sequences from E. coli and H. cutirubrum .

In vitro transcription experiments using a HeLa cell lysate were carried out u'r;dcr
conditions recommended by the manufacturer (NEN), adapted from a procedure

described by Manley et al. (1980; 1982). D *

Kodak X-OMAT AR X-ray film was used for radioautdgrapﬁy. Exposures w¢rc

\ enhanced ﬂuorbgraphiczilly by Dupont Cronex Lighming Plus and Par Speed intensifying

4 screens at -90°C (1.3skey,1§80). Gels containing-358-labcllcd NA fragments eré first .

fixed in 10% acetic acid followed by 15% ethanol then dried onto

before radioautography;
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RESULTS

G o
-Southern tra”nsfcrs of electrophoretically separated genomic DNA digests che
separately hybridizéd to radioagfively labelled fRNAs and’ mixcd tRNAs. The
hybridization patterns revealed a single copy of 16S, 23S and 5S rRNA genes clustered
and arranged in that order. DNA sequence anaiysis 'of the rRNA gene cluster revealed
.two associatcd transfer RNA genes. The rRNA genes on the cloned DNA fragment (see -
below) were first located by RNA-DNA hybridizations before beginning DNA sequence

analysis.

Cloni  mapbing of (RNA gen

‘An 11 kilobase Bg! II/ Hind III fragment containing all the rRNA genes wac defined
by rRNA-DNA hybridization analysis. This fragment was cloned into the Bam HI and
Hind IIT sites of the plasmid vector pAT 153 as described in Material and Methods (also
" see Figure 1). 'fhis plasmid is named pHcr1 (for plasmid Halobacterium cutirubru}n
RNA, the first). ' - | . e »

A restriction map of pHcrl was constructcd (sec Figure 2) The method for mappmg

. is cxplamcd in Matcnal and Mcthods Restriction sites were located accordmg to their .

o dxstancc from a number of fixed points (generated by labellmg of the Bam HI, Eco RI, .
Eco RV and Hind III sites in mdepcndcnt experiments). To conﬁrm the locations of
various rcstnctlon sites, thc sizes of various smgle and combined digestion . products
were compared to their sizes predicted by the map. Detalled physical maps of regions
used for DNA scqucncmg analysis are glvcn along with the sequencing sh_'atcg_ics, below. ﬁ

The nucleotide sequcﬁc_c of the H. cutirubrum | 23S 'rRN:Q gene, including the 5'- and
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Figure 1. A schematic diagram to summarize the clonihg of the 11kb Hind 1II/ Bgl 11
fragment containing the H. cutirubrum rRNA gene cluster. Experimental conditions are

 described in Materials and Methods.
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Figure 2. A pﬁySl‘cal t\nap of the recognition sites of hexanucleotide specific restriction
cndonpcléascs. The locations of some restriction sites near the rRNA cluster on the H.
cuu‘rubrum chromosome are indicated on the top line. The 11 kb Hind III/ Bgl Il
fragment is expanded from the top line. The regions scqucnccd are indicated by ab,c,
and d. The location of the rRNA genes, as well as the two tRNA genes found associated -
with this gene cluster, are indicated on.the expanded line. Some of the restriction
endonuclease c]eavagc sites on the Hind III/ Bgl Il fragmcnt are alligned bqlow the
expanded line. The direction of transcription is indicated by an arrow. The abbrevations
for restriction sites are as follows: B= Bam HI, Bg= Bgl Il, E= Ec§ RI, H= Hind II1,
K= Kpn I, Pv= Pvu II, V= Eco RV and X= Xho L. “
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the 3'- flanking regions has been determined (covering most of regions b, ¢ and d in

figure 2). The strategy for DNA sequence determination of the 165-235 spacer region is

summarized in figure 3. Figure 3 also shows the sequencing sfratcgy forthe 23S rRNA

gene and its 3' flanking regiorr. ')ihc restriction fragments used in DNA sequence analysis
are cataloged in Table 3. ‘

Table 3. Properties of the restriction fragments used in the determination of the 5 kb of
DNA sequence downstream from the Bam HI site are summarized below. The fragment
numbers correspond to those indicated on figure 3. The following abbrevations are used:

CH= chemical chain cleavage method, D= dideoxy chain termination method, CS=
coding strand, NCS= non-coding strand. - : '

fragment size method of 'M13 strand

number description (inkb) sequencing vector  sequenced
1 BamSal2.7 2.7 CH e NCS
2 BamSall.2 1.2 CH —semee CS
3 SauBamSal8 = 0.52 D mp8 Cs
4 SauKpnBam6 09 - D mp8 NCS
5 SauKpnBam7 0.9 D mp?  CS
6 SauBamSali3 052 @ D mp8 NCS :
7 SauBamSal3F  0.22 CH - NCS ' !
8 SauBamSal3S  0.22 CH —--- . CS
9  SauBamSal7 0.20 D mp8 - NCS
10  SauBamSal2 020 , D rp8 - NCS R
11~ SauBamSal3 0.20 D mp8 NCS | 27
12 SayBamSalHinf 0.19- - CH e CS :
13 SauBamSalHael. 0.12 -~ CH ----- . CS
14 SauBamSalHaeS 0.10 CH | emenee NCS -
15 SauBamSalll  0.20 D mp8 - CS
16- . SauBamSall2 031 D mp8 NCS
17  SalBamSau- 0.3l CH, - - NCS
18 Sal8-4 1.08 D mp8 NCS
19 SauSma2-85b  0.66 D mpl18 NCS
20  SauSal5-15,10 €66 D 0 - NCS
- 21 . SauSma?2-18 . 0.66 D’ mpl8 =~ NCS
22 PvuBam 22.  CH . - ' NCS
23. SauSalSTaq 034  CH ==~ NCS
24 SauSal5-9 0.66 D we--  CS
25 . Sal8-8 . . 104 D mp8§  CS
26 = SauSma2-44 0.45 D mpl8 - NCS
27 PvuEcoRI8-2 084 D mp§ = NCS :
28 $auSma2B-37 0.17 - D mp8 NCS v
29 Sal8-5 049 D -mp8 NCS
30 Xho8-1 - . 0.19 D - mp8 NCS
31 SauSma2B-23  0.17 D mpl8 - NCS
- 0.19 D mp8§  CS

32 Xho8-§

28



Table 3 continues.

29

fragment

size
number description(in kb)-

33
34
35

36

37

39

40
41

42

Sal8-17

SauSma2-51,54,67

SauSma2-19
EcoRIPvu9-3

Eco ho19-1
SauS B-79b
Ecol RV

EcoRIEcoRV9-4
SauSma2-69 -
EcoRIEcoRV8-6
SauSma2-79a
Pst3-8-1
HinP9-17
EcoRYSma9-23
MiluPst3Cfol.
HinP9-5
EcoRVSma9-24
MIuPst3CfoS
Pst3-8-5
SmaSal9-4
Pst4-9-5
Pst4-9-1

"HaePst3-102

0.49
0.17

0.23
-0.84

0.84
0.05
0.55

0.55
033 -

0.55
0.33
1.17
0.80
1.11
0.55
0.80
1.11
0.25
1.17
1.88

1.08 -

1.08
0.25

UUUUUQUQQUUPUUUUQUQUUUU

mp8 ,CS
mp18 NCS
mpl8 NCS
mp9 CS
e NCS
mpl8 . NCS
- CS
mp9 - NCS
mpl8 NCS
mp8 CS
mpl8 CS
8 NCS
mp9 NCS
mp9 NCS
amne NCS
mp9 CS
mp9 CS 4
e CS
mp8 CS
mp9 CS .
mp9 . NCS
mp9 CS
mp9 NCS

"“ic_DNA scquence of the spacer rc.glon (mcludmg ‘the tRNAAla gene) is given in

ﬂgurc 4. Fxgum 5 shows the complete nucleotide scquencc of the 23S. rRNA gene. The

sequence downstream from the 23S rRNA gene, mcludmg the 5S rRNA gene and the -

tRNACYs gene, as wcll as an open' rcadmg framc, is presented in figure 6. All DNA g

- sequences shown are given as the non-codmg (or the RNA txanscnpt-hke) strand

The nucleonde scqucnce dctcmunauon of the 168 rRNA gene and its promoter reglon :

., (dcnoted as rcgnon a in figure 2)is parnally completed The abortion of thxs sequencmg :

] pro_;cct was. due to the pubhcanon of the sequence of interest by Hui and Dennis (1985)

s f l » l . .‘ R

The pamal sequcncc data obtained is not prcscmed



Figure 3. The strategy to sequence the H. cutirubrum 23S rRNA gene and its flanking
regions. This ﬁguﬁ'dcﬂs with regioﬁs b, c, and d in figure 2. Arrdws indicate direction
~and ;xteht of the sequences of each DNA" fragment ana.lys'cd.‘, Descﬁptions of the '
ana]ysed fragments and thc méthod of analysis are given in Table 3. A physical f'ﬁap is
included to define the location of thc arrows, in relauon to the genes. Abbrcvauons for .
the restriction endonuclease recognition sites are: B= Bam HI E= Eco RI, H Hpa ],
M= Mlu I, P= Pst I, Pv= Pvu H, V= Ecq RV, S= Sau 3AI, Sa= Sal I, Sm= Sma ], Ss=
Sst IT and X= Xho I. Only two of many Hin PI sites (denoted as Hp) in this region aré‘

indicated.
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. Figure 4. Nucleotide sequence of the 165/23S rRNA gene spacer (region b in figure 2).
This sequence is compared to the coressponding region in M. vannielii (Jarsch and Bock,

1985a). Arrows ( — ) define the direction of Uanécn’ption. The pcmahuc]cotidc direct

repeats are indicated by (— ).
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Figure 5. Nucleotide sequence of the non-coding strand of the H. curirubrim 23S rRNA
gene (region c in figure 2). This sequence (middle line) is compared to that of E. coli

(top line) and M. vanntieii (bottom line). See table 1 for tljc source of écnc sequences.
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Figure 6. Nucleotide sequence of the 3'-flanking region of the 23S rRNA gene. 'The
" Tocations of the 3-terminus of the 23S rRNA gene, the 5S rRNA gene, the tRNACYS

gene are indicated. The amino acid sequence of the open reading frame is superimposed.
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The sequences of the rRNAs and tRNAs were derived from their DNA sequences.
The RNA sequences were then analysed for regions capable of intra-rﬁolccular Watson
and Crick basepairing. The stem and loop structures fonl;cd were then arranged
according to the existing scéondary structral models for eubacterial rRNAs and tRNAs.
The secondary structures for the 23S rRNA, the 5S rRNA and the two tRNAs are given

jn figure 9, 15 and 7‘rcspcct1vc1y

Gene expression

In vitro transcn'p‘tion. of pHcrl in a eukaryotic $ystem (HeLa cell extract) showed -
some high molccular weight ﬁ'anscn'pts as well as a tRNA sized product (see figure 21A).
The transcriptipn of this tRNA sized product was not inhibited by a-amanitin. This
transgript hybridized to the Sma I/ Sal I, 1.2 kb fragment (see figure 21C), locating its
coding sequence to the intcrci;stmnic'spaccr between the 16S and the 23S rRNA genes.
Using this tRNA sized transcript as a probe, no hybridization to the tRNAC)’_s coding
region, downstream from the 5S TRNA gene, was observed. The identity of this tRNA
traﬁscript Was analysed by two dimensional ﬁngerpﬁnﬁng (data ﬁot shown).

Th_érc was no functior;ai in vitro franscription system for Halobacterium avaliable.
Thc'expressioh of the cloned RN A genes in H. cuiirub(um was acmonstratcd by
northern hybridizations. Figure 22 shows the result of the hybridization of.pHerl to ‘thc‘_ '
' northern transfers of total cellular nucleic acids obtained from (i) H. cutirubrum (ii) E.
coli HB101 habouring pHcrl and (iii) E. coli HB lOl.carfyiné th4-ll as iconuol.
The recombmant plasnud th4-ll has a 620 basepair Hind III fragmcnt inserted (Roy ct
al,1982). Both sz4-11 and pHch are pAT 153 derivatives. In pHu4-11, the insert
contains a hurnan lcubmc tRNA gcnc rather than Halobacterium DNA. Hybridizing
—RNA bands com:spom{mg to the slzes of H. cutirubrum rRNAs were observed only in |
the sarple of total H. cutirubrum RNASs.

Hybridization o{ aH. cutirubrum tRNA mixturé to the coding régions‘for both the '

4



:
(RNAAI2 and the t.RNAC)'s on pHcrl was observed. The reciprocal experiment, us.ing
pHcr1 to probe the northern transfer of H cutirubrum low molecular weight RNAs also
yielded hybridization. In order to demonstrate the expression of both tRNAs in H.
cutirubrum unambiguously, the Southern’ cross experiment was empl\c;ycd. ﬂis
experiment gave a two-dimensional hybridization pattern of (i) [5'-32P]- pCp labelled low
molecular weight RNAs from H. cutirubrum to (ii) DNA fragments generated by an Mlu
I digestion of pHcrl. The DNA fragment containing both the 5S rRNA gene and the
cysteine tRNA gene showed h);bridiz‘in‘g crosses corresponding to‘the locations of the tv;/o
RNA species. The DNA fragment containing the alanine tRNA gene showed -one

hybridizing cross at the tRNA region (see figure 20).
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DISCUSSION

n nizati / |
The organization of the single cluster of IRNA écncs in H. cutirubrum conforms to
the eubacterial axmgcm;ant, which is also true for all the halophilic archaebacteria studied
so far. This result is consistent with that described by Hui and Dennis (1985). The
association of tRNA genes with the rRNA gene cluster is also consistent with the
eubacterial scheme. The locétidn of these IRNA genes in the H. cu-t-irubrum genome (iﬁ :

relation to other loei such as the replicative origin) remains unknown.
LY

Prim uen

The corﬁparison of H. cuiirubrum 23S rRNA sequence with the E. coli sequence
(Brosius et al., 1980) showed significant divergence. The alignment of the two sequences
is given in figure §. A number of dcietions and insenioﬁs in the H. cutirubrumr sequence
have to be proposed to al‘]/ow reasonable alignment with the E. coli sequencc A 59%%
homo]ogy is shared by the two sequences. Intcrcstmgly, the M. vanmelu 16S and 23S/
rRNA both share 60% sequence homology with the E. coli sequences as well (Jarsch
and Bock, 1985a; 1985b). l,Thc 23S rRNA from the halophile is 53 % homologous with
that"vof the methanogen. E. coli 23S rRNA shares 79%, 75% and >70% sequence
horr;oiogics with its cubéctex;ial_counterparts in A._nidulans (Dou'gllés and Doblitth,
1§84), ‘B*.‘ stearothermol;hilus ' C{6p et al., 1984b) and B. subtin '(Grécn ct al;; 1985)
respectively.l The consistency in the % sequence h0m010gy in their 23 rRNA_ genes ;with

E. coli’ (i) supports sequence homology as an accurate measure of phylogenetic

relatedness (ii) reflects the evolutionary divergence between eubacteria and the - '

archaebacteria. Thc low degrcc of sequencc homology (53%) bctwccn the mcthanogcn

t and the halophile may reflect evolutxonary dxvergencc within the archacbactcna

4



165/239 spacer
The 16S and 238 TRNA coding sequences are separated by a 508 base pair spacer.

The spacer sequence is presented in Figure 4. In the overall transcript, the spacer
sequence contains the descending strand of the 16S rRNA stem duplex and the ascending
strand of the 23S stem duplcx. These duplexes are formed by the long inverted repeats
bracketing the scqueﬁces foor the two mature rRNAs:

The coding sequence for an alanine tRNA has been located in th{s spacer. Alanine

and isoleucine tRNAs are often found in such spacers in eubacteria and plastids (Young et

AY

al., 1979; Williamson an_d Doolittle, 1983; Loughricy et al:, 1982; Grey and Doolittle,.

1982; Takaiwa and Sugiura, 1982; Koch et al. 1981; Fournier and Ozeki, 1985). The

sequence of this tRNA gene is indicated in figure 4. i.nFigu.re 7A shows the secondary

structure of the tRNAAI2 The sequence and the structure of this tRNA is consistent with
those presented by Hui and Dennis (1985).

. £ . . : ) - :
Comparison of the H. cutirubrum. spacer sequence with its counterpart in M.

vannielii reveals no significant homology, execpt for the tRNA codmg i‘chon Flgure 4

shows the alignment of the spacers. Jarsch and Bock (1983b) obscrvcd a pentanuclcondc,
'CTTTA, five basepairs before and immediately after the M. vannielii spacer tRNAAI2
- gene. Such direct repcaté are found adjécent'to the H. cutirubrum, spacer tRNA ggné as
“well. The sequence TCGGG is located;one basepair before and three basepairs after the
alanine tRNA gene. 'Pen?anuéleotidg direct repeats are not identified in the _scciqehces

surrounding the tRNACYS gene, located 110 basepairs down stream from the rRNA gene

' c]ustcr.

‘Examination -of the tRNA gene-containing spacer sequences from a number of

eubactena has revealed the occurnence of such pentanucleonde direct repeats The.E. coli.

m D and m X opcrons both contam an isoleucine tRNA gene and an alanine tRNA genc :

in thclr 16S/23S spacer (Y oung et al. 1979) 'The pentanucleotide CTACA overlaps the

ﬁxst nuclcotlde of the tRNA"° genc and occurs agam 31 basepaus downstrcam from the

7
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Figure 7. Secondary structures of two H. cutirubrum tRNAs: The sequences and
secondary structures of the alanine tRNA and the cysteine tRNA were derived from the

two tRNA -genes on pHcrl.
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gene. Similarly the sequence GTTTT is fonnd 13 basepairs upstream and 58 basepairs
downstream from the tRNAAI2 gene. Another sequence, GCAAA is looatod 27 basepairs
before and 40 basepairs after this tRNAA3 gene. In Bacillus subtilis , direct repeats of
the sequences TATAA and TCTTA an: found near the termini of the isoicucinc spacer

- tRNA ‘gene. Anotlier pentanucleiotide, ATAAC, is situated immediately before and twenty

basepairs aftcr the spacer tRN AAla gene (see Loughney et al. 1982 for the complctc
spacer sequcncc) Examination of the spacer sequence m A. mdulans (scqucncc

determined by Williamson and Doolittle 1983) royoa]ed the pcnranuclcotlde sequence
TTTTC which lies 34 basopairs before tne spacer? tRNA® gene and 43 basepairs
downsiream from the adjacent tRNAAR gene. ‘This sequence also occurs in. between
~ these two tRNA genes, six basepairs .from the 3'-tern1inus of shi: tRNAI® gene and 22

basepairs from the 5'-terminus of the tRNAAI2 gene,

Five or mnc nucleotide direct repeats are often found as terminal sequences of

insertion scquénccs and transposons (Kleckner, 1981; Berg. and Berg, 1983). The

implication of having pentanucleotide direct repeats bracketing spacer tRNA genes in

”

{(RNA gene organization is open for speculation. ~

"-flankin i -
' N

Hui and Dennis (1-985) describéd a struchire similar to a tho- independent terminator

downstream: from the H. cutirubrum 5S rRNA coding sequence. The secondary

stmcturc of thxs tcrmmator is deduccd and is shown in figure 8A ThlS structure is

followed by a run of T's. This type | of termmat!on signal has also been described in a

similar location followmg the nbosomal RNA operons in H. volcanii (Damc]s etal,

i - 1985b). 1t has been documentcd that a regular rho-mdgpcndcnt,tcnmnauon signal is not

* sufficient to terminate transcripts originated from an rm promoter. "Genes fuscd torm

promoters showed this antl ternunanon cffcct (Holben and Morgan 1984). RNA

polymerase transcription originated from such an anti- termmator promotcr will read

~
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s,
through templates with complicatcd scéonc‘ary structures. We have locatéd another
termination signal, centred at 34 nucleotides Jownstream from the 5S rRNA sequence,
overlapping the rho-independent terminator. This terminator has dyad symmetry. It
resembles the rccénﬂy.idcntiﬁcd rmn terminators common in the E. coli m obcrons
(Liebke and Hatfull 1985). However, thc.compoﬁition of this structure is quite diverged
from that of E. coli . Figures 8B and 8C give the comparison. The E. coli vrrn terminator
dyad symmetry has a G/C rich stem, extended by A/U pairings, giving a bimodal hairpin.
The H. cutirubrum dyad symmetry does not have this feature. The 15 basepair long stem
contains two stretches of yveak G-U pairing. This structure 1s less stable than’the
terminator proposed by Hui and Dennis (1985). The sequence immediately preceding the
dyad symmetry (from position 234 to position 263 in figure 6 and in figure 8B) is A/T

nch (62%). The role of such a structure in the regulation of anti-terminated transcription

is unclear. The involvement of the downstrearn tRNACYS sequence in transcription
termination is possible since a complicated'clovcrlcaf secondary structure can be formed.
This tRNACYS is transcribed and processed as demonstrated by tiie Southern cross
cxneﬁmcnt described below. .

Examination of sequences distai ta the 5S rRNA coding region revealed an open

reading fragfie (ORF). The AUG initiau{r\ codon is located 17 nucleotides downs‘;xéam

ffom the 5S rRNA. Surpn'singly, the ORF runs thfough the tRNACYS coding sequence.

'I_'his ORF may encode a peptide of over a hundred amino acids. Whether this ORF is.

actu'ally translated is unknown. “There is no typical Shinc’-.Dalgamo sequence preceeding

the start codon- complementary to thc 3' terminus of the 16S rRNA sequence

‘(AUCACCUCC), whlch is 1nvolvcd in mRNA binding. The ammo acid sequence
deduced from thls OREF is shown in f:gure 6. If this ORF did reprcsent a run-on
transcnpt ohgmated from the nbosomal RNA operon promotcr, thcn 1t would likely
. eéncode a protpm produced in synchrony with variations in rRNA production,

Exanunatnon of thc DNA sequences of the H. volcanii 5S rRNA genes and their flanking

. ,
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Figure 8. Possible terminat‘tor’ structures downs'tream from the 5SS rRNA. (A) and (B)
show the two terminator structures postulated. (C) is the tcrminat'or structure downstream
from the E. coli rm E operon (Licbké and Hatfull, 1985). An arrow indicates the
3'-terminus of the 5S rRNA. The potential initiation codon of the open reading frame

described in the text is boxed. Sequence positions correspond to those given in figure 6.

-
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sequences revealed doWnsu-eam open reading frames. However, n8 start codon was
identified. The amino acid sequences deduced bear no sngmﬁcant homology with the

sequence found i i H. cutirubrum.

Secondary structure

58

The sequence of the H. cutirubrum 23S rRNA is derived from its primary DNA -

sequence. The secondary structure is deduced by first searching for intra-molecular

Watson and Crick bascpéiring to form basic stem and“loop structures, then arranging

these substructures according to the existing prokarjotic 23S 1RNA sccondary structure ~77_ :

models. The secondary structure proposed for the H. cutirubrum 23S rRNA is shown in

figure 9. The RNA molecule is divided into structural domains fo:r dis@ssion purposes
(see figure 9). ’ ‘ | | ‘

The danger of derivation of secondary structures accordmg to existing - models (such

’as the E. coli modcl) is to conform thhout seekmg altcmate mtcrpretatxons Thcsq

| hypothctxcal stmcturcs have to be provcn cxpenmcntally Out of thc four 23S rRNA

secondary strucmres pubhshcd so far, only thc E. coli modcl has bccn partlally

conﬁnned expmmcntally (for review see Branlant et al. 1981 Nollcr, 1984) Thc '

Bacillus stearo- 1hennoplulus model was denvcd through frec enq43y calculation to gwc
the most stable :ccondary structurc (Kop et a1;1984) The models for M vanmclu and
“A mdulans were constructcd followmg the E. coli structurc (Ja:sch and Bock l985a

Douglas and Doolittle, 1984). L e s

' The overall sccondary structurcs of 23S rRNAs from examples of eubactcna,

eukaryotes and archacbactena are compared in fi gurc 10. These sccondary structurcs all

‘ conform toa gcncral scheme but at the sam

substructures featnrcs which are tnigpe to cach ph cncuc group 'I'hxs is 1nd1cat1ve of

all rRNA bemg related through a common anccsn'y

. '.;
Modlfied n-cleotldcs and mlsmatched basepamngs cannot bc 1denut' cd from thc

ime show obvmus dnffercm:cs in



Figure 9. The 23S rRNA secondary structure model of H. curirubrum . The molecule is

divided in half purely for ease of presentation. 'Roman numerals define structural

@

domains.
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Figure 10. Comparisoﬁs of overall secondary structure of 23S rRNAs
/

from E. coli (Noller 1984), B. stearothermophilis (Kop et al. 1984), M. vannielli

" (Jarsch and Bock, 1985a), H. cutirubrum and yeast 26S tRNA (Hogen et al., 1984).
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primary DNA sequence. There are identical bases in H. cutirubrum at positions

ebnesponding to some of the modified bases on the E. coli 23S rRNA (identified by

- "‘_:Branlant etal., 1981). For _exapfple, the uridine (which is methylated at the 7 position in

E. coli ) near the peptide transfer center is found in all the examples shown in figure 11 as
well. There are mismatches in a number of helices. However mismatched basepairing

has not been experimentally demonstrated in this work. .

Examination of the secohdary structure of ihe H. cutirubrum lafge subunit RNA

reveals substructures which resemble functional siteé on the E. coli 23S rRNA model.
Cd

Structural homologs are not necessarily formed by a common sequence. Regions of .

. . )' .
conserved sequences within these substructures may imply their functional significance.

| e
Pepti nsfer cen

The peptidyF transferaSe activity is an essential function of the ribosome. A structure

that resembles the E. coli peptldc transfer centre is located in domain V of the H

)

cutzrubrum 238 IRNA. “This loop structure is formed by five non- connglous scqucnces

(see figure 11) ‘Most unpaired bases m the: loop are hlghly conservcd in dxverged

organisms. Figure 11 shqws the comparison of the presumed peptide transfer centre

from H. cutirubrum, M. vannielii, E. coli, B. stearothermophilus, A. nidulans and the
tobacco chloroplast.

Gengﬁc studies of resistance to chloramphenicol and erythromycin in E. coli and~ir§

yeast and mammahan mltochondna have mapped mutations to the central loop of the -

pepnde transfer cemre (ngmund et al., 1984; Dujon et al., 1980 Kearsey et al,, 1980

‘Sor etal., 1982; Blanc et al., 1981; Blanc et ,al.,1983). The sequence AAAGA is found

64

in this central loop i m wnld type E. coli . Erythromye;}l reSistént mutants have- the -

scquence UAAGA instead (ngmund etal, 1984) The sequencc GAAGA is found in



Figure 11. Peptide transfer centres from E. coli (Barta et al, 1984), B.
stcaroghérmophilys (Ko;ﬁ et 'al.,' 1984), A. nidulans (Douglas and Doo]ittle: 1984;
Kumano et al.,. 19835, M. vannielii (Jarséh and Bock, 1985a); tbbaCCo éhlo;oplaét
(Takaiwaa and Sugiura, 1982) and H. cutirubrum. The structure from A. nidulans is
identical to that of tobacco chloroplast with the execption 6T d single base change (from A

»

to G) which is indicated on the tobacco chloroplast structure.
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' . : 7
' ‘ / .o
H. cutirubrum , identical to the omes found in the other erythromycin resistant
. s .
archeabacteria studied sO‘faI,(tﬁEy are M. vanaqielii, H. volcanii and S. solfataricus ; see

Jarsch and Bock, 1985a for details).

ansfer RNA binding si
One of the interacting sites between amino-acylated tRNA and 23S rRNA on the E.
coli ribosome has been identified using crossing-linking agents (Barta 1984). The

terminal CCA of the tRNA interacts with a specific UGG sequence in domain II on the

large subunit IRNA. The sequence UGG is found in the corresponding location on the .,

H. cutirubrum 23S rRNA at position 889 to 891. A comparisén of the structures,
responsible fdr tRNA:rRNA ’intcraétioﬁ in these two organi,srﬁs is shown in figure 12.
The size of this structure in H. cutirubrum is significantly larger than that of E. coli .
Sequence conservation between these two ~struc.;tun:s is limited to two smallrarcas&‘\in/,tﬁk;
open loop region. One of these two conserved areas contains the site for ‘(ECA
’b,aise-;‘)airing. o , ) J

Based on the E. coli model (Dalberg et al.,1978; Edwards and Kossel, 1981), two

binding sites for the initfator tRNAMe! in domain IV and domain V are proposed. These N

- poésib}c tRN A-tRNA interactions are summarized in figure 14. The nucleotide sequence
of the H. cutirubrum initiator tRNAMﬁt is not available. The tRNA sequence shown (in

fi gurc 13)is derived from the Halobacterium vaIcanu and Halococcus mo’rhuae initiator

tRNAM"‘(Kuchmo et al., 1982; Gupta, 1984). The 23S rRNA-interacting region on thc '

ARNA; M“'s fmm thcse two orgamsms are identical. The sequence is hkely to bc

rconscrvcd in thc H cutzrubrum initiator tRNA as well. Initiator tRNAMet binding

. regions have been 1dent1ﬁcd in similar locations on the large subunit RNA of Anacystis

mdu,lans,. and the tobacco chloroplast as well (Kumano et al,1983; Douglas and
' Doolbi.ttle,l984;_ Kumailg et al,, 1983).
-i ) ’ . . . .

Vs

67



Figure 12. The tRNA binding sites in domain IT of the 23S}}N‘f\l}3m\1{. cutirubrum
and from E. coli (Barta et al., 1984) . Cohscr@g&oﬂs are indicated D \a‘box. The
se@ncc UGG (indicated by arrows) has begn proposed to baécpair with ‘_thc\ sequence

CCA at the 3-terminal of transfer RNAs.
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o .
Figure 13. Possible basepair interactions between the initiator (RNAMet and domain V of
the 4. cuzirubrur;i 23S rRNA. The tRNA .scqucnce shown was derived from the
Halobaéterium volcanii (Gupta, 1984) aﬂd the Halococcus morrhuae (Kuchino et al.,
1982) intiator tRNA sequences, which wereidentical in this region ‘of ;intcrcst. |

e

~ ) oo ]
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Figure 14. Possible 165/23S rRNA interaction sites.
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Sites for IRNA-IRNA i :

The binding site for 5S rRNA on the E. coli 23S rRNA has been determined
(Branlant et al., 1976; Branlant et al, 1981). The sequence GCCUUG in domain IV of
the 23S RNA can basepair with a sequence on the loop between helix Il and IV of the 5S
rRNA. All prokaryotic 23S rRNA socondary .structores published to date contain this

. scqocnce (A. nidulans by Douglas and Doolittle, 1984; B. stearothermophilus by Kop et
dl, 1984b; E. coli by Branlant et al., 1981; M. vannielii by Jarsch and Bock, 1985a).
In H. cu;irubrym , this. binding site shas been ;dcntiﬁcd by structural comparison.
Howcveo, the scoucnco GCCUUG is replaced Py GCG:‘“\U'G. The sequence
3.UUGCGUCCG-S' in domain IV of the 23S IRNA can inte: ict with the sequence
5'-AGCG-.-GGC-3"on the Joop at the base of helix II on the 58 rR A (see figure 15).

Sites for 165-23S rRNA interaction (responsible for ribos. mal subunit association)

are pfoposed.- Sequences from two separate regions on the 165 RNA can each basepair

with two sites in domain V of thc 23S tRNA. One such site  domain V overlaps a
(

binding sxte for the initiator tRNA mentioned abovc _The four | -sible interactions are

summanzed in ﬁgunc 14. The H. cutirubrum sequences mvolvcd in such interactions are

R

very snmllar but not 1dent1ca1 to those found in eubactena or chloroplasts (&iwards and

. Kosscl 1981 D0uglas and Doolittle, 1984).. J ‘ ' '

mal protein binding si
- \] - ’ A@ ’ . . P ‘. )
. A number of ribosomal protein binding sites on the H. cutirubrum large subunit

TRNA have been identified by comparative analysis of the s.ccondary structure modcls. '

lec the other functionally significant regions d:scusscd abovc these protcm-bmdmg

structurcs show hlghcr sequence conservatnon than the rest of thc molcculc These l

bmdmg sites all share greater than 60% pcqucncc homology with thclr E. colx

'countcrparts The L8/11 protein complcx assocnanon region is_ a very good cxamplc The _

A

: St
04‘4',4,. Y
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Figure 15. Sécondary structure of the H. cutirubrum 5S rRNA (A)‘. The arrows indicate
nucleotides capable of interécting with the 23S rRNA by basepairing with a specific
‘scq'\ucncc located in domain IV (B). The helices of the 5S rRNA are denoted by Roman

numerals. .
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changes found in less essential regions.

H. cutirubrum sequence in this region is 79% homelogous to that of M. vannielii and is

77% homologous to the E. coli sequenée.; This region also shows 70% and 65%

AN

homology to its counterparts in yeast and rat liver. The ycast sequence and the rat livet

.sequence sharc 98% sequcnce homology The scquenccs used for companson were

obtained from Brosius et al., 1980 Raue et al., 1985; Jarsch and Bock, 1985a Hogen et

al,, 1982 and Beauclerk et al,; 1985.

5

The phenomenon of site-specific sequence conservation points out a flaw in using -

_ overall sequence homology of the large subunit RNA as the phylogenetic'mcasuxement.

Changes in sequence in the functional regions have greater evolutionary significance than

v

Although the general strictures of mény ribosomal protein binding regions from

various organisms are conserved, differences in details are obvious. Figure 16 shows the |

R : ’ . . . ' . . . .
secondary structure comparison of L1 ribosomal protein binding sites from H.

cuurubrum M. vanme]u and E. coh Figure 17 shows the structure of the L8/L11

=

complex association site of H. ‘cutirubrum as well as its counterparts in E. col: and in

yeast. 'I‘hese comparisons illustrate the point clearly.

- . 1
: , | 3
. . A RN
- N e K »

~ Alpha-sarcin is an mhxbxtor of a number of energy dependent steps in protein

synthesxs.}l‘lus enzyme mactlvates nbosomes by clcavmg a sité at an open loop in
4 .

domaln VI of the large subumt rRNA (s;/ figure 18). The nucleotide sequence of thxs

l&p is highly, conserved in eukaryotes Thé homologous Ioop in' M. vannielii conforms

77

to th1s cukaryonc sequence .(Jarsch and Bock, 1985a).. The 100p in H. cutzrubrum“? .

. located from posmon 2658 to 2671 in domain IV (lﬂ"fﬁe 23S rRNA Like M. vanmelu '

the liop sequence is ldentrcal to that of thc eukaryote and is shghtly different from the .

eubacg%)al sequc)nce Afthough the stcms from the two archaebactcnal- structures are of -

e length they show no sngmficant sequence homology Flgure 18 shows :

Y



.Figure 16. Compapir%} of secondary structeres of the L1 ribosomal protein binding
region in H. cutirndrum , M. vannielii ,(extraéted from Jarsch and Bock, 1985a) and E.
7 . ; o -
coli (Branlantetal, 1976a; Branlantetal,, l976b; Branlant et al., 1981; Noller, 1984),
- LS ) ’ , . ’ ’ ‘.‘..‘ ) ‘;é‘ B {
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~ Figure 17. Secondary structures for the L8/11 ribosomal protéin complex association
. . . . ~
region on the large subunit ribosomal RNAs of H. cutirubrum , E. coli and yeast. The

Structur_es for E. coli and yeast were modifiéd from those described by Hogen et al.,

1984; Br'énlént etal, 1981 and Raue et al.,1985.

N
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*

- Figure 18. Regxons on the, 23S rRNA of H. cunrubrum and M. vannielii (shown in B)
susccptable to a-sarcin actmty Companson of the H; cuurubrum loop scqucnce with
_the eu aryonc cubaclenal and M. vannielii scqucnces (Jarsch and Bock, 1985&) is

prcsentcd in (A). The cleavage site is mdtcatcdoby an arrow.
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“Figure 19A shows the structure formed by the 4.5S rRNA and the 3'-terminus of the
23S tRNA from matze chloroplast (Branlant €t al., 1981; Glotz et al., 1981). This

A [ . . .
b structure is highly homologous to the 3'terminal region of the E. coli 23S rRNA
o, S

- (Bmmlan 1). The 3' terminal region of the H. cunrubrum 23S rRNA also, but to a

o > \
t lesser cxtent bears rcscmblence to the structure m the maize chloroplast Fxgurcs TQA oo

| and 19B show the companson ./

-
- l
’

Tb.e in vivo cxpressxon of each gene in this cluster has been ‘fcmonstratcd\
Hybndﬂatlon of pHcrl to northern transfers of total H cunrubrum RNA yields the \
cxpccted rcsult (see figure 22) Hybndnzmg RNA bands corrcspondmg to eachof the’

4' rRNAs ag well as the tRNA rmxturc were observed Hybndlzmg RNA bands mlgratmg.
slowcr tham‘the (23S rRNA/may rcprcsent parually processcd or unprocesséd RNA
transcnpts A very low levcl of hybndlzanon of pHcrl to H. cunrubrum TRNA size ‘

products were obscrvcd whep northem blots of thc total RNA 1solatcd from E \colx
harbounng pHcrl was analysed R o SEEEE -c :
B Hybridization'of a H - cuurubrum qtRNA rmxture to the codmg rcgtons f0r both thc
flanme tRNA and the cystcmc tRNA arc*obscrved Thxs rcsult is mdxcanvc, but not "
concluswe, of thc'cxpressxon of both tRNAs smcc (1) transfcr RNA prcparauons are
oftcn contanunated wnh a trace amount of SS rRNA and :ts brcak down produczs and (u)'
‘the SS rRNA gcnc and the cystemc tRNA genc arc locatcd in Lhe samc region and cannotf '
be cdn,vcmentlyiparatcd by rcstncnon cndonuclcases 'I’hc results fr m thc Sou(hcm o
- “cross cxpcnmcnt provnde some clanﬁcauon (scc figure 20) Both the, alamnc tRNA gcnc .

and l:hc cystcmc (RNA gcnc appcar to be exprcssed in H. cuurubrum Furthcrmorc, o

* N



T
anurc 19. Companson of the secondary structure of the'3'- -terminus of thc H.

E "cunrubrum 23S rRNA (B) to the structure formed by the 4.5S rRNA and the 3' tcrmmal

%

I .'scquence of the 23S rRNA from maize chloroplast (A) Thc 3'-terminal structurc of

maxzc chlorop]ast was derived from a figure used by Branlant et al., 1981.-

‘- - _ : o [ RPS .. [ 3
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Figure 20. Radlomtograph (A) showmg the Southem’cross hybndlzatxon between 321;
_labelled H. cuunbrum RNAs (B) and M]u I digested pHcrl (C). DNA fragments
A gcncratcd by a complete Mlu 1 dlgest of 50 pg of pHerl was separated By elcctrophoresns
(on a 0.75% agarose gel in TEA buffcr at5 volts per cm). The scparatcd DNA fragments A
" were transferred onto mtrocellulosc paper by the method of Sqmthern. The RNA probe
was prepared by labelling freshly isolated H. cutirubrum total RNA with [32P]pCp using
RNA ligase. The 32p_RNA was then separated on a 10% ;{j’bl)"écrylamidc gel (acryl:bis,
29:1) in. TEA buffer at 10 volts per gm. The radioactive RNA was transferred onto the
same piecé of nitmcgllulosc paper in the dimension perpendicularyto the initial transfer of
DNA fragments. The transfer was carried out in 5X SSC and 50% formamide at 37°C
for 48 hours. The nitrocellulose paper was then washed twice in 2X SSC, 0.2% SDS at
* 45°C and once in 0.2X SSC and 0.2% SDS at 45°C. The radioautograph of a ten day
exposure with intensifying screen at -90°C is shown (A). (D) is a schematic"
representation of (A). Spot 1 represents hybridization of 5S rRi\IA to the 1 kb Mlu 1
fragment. Spot 2 shows hybridiéation of IRNACYS 10 the same Mlu I fragment. Spot 3 .

shows hybridization of the tRNAA2 and its breakdown products to the separate 3 kb Mlu

-

fragment.
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tRN As with scqucnccs rearly identical QO thc ones derived from the cloned tRNA genes
have been found in H. volcanii (Gupta 1984) -

The expression of H. cunrubrum {RNA genes in eukaryotic and eubacterial systems
has been analyzed. In vxtro transcnpnon of pHcrl in the eukaryotic system (HeLa cell
lysate) shows only one tRNA s:zcd product, thc tRNAAIS, ' The tRNACYS may be
transc/bcd at an undetectable level or it may exist as part of unprocesscd run-on
transcripts. ngh molecular weight transcnpts were observed but not charactenzed

Transcription of pHcrl in E coIz was analysed by northern hybridi zation. No
* detectable t(RNA- s1zcd products have becn observed hybndlzmg to pN.:/l ‘indicating
little or no transcription of H. cunrubrum tRNA genes in E. coli (see figure 22). The
weak hybridization of pHerl to E. coli _hrRNAs is expected since there are highly
conserved rcgions in rRNAs. |

The unidentified stable RNA species, roughly 300 nucleotides long, seen in figure.
20B, did not hybridize to pHcrl, theréforg is pot encoded by tho 11 kb of cloned H.
cutirubrum- DNA sequenoc. Itisnota panially omcessed product generated from the
overall RNA transcript. This stable RNA is probably the 7S RNA found in ‘a number of
halophilic archaebacteria by Moritz and Goebel (Moritz and Goebel, 1985; Moritz et al.;
1985). The H. halobium 7S RNA has only 50% sequence homology to human or rat
7S-L RNA, which represents part of the "signal rccognmon paruclc mvolved: in thc
transport of proteins across membranes. Surpnsmgly, thc H. halobmm and the human

7S RNA show remarkable homology in their secondary structure (Moritz and Goebel,

1985).

&
= A . . A4
-

E ] ’ » r ‘- ]' - . A ' ‘
The sequence horhOiogy (53%) bctWecn the H. cutirubmm and M. vannielii 23S
rRNAS provxdes evidence for the phylogenetic divergence between the two orgamsms

This xmphes the divergence w1thm the archaebactena Uncommon features in the

20



Figure 21. In vitro trahscription of pHc)rl in a Hel.a celld-lysatc and'hybridizaiion of the
product to pHcrl. (A) Radioautograph showing the in \:itro transcription of pHcrl in
HeLa cell extract. (B) ASall/Smal diggstion of pHcrl was separated én a 1% agarose
gel . The restriction ffagmcnt containing the alanine tRNA gene is indicated by (»). ({+)
indicates the DNA fragment containing the cysteine tRNA gene. (C) is the corresponding

radipautograph shog&ing hybridization of the tRNA sized transcriptiona'] product to (B).

-~
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Figure 22. Hybridization of pHcrl to nerthern transfers of total RNA. Total RNA was
prepared from each of (lane 1) E. coli HBIOI habouring th4;l 1, (lane 2) E. coli HB101
habouring pHcrl and (lane 3) H. cutirubrum. The amount of RNA 10a'ded 6n lane 1 and
¥ . ‘ o 2/are 25 tiries Wat in lane 3. 'Nick translated pHcrl is hybri-di zed fo northern transfers of
v (A) gl\yoxylgt;d RNA samples separated on a 1% agarose gel in 0.01 M phosphate buffer

and (B) RN§ samples separated on a 6% polyacrylamide gel (‘acryl bis, 29:1) in TEA
buffer. ' . |
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substructures and the functional sites described above support the uniqueneéss ‘of
archaebacteria. The M. vannielii sequence is the only archaebacterial 23S rRNA
, sequcncc avialable for comparison therefore a strong-statement on the subdivision within.
the archaebactcna cannot be madc The nucleotgdc sequences of the 23S rRNAs {rom
Sulfalbus solfatancus, Halobacterium volcanii and Desulfurococcus mobtlas are bcmg
determined by inale/pendcnt research groups (this information is obtained from Garrett,
1985 and Jarscn‘md Bock, 1985 a). | |

Thc high degree of c?nscrvanon in secondary structyres, and to a lcsscr cxtcnt
‘sequences, at the funcuonal sites on the large subunit ribosomal RNA implies the
conservation of these biological functions. The translational‘épparatus is, in general, .
universal to all organisms. This supports the arguement ;)f a.common ancestry in

translational machineries. Divergent evolution is probably responsible for specific

<

.

changés unique to each phylogenetic group.
Further studies on the regulation, the assembly and the specific functions of the
ribosomal RNAs are undoubtedly nccdéd to provide understanding of the process of

translation in archaebacteria.



REFERENCES

Allet, B., and Rochaix, . (1979). Structure at the ends of the jnterverning DNA
% sequences in the chloroplast 23S ribosomal genes of C. reinhardif” Cell 18, 55-60.

" Alwine, J. C., Kemp, D. J., Parker, B. A,; Reiser, J., Renart; J,, Stark, G. R, and
Wahl, G. M. (1979). Detection of specific RNAs or specific fragments of DNA by
fractionation in gels and transfer to diazobenzyloxymethyl paper. Methods in
Enzymology 68, 220-242. , : : :

Atmadja J., Brimacombe, R., Blocker H., and Frank, R. (1985). Investigation of the
tertiary folding of Escherichia coli 16S RNA by in situ intra-RNA cross-linking -
within 30S ribosomal subunits, Nucl. Acids Res. 13, 6919-6936. »

B.arta, A., Steiner, G., Bi‘osius, J., Noller, H. F., and Kuechler, E. (1984).
* Identification of a site on 23S ribosomal RNA located at the peptidyl transferase
center. Proc. Natl. Acad. Sci. USA 81, 3607-3611. .

- Bayley, S. T., and Morton, R. A. (1978). Recent developments in molecular biology of '
extreme halophilic bacteria. p. 151-205. In Chemical Rubber Company, Cleveland.
CRC Critical Reviews in Microbiology vol. 6.

Beauclerk, A., Hummel, H., Holmes, D., Bock, A., and Cundiiffe, E. (1985). Studies
of the GTPase domain of archaebacterial ribosomes. Eur. J. Biochem. 151,
245-255. i ) .

Berg, D. E,, and Berg, C. M. (1983). The prokaryotic transposabale element Tn5.
Biotechnology 1, 417-435. .

S~
1S 2

Bieker, J. J., Martin, P. 1., and Roeder, R. G. (1985). Formation of a rate-limltin'gv ‘

" intermediate in 55 RNA gene transcription. Cell 40, 119-127. o

Bilfnboim, H. C,, and Doiy,\,J., (1979). A ;'apid alkaline éxtraction procdure for
screening recombinant plasmid DNA. Nucl. Acid Res. 7, 1513-1523. ©

Blanc, H., Wright, C. T., Bibb, M. J., Wallace, D. C., and Clayton, D.A. (1981).
Mitochondrial DNA of chloramphenicol-resistance mouse cells containing a single
change in the region encoding the 3' end of the large ribosomal RNA. Proc. Natl.
Acad. Sci. USA 78, 3789-3793. - . :

Blanc, H., Adams, C. W., and Wallace, D. C. (1983). Different nucleotide chafiges in

. the large rRNA gene of mitochondrial DNA confer chramphenicol resistance.on two.
human cell lines. Nucl. Acids Res. 9, 5785-5795. e :

- Meth. in Enzymol. 68, 245-267. . _
Bollen, A. P, (1982), Organization of fungal fRNA genes. Cell Nucleus 10, 87-125.

" Bolivar, F, and Backman, K. (1979). Plasmids of Escherichia coli_s cléning vectors.

Bram, R. J., Ypung, R. A., and Steitz, J. A. (1980). The ribonuclease I site flanking
23S sequences in the 30S ribosomal precursor RNA of E. coli . Cell 19, 393-401.

vy .
LV

S

e



Branlant, C., Korobko, V., and Ebel, J. (1976a). The binding site of protein L1 on 23S
ribosomal RNA from Escherichia coli. Eur. J. Biochem. 70, 471-482. ...

Branlant, C., Krol, A., Sriwidada, J., and Brimacombe, R (l976b) RNA sequences
associated with protcms L1, L9, and LS, L18, L25 in ribonucleoprotein fragments
1solated from the 50S subumt of Eschenchxa coli ribosomes. Eur J. Biochem. 70,
483-492.

Branlant, C., Krol A., Machatt, M. A., Pouyet, J., and Ebel, J. P: (1981). Primary
and sccondary structures of Escherichia coli MRE 600 23S ribosomal RNA.
Comparison with models of secondary structure of maize chloroplast 23S rRNA and
for la(r)g;: rtions of mouse and human 16S mitochondrial rRNA. Nucl. Acids Res.
9,43 324, -

Bnmacombc R., and Stlegc Ww. (1985) Structure and funéuon of ghosmnal RNA
Biochem. J. 229 1-17. R

/.

97

Brosius, J., Palmer, M. L., Kennedy, P. L., and Noller, H. F. (1978). Complete

nucleotide sequence of a 16S ribosomal RNA gene from Eschenchxa colz Proc
Natl. Acad Sci. USA 75, 4801- 4805

Brosius, J., Dull, T. J., and Noller, H. F (1980) Complete nucleotide sequence of a
. 201-204.

23S ribosomal RNA gene from Eschenchza cola Proc. Natl. Acad. Sci. USA 77,

AY

Brosius, J., Dull, T. J., Sleeter, D. D., and €T, ..\(1981). Gene organization and
primary structure of an rRNA operon from E. coli .\J. Mol. Bigl. 148, 107-127.

Brosius, J., and Holy, A. (1984). Regulation of riboso
synthenc lac operator. Proc. Natl. Acad. Sci. 81, 6929-6933.

Burke, J. M., and RaJBhandary, U. L. (1982). Intron within the large rRNA gene of N.
crassa rmtochondna a long open reading frame and a conserved sequence possibly

s important in Sphcmg Cell 31, 509 521

Campen, R. K, Ducstcr, D. L., Holmcs, W. M, and Young, J M. (1980).
" Organization ‘of transfer ribonuclclc acid gencs in thc Eschenchza coli chromosome.
J. Bact. 144 1G83 1093. g

Carbon P., Ebcl J P., and Ehrcsmann C. (1981) The scqucncc of the 16S ribosomal
~RNA from Proteus vulgaris . Sequence comparison with E. coli 168 RNA and its
use in secdndary structure model building. Nucl. Acnds Res 9, 2325-2333..
Cech, T.R. (1983) RNA sphcmg thrcc themes w1th variations. Cell 34, H3- 716

Cech, T. R Kyle~Tanncr, N., Tinoco Jr I., Weir, B. R Zukcr, M, and Pcr]man, P.
S. (1983) Secondary structuré\of the Tetrahymena ribosomal RNA intervemning

/I&IA promoters with a

sequence: structral homology with fungal mtcrvcmmg sequcnces Proc. Natl. Acad. - ’

Sél USA 80, 3903- 3907

Chaconas, G., and van de Sande, J. H. (1980). 5 32 Jabell pf‘RNA angl DNA
/' restriction frygmcnts Mcthods mEnzymol 65, 75-85. )g . :

Clewcll ‘D. B., and Helmskn, D R. (1972) Effect of growth condmons on the

i
S T e



~

) ~

foxmanon of the relaxation complex of supercoiled Col E1 deoxyribonucleic acid and |

protem in Escherichia coli. J. Bacteriol. 110, 1135- l 146.

Cohen, S. N., Chang, A.C. Y, and Hsy, L. (\1972) ‘Non-chromosomal antnblotnc
reslstance in bacteria: Geneue transformation of E. coli by R-factor DNA . Proc.
Natl. Acad. Sci. USA 69, 2110-2114.

"Cue, D., Beckler, G. S., Reeve, J. N, and Komskl J. (1985) Structural and sequence
dlvergence of two archaebactenal genes Proc. Natl. Acad. Sci. USA 82,4207-4211.

Dahlberg, J. E., Kintner, C., and Lund, E (1978). Spegific bmamg of tRNA fMet 1o
23S IRNA ofE coli . Proc Natl. Acad. Sci. USA 5, 1071-1075.

Daniels, C. J., Gupta, R., an Doolittle, W. F. (1985a). Transcription and excision of a
large intron in the tRNA TP gene of ar archaebacterium, Halobactenum halobium .
J. Biol. Chem. 260, 3132-3134. )

Damels, C. J,, Hofman, J.. D., MacWilliam, J G, Doohttle W. F., Woese, C. R,,
Luehrsen, K. R., and Fox, G. E. (1985b). Sequence of 58 nbosomal RNA gene
regions and their products in the archaebacterium Halobacterium volcanii . Mol.
Gen. Genet. 198, 270-274. N '

Danna, K. J. (1980) Determination of fragment order through partlal Yigests a and muUple
enzyme 'digests. Meth. mEnzymol 65,449-467. )
- <~
Danon A and Stoeckenius,W. (1974) Photpphosphorylanon in Halobacterium
| halobmm Proc. Natl. Acad. Sci. USA 71 1234-1238.

-

- ot
DeLaCruz V.F, Lake,J. A, Simpson, A. M and Simpson, L. (1985a). A minimal

ribosomal RNA: Sequence and secondary structure of the 9S kinetoplast ribosomal
- \_ RNA from Le:shmama tarentolae Proc. Natl. Acad. Sci. USA 82, 1401-1405.

LaCruz, V. F Slmpson, A. M Lake, J. A, and Simpson, L. (1985b). Primary
- sequence and paxtxal secondary ‘structure of 'the 128 kinetoplast (mitochondnial)

' ribosomal RNA from Leishmania tarentolae’: conservation of peptidyl-transferase
structral eIements Nucl Acids Res 13, 2337-2356 '

Deklo, S., Yamasak1 R Jidoi, J Hon, H., and Osawa, S. (1984). Secondary

‘ structure and phylogeny of Staphlococcus and Micrococcus 5S rRNA J. Bacteriol.
159, 233 237 ,

~  Delany, A. (0} (1982) DNA sequence handlin‘g program. Nucl’ Acids Res. 10, 61-67.

DeWachter, R,, Chen, W and Vandenberghe, A. (1982). Conservation in

98

secondary structure in 58 nbosomal RNA: A uniform model for eukaryotic, . -

eubacterial, -archaebacterial and organelle sequence is energetlcally favorable.
Blochexme64 311-329.

Doohttle Ww. F and Paee,N R (1971) Transcnpnonal orgamzauon of the bosomal,'

RNA cnstrons m Escherxchxa co’lz Proc NatI -Acad. Scx USA 68, 1786-

ouglas, S E, and Doohttle,W F. (1984) Complete nucleot:de sequence ofthe. 23S"2
”’ '~ TRNA gene: of Cyanobactenum, Anacysns mdulans Nucl Ac;ds Res 12 '

33733386, |



S “"ﬂ—_ &

Edwards, K., and Kossel, H. (1981). The rRNA operon from Zea mays chloroplasts:
nucleotide sequence of 23S rDNA and its homology with E. coli 23S rRNA Nucl.
Acids Res. 9, 2853-2869.

g

Ellwood, M., and Nomura, M. (1982). Chromosomal locanon of the genes for rRNA i in
. Escher:ciua coli K 12, J. Bacteriol =449, 458-468.

?
England, T. E., Bruce, A G., and Uhlenbeck, O. C. (1980). cific labelling of 3'
termini of RNA with Ty RNA ligase. Methods in Enzymol , 65-74.

Erdmann, V. A., Wolters, J., Huysman, E., and De Wachter, E. (1985). Collection of
: pubhshcd SS 5.8S, and 4.5S ribosomal RNA sequences. - Nucl Ac1ds Res. 13,
r105 ris4.

- 99

Expert-Benzacon, A. (1985a). Three- dlmcnsmnal arrangement of Escherichia coli l6S o

ribosomal RNA J. Mol. Biol. 184 53-66.

) Expert-Benzacon A., and Hayes, D. H. (1985b) Structure of Escherichia coli 16S

ribosomal RNA: . Psoralen crosslinks.and N- -acetyl-N'-(p-glyoxylyl benzoyl)
cystamine crosslmks detected by electron mxcroscopy J. Mol. Biol. 184, 67-80.

‘Fedoroff N. V. (1979). On spacers. Ccll 16, 697 710.

Foumler M. J., and Ozeki, H. (1985). -Structure and orgamzatxon'ﬁf the transfer
nbonuclexc acid genes of Escherichia coli K 12. Microbiol. Rev. 49, 379 397

Fox, G. E,, Magrum L. J,, Balch, W. E., Wolfe, R. S,, and Wocsc, C.R. (l977a)
Classxficatlon of methanogemc bacteria by 16S nbosomal RNA charactcrlzauon
Proc. Natl. Acad. Sci. USA 74 4537-4541. . C -

Fox, G. E., Pechman, K. R., and Woese, C, R.-(1977b). Comparatlvc catalogmg of
168 ribosomal rﬂ)onuclelc acids: molecular apptaoch toprocaryonc systcmat:cs Int. -

J. Syst. Bactenol 27, 44—57 N

Fox G. E. (1985). The structure and evolution of archacbactenal nbosomal RN A

p257 -310. In: Gunzalus,l C. (cd) The Bactcna, vol. &, Acadcmlc Press New

York.

Fox, G. E., Luehrsen, K. R., and Wocsc, C.R. (1982) Archacbactcnal 58 nbosomal_

RNA Zbl. Bakt Hyg 1 Abf. Org C3, 330-345
Garreu R. A. (1985). The umqucnﬁs of archacbactena Nature 318, 233 235

 Glotz, C,, Zwe:b C., Brimacombe, R Edwards, K and Kosscl H. (1981),
coy Secondary structure of the large subunit ’fibosomal RNA from Eschenchza coli,Zea

#
’

_ mays chloroplast and human and mouse nutochondnal nbosomcs Nucl Acxds Rcs
"9 3287—3306 B v ,

Goldbcrg, M. L Lafton, R. P, Stark, G. E., and leham, T, G (1979) Isolanon of -

- RNAs using: 'DNA covalcntly hnked to dlazobqrzyloxymcthyl ceJlulose or. papcr
- Meth. in Enzymol. 68 206-220 ,

Goursc, R. 1, Takebc Y., Shan'ock R. A and Nomura, A (1985) Fcedback

S .

, o0
A ‘



regulation of rRNA and t(RNA synthesis and accumulation of free nbosomﬂ% after
conditional expression of rRNA genes. Proc. Natl. Acad. Sci. USA 82, 1069-1073.

Green, C. J., Stewart, G. C.,, Hollis, M, A, Vold, B. S,, and Bott, K. F. (1985).
Nucleotide sequence of Bacillus subtilis ribosomal RNA operon, mB. Gene 37,
261-266.

Green C J.,and Vold B. S. (1983). Sequence analysis of a cluster of twenty-one (RNA
genes in Bacillus subrilis . Nucl. Acids Res. 11, 5763-5774.

Grey, M. W_, and Doolittle, W. F. (1982). Has the endosymbiont hypothcs:s been
proven? chrobiol Review 46, 1-42. ‘

Grunstein, M., and Hogness D. (1975) ‘Colony hybndxzatnon A method for the
isolation of cloned DNAs that 9()ntam a spcc1ﬁc gene. Proc. Acad. Natl. Sci. USA
.72, 3961-3965. .

Gu, X. R, Nlcoghosmn K., Cedergren,R.J, and ‘Wong, J. T. F. (1983). chucnccs
of halobacferjal tRNAs and the paucity of U in the first posmon of their anticodons.
Nucl. Acids Res. 11, 5433-5442.

Gupta, R., Lanter, J M and Woese, C. R. (1983). Sequcncc of the 16S ribosomal
RNA from Halobacterzum volcanu an Archaebacterium. Science 221, 656-659.

Gupta, R (1984) Halobactarzum volcanu tRNAs. J. Biol. Chem. 259,9461 9471.

Gupta, R. (1985). Transfcr nbonuqlelc acids in archaebacteria. p. 311-343. |n:
é Gunzalus, 1. C. (ed). The ’Baétcria; vol. 8, Academic Press, New York.
amllton P. T., and Reeve, J/N. (1985) Structure of genes and an insertion element
in the mcthanc producmg archaebactenum Methanobrevibacter smithii’. Mol. Gcn
-, Genet. 200, 47-59. , o
' Hanahan, D., and Mesclson M. (1980) Plasmld scrccnmg at hlgh colony dens:ty Gene
"*-u -10, 63- 67 o

" ‘Heckman, J. E and Rathandary, U. L. (1979) Orgamzanon of transfer RNA and:

. ribosomal RNA genes in Neurospora crassa rmtochondna—mtcrvcmmg scqucncc in
- the largc ribosomal RNA genes. Cell ] 7 583-595 LI

" Henckes, G Vannier, F., Seiki; M., Og\lsawara, Yoshikawa, N. and Seror-Laurent I
s (1982). Ribosomal RNA gene in the. rcphcanon ongm region of Bacxllus suanz.g
L, chromosomc Nature 299,-268- 271"- .

Hcmandcz N., and Keller, - W. (1983) Sphcmg of in vitro synthesxzcd messenger RNA

; pmcursoxs in HeLa cell extractS. Cell 35, 89-99. 5

Hoifman,] D Lau, R. H,, and Doolittle, W. F. (1979) The number, physxcal
orgamzandn and transcnpnon of ribosomal RNA cistrons in an archaebacterium:
Halabactenum halobium . Nucl Acids Res. 7( 1321-1333. .

Hogcn, J 1, Gutcll R.R., and Nol]cr, H F. (1984) Probing the conformation of 268
7RNA in yeast 60S nbosomal subumts with kethoxal. BlochemxstIy 23, 3330-3335

: -
: Holben, W, B and Morgan, E A (1984) Anntcrmmatloh of transcnpt fr¢m a

-

. . ~ v
)

L I o S oA oo - “



-

Eschrichia coli ribosomal RNA promoter. Proc.. Natl. Acad. Sci. USA 81,
6789-6793.

Hon, H., Lim, B. L., and Osawa, S. (1985). Evolution of grc;:n plants-as deduced from
58 rRNA sequences. Proc. Natl. Acad. Sci. USA 82, 820-823. '

Hori, H., and Osawa, S. (1979). Evolutionary changes in 5S RNA secondary structure
and a phylogenetic tree of 54 5S rRNA speciés. Proc. Natl. Acad. Sci. USA 76,
381-385. : s :

Huet, J., Schnabel, R., Scﬁtcnac, A., and Zillig, W. (1983). Archaebacteria and

eukaryotes possess DNA-dependent RNA polymerasees of a common type. EMBO
J.2, 1291-1294. ' o

101

Hui, C. F., and Cantor, C. R. (1985). Mapping the location of psoralen ‘crosslinks on

RNA by, mung bean nuclease sensitivity of RNA-DNA hybnds. Proc. Natl. Acad.
Sci. USA 82, 1381-1385. :

Hui, 1., and Dennis, P. P. (1985). Characterisation of ribosomal gene clusters in
Halobacterium cutirubrum . J. Biol. Chem. 260, 899-906. .

Inoue, T., and‘Ccch, T. R. (1985). Secondary structure of the circular form of the

Tetrahymena rRNA intervening sequence: A technique for RNA structure analysis’

using chemical probes and reverse transcriptase. Proc. Natl. Acad. Sci. USA 82,
648-652. - ‘

Jarsch, M., Altenbuchner, J., and Bock,A. (1983a). Physical organization of the genes
. for ribosomal RNA in Methanococcus vannielii . Mol, Gen. Genet. _189, 41-47.

| Jarsch! M., and Bock, A. (1983b). DNA sequence of the 165 rRNA/23S rRNA
intercistronic spacer of two rDNA operons of the archaebacterium Methanococcus
vannielii . Nucl. Acids Res. 11, 7537-7544. '

Jarsch, M., and Bock, A. (1985a). Sequence of the 23S rRNA gene from the

archaebacterium Methanococcus vannielii : Evolutionary and functional implications. .

Mol. Gen. Genet. 200, 305-312.)

Jafsph, M., and Bock, A. (1985b).. Sequence of the 16S ribosomal RNA gene ffom
. Methanococcus vannielii : Evolutionary implications. System. Appl. Microbiol. 6,
54-59. : : ‘ . :

Jordon, B., Jourdan, R., and Jacg, 'B.'(19-76'). Late steps in the maturation of Drosophila
26S ribosomal RNA: Generation of 5.8S and 2S RNAs by cleavage in the
.cytoplasm.- J. Mal: Biol.JOJ;ﬁS—lOS. o . ’ a

Kaipc,‘B.qP.., Gupta, R., and Woese, C.R. (1983). Putative introns in_tRNA genes of
" prokaryotes. Proc. Natl. Acad. Sci. USA 80, 3309-3312. = S

Kander, O., and Konig, H. (1985). Cell envelopes of archaebacteria. . p. 413-457. In:
" Gunzalus, L. C. (ed). The Bacteria, vol. 8, Academic Press, New York.

’ ! : 7, L . . .
Kearsey, S. E., Craig, I. W. (1980). Altered ribosomal RNA genes in mitochondria from

mammalian cells with chloramphenicol resistance. Nature 290, 607-608. -

4 .
.



102

Kessel, M., and Klink, F. (1980). Archaebacterial efongation factor is ADP-ribosylated
by diphtheria toxin. Nature 287, 250-251.

Kessel, M.,l and Klink, F. (1981). Two elongation factors from the extremely halophiﬁc
archaebacterium Halobacterium cutirubrum: Eur. J. Biochem. 114, 481-486.

Kcib", R. G., Cozzarelli, N., Deutscher, M. P., Lehman, 1. R., and Kornberg A
(1970). Enzymatic synthesis of deoxyribonucleic acid. J. Biol. Chem. 245, 39-45’:#‘{ .

Kilpatrick, M W., and Walker, R. T. (1981). The nucleotide sequence of the
tRNA V'€ from the archaebacterium Thermoplasma acidophilum . Nucl. Acids.

Res. 9, 4387-4390. - '

King, T. C., Sirdeshmukh, R., and Schiessinger, D. (1984). RNase 111 cleavage is
obligate for maturation but not for function of Escherichia coli pre-23S rRNA.
Proc. Natl. Acad. Sci. USA 81, 185-188.

Kjems, J., and Garrett, R. A. (1985). An intron in the 23S ribosomal RNA gene of the
archaebacterium Desulfurococcus mobis . Nature 318 , 675-6717.

Kleckner, N. (1981). Tfansposable, elements in prokaryotes. Aru. Rev. Genet. 15,
341-404. ,

Klein, B. A., Staden, A., and Schlessinger, D. (1985). Alternative conformz;tion in the
Escherichia coli 168 ribosomal RNA. Proc. Natl. Acad. Sci. USA 82, 3539-3542.

Klenow, H., and chhingsin, I. (1970). Scléctiw?e elimination of the exonuclease activity
of the DNA polymerase from E. coli B by limited proteolysis. Proc. Natl. Acad.
Sci. USA 65, 168-170. ‘ . ,

Klink, F. (i985). Elongation factors. p. 379-410. In: Gunzalus, 1. C. (ed). The
Bacteria, vol. 8, Academic Press, New York. :

Koch, W., Edwards, K., and Kossel, H. (1981). Sequencing of the 16S-23S spacer in a
ribosomal RNA operon of Zea mays chloroplast DNA reveals two split tRNA genes.
~ Cell 25, 203-213. . : '

Kop, J., Kopylov, A. M, Magruin, L., Siegel, R., Gupta, R., Woese, C. R., and
Noller, H. F. (1984a). Probing the structure of 16S ribosomal RNA from Bacillus
‘brevis. J. Biol. Chem. 259, 15287-15319. ’ ' ’

Kop, J., Wheaton, V., Gupta, R., Woese, C. R.,_and Noller, H. F. (1984b). Complete
nucleotide sequence of a 23S ribosomal RNA gene from Bacillus stearothermophilus.
DNA 3, 347-357. i -

Kuchino, Y., Thara, M., Yabusaki, Y, and Nishimura, S. (1982). Initiator tRNAs from
' archaebacteria show common unique sequence characteristics. Nature 298, 684-685.

' : 1
Kumano, M., Tomioka, N., and Sugiura, M. (1983). The complete nucleotide sequence
' of a 23S rRNA gene from a blue-green alga, Anacystis nidulans . Gene 24,
219-225. o g
L4 ; B

‘Kuntzel, H., Piechulla, B., and Hahn, U. (1983). Consensus structure and,ﬁvoluiion of
5S RNA. Nucl. Acids Res. 11, 893-900. T 4 >



Lake J. A. (1983). Evolving ribosome structure: Domains in archaebacteria, eubacteria,
and eukaryotes. Cell 33, 318-319.

Lake, J. A."; Henderson, E., Oakes, M,, and Clark, M. W. (1984). Eocytes: A new
ribosome structure indicates a kingdom with a close relationship to cukaryotes. Proc.
Natl. Acad. Sci. USA 81, 3786-3790. S

Langworthy, T. A. (1985). Lipids of arcﬁacbéctcria. p. 459-497. In: Gunzalus, 1. C.
(ed). The Bacteria, vol. 8, Academic Press, New York.

Laskey, R. A. (f§80). The use of«int(;nsifying screens or organic scintillators for

103

visualising radioactive molecules resolved by gel electrophoresis. Methods in -

Enzymol. 65, 363-371. - :

Lechner, K., Wich, G., and Bock, A. (1985). 'The nucleotide sequence of the 16S rRNA
gene and flanking regions from Methanobacterium formicicum : The phylogenetic
relationship between methanogenic and halophilic archaebacteria.” System. Appl.
Microbiol. 6, 157-163. :

Leinfelder, W., Jarsch, M., and Bock, A. (1985). The phylogenetic position of thc '

sulfur-dependent archaebacterium Thermoproteus.tenax : Sequence of the 16S rRNA
gene. System. Appl. Microbiol. 6, 164-170.

Leffers, H., and Garrett, R. A. (1984). The nucleotide sequence of the-16S ribosomal
RNA gene of archaebacterium Halococcus morrhua . EMBQ J. 3, 1613-1619.

Liebke, H., and Hatfull, G. (1985). The sequence of the distal end of the E. coli ,

* ribosomal RNA rmE operon indicates conserved features are shared by rr operons. -

Nucl. Acids Res. 13, 5515-5525.

' Lizardi, P. M., Binder, R., and Short, S. A. (1984). Preparative isolation of DNA and
biologically active mRNA from diethylaminoethyl membrane. Gene Anal. Techn. I,
33-39. ‘ _ g

Long, E. O., and Dawid, 1. B. (1980). Repeated. genes in cukaryotes. Ann. Rev.
Biochem. 49, 727-764. ’

Loughney, K., Lund, E., and Dahlberg, J. E. (1982): tRNA genes are found between
the 16S and 23S rRNA genes in Bacillus subtilis . Nucl. Acids Res. 10, 1607-1623.

| en, K. R,, 'aﬁd Fox, G. E. (1981). The secondary structure of cukaryotic
plasmic 5S rRNA. Proc. Natl. Acad. Sci. USA 78, 2150-2154.

vLuehrscri, K. R., Nicholson, D. E., Eubanks, D. C., and Fox, G. E. (1981). . An
archaebacterial 5S rRNA contains a long insertion sequence. Nature 293, 755-756.

MacKay, R. M., Spencer, D. F., Schnare, M. N, Doolittle, W. F., and Grey, M. W.
~ (1982)., Comparative sequence analysis as an approach to cualu2ating structure,

function, and evolution of 5S and 5.8S ribosomal ribonucleic acids: p ylogenetic
and comparative structural analysis. Nucl. Acids Res. 9,3321-3333. '

~Mackétt; M. A, fbcl, J. P.; and Brénlant, C. (1981). The 3'- tcrmfnal 'rcgion of .

bacterial 23S ribosomal RNA: Structure and homology with the 3'- terminal region
of eukaryotic 288 rRNA and chloroplast 4.5S.rRNA. Nucl. Acids ng. 9,



1533-1549.

Mcmastcr G.K.4 and Carmichael, G. G, (19§0) The analysis of nucleic acids in gels
using glyoxyal and acridine orange. Proc. Natl. Acad. Sci. USA 74, 4835-4838.

Magrum, L. J!, Luchrsen, K. R., and Woese, C. R. (1978). Are extreme halophiles
really " bacteria"? J. Mol. Evol. 11, 1-8.

Maly, P., and Brimacombe, P. (1983). Refined secondary structure models for 16S and
23S nbosomal RNA of Escherichia coli . Nucl. Acids Res. 11, 7263-7286.

Mandel, M., and Higa, A. (1970). Calcium-dependent bactcnophagc DNA infection. J.
Mol. Blol 53, 159-162.

Maniatis, T., and Efstratiadis, A. (1980) Fractionation of low molecular weigh DNA or
RNA on polyacrylamide gels containing 98% foramide or M urea. Methods in
Enzymol. 65, 299-305.

Maniatis, T., Fritsch, E. F., and Sambrook, J. (1982). Molecular Cloning. Cold Spnng
Harbour Laboratory, Cold Spring Harbour, New York. ‘

.

Mankin, A. S.,Kagramanova, V. K., Teterina, N. L., Rubtsov, P. ‘M., Belova, E. N,
Kopylov A. M., Baratova, L. A and Bogdanov A. A (1985) The nucleotide
sequence of the gene coding for the 16S rRNA from the archaebacterium
Halobacterium halobzum Gene 37, 181-189. ~ , <

Mankin, A. S., Teterma N. L., Rubtov, P. M, Baratova L. A, and Kagramanova V.
K. (1984) Putative promotcr region of rRNA operon from archaebacterium
Halobactermm halobium . Nucl. A(}lds Res. 12, 6537-6546. .

Manlcy, J. L., and Colozzo, J. T. (1982). Synthesis in vitro of an exponentially long
RNA transcript promoted by an Alu I sequence. Nature 300, 376-379.

Manley, J. L., Fire, A., Cano, A., Sharp, P. A,, and Gefter, M. L (1980). °
DNA- depcndcnt transcnptxon of adenovirus genes in a soluble whole-ccl) extract.”
Proc. Natl. Acad. Sci. USA 77, 3855-3859.

- Marmur, J. (1961). A proccdure of the 1solatxon of deoxyribonucleic acid from
orgamsms J. Mol. Biol. 3, 208-218. .

N

Matheson, A. T (1985). Ribosomes of archaebacteria. p. 345-377. [n: Gunzalus, 1.
C. (ed). The Bactcna, vol. 8, Acadermc Press, New York.

 Maxam, A. M.,and Gilbert, W. (1977). A new method for sequencing DNA. Proc. Natl
Acad Sci. USA 74, 560-564 ' ‘

Maxam, A. M.,and Gilbert, W. (1980). Sequencing end- labelled DNA with
base-specific chcnucal cleavage. Meth. in Enzymol 65, 499-560.

McComuck M., Wxshan w., Ohtsubo, H., ‘Hefferon, F., and Ohtsubo, E. (1981)
- Plasmid comtcgratcs and their rcsolutxon mcdlated by transposon Tn 3 mutants.
~ Gene 15, 103-118. - .

Messing, J. (1983) {*Icw M13 vcclors for cloning. Meth in Enzymol 101 20-78.

‘

104



Meyhack, B., Pace, B., and Pécc, N. R. (1977). Involvement of precursor specific
segments in in vitro maturation of Bacillus subtilis precursor 58 rRNA.
Biochemistry 16, 5003-5015.

~ Michel, F., and Dujon, B. (1933). Conservation of secondary structures in two intron
families including mitochondrial-chloroplast-and nuclear- encoded members. EMBO
J. 2, 33-38.

s N na
Morgan B A., Ikemura, T., and Nomura, M. (1977). Identification of spacer tRNA
- genes in individual ribosomal RNA transcription units of Escherichia coli . Proc.
Natl.‘)Acad. Sci. USA 74, 2710-2714. - '

Moritz, A,, Lankat-Buttgeréit, B., Gross, H. G., and Goebel, W. (1985).. Comfnon
structral features of the genes for two stable RNAs from Halobacterium halobium .
Nucl. Acids Res. 13, 31-43. “ o

- Moritz,lA., and Goebel, W. (1985). Characterization of the 7S RNA and ‘its gene from
halobacteria. Nucl. Acids Res. 13, 6969-6979. P

' f"MdeBn, D. A. (1979). Transformation and preservation of competent bacterial cells by

: freezing. Meth. in Enzymol. 68, 326-331. - .

'Mmfton, D. G.,.and Sprague, K. U. (1984). In vitro transcri tién of',a‘ silkworm 5S
RNA gene requires an upstream signal. Proc. Natl. Acad. Sci. USA 81, 5519-5522.

Nakajima, N., Ozeki, H., and Shimura, Y. (1981). Organization and struture of an E.

coli tRNA operon containing seven tRNA genes. Cell 23, 239-249.

- Nazar, R. N., and Wong, W. (1985). Is the 5S RNA a primitive ribosomal RNA
sequence? Proc. Natl. Acad. ScisUSA 82, 5608-561}. C

‘Nazar, R. N., and Metheson, A. T. (1978). Nucleotide sequence of Halobacterium
cutirubrum ribosomal 58 ribonucleic acid. J. Biol. Chem. 253, 5464-5469. ‘

Neumann, H., Gierl, A., Tu, J., Leilrock, J., Staiger, D., and Zillig, W. (1983)..

Organization of the genes for ribosomal RNA in archaebacteria. Mol. Gen. Genet.
192, 66-72. :

Nollcg, H. F. (1974). Topography of 16S RNA in 30S ribosomal subunits. Nucleotide
~-sequences and location of sites of reaction with kethoxal. Biochemistry I3,
4694-4703. ’ ‘ ’ .

Noller, H. F. (1984). Structure of ribosomal RNA. Ann. Rev. Biochem. 53, 119-162:

Noller, H. F., and Woese C. R. (1981). Secondary structure of 16S ribosomal RNA.
- Science 212, 403-411. g ‘

Orozco, E. M. , Jr., Grey, P. W., and Hallick, R. B. (1980). Euglena gracilis
' chloroplast ribosomal RNA transcription units. I. The location of transfer RNA, 5S,
16S and 23S ribosomal RNA genes; J. Biol. Chem. 255, 10991-10996. ‘

Otsuka, T., Nomiyama, H., Yoshida, H., Kukita, T., Kuhara, S., and Sakaki, Y. -

1(1983)." Complete nucleotide sequence of the 26S rRNA gene of Physarium_
polycephalum : 1t's significance in gene evolution. Proc. Natl. Acad. Sci. USA 80,
3163-3167. | : | | )

108



.Ozckx H. (1980). The organization of transfer RNA genes in Eschérichia coli . p.

106

173-183. S. Osawa, H. Ozeki, H. Uchida, and T. Yur (ed). Genetics and -

Evolution of RNA polymerase, tRNA and ribosomes. University of Tokyo Press,
Tokyo.

Pavlakis, G. N., Jordon, B. R,, Wun,\h M., and Vournakls J. N. (1979). Sequence
and secondary structure of Drosophila melanogesta '5.8S and 2S rRNAs and of the
processing site between them. Nucl. Acids Res. 7, 2213-2238.

Peattie, D. A. (1979). Direct chemical method for sequencmg RNA. Proc. Natl. Acad.
Sci. USA 76, 1760-1764.
4

Peattie, D. A., and Gilbert, W. (1980). Chemical probes for higher-order structure in -

RNA. Proc. Natl. Acad. Sci. USA 77, 46’79-4682

Pieler, T., and Erdmann V. A. (1982). Three-dimensional structyural model of
" eubacterial 5S RNA that has functional implications. Proc. Natl. Acad. Sci. USA 79,
4599-4603. _ .

Qu, L. H., Michot, B., and Bachellerie, J. P. (1983) Improved methods for structure
probmg in large RNAs: A rapid "heterologous” sequencing approach is coupled the
direct mapping of nuclease accessible sites. Application to the 5’ termmal domain of
eukaryotlc 28S rRNA. Nucl Acids Res. 11, 5903-5920.

<

Raue, H. A., El-Baradi, T. T. A. L., and Planta, R. J. (1985). -Evolutionary
conservanon of protein binding sites on htgh -molecular-mass nbosomal RNA.
Biochim. Biophys. Acta. 826, 1-12.

Reeder, R. H. (1984). Enhancers and ribosomal RNA gene spacers. Cell 38, 349-351.
Rigby, P. W. J, Dieckmann, M., Rhodes, C., and Berg, P. (1977). Labelling

deoxyriobonucleic acid to high specxﬁc activity in vitro by nick translation with DNA
polymerase 1. J. Mol. Biol. 113, 237-251. .

Roberts, R. J. (1985). Restriction and modification enzymes and their recognition .

sequences. Nucl. Acids Res 13, r165-r207.
Robertus J. D, Ladner, J. E,, Finch, J. T., Rhodes, D., Brown R. S.,Clark, B. F.

C, and Klug, A. (1974). Structure of yeast phenylalanme tRNA at 3A resolution. .

Nature 250 546-551.
Rochaxx, ), and Darhx, J (1982) Composite structure of the chlorop]ast 23S ribosomal

RNA genes of Chlamydomonas reinhardii, evolutionary and functional 1mphcat|ons '

J..Mol. Biol. 159, 383-395.

Rosenthal, D: S., and Doering, IL. (1983) The genomxc orgamzatlon of dxspersed
tRNA ‘and 58 RNA in Xenopus laevis. 1. Biol. Chem. 258, 7402-7410. ‘

Roy, K. L., Cooke, H., and Buckland, R. (1982). Nucleotide sequence of a segment of

human DNA contalmng the three tRNA genes. Nucl. Acids Res. 10, 7313-7322.

Rubin, C. M;, and Schmid, C. W. (1980). /’;’ynmldlne specific chemical reactions
useful for DNA sequencmg Nucl. ACldS Res. 8, 4613-4619



107

Sanger, F. Nicklen, S., -and Coulson A. R..(1977). DNA sequencing with
chain-terminating mhlbltors Proc. Natl. Acad. Sci. USA 74, 5463-5467.

Bthaack, J., Sharp, S, Dmgcrmann T., and Soll, D. (1983). Transcription of

cukaryotlc tRNA genes in vitro. 1L FormatJon of stable complexes. J. Biol. Chem.
258, 2447-2453.

Schevitz, R. W., Podjarny, A. D., Krishnamachari, N., Hughes, J. J,, Sigter, P B,
and Sussman,J L. (1979) Crystal structure ofaeukaryoue initiator tRNA. Nature
278, 188-190.

. /‘s\ .

Schnabel, R Thomm, M., Gcrrardy -Schahn, R., Zillig, W, Stetter, K. O., and Huet,
J. (1983) Structural homology between different archaebacterial DNA- -dependent
RNA polymerase analyzed by immological comparison of their components. EMBO
J. 2, 751-755.

Sharp, S., Dingermann, T., Schaack, J., DeFranco D., and Soll, D. (1983)
Transcnptxon of eukaryotlc tRNA genes in vitro. 1. Analysns of control regions using
a competition assay. J. BIOL Chem. 258, 2440-2446.

Sigmund, C. D., Ettayebi, M., and Morgan, E:*A. (1984). -Antibiotic resistance
mutantions in 168 and 23S ribosomal RNA genes of E. coli . Nucl. Acids Res. 12,
4653- 4663 oo

Slrdeshmukh R,' Krych M, and Schlessmger D. (1985) Escherichia coli 23S
nbosomalRN‘Atruncatcd atits §' terminus. Nucl Acids Res. 13, 1185-1192.

A‘ Sirdeshmukh, R., and Schlcs'Smgcr, D. (1985). Ordered processing of Escherichia coli '
23S ribosomal RNA in vitro. Nucl. Acids Res. 13, NI85-1192.

Smith, D., and Calvo, J. M. (1980). Nucleotide sequence of tth coli gene codmg for
dlhydrofolalc reductase. Nucl. Acids Res. 10, 2255-2274.

* Smith, 1., and Dubnau, D. (1968). Chromosomal location of DNA base sequences '
complemcntary to transfer RNA and to 5S, 16S and 23S ribosomal RNA in Bacillus
subuilis .- J. Mol. B101 33, 123-140. .

Smith, H. O. (1980) Recovery of DNA from gels. Methods in Enzymol. 65, 371-380.

Sor, F., and Fukuhara, H. (1982). Identification of two crythromycm rcswgancc
mutauonsm the mitochondrial gene coding for the largc ribosomal RNA'in ycaSt
\Nucl Acids Res. 10, 6571-6577.

Southcm, E. M. (1975). Detection of spcc1ﬁc sequences among DNA fragmcnts
scpar@ted by gel clectrophorcsxs J. Mol. Biol. 98, 503-517

.Southern, E M. (1979). Gel clcctrophorcsxs of restriction fragmcnts Methods in
% Enzymol 68, 152-176. :

SpencerzD. F., Schnare, M. N., and Gray, M W. (1984) !’“ronounccd structral
similarities between the small subunit ribosomal RNA genes of wheat mnochondna
and Eschenchta coli . Proc. Natl-Acad. Sci. USA 81, 493—497

,Sprmzl M, Moll, J., Melssncr, F., and Hartmann, T | (1985) Compllatxon of tRNA
sg:quences. Nucl Acids Res. 13 r1-r50. .
o '



108

Sprinzl, M., Vorderwulbecke, T., and Hartmann, T. (1985) Compllanon of sequences
of tRNA genes. Nucl Acxds Res. 13,151-r104. ‘

Staden, i (1979). A strategy of DNA sequencing employmg computer programs. Nucl.
\ Acids Res. 6, 2601-2610. ,

Staden, R. (1980). A new computer method for storage and manipulation of DNA gel
' readmg data. Nucl. Acids Res. 8, 3673-3694. i

Stahl, D.A., Luehrsen, K. R., Woese, C. R,, and Pace, N R. (1981). An unusual 5§
rRNA from Sulfolobus acidocaldarius and its 1mp11canons for a general 55 rRNA
structure. Nucl. Acids Res. 9 6129-6137. T

Stackebrandt, E., and Woese C. R. (1984). - The ;‘p.hylogeny of prokaryotes.
Mjcroblologxcal Scnences 1, 117-124. e

Starzky, R. (1984). tRNA base modifications and gene regulanon T.I.B.S. 9,
333-334. :

——
2 -

Stetter, K. O., and Zillig, W. (1985). ThetmOplasma and the thermophilic
sulfur—dependent archaebacteria. p. 85-170. Ln Gunzalus I. C. (ed). The Bactenia,
vol. 8, Academic Press, New York.

Stewart, G. C,, Wllson F.E, and Bott, K. F. (1982) Detalled physical-mapping of the
" ribosomal RNA genes of" ‘Bacillus subrilis . Gene 19 153 162.
Tabak, H. F., Van der Horst, G., Osinga, K. A., and Amberg, A. C. (1984). Splicing N
of large ribosomal precusor RNA and processing of .intron RNA in yeast
* mitochondria. Cell 39, 623-629. .

" “Takahashi, H., Saito, M., and Ikada, Y. (1967). Si)eeles specificity of ribosomal RNA
cistrons in bacteria. Biochim. Biophys. Acta 134 124-133.

Takaxwa, F., and Sugiura, M. (1982). The complete nucleonde sequence of a 235 rRNA
. gene from tobacco chloroplasts. Eur. J. Biochem. 124, 13-19. ‘

Thompson, ) F., and Hearst, J. E. (1983a) Structure of E. coli 16S RNA elucidated by
psoralen crosshnkmg Cell 32,1355-1365.. - ©

'I‘hompson 'J. F., and Hearst, J. E. (1983b). Structure-funcnon relations in E. coli 168"
RNA. Ce1133 3324' i

Tomioka, N., and Sugiura, M. (1984). Nucleotide sequence of the 16S- 23S spacer
region in 'the rmA operon from a blue-green alga, Anacystis nidulans . Mol. Gen@ ,.
Genet. 193, 427-43 »

Tormoka, N., and Sugiura, M. . (1983). The complete nucleotlde sequence of a. 16S
‘ nboso4g1‘al RNA gene from a blue,green alga, Anacysns nidulans . Mol. Gen. Genet
191, 46-50

Tu, J and lellg, ‘W. (1982), Organization of fRNA structral genes in the :
‘ archaebactcnum T, hennoplasma aadophzlum Nucl. Acids Res. 10, 7231-7245.

( 'I‘mgg, A. 1., and Sherratt, D. (1980) Trans-complementable copy number mutants of -



t

/

\._

/T

109
plasmid Col E1. Nature 283, 216-220. |

Vary, C. P. H., and Voumnakis, J. N. (1984). RNA structure analysis using
mcthldxumpropyl -EDTA Fe(Il): A bascpair-specific RNA structure probe. Proc.
Natl Acad. Sci. USA 81 6978-6982.

Vieira, J., and Messing, J. (1982) The pUC plasmids, a M13 mp7 dcnvcd system for

insertion mutagencsxs and scquencmg 'with synthetic universal primers. Gene 19,
259-268.

Vold, B. S. (1985). Structure and organization of the genes for transfer nbonuclclc acxd
in Bacillus subtillus . Mlcroblol Review 49, 71-80

Wahl, G. M,, Stern, M., and Stark, G. R. (1979). Efficient transfer of large DNA
fragments from agarose gels to diazobenzyloxymethyl-paper and rapid hybridization
. by using dextran sulfate. Proc. Natl. Acad. Sci. USA 76, 3683-3687.

Walker, T., and Pace, N.,R. (1983). 5.8 ribosomal RNA. Cell 33, 320-322.

- Walker, W. F. (1985). 5S ribosomal RNA sequences from Ascomycetes and
Evolutmnary implications. Systcm Appl. Microbiol. 6, 48-53.

Wawrousek, E. F., and Hansen, J. N. (1983). Structure and orgamzatlon of a cluster of

six tRNA genes in the space between tandem nbosomal RNA ggne sets in Bacillus:;
subtilis . J. Biol. Chem. 258, 291-298. < g2

Wawrousek, E. F., Narasimham, N., and Hansen, J. N. (1984). Two Iargc clusters
with thirty- seven transfer RNA genes adjacent to ribosomal RNA gene sets in
Bacillus subnhs J. Biol. Chem. 259, 3694-3702.

Wc1ss, B., and R.lchardson C. C. (1967). Enzymanc breakagc and joining of
deoxynbonuclelc acid. IIl. An enzyme-adenylate mtcrmcdlatc in the polynuclcotxdc
ligase reaction. J. Biol. Chem. 242, 4270—4272 L

Weiss, R. B. (1984) Molecular model of nbowme frame shifting. Proc Natl. Acad
Sci. USA 81, 5797-5801.

White, B. N,, and Bayley, S. T. (1972). Methionine transfer RNAs from thc cxtrcmc
halophﬂe, Halobacterium cunrubrum ‘Biochim. Biophys. Acta 272, 583- 587. . “,

£ %" “

Wieh, G., Jarsch, M., -and Bock, A. (1984) Apparcnt operon for a 5S ribosomal RNA” v
gene and for tRNA genes in the archaebactcnum Methanococcus vannielii .
Gen. Genet. 1

Wllhamson, S.E, and Doohttlc, W. F. (1983). Genes for tRNA“e and tRNAA“ in the .
" spacer between the 16S and 23S rRNA genes of a%luc-grecn alga: Strong homology g
- to chloroplast tRNA genes-and tRNA genes of the E. coli nnD gene cluster. Nucl. |
Ac1ds Res. 11, 223-235 .

Woese, C. R., Fox, G. E., Zablen, L., Uchida, T., Bcncn, L Pechman, K. , Lewis, B.
J.,and Stahl D. (1975) Conscrvanon of primary structurc in 16S nbosomal RN A
Nature 254 83 86

Woese, C.R,, ‘and Fox, G. E (1977). The phylogcnctlc structure of the structure of the

A

B

S

% 5
S

&

1 Mor
446-151. , ‘ , j,,. %"3

l-,.~<



prokaryotic domain: the primary kingdoms. Proc. Natl. Acad. Sci. USA 74,
5088-5090. :

Woese, C. R., Magrum, L. 1., and Fox, G. E. (1978). Archaebacteria. J. Mol. Evol.
11,245-252.

Woese, C. R. (1981). Archaebacteria. Scient. Am. 224, 94-106.

Woese, C. R., Gutell, R., Gupta, R., and Noller, H. F. (1983). Detdiled analysis of the
higher-ordered structure of 16S-like ribosomal ribonucleic acids. Microbiol. Rev.
47, 621-669.

Woese, C. R., Debrunner-Vossbrinck, B. A., Oyaizu, H, Stackebrandt, E., and

Ludwig, W. (1985). Gram-positive bacteria: Possible photosynthetic ancestry.

Sgicncc 229, 762-765.

Woese, C. R., Magrum, L. J., Gupta, R., Siege], R. B,, Stahl, D. A, Kop, J,
Crawforf, N., Brosius, J., Gutell, R., Hogan/ J. J., and Noller, H. F. (1980).
Secondary structure model for bacterial 16S ribosomal RNA: phylogenetic,
enzymatic and chemical evidence. Nucl. Acids Res. 8, 2275-2293.

‘ ‘ z
Wrede, P., Woo, N. H., and Rich, A: (1979). Initiator tRNAs have a unique anticodon
loop conformation. Proc. Natl. Acad. Sci. USA 76, 3289-3293. }

Yanisch-Perron, C., Vicira, J., and Messing, J. (1985). Improved M13-phage cloning

vectors and host strains: Nucleotide sequences of M13 mp18 and pUC19 vectors.
.]enc 33, 103-119. - -

Young, R. A,, klis, R., ana,Stcitz, J. A. (1979). -Sequence of thc‘16S-23S‘spacer
region in tw ribosomal RNA operons of Escherichia coli . J. Biol. Chem. 254,
3264-3271. » :

~ Zillig, W_, Schnabel, R., and Tu, J. (1982a). The ‘phylogcny of archaebac:e:ia,
' including novel anaerobic thermoacidophiles in the light of RNA polymerase
structure. Naturwissenschaften 69, 197-204. "

Zillig, W., .Stetter, K. O., Schnabel, R., Madon, J., and Gierl, A. (1982b).
Transcription in Archaebacteria. Zbl. Bakt. Hyg., I. Abt. Org. C3, 218-225. -

Zillig, W, Stetter, K. O.,‘ Schnabel, R., and Thomm, M. (1985). DNA-dependent RNA
polymerase of the archaebacteria. p. 499-524. .In: Gunzalus, I. €. (ed). The
Bacteria, vol. 8, Academic Press, New York. ’ . .

>



APPENDIX

A R



112

J991129v3J3 99939vv19)
930vv92488 J3339211v29
09ST 0SSt

8v128031%Y 3321390210

31¥9339v4L
12

999v9239v)
oges

J9v91L1313¢ J209v9I11D

8312w3val 9992139vva
12493 oigr

39933994vv 031911v393
8329923vii 29vIVVLI9I9
Q0Z1™ 046tT

Cu»ubuuuhb.ohUhuuhucu.

33991 13vv9
8922vv9412
(14

Yivvaovile
1v¥142391¥vd
(114 2

JI¥I329vVYIV
9199921191
oott

1111314v9v
YYyyouyvidlL
o8ttt

09192vIva9

19v9vJ320VY u¢o¢oo¢or&w&u¢uo»ohuu

080t 0L0t
JYVLI00L328 J21J1V¥I22J2v
911¥93J3v9] OvavLI09994
094 [ 1)

0919119v¥V 9YIVIIVYID
JIVIVWILLL 0191991199
ore ! [2%:] ‘

9498333126 WV1831939
IYIIBIVHY D11VIOVI0D
QZL orL

'
931324312V 8912334¥22v
J9VEOVOVEL DJvOavVLiaoL
009 04S

L442%J0140 6112vIVILY
VVVaLHSIVVE JVY9L1919VL
14 (744

81281v2199 133916v1v)
IVSIVLIEVID VIIVILYLE
o9g R

'1199v31018 33879113vL
WI219VIV3 9829IVVOLV

orZ

oKz

V1l133JViLv 08OvavViIIL0
Lvv3S991ivwl J2101iv99v)

_~“evot

J9veIUwIIL
03119v199v
ové

JivvIv¥a93)
9v11913399
:24:]

932vLv1199
J991v1vvId
00L

19v9LL192v
vi4dvwwloL
08s

2110412934
gYvIvvaLaY
o9y

99994912V

J32329vaVoL
(144

13932v40v)
v93991wwis
022

¥911011vs3

319312329v9
avI9v99212
QLESt

9291399241
393v92.49vY
[:F4-34

229v98wv33 21159213411
9921034199 9YYIOVOVYY

(124 A9

oory

BYVL19309¥D, 31VIL09V1D

J11v399419
0421

9991v93199
222129429
oLt

3449333293
0Yv 1999929
050t

3993vav¥891
932912123V
oLé

432vJIv1992
v99191v229
ote

1113331429
Yyv99av19d
059

J12vw91294
avoLLIIvVadY
2744

v1380121239
19¥93vav9d
ose

333191¥129
999vIVLIvVII

0LE

1vv389391)
v1183293v9
otz

3133919299

OV¥19vIJ1v9
08zt

1121v99312
Yyvyov1L139ve
o9tt

¥Iv¥3399v1L
19199331vv
ovat

291931109v
91vJ9vvadlL
0Z4
1412939919
¥yv9298193
008

391133309V
9999599331
089

133Jv9vavg
voamaILILD
09S

avoveivaiL
J1243v19vy
(244

924239144
938V 9IYYY
244

13vv191v29
va1ivIvi9d
oISt

29923v4399
£32981¥923
osct

¥2991011vJ
19J30vavvig
[ 724

¥331222992
199v999229
oSty

3231839129
999v293v92]
ofo¢

VL19111299
91¥J9¥¥voad
ots

0413922210
2YY5199vy)
084

1¥J133991L
v1i9¥9923w¥
049

9221414¥19
J9avvwvivd
oss

v9131180J3v
12vawvaa9lL
oty

JvasvovaLl
913013160vv
0l€

R

pRel T o1 JUY

1313413349

-
91992VI199 YVLIVLIVYVID
JV33919v30 LivivvLii00
oost P23 41

9v¥L13149Y33 J9vI1Yv39]
JivYoYYL99 9219¥L1929

08EL

0LET

vEilvvalivy vovavwwoavd

3201933911 ¥991312991
9933993V LJIYOYOIIY
09zt oszt

19431v9993 139vavIIVI
YIvavLJ3339 v9I4319919
[ 294 ogrt

vJ99391339 1v9911L1L99v

1932934¥997 V1J23¥vvidL'

ozot ot0t
1499vv3Iv¥9 3191193329
VvJJ11901) 9v¥IVvVI099]
006 048

J23v39829.4v Qv1Iv30099
99919393Vl J1v9109233
08¢L 0LL

YOYI12913v Y¥IVI9IWIY
1019v93v9L 1191339191
099~ (244

3323913934 JIV13933vI
99993va09Y 981v819010
ors 0£S

a»uumpuuu» 82292VL13V

Jv9I1vI99Y J99191wvOL
oz oty

JYI¥I0WWI0 810vYvYIaVL
0101931107 I¥9L11931Y
oot 08z

£3291VILOV OV193LL5YVY
399Iv10VIL JLIVIDWVYSLL

00z

(734

oat

(1744

1Jvvawvilg, 9v952v2932

J432343v99 JLLVLIIIIVY
9v999v9LII 9YV¥Liv9I91)

ozt 1281

o0t

06

08

oL

311999%384 3311301309
0Y¥229193v 99vvH3v022
09 os

voL1122011L
13Jvvvg99wy
o8vl .

19821¥21v19
vJI9viovivd
o9¢€tl

9929vvI119
J392119v¥)

ovet

J11Jv¥v1290
9YVo11v929
oZtt

91119vJv99
AYVYIL9LID
0001

94139v1999
JYv921v¥I32

-008

1113999429
YYv9323v9d
09L

3432319933
9v999¥2299
ov9

J19v1L43WY

avIlyvvalil
ozs

J9v009vLLL
9312321vvv
oov

gYYvaL2veL
J1113v012v
[.1: 14

1133093394
Yv9833993v
09t

Jvi338vE23

91v9921390
oy

£309233931
¥¥3199938V
[ /74 A ¢

03Jva9a9vLLL
J991201vwY
0SET

¥923229v43
13999931v9
o£zZt

$J11v9J129
19vv139vad
ottt

99vIvavvaL
012049119V
066

331143v332°

20vYVvo10090
[\74:]

1832301119
¥20992¥v¥v3
0ss

1391211199
vIIVUYUYOL
oLy

92224v1142
2099vivyve
oIS

22vv333300
2011999909
04¢

339vvavaay
0021101901
0z /

13333vp 108
o999

oSt . :
b31v139v
J9vivaal

A9vvil1vIov
8211vv193L
o9rt

13111133v0
vavyywaa19
orLe

111199939
1y¥¥¥32293
ozzy

JvalLlL1990v

919vv¥32JL
001t

J3134399v9
99vav92313
086 -

LYIVIILVY
9v19193v40
[+34:

v¥3132223838
19v9999399
ovL

YVVI9LVIOV
11199919831
0zy

¥322233144
1906090vvY
00s

31varas0ev.
‘av1avevaaL

oeL -

av1183239v
91vv200031
09z ,

82wwaadwi
391130811y
ore ‘

33001989
88132v3J6L
oz - . -

0999391 Lv8
032289vVV13
oSkt

4390133vI1L
v92v991L9v
[+13 4 4

33129vv201L
08veI1L190v

. 0%ZT

JILLYVIILY
99yvL199VL
060t

1199931320
yv3119v999
0L6 A

>
013v2099v9 -
V94933312
0s8

3118vvavae’
oYvaL19192
oss

290WW3IV130
OUQPFQ%QQU

"oty

8185891021
9¥3232v30v
osr K

9718930992
J0vJ1930L0

-oLe

v982113081
1398vv022v
sz . . -

1811vivoas’

.cuccpcpuou
- 1 BN

IvBLv02IVI

B1IVLI0010-

at N

20UsS VNS BEZ WNIQNIEIND H S4Y: 4O a3usness apjioetanu sparesar



13

911v91vILI
JYviIVLI9V9
[+[:]:24

83v112v9dL
294vvaL39v
-} 24

Jvvyvyavaldd
9111191999
or9Z

vvJII9vavL)
1199012449
0252

J199vIJval
0v131990129
[ 1124

4314122999
vovyvyaLL)
0822

J19191vv29
avIvavL18d
09tz

¥911IvI39
912vv¥H1992
oroZ
2999133119
9223v99yve
0zat

—

i
Ov04d¥IL0Y-
242val0vde -

929992LvWY
3832209141
[-74:24

311¥222394
8vyv4199992v
0S4

IVYYLIVIVLY
owhhchu»(h
0L9T

V99 1v9Jvy
J12J¥129112
1] $+74

411292913v
yvvo393voL
0682

3384¥232933
99J2v199399
(2424

131324v204
va499v 99y
o1z,

893232v¥vJ91L
309991192
o£0Z

9223391191
J99991vYav

[}

0¥3102342v
J1pvI00voL

3942109119
9J¥9vY93vv)
0982

9949391v9)
JI¥IIIVLIIO
orel
9Iv9J329v23
3912993189
0Z9T

933v313991
39919v932v
0022

9391332409
J9Jv999v9d
[+]:} %4

2991392
9912991119
0922

v3L2193vIv
19v9v39L191
oviZ

1999v3v919
vJ3331943vd
0Zoe

¥219994911
A9¥332vIwv
0041

44030va0Jv
y¥20319204
0841

J9vvJvlaay
931194993v
099t

33129vI939
99v921929)
[+;~: "4

19312993v2
¥J9v933949
[} 24

1913123v39v
YvgugL9dl
0192

J9v1v18190
uu»¢h¢u¢ww
11144

119191v03v
YWIvav1I1
0¢£2

199220931¢
v2999239v1
0szz

4J3v929v139
v91393199)
gtz

V993131004
1229v9v920v
ot02

2vav1v3229
913119993
058§

002v420014
04v00avy
0ceX g

-

v312933444
19v92390vvy
os9t -

193v2223vv
V181909911
114:74

¥19320131)
LvJ299vaIveo
0zLT

2991J1vvyv)

920vaviLL9
0092

1311929991
Yoyvi19212v
[+:1 24

IvIL913vV9)
919YJv91429
09¢€

33991813
992JvIv99vY
orezez -

194332v939
viv9991293
oZtZ

L9¥13J9112
Y31v991vyv9
0002

f@uwdﬂmuco

910vJ32912

0881

v13020vvaL
Av0J03140V
09LT

13v2999233
v3193232999
o¥9t

913(viJ9ve
JvavLivodLL

%ee
99vavv32aY

3219119921
11724

JV9ILIVIOY
9139v01931
Q452

8¥29v31919
219313¥9¥9
ocve

J19L211v19
avivavyivd
[+253 ¢4

J32133099v9
09v9993212
ogze

vav32I193v
191399v394
otI1Z

¥103vv¥0329
1¥29112993
0641
oviLdveLoy
21yv012voL
ozat

1v2000v0LY
vi033340vL
os¢t

JVOV110vdyL
3121vvli9v
L1144 ¢

3139131151
9Y93vaYyay
0zez ¢

1¥3¥2Iva19
¥1019913v2
00eZ

J34331 L1y
99voavvyLL
0882

11v12331vy
Yyivo99vLL
(14 24

3134193931
gVYgYvI0L9Y

oreZ

19v99913%)
¥34333v919
ocZe

91vwv92124
"IVLL129vav
001Z

J1¥219vwv9)
QVLavIL1129
0861

32019392391
09Jv10239av
Q98T

va140330vy
40wv300242L
ovet

19v9114322
¥a1Jvyvog9
0zt

¥19v929843 LIV919919]
19313933v9 v913v¥33v39
otaz | - ~0082Z

93v¥3339413
J919993vv9
0692

1¥99999vay
v123931191
0¢esT
991v931411
329129vvyy
oseZ

1439329v9
v9309313
(113 ¥4

v013Y319v3
13v919v219
otzz

Yiv9991044
1v1222vavy
0402

992Yv99Lv)
3394123v.8
0L4T

J33119208vL
09vyv39271v
[+14:13

443231vva0
¥vyo0avL 02
ogLt

1941329v39
Yavv993193
(2444

91v9113240
JvLIVYOIVY
0892

¥3319v¥3391
199v51999v
0952

31943v93vv
gvJIvaoL091LL
(1 4 24

1313199342
voyavl19ve
0ZEZ .

9901904044
222v13vavy
0022

39314433014
939v9999%y
0802 b

JUALEIULETY
v1339v109v
0943

119399L3v0
¥v¥3922v019
ovet

430044vA12
v023vvivvo
ozLe

1139413921
Yv93yya39v

0091 \\

‘919 0avLisvIIL
IvI J9twaregv

o : u\www«
112111122y 891990111 Bvadtivavi’

YYaYYYYSIL JIVIIIVUVE J130wwL LY
062 - 08LZ 0242

139193191V 29%¥391A39 1917Wa3v)
Y92V19v191 931193W90 VIVILLIOLY |
YaT4 ooeu omou :

houuunuhhu huucu 993v oc¢~n¢¢uo§
vJ999J9v¥ve ¥3919J3291 JIL¥IIL1I2D
11514 oSz ©0EST
»huuuuuu¢» uccuu ouup ¢¢hhhu»huu
Yv3399391V 911391399 hhccuuccou
(34 24 (11424 o—QN

99319v9viV 99311 uuu uucunuochQ
329¥3131¥1 2I99%11229 UOUQCOQFCh
(244 00£Z 0622

929M391v)
L 3929193v19
(74 ¢4

1Iv191910v upuoo»ooLY
VOivIvaval 9v022v33
0812 oatz /

9999912130 vavI1 v Uhuuccunrt
J3323399ve9 1 1219v99I081 9v3IINL9IVL
0402 00z ¢ onon

h¢¢w¢uouhu VivoLy uu 339339119V
V1131333va 1v13vvi089 993983vvlL
0S4¢1 ovét . onbn

2LV101201L ¢hh¢n VL anCGDUhuu
OViVIVYIWYY Lyvia104av, 0331300va9
0£8t onon otag

J70¥AV06ID h-aau~»uu 0A0ITVOVED
0031012300 ccunacceo (1 TETL 1A
o1Ly - o0Lt T 0498

hQVbﬂMU(hh V39921133V uu¢¢uhhuu¢
va9Y2991VY 19339vva91 03119vvadL
~"Q04S% 0ast [+ 744 4

-~

el



