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Abstract

Six ribosomal protein genes from the sulfur dependent extreme 

thermophilic archaebacterium Sulfolobus solfataricus were cloned and 

sequenced. Four of these genes code for proteins that are equivalent to 

ribosomal proteins L11, L1, L10 and L12 in Escherichia coii. The other two 

genes code for proteins that have no equivalent in the eubacteria. The product 

of one of these genes was found to be equivalent to ribosomal proteins L46 

from yeast (Leer etal. 1985a) and L39 from rat liver (Lin etai. 1984), while the 

product of the other gene shows no sequence similarity to any of the ribosomal 

proteins present in the data base, in Sulfolobus, the genes that code for 

ribosomal proteins L11, L1, L10 and L12 are organized in the same order as in 

Escherichia co ii, that is 5' L11, L1, L10, L12 3'. The major transcript from this 

gene cluster was found to be a 2.5 Kb mRNA that contains the four genes. A 

less abundant transcript containing only the L10 and L12 gene was also 

detected. Upstream of the transcription initiation sites, sequences that match 

the consensus sequence for archaebacterial promoters (TTTAT/AA) were 

found. Transcription termination sites were located within or after pyrimidine 

rich regions. Three of the ribosomal protein genes start with unusual initiation 

codons, GTG in the case of the L1 and L10 genes and TTG in the case of the 

L11 gene. Putative Shine Daigarno sequences, complementary to the 3' end 

of Sulfolobus 16S rRNA, were detected in the region surrounding the initiation 

codon. In some cases (L1 and L10 genes), the initiation codon was found to 

be part of this sequence. Sequence comparison of the ribosomal proteins from
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Sulfolobus with those from other organisms, revealed that the Sulfolobus 

sequences are closer to those from other archaebacteria, thus supporting the 

existence of the archaebacterial kingdom. Comparison of the sequences of the 

L10 and L12 proteins from the three kingdoms revealed that the 

archaebacterial sequences are closer to the eukaryotes.
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Introduction
1

The translation of messenger RNA into protein is srcomplex process that 

takes place on the ribosome. It represents the iast step in the flow of 

information from DNA to RNA to protein. Since translation is the step that links 

the genotype with the phenotype, the evolution of the translational apparatus is 

closely tied to the origin of contemporary ceils (Woese 1980). In order to 

understand the evolution of the translational apparatus, and gain further 

insights into the origin of modern cells, we first need to obtain a better 

understanding of the structure and function of the ribosome in the three primary 

lines of descent: the eubacteria, the archaebacteria and the eukaryotes.

Eubacterial ribosomes (i.e. ribosomes from Escherichia coii) have been 

extensively studied since the early 1960s, and the sequences of all their 

components have been determined (for reviews see Noller 1984, Giri et al.

1984). Our knowledge of the structure of the eukaryotic ribosome is not as 

complete, but many of the components of the eukaryotic ribosome have 

already been sequenced (for reviews, see Planta et al. 1986, Warner et al. 

1986, Warner, 1989, Wool 1986). However, at the time the studies described in 

this dissertation were started, most of the information available regarding the 

structure of the components of the archaebacterial ribosome was limited to the 

structure of the rRNA and the N-terminal sequences of some ribosomal 

proteins (for reviews, see Fox 1985, Matheson 1985). For this reason, one of 

the objectives of the research described in this thesis was to determine the 

complete sequence of the ribosomal proteins that form part of the so called L12 

domain in the archaebacterial ribosome. This domain is important since it is 

the site of interaction of the extrinsic factors (initiation, elongation and
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termination factors) on the ribosome during protein synthesis, and has been 

extensively studied in the eubacteria and the eukaryotes (Heimark et al. 1976, 

Hamel et al. 1972, Girshovich et al. 1981, Moller et al. 1983, Rychlik et al. 

1983, Skold 1983, Traut et al. 1986, Moazed et al. 1988).

The genes that code for the different ribosomal components are also of 

special interest. Since they are coordinately expressed during the biogenesis 

of the ribosome, they are excellent models in which to study the structure, 

organization and expression of genes in the three kingdoms.

The organization of ribosomal protein genes is very different in the 

eubacteria and the eukaryotes. In the eubacteria, ribosomal protein genes are 

arranged in operons (for a review, see Nomura et al. 1984) while in the 

eukaryotes they are dispersed through the genome and are transcribed as 

single units (Mager 1988, Planta et al. 1986, Warner 1989). For this reason, it 

was of interest to determine the way in which these genes are organized in the 

archaebacteria. The archaebacterium Sulfolobus solfataricus was selected for 

these studies because it belongs to the sulfur-dependent thermophilic branch 

of the archaebacteria; a branch that is thought to be closest to the eukaryotes 

(Zillig 1987, Lake 1988). Furthermore, since Sulfolobus is an extreme 

thermophile (with an optimum growth temperature of 85°C), it was hoped that 

these studies would provide further insight into the changes in protein structure 

that increase their thermostability and allow these organisms to live at high 

temperatures.

Since our knowledge of the structure of archaebacterial ribosomes and the 

molecular biology of the archaebacteria has increased dramatically in the last 

five years, a brief review of the current knowledge of these aspects of 

archaebacterial biology will be presented.



3

Main Archaebacterial Groups

Comparative analysis of partial sequences of small subunit ribosomal RNA 

(rRNA) led, in the late 1970s, to the discovery that archaebacteria represent a 

third evolutionary line of descent different from the eubacteria (i.e. the true 

bacteria) and the eukaryotes (Woese and Fcx 1977a, b). Characterization of 

the different members of this group has revealed that archaebacteria comprise 

three me n phenotypes: the methanogens, the extreme halophiles and the 

sulfur-dependent extreme thermophiles (Woese and Wolfe 1985, Woese 

1987).

The methanogens are strict anaerobes that produce energy by reducing 

CO 2  to CH4 . They are found in a variety of anaerobic habitats including the 

digestive tracts of animals and man, freshwater and marine sediments, 

anaerobic waste digesters and even goothermal springs and deep-sea 

hydrothermal vents (Whitman 1985, Jones et al. 1987).

The extreme halophiles are aerobic organisms that live in saline 

environments with salt concentrations ranging from 2.5 M to 5 M (Kushner 

1985). Some extreme halophiles, like Natrobacterium and Natronococcus, live 

under very alkaline conditions (pH 9.5) (Tindall et al. 1984). Halobacteria have 

been isolated from salt lakes like the Great Salt Lake and the Wadi Natrun 

lake, the Dead Sea, salterns and spoiled salted foods.

The sulfur-dependent extreme thermophiles are either aerobic or anaerobic 

organisms that obtain energy from the oxidation or the reduction of sulfur, or 

require elemental sulfur for anabolic reactions (Stetter etal. 1986). They live at 

temperatures that range from 60°C to 110°C with optimum growth at 80°C to 

90°C (Stetter and Zillig 1985, Stetter et al. 1986). Pyrodictium occultum, a 

member of this group, is the most thermophilic bacterium described to date. It
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can grow at temperatures up to 110°C with an optimum at 105°C (Stetter et al. 

1983, Stetter 1986). The pH requirement for growth varies among the different 

members of this group; some can grow at a neutral pH while others, like 

Sulfolobus, grow at a pH as low as 2 (Stetter and Zillig 1985, Stetter 1986).

Sulfur-dependent extreme thermophiles have been isolated from 

continental solfataric springs and mud holes; and submarine volcanic areas 

like hydrothermal vents and geothermally heated sea sediments. They are also 

found in man-made habitats such as the boiling outflows of geothermal power 

plants in Italy and Iceland (Stetter etal. 1986, Stetter 1986).

Recently, Stetter et al. (1987) isolated an organism from the marine hot 

sediments near Vulcano and Stufe di Nerone, Italy, that seems to represent a 

novel archaebacterial phenotype. This organism, tentatively named 

Archaeoglobus fulgidus, is an extreme thermophile (optimum growth 

temperature 83°C) that is able to reduce sulfate as well as to produce 

methane. In this respect, its metabolism seems to be intermediate between the 

methanogens and the sulfur-dr oendent thermophiles.

Phylogenetic Relationships among the Different Archaebacterial 

Groups

Comparison of the sequences of 16S rRNA from the different 

archaebacterial groups has revealed that this kingdom comprises two main 

branches: one corresponding to the sulfur-dependent thermophiles and the 

other to the methanogens and halophiles (Figure 1) (Woese and Olsen 1986, 

Woese 1987). However, certain thermophiles, such as Thermoplasma, 

Therm ococcus  and Archaeoglobus seem to be more related to the 

methanogen-halophile branch than to the sulfur-dependent thermophilic
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branch (Woese and Olsen 1986, Woese 1987, Achenbach-Richter etal. 1987, 

Achenbach-Richter et a!. 1988).

halophiles

Methanobacterium

MethanococcusMethanospirillum

Sulfolobus'hermococcus
Thermoplasma

Thermoproteus I

DesulfurococcusArchaeoglobus

Pyrodictium

Figure 1. Archaebacterial phylogenetic tree. The tree is based on the 
comparison of 16S rRNA sequences. (Adapted from Woese 1987, and 
Achenbach-Richter et al. 1987)

The organisms included in the sulfur-dependent thermophilic branch share 

the same phenotype, while the methanogen-halophile branch is more varied 

(Woese and Olsen 1986). The methanogen-halophile branch includes all the 

archaebacterial phenotypes described until now, and contains the most rapidly 

evolving ( Thermoplasma acidophilum) and the most slowly evolving 

( Thermococcus celei) lines (Woese and Olsen 1986). Within this branch, the 

methanogens can be divided into three groups: the Methanobacteriales,
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Methanococcales and Methanomicrobiales. The extreme halophiles form a 

tight group that is specifically related to the Methanomicrobiales. These two 

groups are more closely related to the Methanobacteriales than to the 

M ethanococcales, which represent the deepest division among the 

methanogens (Woese and Olsen 1986).

The position of Thermoplasma acidophilum on the tree has not been 

definitively established. The 16S rRNA sequence data seem to indicate that 

the Thermoplasma lineage branched between the Methanobacteriales and the 

Methanomicrobiales. However, the fact that the ribosomal subunits from 

Thermoplasma have a high protein content like the Methanoccocales and the 

other sulfur-dependent thermophiles (Cammarano et al. 1986), suggests that 

the T h e r m o p l a s m a  line branched earlier, perhaps between the 

Methanobacteriales and the Methanococcales (Woese and Olsen 1986).

The position of Archeaeglobus, as expected from its phenotype, is 

intermediate between the Methanoco ales  and Thermococcus celer 

(Achenbach-Richter et al. 1987).

Finally, Thermococcus celer, represents the deepest branch of the 

methanogen-halophile line. It seems to be the most slowly evolving 

archaebacterial line and it branches very close to the root of the 

archaebacterial tree (Achenbach-Richter et al. 1988). For these reasons, it is 

possible that it might even represent a third and distinct branch (Achenbach- 

Richter et al. 1988). The discovery of a second organism (Pyrococcus woesei) 

belonging to the Thermococcus line seems to support this idea (Zillig et al.

1987).
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Since the thermophilic phenotype is present in both archaebacterial 

branches, it seems likely that it represents the ancestral archaebacterial 

phenotype.

Recently, Lake (1988, 1989) has presented a different tree based also on 

16S rRNA sequence data, but obtained by using a new analytical method 

called evolutionary parsimony. This method has the advantage that it 

minimizes the effect of including sequences in a tree that are evolving at 

different rates. The tree proposed by Lake (1988, 1989), groups the 

methanogens and halophiles with the eubacteria, in a superkingdom 

designated parkaryotes; and the sulfur-dependent thermophiles (called 

eocytes by Lake) with the eukaryotes, in a superkingdom called karyotes; thus 

denying the existence of the archaebacterial kingdom. The validity of Lake’s 

tree has recently been questioned by Achenbach-Richter et al. (1988) and 

Olsen and Woese (1989) on the basis that the statistical significance of this 

tree was calculated by using only the extreme halophile sequences as 

representatives of the methanogen branch. Achenbach-Richter et al. (1988) 

and Olsen and Woese (1989) have found that when the methanogens are 

used in the analysis, a similar tree to that shown in Figure 1 is also obtained 

with the evolutionary parsimony method.

Additional support for the archaebacterial tree has been obtained from the 

work of Cedegren et al. (1988) and Gouy and Li (1989). Cedegren et al. (1988) 

have used the 16S rRNA and 23S rRNA sequence data to construct 

phylogenetic trees by the maximum parsimony method, and in both cases they 

obtain the archaebacterial tree. Guoy and Li (1989) have analyzed the same 

data (16S and 23S rRNA) by the neighbour-joining as well as maximum 

parsimony methods, and obtained the same results. They have also applied
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the evolutionary parsimony method of Lake to the 23S rRNA data and have 

also obtained the archaebacterial tree. Therefore, it is likely that Lake’s tree is 

an artifact.

Molecular Biology

The genome size of the different archaebacterial groups ranges between 

0.84 x 109  to 2.3 x 109  daltons and is comparable to that of the eubacteria (the 

size of the E.coli genome is 2.5 x 109  daltons) (Brown et al. 1989). The G-C 

(guanine-cytosine) content is very variable and ranges from 2 1 % to 6 8 % 

(Doolittle 1985).

Archaebacterial DNA is associated with basic DNA binding proteins similar 

to the histones of eukaryotes (Von Holt et al. 1979) and the HU proteins of the 

eubacteria (Briat et al. 1984). DNA binding proteins have been isolated from 

Thermoplasma acidophilum (DeLange et al. 1981), Methanobacterium  

thermoautotrophicum (Chattier et ai. 1985), Sulfolobus acidocaldarius (Choli 

et al. 1988) and Halobacterium halobium (Ohba and Oshima 1981). All these 

proteins have different molecular weights and amino acid compositions.

The DNA binding protein from Thermoplasma acidophilum has been 

sequenced. It shows sequence similarity to the eukaryotic histones and to HU- 

1 and HU-2 from Escherichia coii (DeLange et al. 1981). Sulfolobus  

acidocaldarius contains three groups of DNA binding proteins with molecular 

weights of 7 (5 different proteins), 8  (2 proteins) and 10 kDa (2  proteins). Three 

of the five 7 kDa proteins have been sequenced and they show no homology 

to any eubacterial or eukaryotic DNA binding proteins (Choli et al. 1988). 

Furthermore, they are also not homologous to the Thermoplasma DNA binding
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protein. This is somewhat surprising because the DNA binding proteins in 

eubacteria and eukaryotes are highly conserved (Jones et al. 1987).

Several rRNA, transfer RNA (tRNA) and protein coding genes have been 

cloned and sequenced from different archaebacteriai groups. Table 1 shows 

some examples of the genes that have been sequenced.

Archaebacteria. like +he eubacteria and the eukaryotes, use the universal 

genetic code. The organization of archaebacteriai geries is similar to that found 

j  the eubacteria, that is the genes are linked together in opeions (Zillig et ai. 

1988, Brown et al. 1989). In many cases, like the tryptophan synthetase genes 

(trp BA) (Siboid and Henriquet 1988), RNA polymerase genes (Berghofer et al. 

1988, ZiiS'g et al. 1988, Leffers et al. 1989) spc and str ribosomal operons 

(Lechner and Bock 1987, Lechner et al. 1988, Auer et al. 1989a, b), L1-L10- 

L12 ribosomal protein genes (Itoh 1988, Shimmin et al. 1989a) and the 

nitrogenase Fe protein genes (Souillard and Siboid 1986, Souillard et al.

1988), the order of the genes is similar to that found in the eubacteria, although 

the transcription of the genes is different. In other oases, like the his I and his A 

geres, the organization of the genes is completely different to that found in the 

eubacteria (Beckier and Reeve 1986, Cue et al. 1985).

Some archaebacteria! genes, like their eukaryotic counterparts have 

introns. Introns have been identified in the tRNAs from Sulfolobus solfataricus 

(Kaine et al. 1983, Kaine 1987), Thermoproteus tenax (Wich etal. 1987) and 

Halobacterium volcanii (Daniels et al. 1985, Datta et al. 1989), and the 23S 

rRNA from Desulfurococcus mobilis (Kjems and Garrett 1985). There have 

been no reports as yet of introns in protein coding genes.
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Table 1 Some Examples of Archaebacteriai Genes that have been Cloned and Sequenced

G e n e

16S rRNA

23S rRNA

5S rRNA

O rganism

Halobacterium rutirubmm 

Halobacterium halobium 

Halobacterium morrhuae 

Halobacterium volcanii 

Methanobacterium formicicum 

Methanobacterium hungateii 

Methanobacterium 

thermoautotrophicum 

Methanococcus vannielii 

Thermoplasma acidophilum 

Archaeoglobus fulgidus 

Thermococcus celer 

Suhjlobus solfataricus 

Thermoproteus tenax 

Desulfurococcus mobilis 

H. halobium 

H. morrhuae 

M. thermoautotrophicum 

M. vannielii 

D. mobilis 

T. tenax

Sulfolobus acidocaldarius 

M. vannielii

R e fe re n c e

Hui and Dennis 1985 

Mankin etal. 1985 

Letters and Garrett 1984 

Gupta et al. 1983 

Lechner etal. 1985 

Yang et al. 1985 

Ostergaard etal. 1987

Jarsch and Bock 1985a 

Ree etal. 1989

Achenbach-Richter etal. 1987 

Achonbach-Richter etal. 1988 

Olsen etal. 1985 

Leinfelder etal. 1985 

Kjems etal. 1987a 

Mankin and Kagramanova 1986 

Letters et al. 1987 

Letters etal. 1987 

Jarsch and Bock 1985b 

Letters etal. 1987 

Kjems et al. 1987b 

Reiter etal. 1987b 

Wich etal. 1984



Table 1 ...continued 

G e n e  O rganism

5S rRNA D. mobilis

R ibosom al Proteins

M. vannielii 

M. vannielii 

H. cutirubrum 

Halobacterium marismoriui 

H. halobium 

M. vannielii

M. thermoautotrophicum 

H. halobium 

H. morrhuae 

S.acidocaldarius

L12 

L10

L11, L1, L10, L I2  

S11

L1, L10, L12 

spc operon 

RNA polym erase  

AB'B"C 

AB'B"C 

AC 

ABC

Elongation factors

aEF-1 M. vannielii

aEF-2 M. vannielii

Genes involved in o ther functions

hop H. halobium

bop H. halobium

brp H. halobium

his A Methanococcus

thermolithotrophicus 

M. vannielii

Methanococcus voltae

R e fe re n c e

Kjems and Garrett 1987

Strobel et al. 1986 

Kopke etal. 1989 

Shimmin and Dennis 1989 

Arndt and Kimura 1988 

Itoh 1988 

Auer etal. 1989a, b

Berghofer et al. 1988 

Letters et al. 1989 

Letters et al. 1989 

Puhler etal. 1989

Lechner and Bock 1987 

Lechner etal. 1988

Blanck and Osterhelt 1987 

Dunn etal. 1981 

Betlach etal. 1984 

Weil etal. 1987

Cue etal. 1985 

Cue etal. 1985
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T able 1 ...co n tin u ed

G e n e O rganism R e fe re n c e

hisl M. vannielii 3eckior and Reeve 1986

nifH M.voltae Souillard and Siboid 1986

nifH M. thermolithotrophicus Souillard etal. 1988

Methanobacterium ivanovii Souillard etal. 1988

mcrABG M. thermoautotrophicum Bokranz etal. 1988

M. vannielii Cram etal. 1987

M. voltae Allmansberger etal. 1986

mcrB Methanosarcina barkeri Bokranz and Klein 1987

fdh A M. formicicum G ..oer etal. 1986

atpA S. acidocaldarius Denda et al. 1988a

atpB S. acidocaidarius Denda etal. 1988b

atpP S. acidocaldarius Denda etal. 1989

argG M. barkeri Morris and Reeve 1988

M. vannielii Morris and Reeve 1988

trp BA M. voltae Siboid and Heriquet 1988

gdh Methanobacterium bryantii Fabry et al. 1989

Methanothermus fervidus Fabry et al. 1989

M. formicicum Fabry et al. 1989

Transcription

RNA Polymerase

Archaebacteria, like eubacteria, have only one RNA polymerase, while 

eukaryotes have three RNA polymerases that are responsible for the 

transcription of different sets of genes (Zillig et al. iS85b). RNA polymerase I
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transcribes 5.8S, 18S and 28S rRNA and the so called "small nuclear 

polymerase I RNA" genes (Mandal 1984, Reichel and Benecke 1984); RNA 

polymerase II transcribes all the protein coding genes as well as the small 

nuclear RNA genes (Gluzman 1985, Mangin e ta l. 1986) while RNA 

polymerase III transcribes the 5S rRNA, tRNA and small cytoplasmic RNA 

genes (Sakonju etal. 1980, Sharp et al. 1986, Reichel and Benecke 1980).

The number of subunits present in the enzymes from the three kingdoms 

varies. In the eubacteria there are only five subunits: PP'cx20  (Zillig etal. 1976), 

while the eukaryotic enzymes have between 9 and 12 components (Sentenac

1985). Archaebacteriai RNA polymerases have between 7 and 12 

components. There is a difference in the number of components between the 

methanogens and halophiles, and the sulfur-dependent thermophiles. RNA 

polymerases from the halophiles and the methanogens have five large 

components A, B', B", C and D (in order of molecular weight), and about three 

smaller components, while the enzymes from the extreme thermophiles, 

including Thermococcus and Thermoplasma, have four large components, B, 

A, C and D (in order of decreasing molecular weight), and more than 6 smaller 

components (Zillig et al. 1985a). Note that the B component has a higher 

molecular weight than the A component in the extreme thermophiles.

Archaebacteriai enzymes, like their eukaryotic counterparts, are insensitive 

to rifampicin and streptolydigin, antibiotics that inhibit eubacterial RNA 

polymerases. However, they are also insensitive to a-amanitin, a fungal toxin 

that inhibits RNA polymerase II and less efficiently RNA polymerase III (Zillig ot 

al. 1985b).

Recently, the genes for the A, B, and C subunits in S ulfo lobus  

acidocaldarius and the A, B', B" and C subunits in Halobacterium halobium
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(Zillig et al. 1988, 1989b, Letters et al. 1989) and M ethanobacterium  

thermoautotrophicum  (Berghofer et al. 1988) have been cloned and 

sequenced. Sequence comparison with the equivalent genes from the 

eubacteria and the eukaryotes shows that the archaebacteriai enzymes are 

closer to the eukaryotic polymerases than to the Escherichia coli polymerase. 

Sequence conservation between the archaebacteriai and eukaryotic enzy.nes 

is extremely high, particularly around functionally important regions, like the 

substrate binding site and the zinc "finger" (Zillig et al. 1988, Berghofer etal. 

1988, Allmansberger etal. 1989, Letters et al. 1989).

Promoters

Analysis of the conserved sequences upstream of the transcription initiation 

site for tRNA, rRNA and protein coding genes, has led to the proposal of a 

consensus sequence for archaebacteriai promoters (Wich et al. 1986a, Reiter 

ot al. 1987b, 1988, Kjems and Garrett 1987b, Zillig eta l. 1988, Thomm and 

Wich 1988, Thomm etal. 1989). The promoter consists of two conserved 

boxes: box A, located about 25 nucleotides upstream of the transcription start 

site with the consensus sequence TTA(T/A)A, and a weakly conserved box B, 

around the transcription initiation site with the sequence (A /T )TG (A /C ). 

Initiation of transcription usually takes place at the central G or at a purine 

residue nearby (Zillig et al. 1988).

The structure of archaebacteriai promoters, resembles that of eukaryotic 

RNA polymerase II promoters, which have a weakly conserved dinucleotide 

CA around the transcriptional initiation site and an AT rich "TATA box” motif 

centered about 25-30 nucleotides upstream of it v Reiter etal. 1988, Zillig et al. 

1988, Thomm etal. 1989).
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Recently, Thomm etal. (1988) and Brown etal. (1988a) have demonstrated 

that these conserved regions are indeed recognized by RNA polymerase. In 

the case of the his A gene, Brown et al. (1988a) found that the polymerase 

protects a 43 nucleoJde fragment, which contains both boxes, from digestion 

by DNAse I. In the case of the gene for the C component of the methyl 

coenzyme M reductase, the polymerase protects a 49 nucleotide fragment, that 

also includes the two boxes, from digestion with exonuclease III (Thomm et al. 

1988).

Terminators

There appears to be great variability in the sequences that determine the 

termination of transcription in the different archaebacteriai groups. In the sulfur- 

dependent thermophiles, transcripts from rRNA genes (Kjems and Garrett 

1987, Kjems et al. 1987b) and from the Sulfolobus phage SSV1 (Reiter et al. 

1988) have been found to end within pyrimidine rich regions. In the 

methanogens, rRNA and tRNA transcripts also end in pyrimidine regions, but 

these are followed by a short hairpin loop (Wich et al. 1986a, 1986b, 

Ostergaard etal. 1987). Transcripts from protein coding genes (C component 

of the methyl Co M reductase), on the other hand, have been found to end in 

an oligo T sequence after a hairpin loop, a structure that resembles the p 

independent terminators in the eubacteria ( Muller etal. 1985, Allmansberger 

et al. 1986, Bokranz et al. 1988). In the halophiles, transcripts for rRNA genes 

(Chant etal. 1986, Chant and Dennis 1986) and protein coding genes (Chant 

etal. 1986, DasSarma etal. 1984, Itoh 1988, Shimmin and Dennis 1989) end 

in A-T rich regions preceded by a G-C rich region.



Messenger RNA (mRNA) and Translation Signals

Archaebacteriai mRNA can be either monocistronic, (that is the mRNA 

carries the information for only one polypeptide) (DasSarma et al. 1984, 

Betlach et al. 1984, Shimmin and Dennis 1989) or polycistronic, 

(Allmansberger etal. 1986, Bokranz etal. 1988).

Unlike eukaryotic mRNAs, which have a cap structure (7mGpppXpmY) at 

their 5’ end (Shatkin 1976). archaebacteriai and eubacterial mRNAs are not 

capped (Brown and Reeve 1985, 1986, Ohba and Oshima 1982. Oshima etal. 

1984). Eukaryotic mRNAs are usually polyadenylated at their 3' end (Kozak 

1983). Small poly A tails have also been observed in eubacterial r.inNAs out 

they are short and the mRNAs are unstable (Gopalakrisna et al. 1981). The 

methanogens and halophiles have mRNAs with short poly A ails, that are 

unstable like their eubacterial counterparts (Brown and Rertve 1985,1385); 

while the extreme thermophiles seem to have long pc!y A tracts like the 

eukaryotes (Ohba and Oshima 1982, Oshima etal. 1984).

Initiation of translation in eubacteria, is determined by the interaction of a 

purine rich region (the Shine-Dalgarno sequence), located between 6-13 

nucleotides upstream of an initiation codon in mRNA, with a complementary 

pyrimidine rich region in the 3' end of the 16S rRNA (Shine and Dalgarno 

1974, Gold 1988). In eukaryotes, there is no evidence of a Shine-Dalgarno 

type interaction between the I8S rRNA and mRNA (Kozak 1983).

Shine-Dalgarno type sequences have been detected upstream of protein 

coding genes from the methanogens (Cue etal. 1985, Souillard and Siboid 

1986, Allmansberger etal. 1986, 1989, Lechner and Bock 1987, Souillard et 

al. 1988, Kdpke and Wittmann-Liebold 1989, Brown etal. 1989). In the case of 

the halophiles, Shine-Dalgarno sequences have been identified downstream
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of the initiation codon (Dunn et at. 1981, Betiach et al. 1984, Blanck and 

Oesterhelt 1987, Brown et al. 1989), while in the thermophiles, Shine- 

Dalgarno sequences have been observed both upstream and downstream of 

the initiation codon (Zillig etal. 1988). In some cases, two Shine-Dalgarno 

sequences are tandemly repeated (Zillig etal. 1988). However, although all 

these sequences could conceivably interact with the 3' end of the 16S rRNA, 

such interaction has not been demonstrated up to now.

Ribosomes: Structure, Function, and Genetics

Structure of the Ribosome

The ribosomes from all three kingdoms, contain two subunits: 30S and 50S 

in archaeoacteria and eubacteria, and 40S and 60S in eukaryotes (Wittmann

1983). Each subunit contains both proteins and RNA. Table 2 gives a 

summary of the components of each subunit for ribosomes from the different 

kingdoms.

The general morphology of both subunits has been extensively studied 

using electron microscopy. These studies have led to the proposal of several 

models for the ribosomal subunits of eubacteria (particularly of Escherichia 

co//), archaebacteria and eukaryotes (see for example, Wittmann 1986, Stoffler 

and Stoffler-Meilicke 1986a, Oakes et al. 1986). Figure 2 shows the models 

proposed by Lake (1b85) for the small and large ribosomal subunits in the 

three kingdoms. The main features of each subunit are also indicated in this 

figure.
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Table 2 Ribosomal Components in the Three Kingdoms 

Source_______________________Small subunit_________ Large subunit

E ubacteria3 3 C 3 cr ID 0 size o f num ber o f size of rRNA

R rote ins fR N A D ro te ins

Escherichia coli 21 16S 36b 5S, 23S

E u karyo tes3

yeast 30-31 18S 41-45 5.8SC, 5S, 28S

animals =31 18S =49 5.8S, 5S, 28S

plants =32 18S =47 5.8S, 5S, 28S

A rch aeb acte ria

Sulfolobus solfataricus d 28 16S 33-35 5S, 23S

Sulfolobus acidocaidarius e 27 16S 34 5S,23S

Methanobacterium 22 16S 32 5S, 23S

thermoautotrophicumf

Methanobacterium bryantiif 23 16S 32 5S,23S

Methanococcus vannieliif 25 16S 32 5S, 23S

Halobacterium cutirubrum 9 21 16S 32 5S, 23S

3 Kozak 1983 ,15 Wada and Sako 1987 c homologous to the 5' end of 23S rRNA (Jacq 1981) 

d Londei etal. 1983, e Schmid and Bock 1982,f Schmid etal. 1982,9 Strom and Visentin 1973

According to these models, the morphology of the small subunit seems to 

be very variable among the different kingdoms. Note, for example, the 

presence of a structure that resembles a "duck bill" in the small subunit of 

archaebacteria and eukaryotes, which is not present in the eubacterial small 

subunit (Lake 1985). The eukaryotic small subunit, also has two lobes at the 

bottom (Lake 1985). It is believed, although there is no direct evidence, that
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these lobes correspond to extra sequences present in the 18S rRNA (Noller 

and Lake 1984).

A
Cleft

Bill

B

Stalk
Central protuberance 

/

Lobes

L1 ridge

Lobe

Eubacteria Archaebacteria Eukaryotes

Figure 2. Models for the small and large ribosomal subunits from the three 
kingdoms. A. Small subunit: from left to right: Escherichia coli, Thermoproteus 
tenax, Saccharomyces cerevisiae (Drawn after Lake 1985) B. Large subunit 
from the same organisms (Drawn after Lake 1985)

The structure of the large subunit seems to be relatively similar in the three 

kingdoms (see Figure 2). However, a lobe can be seen at the bottom of the 

eukaryotic and archaebacteriai large subunits, as well as a bulge near the L1 

ridge (Lake 1985).
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Lake et al. (1984, 1985, 1986) have used the differences in the structure of 

the two ribosomal subunits from different organisms to propose the existence 

of four kingdoms: the photocytes, which include the eubacteria and the 

halophiles; the archaebacteria represented by the methanogens; the eocytes 

which are the sulfur-dependent thermophiles; and the eukaryotes. According 

to this schema, the eukaryotes are closely related to the eocytes and the 

archaebacteria to the photocytes.

This proposal has been severely criticized by several groups (Stoffler and 

Stoffler-Meilicke 1986a, Woese and Olsen 1986, Harauz et al. 1987), on the 

basis that many of the characteristics of the ribosomal subunits used to define 

these groups have actually been detected in other groups. For example, 

according to Lake etal. (1984), a bulge is not present in the large subunit from 

the photocytes. However, Harauz et al. (1987) have seen such a bulge in the 

large subunit of Halobacterium halobium. Furthermore, the usefulness of 

ribosomal morphology as a phylogenetic marker is dubious. Since many of 

the fine structural details used for this classification are at the border of 

resolution of the method, it is difficult to determine which represent real 

structures and which are merely artifacts produced during the sample 

preparation. Because of these limitations, the interpretation of the results is 

always subjective and thus this type of data is not useful for establishing 

phylogenetic relationships (Harauz etal. 1987).

Recently, the use of computer-imaging averaging techniques, which 

eliminate the subjective interpretation of electron micrographs, has allowed 

several authors to get a better model of the ribosomal subunits (Verschoor et 

al. 1984, 1985, Radermacher et al. 1987, Wagenknecht etal. 1988). Figure 3
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shows drawings of the models for the 30S and 50S ribosomal subunits from 

Escherichia coli.

A . cleft decoding site
head

platform

body

30S Subunit

B .

peptidyl transferase 

L1 ridge 

\

central protuberance

interface canyon

o1

stalk

site of interaction with 
the elongation factors

basal incision
exit domain

50S Subunit

Figure 3. Computer-Imaging models of the 30S and 50S subunits from 
Escherichia coli. A. 30S subunit (Drawn from the model of Verschoor et al.
1984) B. Crown view of the 50S subunit. P: pockets (Drawn from the model of 
Radermacher etal. 1987).
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Computer-imaging has revealed that the side protrusion of the small 

subunit has the shape of a platform that partially wraps around the upper part 

of the body of the particle (see Figure 3A) instead of a planar lobe as depicted 

in Figure 2. Also, the cleft formed between the lip of the platform and the head, 

has a cup-like shape (Verschoor etal. 1984). This might be important for the 

function of the ribosome since the cleft is the site where the mRNA binds to the 

ribosome (Verschoor etal. 1984).

In the case of the 50S subunit, computer-imaging has revealed the 

presence of a large groove, designated the interface canyon, which had not 

been detected before (see Figure 3B). This canyon probably has functional 

significance, because it includes the regions where the peptidyl transferase 

(pocket P2) and the binding sites for the elongation factors (pocket P1) have 

been mapped (Radermacher etal. 1987).

Computer-imaging techniques have also been used to study the 50S 

subunit from archaebacteriai ribosomes (Harauz et al. 1987). Figure 4 shows a 

comparison of the models of the 50S subunit from Sulfolobus solfataricus and 

Escherichia coli obtained with this technique. Note that in this case we are 

looking at the back of the subunit, since the stalk is facing the left. The model is 

shown in this orientation because Harauz et al. (1987) were unable to obtain 

subunits that had the other orientation. The main differences between the 50S 

subunits from S.solfataricus and E.coli are the following (see Figure 4): 1] in 

Sulfolobus the central protuberance and the L1 ridge have a squarish shape 

while in E.coli they are rounded, 2] there is a notch between the central 

protuberance and the L1 ridge in Sulfolobus which is not present in E.coli, 3] 

the groove appears to be lie more to the left in Sulfolobus than in E.coli, 4] the



Central protuberance

Notch

Groove

B.

L7/L12 Stalk 

\

Sulfolobus solfataricus 

Central protuberance

Groove

Basal incision

L1 ridge

Escherichia coli

Figure 4. Computer-imaging models of the 50S subunit from Sulfolobus 
solfataricus and Escherichia coli. A. Rear view of the 50S subunit from S. 
solfataricus (Drawn after the model of Harauz et al. 1987) B. Rear view of the 
50S subunit from E. coli (Drawn after the model of Harauz etal. 1987).



24

basal incision is not present in Sulfolobus , 5] the small basal lobe is not as 

obvious in E.coli as in Sulfolobus (Harauz et al. 1987). The functional 

significance of these differences is not known.

The structure of the ribosome has also been studied using three- 

dimensional image reconstruction of two-dimensional crystals. These studies 

have revealed the presence of a tunnel in the large subunit (Yonath et al.

1987). ft is thought that this tunnel provides a passage for the nascent 

polypeptide chain to leave the ribosome (Yonath et al. 1987).

Recently, three-dimensional crystals of the large subunit from 

Halobacterum marismortui have been obtained that diffract to a resolution of 

5.5 A (Yonath et al. 1987). It is hoped that in the near future, x-ray 

crystallographic studies of these crystals will provide detailed information of the 

strui '.ure of the large subunit in the archaebacteria (Yonath et al. 1987).

The position of the different ribosomal proteins and rRNAs in the small and 

large ribosomal subunits from eubacteria, and to a lesser extent from the 

eukaryotes has been determined by using techniques such as cross-linking, 

affinity labeling, chemical and enzymatic probing, immunoelectron microscopy 

and neutron scattering (for reviews, see Wittmann 1986, Traut eta l. 1986, 

Tolar, and Traut 1981, Brimacombe et al. 1986, Uchiumi et al. 1986, Stoffler 

and Stoffler-Meilicke 1986b, Lake 1985, Noller 1984, Capel et al. 1987, 

Moazed eta l. 1988, Egebjerg etal. 1989, Stern etal. 1989). Unfortunately, 

similar studies have not been performed with archaebacteriai ribosomes.

Besides giving information about the location of the different ribosomal 

proteins and rRNAs, the studies mentioned above have allowed several 

groups to locate the functional domains of the ribosome (for a review, see 

Wittmann 1986). These domains are indicated in Figure 3.



25

The site cf interaction of the mRNA, tRNAs and initiation factors (decoding 

site) with the ribosome is located in the small subunit; in the cleft between the 

head and the platform (see Figure 3A) (McKuskie-Olson and Glitz 1979, 

Gornicki etal. 1984, Stofflerand Stoffler-Meilicke 1986b).

The peptidyl transferase center of the ribosome is located in the large 

subunit in the valley between the L1 ridge and the central protuberance 

(Figure 3B) (Cooperman 1980).

The region of the ribosome involved in the binding of the elongation factors 

(GTPase center) is also located in the large subunit. This site includes the stalk 

and the region around its base (Figure 3B) (Hamel etal. 1972, Girshovich et al. 

1981, Traut et al. 1986, Moller et al. 1983).

Finally, the site of exit of the nascent polypeptide chain is located on the 

bottom of the large subunit (Figure 3B) (Bernabeu etal. 1983).

In general, these functional domains have been conserved in eubacteria 

and eukaryotes, so it seems probable that they are also conserved in the 

archaebacteria (Lake 1985).

Ribosomal RNA 

5SrRNA

Thirty eight archaebacteriai 5S rRNA sequences have been determined 

(Wolters and Erdmann 1988). Comparative analysis of the sequences of 5S 

rRNA from the three kingdoms has led to the proposal of a general secondary 

structural model for 5S rRNA (for a review see, Wolters and Erdmann 19 1). 

Although al' 5S rRNAs have this general structure, each kingdom has its own 

particular features. For a description of the model and a detailed analysis of the 

differences among the three kingdoms, the reader is referred to the reviews by
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Fox (1985), and Wolters and Erdmann (1988). In general, archaebacteria differ 

from the other two kingdoms in that there is considerable variation in the 

structure of the 5S rRNA from the different groups, particularly among the 

sulfur-dependent thermophiles (Wolters and Erdmann 1988). For this reason, a 

consensus model of the structure of 5S rRNA for the whole kingdom has not 

been proposed (Wolters and Erdmann 1988).

Although there are differences in the structure of the 5S rRNAs from the 

three kingdoms, reconstitution experiments, in which the 5S rRNA from 

Halobacterium cutirubrum and Thermoplasma acidophilum was incorporated 

into the large subunit of Bacillus stearothermophilus ribosomes (Erdmann et al. 

1986), and Escherichia coli 5S rRNA was incorporated into the large subunits 

of Sulfolobus solfataricus ribosomes (Teixido et al. 1989), show that from a 

functional point of view, eubacterial and archaebacteriai 5S rRNA are 

interchangeable. Similar experiments, to determine whether eukaryotic 5S 

rRNA is incorporated into archaebacteriai ribosomes and archaebacteriai 5S 

rRNA is incorporated into eukaryotic ribosomes, have not been performed as 

yet.

16S rRNA

The sequences of 14 archaebacteriai 16S rRNAs have been determined 

(see Table 1 for references). The comparison of these sequences, as 

mentioned before, is the basis on which the uranching order among the 

different archaebacteriai groups has been established (see section on 

Phylogeny) (Woese and Olsen 1986, Woese 1987, Achenbach-Richter et al. 

1988).
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Cbmparison of these sequences with those of the eubacteria and 

eukaryotes, as in the case of 5S rRNA, has led to the proposal of a general 

secondary structural model for small subunit rRNA Rir a description of this 

model and a discussion of the differences among the small subunit rRNAs from 

the three kingdoms, the reader is referred to the reviews by Gutell etal. (1985), 

Woese (1987), and Dams etal. (1988).

Nucleotides that confer resistance to antibiotics in the eubacteria have also 

been identified in the archaebacteriai 16S rRNA sequences. A stable G-C  

pair, close to the 3' end of the molecule, at the positions equivalent to C1361- 

G1433 in Escherichia coli 16S rRNA, confers sensitivity to paromomycin, an 

antibiotic that affects translational fidelity (Li etal. 1982). All the archaebacteriai 

sequences analyzed have this base pair, and the organisms have been shown 

to be sensitive (0stergaard etal. 1987).

The C at position 860 in E.coli 16S rRNA is involved in determining the 

sensitivity to streptomycin, an antibiotic that affects translational accuracy 

(Montandon et al. 1985). All the archaebacteria, so far examined, except 

Desulfurococcus mobilis, have a U at that position and are insensitive. D. 

mobilis, like the eubacteria, has a C at that position and is the only 

archaebacteria known until now that is sensitive to Hiis antibiotic (Kjems et al. 

1987a).

23S rRNA

The complete sequences of six archaebacteriai 23S rRNAs have been 

determined (see Table 1 for references). Analysis of these sequences gives 

the same branching order as the 16S rRNA sequences, except that
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Methanococcus and Methanobacterium branch out together (Cedergren et al.

1988).

Phylogenetic comparisons have also been used to generate a general 

secondary structural model fnr the 23S rRNA (28S rRNA in the eukaryotes) 

from the three kingdoms. For a detailed discussion of the differences amo ig 

the 23S rRNAs from the three kingdoms, the reader is referred to the review by 

Gutell and Fox (1988).

Nucleotides involved in the sensitivity or resistance to certain antibiotics, 

have been identified in archaebacteriai 23S rRNAs. Archaebacteria, like the 

eukaryotes, are insensitive to erythromycin. This is due to the presence of a 

guanosine or a uridine residue, instead of an adenine at the equivalent 

position of base 2058 of Escherichia coli 23S rRNA (Jarsch and Bock 1985b, 

Leffers etal. 1987). In contrast, they are sensitive to thiostrepton, because like 

the eubacteria, they ha/e an adenine residue at the equivalent position of 

base 1067 in E. coli23S rRNA (Leffers etal. 1987). Finally, archaebacteria are 

sensitive to a-sarcin, a toxin that affects eukaryotic ribosomes. This toxin 

cleaves the rRNA within the sequence AGUACGAG/AGGAAC, with the dash 

indicating the site of cleavage (Leffers etal. 1987). Eubacteria, are insensitive, 

because they have a C instead of an A at the penultimate position of this 

sequence (Leffers etal. 1987).

Ribosomal Proteins

The number of ribosomal proteins present in archaebacteriai ribosomes 

seems to vary depending on the group. The halophiles, Methanobacteriales 

and Methanomicrobiales have small ribosomes with a size comparable to that 

of eubacterial ribosomes, and the number of ribosomal proteins is roughly the
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same (53-54) (Strom and Visentin 1973, Schmid etal. 1982, Cammarano etal.

1986). The sulfur-dependent thermophiles and the Methanococcales, on the 

other hand, have larger ribosomes that contain between 60-65 proteins 

(Schmid et al. 1982, Schmid and Bock 1982, Londei etal. 1983, Cammarano 

etal. 1986).

In contrast to other organisms, the ribosomal proteins from the extreme 

halophiles are very acidic (Bayley and Kushner 1964, Matheson 1985, Kimura 

eta l. 1989). A correlation has been found between the number of acidic 

ribosomal proteins and the internal salt concentration of the organism 

(Matheson 1985). The number of acidic proteins decreases as the internal salt 

concentration decreases from the extreme halophiles to the 

Methanobacteriales, to the Methanomicrobiales, to the Methanococcales and 

the sulfur-dependent thermophiles (Matheson 1985). For these reason, it has 

been proposed that the increased acidity of the ribosomal proteins in the 

extreme halophiles is an adaptation that allows the proteins to maintain their 

structure and function in the high internal salt concentration of the cell (Bayley 

and Morton 1978, Eisenberg and Wachtel 1987).

The complete sequences of several ribosomal proteins from the extreme 

halophiles (Itoh 1988, Kimura et al. 1989, Spiridonova etal. 1989) and the 

methanogens (Strobel etal. 1988, Kopke and Wittmann-Liebold 1989, Auer et 

al. 1989b, Kopke et al. 1989) as well as one from the sulfur-dependent 

thermophiles (Matheson etal. 1988) have been determined. In terms of 

homology, archaebacteriai ribosomal proteins can be divided into four groups 

(Kimura etal. 1989): 1] proteins homologous to eubacterial and eukaryotic 

ribosomal proteins, for example, L12 and L10 in Methanococcus vannielii 

(Strobel eta l. 1988, Kopke et al. 1989), L12 in Sulfolobus acidocaldarius
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(Matheson etal. 1988), L1, L10 and L11 in Halobacterium halobium (iioh

1988), L11, L1, L10, L12 in H.cutirubrum (Shimmin etal. 1989a), S14, S16, 

S19, L25 in H. marismortui (Kimura etal. 1989) 2] proteins homologous only to 

eukaryotic proteins, for example S12, S15, L16 in H. marismortui (Kimura etal.

1989) 3] proteins homologous to eubacterial proteins, for example, S11, S17, 

S18, L23, L33 in H. marismortui (Kimura et al. 1989) 4] proteins not 

homologous to either eubacterial or eukaryotic proteins, for example S6, S13, 

L29, L31 in H. marismortui (Kimura etal. 1989). Since all the ribosomal 

proteins from a eukaryotic ribosome have not been sequenced, the last two 

categories might change when more information is available.

The nomenclature for the ribosomal proteins in eubacteria and eukaryotes 

is based on the separation of the proteins in a two-dimensional gel system 

(Kaltschmidt and Wittmann 1970). In the case of Escherichia coli, all the 

proteins are resolved in a system in which the first dimension is an 8% 

polyacrylamide gel, pH 8.6 and the second dimension is an 18% 

polyacrylamide gel, pH 4.6 (Kaltschmidt and Wittmann 1970). The proteins are 

usually numbered starting from the top of the gel from left to right. Proteins from 

the small subunit are denoted with a letter S and those of the large subunit with 

a letter L (Kaltschmidt and Wittmann 1970).

In the case of the archaebacteriai ribosomal proteins, several different two- 

dimensional gel systems have been used to separate the proteins (see for 

example, Strom and Visentin 1973, Schmid and Bock 1982, Schmid ei al. 

1982, Londei et al. 1983). For this reason, one protein may have a different 

number depending on the system used. In order to avoid this confusion, the 

ribosomal proteins of Sulfolobus solfataricus, studied in this work, will be 

designated with the number of the equivalent protein in Escherichia coli. The
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first letter of the genus and the first two letters of the species will be used to 

indicate the organism. Thus, Sso L12, denotes the ribosomal protein of 

Sulfolobus solfataricus that is equivalent to the L12 protein of E. coli.

Protein Synthesis

Protein synthesis occurs in a series of well ordered steps which involve the 

interaction of different components (mRNA, tRNA, initiation factors, elongation 

factors, release factors) with different parts of the ribosome (see for example, 

Chambliss eta l. 1980, Hardesty and Kramer 1986). The process of protein 

synthesis can be divided into three steps: initiation, elongation and termination.

During initiation, the initiator tRNA carrying the first amino acid (formylme- 

thionine in eubacteria or methionine in eukaryotes and archaebacteria) binds 

to the initiation codon in the mRNA and occupies the P or peptidyl site of the 

ribosome. Elongation begins with the binding of an aminoacyl-tRNA to the A or 

aminoacyl site of the ribosome. A peptide bond is then formed between the 

amino group of the incoming aminoacyl-tRNA and the carboxyl group of the 

residue carried by the initiator tRNA. After the peptide bond is formed, 

translocation takes place and the peptidyl-tRNA moves from the A site to the P 

site, while the uncharged tRNA moves to the exit site (E) and leaves the 

ribosome. The movement of the peptidyl-tRNA from the A to the P site is 

accompanied by the movement of the mRNA, so that the next codon is 

positioned on the A site. The ribosome is then ready to start a new elongation 

cycle. Termination takes place when a termination codon in the mRNA is 

recognized by a release factor. The peptidyl-tRNA ester bond is hydrolyzed 

and the protein is released from the ribosome. Figures 5 and 6 show the 

different steps of protein synthesis in the eubacteria and eukaryotes
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respectively (for a detailed review of protein synthesis in eubacteria and 

eukaryotes the reader is referred to Spirin 1986 and Moldave 1985). Very little 

is known about the individual steps of protein synthesis in the archaebacteria. 

However, it is probable that the general process is very similar to that found in 

the other two kingdoms.

Initiation

The main differences between eubacteria and eukaryotes, in terms of the 

different steps of protein synthesis, have been found in the initiation step (see 

Figures 5 and 6) (Kozak 1983). Almost nothing is known about this step in the 

archaebacteria, except that, as in the eukaryotes, the methionine on the 

initiator tRNA is not formylated (Kuchino etal. 1982, Gupta 1985). In view of 

the fact that it is in this step where the major differences between the other two 

kingdoms exist, it is possible that this is where we will also find differences 

between the archaebacteria and the other two kingdoms.

Elongation

In contrast to the initiation step, the general scheme for the elongation cycle 

has been conserved in eubacteria and eukaryotes, and probably in the 

archaebacteria as well (see Figures 5 and 6). Elongation factors (EF) 

equivalent to those of eubacteria (EF-Tu and EF-G) and eukaryotes 

(designated E F -la  and EF-2 in this case), have been isolated from the 

archaebacteria (designated archaebacteriai elongation factors (aEF) 1 and 2) 

(Klink 1985).

The sensitivity of the archaebacteriai factors to certain antibiotics that react 

specifically with either eubacterial or eukaryotic elongation factors has also
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Figure 5. Protein synthesis in the eubacteria. Initiation: Initiation factors IF- 
1 and IF-3 bind to the 30S subunit and prevent its reassociation with the SOS 
subunit. IF-3 promotes the binding of mRNA. The AUG initiation codon is 
correctly positioned on the ribosome by the interaction of the Shine-Dalgarno 
(purine rich) sequence in the mRNA with the complementary (pyrimidine rich) 
region at the 3' end of the 16S rRNA. IF-2 forms a ternary complex with GTP 
and formylmethionine initiator tRNA. This complex binds to the ribosome at the 
P or peptidyl site and IF-3 is released from the ribosome. The 50S subunit 
binds to the 30S subunit, GTP is hydrolyzed and IF-2 leaves the ribosome in a 
complex with GDP. IF-1 is also released at ihis stage. The ribosome is then 
ready to start the elongation cycle. Elongation: At the beginning of the 
elongation cycle, formylmethionine-tRNA (if it is the first cycle) or a peptidyl- 
tRNA occupies the P site. Elongation factor EF-Tu forms a ternary complex 
with an amino acyl-tRNA, and GTP. The complex binds to the ribosome and 
positions the amino acyl-tRNA at the A or amino acyl site of the ribosome. GTP 
is hydrolyzed and EF-Tu leaves the ribosome in a complex with GDP. The EF- 
Tu*GDP complex interacts with EF-Ts and GTP, and the EF-TU»GTP complex is 
regenerated for a new elongation cycle. A peptide bond is formed between the 
amino group of the incoming amino acid and the carboxyl group of the 
peptidyl-tRNA at the P site. EF-G, in a complex with GTP, binds to the 
ribosome and promotes the translocation of the peptidyl tRNA from the A to the 
P site. The uncharged tRNA moves to the E or exit site and leaves the 
ribosome. The translocation cf the peptidyl tRNA from the A to the P site is 
accompanied by the movement of the mRNA, so that the next codon is 
positioned on the A site and a new elongation cycle can begin. Termination: 
Termination takes place when a termination codon in the mRNA is recognized 
by a release factor. RF-1 recognizes UAA and UGA, termination codons and 
RF-2 recognizes UAG and UGA termination codons. RF-3 stimulates the 
binding of either of these two factors in the presence of GTP. The release factor 
promotes the hydrolysis of the ester bond between the protein and the tRNA. 
The protein is released from the ribosome, GTP is hydrolyzed, and the release 
factor, mRNA and tRNA leave the ribosome. The two subunits dissociate and 
are then ready to begin the translation of a new mRNA. IF: initiation factor, fmet- 
tRNAj: formylmethionine-tRNA initiator, aa-tRNA: amino acyl tRNA, P: peptidyl 
site, A: amino acyl site, EF: elongation factor.
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Figure 6. Protein synthesis in the eukaryotes. Initiation: Initiation factors 
elF-3 and elF-6, bind to the 40S and 60S subunits, respectively, preventing 
their reassociation. elF-4C binds to the 40S subunit. Initiator methionine-tRNA 
forms a ternary complex with elF-2 and GTP and binds to the 40S subunit at 
the P or peptidyl site. Factors elF-1, elF-4A, elF-4B and elF-4F bind to the 
subunit and allow it to bind to the cap (7mGpppXpmY) at the 5' end of the 
mRNA. ATP is required for this process. The subunit, then moves down the 
mRNA until it encounters an AUG initiation codon in the proper context, that is 
within the sequence, ACCAUGG (Kozak 1983). ATP is also required for this 
process. The binding of elF-5 stimulates the hydrolysis of GTP, and the elF- 
2*GDP complex, as well as all the other factors, leave the ribosome. The large 
subunit joins the small subunit, and the ribosome is ready to start the 
elongation cycle. The elF-2*GDP complex reacts with the guanine exchange 
factor to regenerate the elF-2*GTP complex for a new initiation cycle. 
Elongation: At the beginning of the elongation cycle, methionine-tRNA (if it is 
the first cycle) or a peptidyl-tRNA is located on the P site of the ribosome. The 
binding of an amino acyl-tRNA to the A or amino acyl site of the ribosome, 
requires the formation of a ternary complex between the amino acyl-tRNA, GTP 
and elongation factor EF-1 (the a subunit). This ternary complex binds to the 
ribosome, GTP is hydrolyzed and EF-1 leaves the ribosome in a complex with 
GDP. The b subunit of EF-1 is responsible for the regeneration of the EF- 
1»GTP complex to be used in the next elongation cycle. A peptide bond is 
formed between the amino group of the incoming amino acid and the carboxyl 
group of the peptidyl-tRNA at the P site. EF-2, in a complex with GTP, binds to 
the ribosome and promotes the translocation of the peptidyl tRNA from the A to 
the P site. The uncharged tRNA moves to the E or exit site and leaves the 
ribosome. The translocation of the peptidyl tRNA from the A to the P site is 
accompanied by the movement of the mRNA, so that the next codon is 
positioned on the A site and a new elongation cycle can begin. Termination: 
Termination takes place when a termination codon in the mRNA is recognized 
by the release factor. The release factor in a complex with GTP binds to the 
ribosome and promotes the hydrolysis of the ester bond between the protein 
and the tRNA. The protein is released from the ribosome, GTP is hydrolyzed, 
and the release factor, mRNA and tRNA leave the ribosome. The two subunits 
dissociate and are then ready to begin the translation of a new mRNA. elF: 
eukaryotic initiation factor, met-tRNA: methionine-tRNA^ aa-tRNA: amino acyl 
tRNA initiator, P: peptidyl site, A: amino acyl site, EF: elongation factor.
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been determined. Like their eukaryotic counterparts, aEF-1 factors are not 

affected by kirromycin, an antibiotic that prevents the EF-Tu-GDP complex from 

leaving the ribosome in the eubacteria (Londei et al. 1986). However, with 

respect to pulvomycin, an antibiotic that prevents the formation of the ternary 

complex between EF-Tu-GTP and aminoacyl-tRNA in the eubacteria, but has 

no effect on EF-1 a, the different aEF-1 factors exhibit different sensitivities 

depending on the group from which they have been isolated. aEF-1 factors 

from the methanogens, halophiles and Thermococcus celer are sensitive to 

pulvomycin like the eubacteria! factors, while those from the sulfur-dependent 

extreme thermophiles are not, and therefore resemble their eukaryotic 

counterparts (Londei et al. 1986). This probably reflects the existence of 

structural differences between the aEF-1 factors from the methanogen- 

halophilic branch and the sulfur-dependent thermophilic branch of the 

archaebacteria (Londei et al. 1986).

Archaebacterial aEF-2 factors have been found to be sensitive to ADP- 

ribosylation by diphtheria toxin (Kessel and Klink 1980, Klink 1985). In this 

respect, they resemble the eukaryotic factors which are also modified by 

diphtheria toxin (Van Ness et al. 1980). The site of ADP-ribosylation has been 

identified as a modified histidine residue called diphthamide (Van Ness et al. 

1980). EF-G factors from eubacteria are not affected by diphtheria toxin 

because they lack the diphthamide residue (Van Ness et al. 1980).

The genes for aEF-1 and aEF-2, from the archaebacterium Methanococcus 

vannielii, have been cloned and sequenced (Lechner and Bock 1987, Lechner 

et al. 1988). Sequence comparison shows that the archaebacterial factors are 

more closely related to their eukaryotic counterparts than to the Escherichia 

coli elongation factors (Lechner and Bock 1987, Lechner et al. 1988).
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The sensitivity of archaebacterial ribosomes to other antibiotics that block 

the elongation cycle in the other two kingdoms has been tested by using in 

vitro polypeptide synthesis systems (Bock and Kandler 1985, Hummel et al. 

1985, Cammarano et al. 1985, Amils and Sanz 1986, Oliver et al. 1987). The 

antibiotics tested can be divided into three groups: 1] antibiotics mat only affect 

eubacteria, 2] antibiotics that only affect eukaryotes, 3] antibiotics that affect 

eubacteria and eukaryotes (Bock and KandL, 1985, Hummel et al. 1985, 

Cammarano et al. 1985, Amils and Sanz 1986, Oliver et al. 1987). In general, it 

has been found that archaebacteria display a varied spectrum of responses to 

the three groups of antibiotics, depending on the type of organism tested (Bock 

and Kandler 1985, Hummel ei al. 1985, Cammarano et al. 1985, Amils and 

Sanz 1986, Oliver et al. 1987). This is in contrast to the situation in the 

eubacteria, where a similar pattern has been observed throughout the 

kingdom; and the eukaryotes, where variations in the sensitivity have only 

been found in response to a subset of aminoglycoside antibiotics (gentamycin, 

kanamycin, neomycin, lividomycin, and paromycin) (Sanz et al. 1987).

With respect to the three groups of antibiotics tested, there appears to be a 

gradient of sensitivity going from the extreme sulfur-dependent thermophiles 

(including Thermococcus celer and Thermoplasma acidophilum), where 

Sulfolobus solfataricus is the least sensitive organism, to the halophiles and 

then to the methanogens, where Methanobacterium formicicum is the most 

sensitive (Cammarano et al. 1985, Am s and Sanz, 1986, Oliver et al. 1987, 

Sanz et al. 1987). This variability in the sensitivity to different antibiotics 

probably reflects differences in the structure of the ribosome within the 

aichaebacteria. The correlation of these sensitivity patterns with specific 

changes in the structure of the ribosome will provide new insights into the
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structural-functional relationships of the different components of the ribosome, 

as it has already done in the case of eubacteria and eukaryotes (Moazed and 

Noller 1989, Cundliffe 1986).

Termination

Like elongation, termination is similar in eubacteria and eukaryotes. In 

eubacteria, there are two release factors that recognize specific termination 

codons and promote the hydrolysis of the ester bond between the tRNA and 

the polypeptide chain: RF-1 (recognizes UAA and UGA) and RF-2 (UAG and 

UGA). There is also a third factor (RF-3) that stimulates the binding of the other 

two in the presence of GTP (Tate et al. 1973). Eukaryotes, on the other hand, 

only have one release factor that recognizes the three termination codons 

(Moldave 1985). GTP is also required for the binding of this factor to the 

ribosome. Nothing is known about the termination step of protein synthesis in 

the archaebacteria.

Organization of rRNA and Ribosomal Protein Genes 

rRNA Genes

The organization of the rRNA genes has been highly conserved both in the 

eubacteria and the eukaryotes. In most eubacteria, the rRNA genes are closely 

linked. They are organized in an operon and transcribed in the following order: 

5' 16S rRNA - 23S rRNA - 5S rRNA 3' (Nomura and Post 1980). An exception 

is Thermus thermophilus. In this organism, the 16S rRNA is not located near 

the 23S and 5S rRNA genes and is transcribed as a single unit (Hartmann and 

Erdmann 1989).
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In Escherichia coli, there are 7 copies of the rRNA operon while in Bacillus 

subtilis there are 9 or 10 copies (Nomura et al. 1977, Loughney et al. 1982). 

Genes that code for tRNAs have been found in the spacer between the 16S 

and 23S rRNA genes in eubacteria. In Escherichia coli, four of the operons 

have a gfutamic acid tRNA gene while the three others have an alanine and an 

isoleucine tRNA gene in the spacer (Morgan et al. 1977). In other eubacteria, 

like B. subtilis (Loughney et al. 1982) and Anacystis nidulans (Williamson and 

Doolittle 1983, Tomioka and Sugiura 1984), tRNA genes for alanine and 

isoleucine are also present in the spacer.

In the eukaryotes, the rRNA genes are organized as a transcriptional unit in 

the order 5' 18S rRNA - 5.8S rRNA - 28S rRNA 3', and are transcribed by RNA 

polymerase I (Planta and Meyerink 1980, Jacob 1986). These transcriptional 

units are tandemly repeated and their number can be very large (up to 19,300 

in the amphibian Ambystoma tigrinum) (see Long and Dawid 1980). There are 

no tRNA genes located between the 18S and 28S rRNA genes in eukaryotes. 

The 5S rRNA gene is unlinked and is transcribed by a different RNA 

polymerase: RNA pol III (Long and Dawid 1980). The number of 5S rRNA 

genes can also be very large (up to 9000 in the frog Xenopus borealis) (Long 

and Dawid 1980).

In the archaebacteria, the organization of the rRNA genes is more variable. 

In the methanogens and halophiles, the genes are as closely linked as in the 

eubacteria and in the same order (Neumann et al. 1983). A gene for alanine 

tRNA has been detected between the 16S and 23S rRNA genes in all the 

methanogens and halophiles so far examined (Achenbach-Richter et al. 1988). 

In the sulfur-dependent thermophiles, Thermococcus celer and Thermofilum 

pendens have the same organization of rRNA genes as the methanogens and
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the halophiles, except that they have an extra unlinked 5S rRNA gene 

(Neumann et al. 1983). The unlinked 5S rRNA gene in T. celer, has been 

sequenced and it is part of a small operon that includes an aspartic tRNA gene 

(Culham and Nazar 1988). An unlinked 5S rRNA gene is also present in 

Methanococcus vannielii. In this organism, the unlinked 5S rRNA gene is part 

of an operon including seven tRNA genes (Wich et al. 1984). In the case of 

Thermoproteus tenax, Sulfolobus acidocaldarius B12 and Desulfurococcus 

mobilis, the 16S and 23S rRNA genes are linked, but the 5S rRNA gene is 

unlinked (Neumann et al. 1983, Reiter et al. 1987b, Kjems and Garrett 1987). 

Finally, in Thermoplasma acidophilum, the three rRNA genes are unlinked (Tu 

and Zillig 1982, Ree et al. 1989). In all the sulfur-dependent thermophiles, 

except Thermococcus celer, there is no tRNA gene between the 16S and 23S 

rRNA genes (Achenbach-Richter etal. 1988).

The number of rRNA operons is also variable. There are four operons in 

Methanococcus vannielii (Jarsch et al. 1983), two in Methanobacterium  

thermoautotrophicum  (Ostergaard etal. 1987), Methanoihermus fervidus 

(Brown etal. 1989), and Halobacterium marismortui (Mevarech et al. 1989), 

and only one in all the other archaebacteria so far examined (Neumann et al.

1983).

Ribosomal Protein Genes

in the eubacteria, ribosomal protein genes are organized in operons 

(Nomura eta l. 1984, Ohkubo etal. 1987, Gross etal. 1989, Buttarelli etal.

1989). For example, in Escherichia coli, the ribosomal protein genes are 

arranged in 20 different operons. Besides ribosomal protein genes, these 

operons include genes that code for proteins involved in replication,
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transcription, translation and other cellular functions (for a review, see Nomura 

etal. 1984, Lindahl and Zengel 1986).

The regulation of the expression of these operons has been extensively 

studied (for a review, see Nomura etal. 1984, Nomura 1986). The main control 

mechanism is the autogenous regulation of the synthesis of ribosomal proteins 

at the translational level. When ribosomal proteins are synthesized in excess, 

certain ribosomal proteins are able to act as repressors of translation by 

binding to their mRNAs. A single protein is able to block the translation of all 

the cistrons present in a mRNA because the translation of ribosomal proteins is 

coupled, that is all the proteins in an operon are translated sequentially. For 

this reason, when the translation of the first protein is blocked, the rest of the 

proteins are not translated (Nomura 1986).

Proteins L1, L10, L4, S4, S7 and S8 have been identified as repressors of 

their respective operons (Nomura 1986, Lindahl and Zengel 1986). Under 

normal conditions, these proteins bind directly to their target sites in rRNA 

during ribosome assembly. However, when ribosomal proteins are 

synthesized in excess, there is not enough rRNA to bind these proteins, so 

instead these proteins interact with their own mRNA and inhibit further 

translation (Nomura 1986). The interaction with mRNA is possible because the 

mRNA has a region that has a similar structure to the binding site of these 

proteins in rRNA (see for example, Christensen etal. 1984, Kearney and 

Nomura 1987). Thus, the competition between the binding sites on the mRNA 

and rRNA adjusts the production of ribosomal proteins to match the synthesis 

of rRNA (Nomura 1986).

In contrast to the situation in the eubacteria, the ribosomal protein genes of 

the eukaryotes are dispersed through the genome (D'Eustachio etal. 1981,
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Woolford and Rosbash 1981, Planta etal. 1986, Warner etal. 1986, Mager 

1988). Very few examples of genes that are closely clustered have been found, 

like the following pairs of ribosomal protein genes in yeast: rp29-L32 (Warner 

eta l. 1985), S24-L46 (Leer eta l. 1985a) and rp28-S16A (Molenaar e ta l. 

1984) as well as the two copies of the rpS14 gene in Drosophila melanogaster 

(Brown et al. 1988b). However, there is no evidence that the transcription of 

one gene has any effect on the transcription of the other (Mager 1988).

In most cases, ribosomal protein genes in the eukaryotes are present in 

more than one copy. Some exceptions are the ribosomal protein genes in 

Dictyostelium discoideum (Steel and Jacobson 1986), and the rpC25, rp 1 to 6 

ribosomal protein genes in Drosophila (Vaslet et al. 1980, Fabijanski and 

Pellegrini 1982) and L3, L25, L29, L46, S24 and rp59 in yeast (Larkin and 

Woolford 1983, Mager 1988).

Most of the ribosomal protein genes in yeast are duplicated, and in all the 

cases so far examined, both copies are functional (Woolford et al. 1979, Fried 

et al. 1981, Leer etal. 1985b, Mager 1988). In Xenopus laevis, two functional 

copies of the genes coding for ribosomal proteins L1, L14 and S19 have been 

detected while there are four or five copies of the S1, S8 and L32 genes 

(Bozzoni et al. 1981). In mammals, on the other hand, there are between 7 

and 20 copies of each ribosomal protein gene (Monk etal. 1981). In general, it 

has been found that only one copy is functional, while the others are 

processed pseudogenes which are not expressed (Dudov and Perry 1984, 

Peled-Yalif et al. 1984, Wiedemann and Perry 1984, Wagner and Perry 1985, 

Kuzumaki etal. 1987, Chen and Roufa 1988).

Like most eukaryotic genes, eukaryotic ribosomal protein genes contain 

introns (Mager 1988). For example, the L1 gene in Xenopus laevis has 9
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introns (Loreni etal. 1985), while the S17 get'is in humans contains 4 introns 

(Chen and Roufa 1988) In yeast, the introns are usually located near the 5' 

end of the gene, while in other eukaryotes they can be located anywhere along 

the gene (Teem etal. 1984, Planta etal. 1986, Warner etal. 1986, Loreni etal. 

1985, Larkin etal. 1987, Chen and Roufa 1988).

The regulation of the synthesis of ribosomal proteins in the eukaryotes, can 

occur at different levels: transcription, mRNA processing, mRNA stability, 

efficiency of translation and turnover of excess protein (for a detailed 

discussion of these regulatory mechanisms, the reader is referred to Planta et 

al. 1986, Warner etal. 1986, Mager 1988 and Warner 1989).

In the archeabacteria, it has recently been determined that the ribosomal 

protein genes are organized in operons. In many cases, the order of the genes 

is similar to that found in the eubacteria, but the organization of each 

transcriptional unit is different (see Itoh 1988, Auer etal. 1989b, Shimmin and 

Dennis 1989). The mechanism by which archaebacteria control the expression 

of these genes is unknown.

The L7/L12 Domain and the Purpose of this Dissertation

One of the regions of the large ribosomal subunit that has been conserved 

through evolution, is the so called "stalk". This structure has been observed in 

the ribosomes from members of the three kingdoms (see Figure 3) (Lake 1985, 

Harauz etal. 1987).

From a functional point of view, this domain is important because it is the 

site of interaction of the initiation, elongation and termination factors on the 

ribosome and is involved in triggering the GTPase activity of these factors 

(Hamel etal. 1972, Heimark etal. 1976, Girshovich et al. 1981, Moller etal.
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1983, Rychlik etal. 1983, Skold 1983, Traut etal. 1986, Moazed etal. 1988). 

Furthermore, this domain is also involved in the regulation of translational 

accuracy (Kirsebom and Isaksson 1985, Kirsebom etal. 1986).

In Escherichia coli, the stalk is formed by protein L7/L12 (MQIIer and 

Castleman 1967, Boublik et al. 1976, Strycharz et al. 1978, Moller etal. 1983). 

This is a small acidic protein, rich in alanine, that exists in two different forms. 

One form has the N-terminal serine residue acetylated (L7) while the other is 

unmodified (L12) (Terhorst etal. 1973). The reason for this modification is 

unclear, since there is no functional difference between the two forms and 

mutants that only produce L12, show no alterations in their phenotypes 

(Watson etal. 1975).

Physical studies of the Eco L7/L12 protein have revealed that it has a very 

elongated shape and a high a  helical content (Osterberg etal. 1976, Gudkov 

et al. 1977, 1978, 1981, Luer and Wong 1979). The protein also has a very 

flexible structure (Gudkov etal. 1982, Cowgill etal. 1984, Bushuev etal. 1989) 

and this flexibility seems to be important for the function of the ribosome since 

the L7/L12 protein undergoes a conformational change when EF-G binds to 

the ribosome (Gudkov and Gongadze 1984). The complete sequence of the 

Eco L7/L12 protein has been determined (see Figure 7) (Terhorst et al. 1973), 

as well as the sequence of eight L12-like proteins from other eubacteria (Itoh 

and Wittmann-Liebold 1978, Yaguchi etal. 1980, Itoh 1981, Itoh etal. 1982, 

Itoh and Higo 1983, Itoh and Otaka 1984, Garland et al. 1987, Matheson et al.

1987).

The Eco L7/L12 protein contains two well defined structural domains joined 

by a flexible region or hinge (see Figure 7) (Liljas 1982, Liljas and Leijonmarck 

1983, Liljas etal. 1986a, Leijonmarck and Liljas 1987). This region is also



46

present in the other eubacterial proteins and is the reason why the proteins are 

so flexible (Bushuev etal. 1989).

The N-terminal domain j  elongated and has a high a  helix content (Luer 

and Wong 1979, Gudkov etal. 1980) while the C-terminal domain has a plum­

shaped globular structure (Liljas 1982, Liljas and Leijonmarck 1983, Liljas et 

al. 1986a, Leijonmarck and Liljas 1987). The C-terminal domain has been 

crystali.zed and studied at 1.7 A resolution (Leijonmarck and Liljas 1987). This 

domain is formed by three a  helices and three antiparallel (3 strands, arranged 

in the order (51 a1 a2 (52 a3 (53 (see Figure 7) (Leijonmarck and Liljas 1987). 

The three a  helices are packed on one surface, forming a layer, while the three 

(5 sheets form a second layer. In between the two layers, there is a core of 

hydrophobic residues (Liljas 1982, Liljas and Leijonmarck 1983, Liljas etal. 

1986a, Leijonmarck and Liljas 1987). A similar structural motif has been 

observed in the Eco L30 ribosomal protein (Wilson etal. 1986), so it has been 

suggested that this might be a common structural feature of ribosomal proteins 

(Leijonmarck etal. 1988).

Recently, Rice and Steitz (1989) have shown that the C-terminal domain 

has a helix-turn-helix motif (residues 69-87) similar to the one found in many 

DNA-binding regulatory proteins. These authors speculate that this region 

might be involved in an interaction with RNA. However, it should be noted that 

the L7/L12 protein does not bind directly to rRNA. It binds to the ribosome 

through its interaction with ribosomal protein L10 (Dijk et al. 1979, Pettersson 

1979, Tokimatsu etal. 1981).

Protein L7/L12 is unique in that four copies are present per ribosome 

(Hardy 1975, Subramanian 1975). It is believed that these four copies are 

present in the form of two dimers on the ribosome, since protein L7/L12 readily
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Figure 7. Structure of the L7/L12 ribosomal protein from Escherichia coli.
A. Monomer showing the three domains of the protein (Drawn after Liljas 1982)
B. Parallel dimer (Drawn after Uljas 1982) C. Staggered dimer (Drawn after 
Maassen etal. 1981) D. Antiparallel dimer (Drawn after Gudkov etal. 1980) E. 
Sequence of the Eco L12 protein. The three domains are indicated (Terhorst et 
al. 1973) F. Structure of the C-terminal domain (Adapted from Spirin 1986) N: 
N-terminal domain, C: C-terminal domain, a: a helix, (3: p sheet.
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forms a dimer in solution (Moller et al. 1933). Support for the idea that the 

dimer is the active form of the protein on the ribosome, comes from the 

observation that when the dimerization of the protein is prevented by chemical 

modification, the monomer is unable to interact with the ribosome (Koteliansky 

etal. 1978).

The N-terminal region of the protein has been shown to be involved in the 

dimerization, since oxidation of the methionine residues at positions 14, 15 

and 26 or cleavage of the first 26 amino acids with cyanogen bromide prevents 

the formation of the dimer (Gudkov and Behlke 1978, Gudkov etal. 1980). It is 

thought that hydrophobic interactions between the two N-terminal regions of 

the monomers are responsible for the dimerization (Gudkov et al. 1980, l.uer 

and Wong 1979).

Physical studies of the dimer have shown that it is very elongated, with a 

maximum length of 135 A (Osterberg et al. 1976). Two different models have 

been proposed to explain the arrangement of the two monomers in the dimer.

Gudkov et al. (1980) have proposed that the monomers are arranged in an 

antiparallel fashion. In this model, the carboxy terminal halves of each 

monomer are foided into a globular structure that has a hydrophobic cavity into 

which the first eleven amino acids of the opposite monomer are inserted during 

dimerization. Residues 16 to 41 form an a  helix and the helices of both 

monomers are held together by hydrophobic interactions (see Figure 7 D).

Luer and Wong (1979), and Liljas (1982) have proposed that the 

monomers are arranged in a parallel fashion, with the two N-termini located at 

one end and the two carboxy-termini at the other end (see Figure 7 B). As in 

the previous model, the two N-termini are held together by hydrophobic 

interactions.
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Although the arrangement of the monomers in the dimers has not been 

definitively established, the parallel model seems to be the most likely for the 

following reasons: 1] circular dichroism spectra of the dimer show that there is 

an interaction between two phenylalanine residues that cannot be explained 

by the antiparallel model (Luer and Wong 1979), 2] the cross-linking observed 

between lysine 51 of one monomer and lysine 29 of the other one, cannot be 

explained by the antiparallel model since these two residues would be located 

too far away from each other for the cross-linking to occur (Maassen et al. 

1981), 3] the crystalline dimer of the carboxy terminal fragment of protein 

L7/L12 suggests a parallel alignment (Liljas 1982).

The cross-linking between lysine 51 and lysine 29, led to the proposal that 

the monomers are aligned in a parallel but staggered fashion since in this way 

both residues would be located in a better position for the cross-linking to take 

place than in the symmetrical arrangement (see Figure 7 C) (Maassen et al.

1981). However, nuclear magnetic resonance data from the dimer, indicate 

that the monomers have a symmetrical arrangement (Bushuev etal. 1984). 

Since the parallel symmetrical model seems the most probable, the L7/L12 

dimer is drawn in this way in Figure 8.

The location of the two L7/L12 dimers on the ribosome has been the 

subject of a lot of controversy. Based on the observation that antibodies 

against the Eco L7/L12 protein only bind to the stalk of the large subunit and 

that in some cases up to four IgG polyclonal antibodies could be observed 

binding at the tip of the stalk, several authors concluded that the two dimers are 

aligned parallel to each other in the stalk (Strycharz et al. 1978, Tokimatsu et 

al. 1981). However, energy transfer measurements between fluorescent 

probes attached to each dimer, suggested that there is a certain contact angle
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between the two dimers (Zantema et at. 1982, Thielen et al. 1984). This led to 

the proposal that one dimer forms the stalk while the other is bent on the body 

of the large subunit (Zantema et al. 1982, Thielen et al. 1984). Support for 

this idea came from the observation of cross-links between the L7/L12 protein 

and the L5 protein which is located in the central protuberance away from the 

stalk (Traut et al. 1983) and from electron microscopy studies of reconstituted 

ribosomal subunits, which showed that only one dimer is needed to regenerate 

the stalk (Moller et al. 1983). Recently, Olson etal. (1986), using monoclonal 

antibodies against the N- and C-terminal regions of the Eco L7/L12 protein, 

were able to demonstrate that only one of the dimers forms the stalk, while the 

other dimer is located on the body of the large subunit (see Figure 8).

As mentioned before, the two L7/L12 dimers bind to the ribosome through 

their interaction with ribosomal protein L10 (Dijk et al. 19779, Pettersson 1979, 

Tokimatsu et al. 1981). The N-terminal domain of the L7/L12 monomers is 

responsible for this interaction (Gudkov et al. 1980, Schop and Maassen

1982). The binding sites of the dimers are located in the C-terminal region of 

protein L10 (residues 71-165) (Gudkov etal. 1980).

Reconstitution experiments have shown that the two binding sites are filled 

at equal rates. However, one binding site is stronger than the other since 

conditions have been found where one dimer can be selectively removed from 

the ribosome (Mailer etal. 1983, Moller and Maassen 1986). The presence of 

a weak and a strong binding site has also been shown with the use of 

fluorescein-labeled L7/L12 dimers (Zantema et al. 1982) and with a 

monoclonal antibody directed against the N-terminal region of the Eco L7/L12 

protein (Tewari etal. 1986, Traut etal. 1986). This antibody causes the release 

of one dimer, while the other remains bound to the ribosome together with the
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Figure 8. The L7/L12 domain. A. Structure of the L7/L12 domain. The L7/L12 
dimer is shown in the parallel arrangement. B. Localization of the differed 
components of the L7/L12 domain on the ribosome (Drawn after Olson et al. 
1986). N: N-terminal domain, C: C-terminal domain.
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antibody (Tewari etal. 1986, Traut etal. 1986).

The pentameric complex formed by the two L7/L12 dimers and one copy of 

protein L10 can be easily extracted from the ribosome (Pettersson etal. 1976, 

Pettersson and Liljas 1979, Pettersson 1979). In fact, at one time, the complex 

was erroneously identified as a ribosomal protein (L8) (Pettersson etal. 1976).

The L7/L12-L10 complex binds to the ribosome through the interaction of 

the N-terminal region of protein L10 with 23S rRNA (see Figure 8 ) (Gudkov et 

al. 1980). The binding site of this protein on the 23S rRNA has been 

determined. It includes nucleotides 1028-1124 and overlaps the binding site 

of another ribosomal protein: Eco L11 (residues 1052-1112) (Pettersson 1979, 

Dijk etal. 1979, Schmidt et al. 1981, Beauclerk etal. 1984). In fact, it has been 

found that there is mutual cooperativity in the binding of these two ribosomal 

proteins to the 23S rRNA (Peterseon 1979, Dijk et al. 1979). The general 

structure of the whole domain is shown in Figure 8.

Acidic proteins that are equivalent to the L7/L12 Escherichia coli protein, 

have been isolated from the eukaryotes (Amons etal. 1979, 1982, Lin etal. 

1982, Maassen etal. 1985, Wigboldus 1987, Beltrame and Bianchi 1987, Qian 

et al. 1987, Rich and Steitz 1987, Ferro and Reinach 1988, Mitsui and Tsurugi 

1988 b, c, Remacha et al. 1988, Shimmin etal. 1989a). Like their eubacterial 

counterparts, these proteins interact with the elongation factors and are 

responsible for triggering their GTPase activity (MacConnell and Kaplan 1980, 

1982, Sanchez-Madrid etal. 1979).

In the eukaryotes, these proteins can be phosphorylated, and at least in 

yeast, the phosphorylation seems to regulate the affinity of the proteins for the 

ribosome (Sanchez-Madrid etal. 1981b, Juan-Vidales etal. 1984).
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The eukaryotic acidic ribosomal proteins can be divided into two families 

designated P1 and PC. The P1 family has a conserved tryptophan residue in 

the N-terminal region (position 43 in Figure 27 Results and Discussion) and 

only one tyrosine (Anions etal. 1982, Maassen etal. 1985, Wigboldus 1987, 

Ferro and Reinach 1988, Rich and Steitz 1987, Remacha et al. 1988, Mitsui 

and Tsurugi 1988 b, Shimmin etal. 1989a). The P2 family lacks the tryptophan 

residue and has two tyrosines in the N-terminal region (see Figure 26 Results 

and Discussion) (Amons eta l. 1979, Lin eta l. 1982, Maassen etal. 1985, 

Beltrame and Bianchi 1987, Qian etal. 1987, Rich and Steitz 1987, Mitsui and 

Tsurugi 1988 c, Remacha etal. 1988, Shimmin etal. 1989a). Both families 

have very similar highly charged C-terminal domains (see Figures 26 and 27 

Results and Discussion) (Amons etal. 1979, 1982, Lin et al. 1982, Maassen et 

al. 1985, Wigboldus 1987, Beltrame and Bianchi 1987, Qian etal. 1987, Rich 

and Steitz 1987, Ferro and Reinach 1988, Mitsui and Tsurugi 1988 b, c, 

Remacha etal. 1988, Shimmiri etal. 1989a).

All the eukaryotes examined until now, except yeast, have two identical 

proteins from each family (Amons etal. 1979, 1982, Lin etal. 1982, Maassen et 

al. 1985, Wigboldus 1987, Beltrame and Bianchi 1987, Qian etal. 1987, Rich 

and Steitz 1987, Ferro and Reinach 1988, Mitsui and Tsurugi 1988 b, c, 

Remacha et al. 1988, Shimmin et al. 1989a). Yeast, and probably other fungi 

(Hansenula anomala, Geothricum lactis) as well, have two different proteins 

from each family (Remacha etal. 1988, Shimmin etal. 1989a). The reason for 

this difference is not known.

The eukaryotic acidic proteins, like their eubacterial counterparts, are also 

\ ry flexible (Gudkov etal. 1981, Cowgill etal. 1884). In fact, they have an 

alanine rich region located in front of the highly charged C-terminal domain,
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that resembles the hinge region of the eubactenal L12 proteins (see Figures 

26 and 27, Results and Discussion) (Amons etal, 1979, 1982, Lin etal. 1982, 

Maassen etal. 1985, Wigboldus 1S87, Beltrame and Bianchi 1987, Qian etal. 

1987, Rich and Steitz 1987, Ferro and Reinach 1988, Mitsui and Tsurugi 1988 

b, c, Remacha etal. 1988, Shimmin etal. 1989a, Bushuev etal. 1989).

The eukaryotic acidic proteins can also form dimers in solution (Gudkov et 

al. 1981). Although there are no models regarding the arrangement of the 

eukaryotic proteins in the dimer, it is known that the P1 and P2 proteins only 

form homodimers, since heterodimers could not be detected by cross-linking 

(Uchiumi etal. 1987).

In the eukaryotes, the two dimers have been shown to bind to the ribosome 

through their interaction with a protein called PO, which appears to have the 

same role as protein L10 in Escherichia coli (Uchiumi et al. 1987). Thus the 

general structure of the stalk domain seems to have been conserved in these 

two kingdoms.

Acidic proteins equivalent to the eubacterial and eukaryotic L12 proteins 

have also been isolated from the archaebacteria (Matheson etal. 1980, 1988, 

Strobel eta l. 1988, Itoh etal. 1S88, Shimmin and Dennis 1989). Sequence 

comparison of the acidic proteins from the three kingdoms has revealed that 

these proteins can be divided into two groups: one formed by the eukaryotic- 

archaebacterial acidic proteins and another by the eubacterial proteins (for a 

review, see Matheson 1985, Wittmann-Liebold 1986). Alignment between the 

proteins from both groups has proved to be difficult, and several models have 

been proposed in which different regions of the proteins are rearranged to 

obtain an alignment (Amons etal. 1979, Yaguchi, etal. 1980, Lin etal. 1982, 

Matheson 1985, Otaka etal. 1985, Liljas etal. 1986b, Shimmin etal. 1989b).
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These models will be discussed in detail in the section on the Sso L12 gene 

(Results and Discussion). However, even though it is difficult to align the 

proteins from both groups, there is some evidence that the eukaryotic and 

eubacterial proteins are functionally interchangeable (Stoffler etal. 1974, Wool 

and Stoffler 1974, Moller etal. 1975, Sanchez-Madrid etal. 1981b).

From a genetic point of view, the genes that code for these proteins are also 

interesting since they are organized in a very different way in eubacteria and in 

eukaryotes. In Escherichia coli, the genes that code for ribosomal proteins 

L12, L10 and L11 are located together with the genes for another ribosomal 

protein: L1, and the p and P' subunits of RNA polymerase in the rif region of the 

chromosome (89 min; (Post etal. I97S, Nomura e ta l. 1984). They are 

organized in two operons: the L11 operon formed by the L11 and L1 genes 

and the L10 operon containing the genes for L10 and L12 as well as the genes 

for the two subunits of the RNA polymerase (Post etal. 1979, Nomura et al. 

1984). In contrast, in the eukaryotes, the genes that code for the acidic 

proteins are dispersed through the genome and each one has its own 

promoter (Maassen eta l. 1985, Qian e ta l. 1987, Remacha et al. 1988, 

Shimmin etal. 1989a). In yeast and Drosophila melanogaster, there is only 

one copy of each gene, while in Artemia salina there appears to be 4 or 5 

copies of each rane (Maassen et al. 1985, Qian et al. 1987, Remacha et al. 

1988). One of the genes that codes for the acidic proteins in yeast has an 

intron (Remacha et al. 1988, Shimmin etal. 1989a). In Drosophila, the only 

gene that has been studied is intronless (Qian et al. 1987) and in Artemia the 

presence of introns has nr,>. been established (Maassen etal. 1985).

Since the structure of the components of the L7/L12 domain is so different 

in the eubacteria and the eukaryotes, one of the main objectives of this
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dissertation was to determine the sequence of the different components of this 

domain in the archaebacteria and compare them to those from the other two 

kingdoms. A second objective was to determine the organization of the genes 

that code for the components of this domain and study their transcription, in 

order to get a better understanding of gene expression in the archaebacteria.
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Materials and Methods

All the glassware, pipette tips and Epper dorf tubes were autoclaved. All the 

solutions were prepared with deionized, distilled water and autoclaved or 

filtered sterilized. Phenol, buffers, culture media, antibiotics and other solutions 

commonly used in molecular biology experiments were prepared and stored 

as described by Maniatis etal. (1982). General chemical reagents were 

obtained from Sigma, BDH Chemicals or Fisher Scientific. Ultrapure phenol 

and agarose for molecular biology were obtained from Bethesda Research 

Laboratories. Acrylamide, N.N'-Methylene bisacrylamide, sodium 

dodecylsulfate (SDS), ammonium persulfate and ultrapure urea were 

purchased from Serva. Tryptone, yeast extract, casamino acids and agar were 

obtained from Difco. N-Z amine was purchased from ICN Nutritional 

Biochemicals. Isopropylthiogalactoside (IPTG), vitamin B1, ribonuclease A and 

lysozyme were obtained from Sigma. Actinomycin D, proteinase K, tRNA and 

5-dibromo 4-chloro 3-indolylgalactoside (Xgal) were purchased from 

Boehringer Mannheim. Calf thymus DNA, deoxyadenosine 5'-triphosphate 

(dATP), deoxyguanosine 5'-triphosphate (dGTP), deoxythymidine 5'- 

triphosphate (dTTP), deoxycytidine 5'-triphosphate (dCTP), dideoxyadenosine 

5'-triphosphate (ddATP), dideoxyguanosine 5'-triphosphate (ddGTP), 

dideoxythymidine 5’-triphosphate (ddTTP) and dideoxycytidine 5'-triphosphate 

(ddCTP) were obtained from Pharmacia. M13 universal sequencing primer 

was purchased from New England Biolabs. The source of enzymes, 

radio nucleotides and other special chemical reagents will be described in the 

following sections.
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Growth of Sulfolobus solfataricus

Sulfolobus solfataricus (strain P1) cells were a gift of Dr. Norman Pace. 

They were grown (500 ml cultures) at 85°C and pH 4.0 in a medium containing 

per liter: 1.0 g yeast extract, 1.0 g tryptone, 3.1 g KH2 PO4 , 0.75 g KCI, 2.5 g 

(NH4 )2 S0 4 , 0.2 g MgS0 4 .7 H2 0 , 0.25 g CaCl2 and 1 ml of a trace metal mix 

(Pace, personal communication). The trace metal mix contained per 100 ml: 

180 mg MgCl2 .4 H2 0 , 450 mg Na2 B4 C>7 .1 0 H2 O, 22 mg ZnS0 4 .7 H2 0 , 5 mg 

CuCl2 -2 H2 0 , 3 mg NaMo0 4 , 3 mg VOSO4 .2 H2 O and 1 mg C0 SO4 .7 H2 O. 

The pH was monitored during growth and adjusted to 4.0 with H2 SO4 . When 

the cultures reached mid log phase (A540nm 0.3) (for RNA extraction) or late 

log (A540nm 0.6), they were rapidly cooled on ice to 4°C and harvested by 

spinning in a GSA rotor at 5000 rpm for 10 min at 0°C in a Sorvall RC-5B 

centrifuge. The cells were either used immediately or stored at -70°C

Other Archaebacterial Cells

Samples of Methanobacterium thermoautotrophicum and Thermoproteus 

tenax were a gift from Dr. W. Zillig. The different archaebacterial cells were kept 

frozen at -70°C until their DNA was extracted.

Bacterial Strains and Vectors

Table 3 shows the bacterial strains and Table 4 shows the vectors, used in 

this work. Escherichia coli Q358, Q359 and phage EMBL 3 were provided by 

Dr. P. Dennis. Plasmid pUC 18 was a gift of Dr. P. Romaniuk. Escherichia coli 

JM103, JM105 and phage M13mp7 were obtained from Pharmacia.
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S tra in G e n o ty p e R e fe re n c e

Q358 hsdR, supE. ton A Kam etal. 1980

Q359 hsdR. supE, tonA (P2) Kam etal. 1980

JM103 supE, thi, A(lac-proAB), strA, 

sbcB15, end A, hsdRA, IF', 

traDSS. proAB, lacl^ZAM151

Messing etal. 1981

JM105 thi, rpsL, endA, sbcBl 5 , 

h sd R 4 , A (lac-proAB), IF ', 

traDQS.proAB. laal 9 2AM151

Yanisch-Perron etal. 1985

Table 4 Vectors

V e c to r Size (Kb) Recom binant selection R e fe re n c e

phage EMBL3 44.0 s p i (s_ensitive to £_2 

interference)

Frischauf etal. 1983

phage M13mp7 7.2 inactivation of the p-galacto- 

sidase gene, white plaques on 

xaal-IPTG plates

Messing etal. 1981

plasmid pUC 18 2.7 inactivation of the |J galactosi- 

dase gene, white colonies on 

xaal-IPTG plates

Yanisch-Perron eta l. 

1985
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Growth of the Different Bacterial Strains and Vectors

Q358, Q359, EMBL 3 and Recombinant Phages

Q358 and Q359 were grown with aeration at 37°C in NZYC media 

(Maniatis etal. 1982). Phage EMBL 3 was grown as a liquid lysate by infecting 

a stationary culture of Q358 at 37°C (Maniatis et al. 1982). Recombinant 

phages were grown in the same way except that Q359 was used as the host 

(Kam et al. 1980, Frischauf et al. 1983). After lysis of the culture, the phages 

were precipitated and their DNA extracted following the procedure described 

by Maniatis etal. (1982).

JM103, JM105, M13mp7 and pUC 18

JM103 was grown in M9 minimal salt medium with glucose and vitamin B1 

in the abst.ice of amino acids to prevent the loss of the P  episome which is 

needed for phage infection (Messing 1983).

M13mp7 and recombinant phages were grown by infecting exponentially 

growing JM103 cells in 2x YT media as described by Messing (1983). 

Replicative form phage DNA was isolated using the method for plasmid 

purification of Birnboim and Doly (1979).

JM105 cells were grown in LB media at 37°C as described by Messing 

(1983). Cells containing either pUC 18 or recombinant plasmids were grown at 

37°C in LB media containing 50 |ig/ml of ampicillin (Sigma) (Yanisch-Perron et 

al. 1985). Plasmids were extrac id by the procedure of Birnboim and Doly 

(1979).

DNA Extraction

DNA from Sulfoiobus solfataricus, Methanobacterium thermoautotro- 

phicum, and Thermoproteus tenax was extracted following the procedure of
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Marmur (1961). Briefly, the cells were suspended in 150 mM NaCI, 100 mM 

ethylenediaminetetraacetic acid (EDTA), pH 8.0 and 2% SDS. The solution 

was boiled for 3 minutec. and rapidly cooled on ice. Cell debris was spun down 

in a SS34 rotor at 5000 rpm for 5 minutes at 10°C in a Sorvall RC-5B 

centrifuge. The supernatant was removed and extracted two times with phenol 

and three times with chloroform. After extraction, the DNA was purified by 

centrifugation through a CsCI gradient as described by Maniatis etal. (1982). 

DNA was dissolved in 1 ml 10 mM Tris-HCI, 1 mM EDTA, pH 7.5 and stored at 

4 °C.

RNA Extraction

Ail the glassware and all the solutions were first treated with diethyl 

pyrocarbonate (DEPC) (Sigma) and then autoclaved to eliminate 

ribonucleases (Blumberg 1987). RNA was extracted according to the hot 

phenol (60°C) method of Aiba et al. (1981). RNA was dissolved in 1 ml of 

DEPC-treated sterile water and stored at -20°C.

Restriction Endonuclease Digestions

Digestion of DNA from Sulfolobus, other archaebacterial cells, vectors and 

clones with restriction endonucleases, was performed in the buffers and under 

the conditions suggested by the manufacturer. Table 5 shows the enzymes 

used in this work, their recognition sequence and their source.
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E n zym e Recognition sequence * S o u rc e

Alu I AG/CT Pharmacia

Bam HI GG/GATCC Pharmacia

Ode I C/TNAG Pharmacia

Oral 1 1 1/AAA Pharmacia

EcoRI G/AATTC Pharmacia

Hind III A/AGCTT Pharmacia

Hint I G/ANTC Boehringer Mannheim

Nhel G/CTAGC Boehringer Mannheim

Pstl CTGCA/G Pharmacia

Sspl AAT/ATT Biolabs

Xho I C/TCGAG Pharmacia

Xholl Pu/GATCPy Boehringer Mannheim

* N any nucleotide, Pu purines, Py pyrimidines. A dash indicates the position of the cut.

When it was necessary to perform double digests, the DNA was ethanol 

precipitated after the first digestion, before resuspending in the appropiate 

buffer for the second enzyme. Ethanol precipitations were performed by the 

method described by Maniatis etal. (1982) for 30 minutes at -70°C.

Synthesis of Probes and Primers

Primers and probes were kindly synthesized by Dr. P. Romaniuk on a 

Biosearch 8600 DNA Synthesizer, using the phosphite method (Sinha et al.

1984). After the synthesis was completed, the oligonucleotides were
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deprotected by incubating them in 1 mi of concentrated ammonium hydroxide 

solution, first at room temperature for one hour and then at 50°C overnight 

(Biosearch Model 8600 Instruction Manual 1985). After the incubation, the 

ammonium hydroxide solution was evaporated on a RH40-11 Speed Vac 

Concentrator. The dry oligonucleotides were dissolved in 100 pi sterile distilled 

water and their concentration determined by reading their absorbance at 260 

nm. Ten O.D. units of each oligonucleotide were purified by polyacrylamide gel 

electrophoresis and reverse phase chromatography in a C18 Sep-Pak column 

(Waters Associates) as described by Atkinson and Smith (1984). After 

purification, the oligonucleotides were stored at -20°C.

Labeling of Probes

Oligonucleotide probes were 5'-end labeled with T4 polynucleotide kinase 

(Pharmacia) and y32p  ATP (adenosine 5'-triphosphate, 3000 Ci/mmol, New 

England Nuclear) following the procedure described by Maniatis etal. (1982). 

After labeling, 10 pi of the reaction were diluted to a final volume of 200 pi with 

water. One microliter of this dilution was dissolved in 4 ml aquasol (New 

England Nuclear) and counted in a Beckman LS 8100 liquid scintillation 

counter. Aliquots containing between 10 to 50 million cpm were used for 

hybridizations (see Dot Blots, Southern Blots, Unblots and Northern Blots).

Dot Blots

Dot blot hybridizations were performed in order to determine the conditions 

under which the oligonucleotide probe mixes for the Sso L12 gene would bind 

stringently to Sulfolobus solfataricus DNA. DNA from Sulfolobus and lambda 

phage (as a control) was spotted directly onto nitrocellulose filters (Fisher
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Scientific). The filters were soaked two times in 0.5 M NaOH, 1.5 M NaCI for 

two minutes to denature the DNA and neutralized by soaking twice for two 

minutes in 0.5 M Tris-HCI, pH 7.5, 3 M NaCI. The filters were then baked for 90 

minutes in an 80°C oven to fix the DNA to the membrane

Prehybridization of the filters was carried out for 3 hours at 65°C in 5 ml of 

6x SSC (sodium chloride, sodium citrate) (1x SSC: 0.15 M NaCI, 0.015 M 

sodium citrate) and 10x Denhardt's reagent (50 x Denhardt contains per 100 

ml: 1g Ficoll, 1 g polyvinylpyrrolidone, 1 g bovine serum albumin) (Maniatis et 

al. 1982). Hybridization was performed in the prehybridization solution with 50 

million counts per minute of radiolabeled probe for 24 hours at 37°C. After 

hybridization, the filters were washed following the scheme shown in Table 6.

Table 6 Different Washing Conditions for the Dot Biot Hybridization Filters

filte r so lu tio n tim e te m p e ra tu re

1 6XSSC 10 min room temperature

6XSSC 10 min room temperature

6XSSC 10 min room temperature

2 6XSSC 10 min 37°C

1XSSC 10 min 37°C

0.2X SSC 10 min 37°C

3 6XSSC 10 min 40°C

1XSSC 10 min 40°C

0.2X SSC 10 min 40°C

4 6XSSC 10 min 43°C

1XSSC 10 min 43°C

0.2X SSC 10 min 43°C
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After washing, the filters were air dried and exposed to X-Omat-AR x ray film 

(Kodak) with an intensifying screen (DuPont Cronex Lightning Plus) at -70°C 

overnight.

Dot blots were also used to determine if the Sso L12 probe would bind to 

DNA from other archaebacteria. In this case, DNA from S. solfataricus, 

Methanobacterium thermoautotrophicum, Thermoproieus tenax, X phage and 

phage E3CR-J ( a recombinant phage carrying the Sso L12 gene) was spotted 

onto nitrocellulose filters. The filters were then processed and hybridized as 

described before.

Southern Blots

The fragments produced by the digestion of Sulfolobus DNA or clones, with 

different restriction endonucleases, were separated according to size in 0.5%  

to 1.0% agarose gels. Electrophoresis was performed at 50 mA for 12 hours, in 

Tris-acetate-EDTA buffer (TAE: 0.04 M Tris-acetate, 0.002 M Na2 EDTA, pH 8) 

containing 25 (il/l of a 10 mg/ml solution of ethidium bromide in water. After 

electrophoresis, the gels were photographed under U.V. light with Polaroid 

667 film and a yellow filter. The gels were then soaked for 30 minutes in 0.05 M 

NaOH, 1.5 M NaCI to denature the DNA and neutralized by soaking for another 

30 minutes in 0.5 M Tris-HCI, pH 7.5, 3 M NaCI. Capillary transfer of the DNA to 

the nitrocellulose filter was accomplished as described by Southern (1975). 

After transfer, the DNA was fixed to the filter by baking it for 90 minutes in an 

80°C oven. Filters were prehybridized in 10 ml of 6x SSC, 10x Denhardt for 3 

hours at 65°C. Hybridization was carried out in the prehybridization solution 

with 50 million cpm of radiolabeled probe at 37°C overnight. After 

hybridization, the filters were washed under stringent conditions at 40°C
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following the scheme shown in Table 6 for filter 3. The filters were air dried and 

exposed to X-Omat-AR x ray film with an intensifying screen at -70°C overnight.

Unblots

Gels were run and photographed as described in the previous section. The 

gels were denatured in 0.5 M NaOH, 150 mM NaCI for 30 minutes and 

neutralized in O.fv M Tris-HCI, pH 8, 150 mM NaCI for another 30 minutes (Tsao 

et al. 1983). They were then placed on two sheets of Whatman 3MM paper, 

covered with plastic wrap and dried using only the vacuum in a Hoefer 

Scientific SE 540 Siab Gel Drier until the gel was nearly flat. The heater was 

then turned on and the gel dried for another hour (Wallace and Miyada 1987). 

Before hybridization, the gels were soaked in distilled water and the Whatman 

paper was removed. Hybridization was performed in 15 ml of a solution 

containing: 0.9 M NaCI, 50 mM sodium phosphate, 5 mM Na2 EDTA, pH 8 and 

0.1% SDS (Miyada et al. 1985) with 50 million cpm of radiolabeled probe at 

37°C overnight. After hybridization, the gels were washed under stringent 

conditions at 40°C following the scheme shown in Table 6 for filter 3. The gels 

were air dried, covered in plastic wrap and exposed to X Omat-AR x ray film 

with an intensifying screen for 3 to 5 hours at -70°C.

Northern Blots

Sulfolobus RNA was separated on 1% agarose-formaldehyde gels and 

transferred to Z-Probe membranes (BioRad) as described by Fourney ef a/. 

(1988). Filters were prehybridized and hybridized as described by Miyada and 

Wallace (1987) when oligonucleotide ; .obes were used and as described by
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Fourney et al. (1988) in the case of longer probes (>50 nucleotides long) (see 

Probes for S1 Mapping and Northern Blots, p. 75).

In the case of oligonucleotide probes, hybridization temperature was T- 

12°C , where T= 4° (G+C) + 2° (A+T) (Miyada and Wallace 1987). After 

hybridization, the filters were washed 3 times in 6 x SSC for 15 minutes at 

room temperature, followed by a 1.5 minute and a 1 minute wash at the 

stringent temperature. Stringent temperature was T-5°C (Miyada and Wallace

1987).

Hybridization with longer probes was performed at 42°C. After hybri­

dization, the filters were washed twice in 1 X SSC, 0.1% SDS for 20 minutes 

and twice with 0.1 X SSC, 0.1% SDS at 50°C for 20 minutes (Fourney et al.

1988). After washing, the filters were exposed to X-OMAT-AR x ray film, with 

an intensifying screen, at -70°C overnight.

Construction of a Genomic Library of Sulfo lobus so lfatarlcus  in 

EMBL ?

DNA from phage EMBL 3 was digested with Bam HI and Eco Rl. The 

digestion with Eco Rl was performed in this case to reduce the formation of wild 

type phage during ligation as suggested by Frischauf et al. (1983). The small 

fragments produced by the digestion of the vector with Eco Rl, were selectively 

removed by precipitation with 0.15 volumes 3M sodium ai etate and 0.75 

volumes isopropanol on ice for 5 minutes (Frischauf et al. 1983). Sulfolobus 

DNA was digested with Bam HI and mixed in a one to one weight ratio with 

digested phage DNA (Frischauf etal. 1983). The mix was ethanol precipitated, 

resuspended in ligase buffer and ligated with T4 DNA ligase (New England 

Biolabs) at 16°C overnight (Jessee 1984). After ligation, the DNA was
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packaged in vitro to yield viable phages and the library amplified by plating it 

on a lawn of Q359 in NZYC soft agar plates as described by Maniatis et al.

(1982). After amplification, the library was recovered and titered as described 

by Maniatis etal. (1932).

Screening of the Sulfo lobus  Library

The library was screened by plaque hybridization (Benton and Davies 

1977) with the radiolabeled probe for the Sso L12 gene. Recombinant phages 

were plated on a lawn of Q359 in NZYC soft agar at a density of approximately 

2000 plaques/petri dish and grown overnight at 37°(; The next day, the pi ites 

were stored for 3 hours at 4°C before the piaques were transferred to 

Colony/Plaque hybridization membranes (New England Nuclear). The filters 

were placed on the surface of the agar plates and ieft in contact with it for 3 

minutes. They were then removed and the DNA from the plaques denatured 

and neutralized as described for the dot blots. Due to the type of membrane 

used, in this case it was not necessary to fix the DNA onto the filter by baking. 

The filters were prehybridized in 6x SSC 10x Denhardt, and 0.5% SDS for 17 

hours at 65°C. Hybridization was carried out in the prehybridization solution, 

with 10 million cpm of radiolabeled probe for 24 hours at 37JC. After 

hybridization, the filters were washed under stringent conditions following the 

scheme shown in Table 7.

After washing, the filters were air dried and exposed io X-Omat-AR x ray film 

with an intensifying screen at -70°C for 4 days. Positive clones were identified 

and isolated. They were propagated in small-scale liquid cultures of Q359 and 

their DNA was extracted as described by Maniatis et al. (1982). Phage DNA 

was spotted onto nitrocellulose filters arid /ybridized to the Sso L12 gene
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probe under the conditions described in the section on Dot Blots to check that 

the recombinant phages isolated were indeed true positive clones. A positive 

clone designated E3CR-J was identified in this way.

Table 7 Stringent Condition Wash is  of the °laque Hybridization Filters

S o lu tio n T im e T e m p e ra tu re

6XSSC 10 min room temperature

6X SSC-0.5% SDS 10 min (twice) 37°C

1X SSC-0.3% SDS 10 min 37°C

0.2X SSC 10 min 37°C

Subcloning of a 1.1 Kb Pst l-Pst I Fragment into M13mp7

A 1.1 Kb Pst l-Pst I fragment hybridizing to the Sso L12 gene probe was 

subcloned into M13mp7 for sequencing. Phage F3CR-J was digested with Pst 

I and the fragments were separated or a 4% non-denaturing polyacrylamide 

gel (1.5 mm thick), using 0X 174 RF Hae III fragments (New England Biolabs) 

as molecular weight markers (Maniatis eta l. 1982). Electrophoresis was 

performed in 1x Tris-Borate-EDTA buffer (1x TBE: 0.089 M Iris, 0.089 M boric 

acid, 0.008 M Na2 EDTA) (Maniatis et al. 1982), at 40 volts overnight. The gel 

was stained in 250 ml of 1x TBE containing 250 mg of ethidium bromide for 15 

minutes. After staining, the ge! was observed under U.V. light and the 1.1 Kb 

fragment cut out of the gel with a scalpel. The fragment was then electroeluted 

into a dialysis bag as described by Maniatis et at. (1982) except that 

electrophoresis was pedor med for 2 hours at 200 volts. In order to minimize the 

risk of contamination with DNAses, the buffer and the dialysis tubing were
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sterilized before use. After electroelution, the buffer inside the dialysis bag was 

removed, extracted twice with phenol/chloroform (1:1 vol) and ethanol 

precipitated at -70°C overnight, to recover the DNA.

M13mp7 replicative form (RF) DNA was digested with Pst I and 

dephosphorylated with calf intestine alkaline phosphatase according to the 

procedure of Maniatis et al. (1982). It was then mixed in a 1:2 weight ratio with 

the 1.1 Kb Pst l-Pst I fragment, and the mixture was ethanol precipitated and 

ligated with T4 polynucleotide ligase at 16°C overnight (Jessee 1984). The 

ligation mix was then used to transfect JM103 competent ^elis following the 

procedure of Messing (1983). After transfection, the cells were mixed with 200 

pi of fresh exponentially growing JM103 and plated on IPTG-Xgal-LB plates as 

described by Messing (1983). Noninfected cells are needed for plaque 

formation because a plaque formed by M13-infected cells is simply a zone of 

infected cells within a lawn of normal celis. Infected cells are distinguished 

from normal cells by their slower growth rate, which is twice as long as that of 

noninfected cells (Messing 1983).

White plaques produced by recombinant phages were isolated and used to 

infect small scale cultures of exponentially growing JM103 (Messing 1983). 

Replicative form DNA was isolated by the procedure of Birnboim and Doly 

(1979) and digested with Pst I. After digestion, the fragments were sized on 

1.2% agarose gels (in 1x TBE) at 100 volts for 30 minutes to determine which 

clones had the 1.1 Kb insert. Several clones were then selected and ran on a 

0.5% agarose gel, transferred to nitrocellulose filters and hybridized to the 17A 

probe as described in the section on Southern Blots, to determine which 

clones had the insert in opposite orientations. Two clones M13CR-3 and 

M13CR-8 were identified in this way.
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Subcloning of a 6.9 Kb Eco Rl-Bam HI Fragment into pUC 18

A 6.9 Kb Eco Rl-Bam HI fragment hybridizing with the Sso L12 gene probe 

was subcloned into pUC 18 for sequencing. DNA from phage E3CR-J was 

digested with Bam HI and Eco Rl. The fragments were separated on a 4% non­

denaturing polyacrylamide gel (3 mm thick, 0.5 x TBE, 150 volts overnight), 

using X Hind III fragments (Pharmacia) as molecular weight markers; and the

6.9 Kb Eco Rl-Bam HI fragment was isolated and purified in the same way as 

the 1.1 Kb Pst l-Pst I fragment (see previous section).

After purification, the fragment was mixed in a 2 to 1 molar ratio with pUC 

18 DNA that had been previously digested with Bam HI and Eco Rl. The 

mixture was ethanol precipitated, resuspended in ligase buffer and ligated with 

T4 DNA ligase at 16°C overnight (Jessee 1984). This ligation mix was then 

used to transform competent JM105 colls following *he procedure of Hanahan

(1983). After transformation, 100 pi of transformed cells were plated on IPTG- 

Xgai-ampicillin LB plates (Yanisch-Perron etal. 1985) and incubated overnight 

at 37°C.

White colonies, containing plasmids with inserts, were picked and grown in 

LB-ampicillin media (see Growth of Different Bacterial Strains and Vectors). 

Plasmids were extracted by the method of Birnboim and Doly (1979), cut with 

Bam HI and Eco Rl and ran in a 0.5% agarose gel (1x TBE, at 100 mA for 30 

minutes) to check that the 0.9 Kb fragment was indeed present. A positive 

clone designated p18CR-9 was identified in this way.

Sequencing

Sequencing was performed using the dideoxynucleotide chain-termination 

procedure of Sanger et al. (1977). The composition of the sequencing mixes is
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shown in Table 8 (Davies 1982).

Table 8 Sequencing Mixes*

A C T G

dCTP 62.5 pM 4 pM 90 pM 90 pM

dGTP 62.5 pM 90 pM 90 pM 4 pM

dTTP 62.5 pM 90 pM 4 pM 90 pM

ddNTP 250 pM 90 pM 250 pM 125 pM

Tris pH8 3.1 mM 4.5 mM 4.5 mM 4.5 mM

EDTA 0.06 mM 0.09 mM 0.09 mM 0.09 mM

* from Davies (1982). The final concentration in the mix is indicated.

Single stranded phage DNA (1.1Kb Pst l-Pst I fragment cloned into 

M13mp7) and denatured plasmid DNA (6.9 Kb Eco Rl-Bam H! fragment cloned 

into pUC 18 and deletions plasmids) were used as templates. Phage DNA was 

extracted and purified as described by Messing (1983) except that the initial 

culture was scaled up to 100 ml to increase the yield of single stranded DNA. 

Plasmid DNA for sequencing was extracted and purified following the method 

of Krieg and Melton (1985). After purification, plasmid DNA was alkaline 

denatured as described by Hattori and Sakaki (1986).

Annealing of the primer to the template was performed in 10 pi of 10 mM 

Tris-HCI, pH 7.5, 50 mM NaCI, 10 mM MgCl2 and 1 mM DTT. A 1 to 2 molar 

ratio (picomoles) of template to primer was used in the case of phage DNA 

(Messing 1983) and a 1 to 5-10 molar ratio (picomoles) of template to primer in 

the case of plasmid DNA (Heinrich 1986). Annealing was performed by
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incubating the primer-template mix at 65°C for 15 minutes and then at room 

temperature for another 15 minutes.

After annealing, 40 pCi of a  32P dATP (400 Ci/mmol, Amersham) were 

added to the primer-template mix. Three microliters of this mix were then 

added to four tubes containing the respective sequencing mix (C, T, A or G) 

and one unit of the Klenow fragment of DNA polymerase I (Pharmacia). The 

tubes were then incubated at 37°C. After 30 minutes, 2 pi of a chase solution 

(0.5 mM dATP, dGTP, dCTP and dTTP) were added to the tubes and the 

incubation was continued for another 30 minutes. The reactions were stopped 

with 6 pi of formamide dye (90% formamide, 0.25% bromophenol blue. 0.25% 

xylene cyanol and 10 mM EDTA, pH 7.5). The samples were boiled for 2 

minutes, rapidly cooled on ice and 2.5 pi of each reaction was loaded on a 4 

mm thick, 6% polyacrylamide-8 M urea sequencing gel (Davies 1982). 

Electrophoresis was performed at 57 watts in sequencing electrophoresis 

buffer (135 mM Tris, 45 mM boric acid, 2.5 mM Na2 EDTA, pH 8.9) (Anderson 

1981) in an SE 1500 Poker Face Electrophoresis Apparatus (Hoefer Scientific 

Instruments). In order to increase the amount of sequencing data obtained from 

each experiment, the samples were loaded 3 times at 2 hour intervals. After 

electrophoresis, the gel was transferred to Whatman 3MM paper and dried in a 

BioRad 483 slab gel dryer for 1 hour. It was then exposed to X-Omat-K x ray 

film at room temperature, overnight without an intensifying screen.

In the case of the 6.9 Kb Eco Rl-Bam HI fragment, a series of deletion 

plasmids was generated from the Bam HI site by partial digestion of the 

original clone (p18CR-9) with DNAse I (Boehringer Mannheim) following the 

procedure of Lin etal. (1985).
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Primer Extension

Primers were 5' end labeled with T4 polynucleotide kinase and y32p  ATP 

(3000 Ci/mmol) as described by Maniatis et al. (1982). After labeling, the 

primers were purified in 20% polyacrylamide-8 M urea gels as described by 

Atkinson and Smith (1984). The gels were exposed for 20 seconds to X-Omat- 

AR x ray film to determine the position of the labeled primers. The bands were 

cut out of the gel and eluted in 250 pi of 0.5 M ammonium acetate, 10 mM 

magnesium acetate overnight. Arter elution, the primers were precipitated with 

3 volumes of 95% ethanol at -70°C overnight. Primers were dissolved in 30 pi 

water. Between 1-5 million cpm of the primer were hybridized to 10 pg of 

Sulfolobus RNA in 10 mM Tris/HCI, pH 7.5, 40 mM KC! (final volume 10 pi). 

This mixture was denatured at 95°C for 1 minute, transferred to a 65°C heating 

block and allowed to cool down to 45°C to anneal the primer to the RNA. 

Primer extension was performed under the conditions described by Reiter etal. 

(1987a) with 25 units of reverse transcriptase (Life Sciences) at 37°C or 50°C 

(Geliebter 1987) for 1 hour. The products of the reaction were ethanol 

precipitated and dissolved in 10 pi formamide dye. They were run on 6% 

polyacrylamide-8 M urea sequencing gels using the same electrophoresis 

conditions as described for the sequencing gels. Sequencing reactions using 

the same labeled primer with either DNA or RNA (Geliebter 1987) as a 

template, were used to determine the size of the products. Gels were dried and 

exposed to X-Omat-K x ray film with an intensifying screen at -70°C overnight.
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S1 Mapping

Molecular Weight Markers

Phage 0X 17 4  RF Hae III digest (New England Biolabs) (11 fragments: 

1353, 1078, 872, 603, 310, 278, 271, 234, 194, 118 and 72 base pairs) and 

pUC 19 digested with Dde I (9 fragments: 910, 540. 426, 409, 235 and 166 

base pairs) were used as molecular weight markers for S1 mapping. Molecular 

weight markers were dephosphorylated with calf intestine alkaline 

phosphatase (Boehringer Mannheim) and 5'-end labeled with T4 

polynucleotide kinase and y32p ATP (3000 Ci/mmol) following the procedure 

described by Maniatis etal. (1982). After labeling, molecular weight markers 

were ethanol precipitated, counted by Cerenkov in a Beckman LS 8100 liquid 

scintillation counter and dissolved in water to give approximately 5000 

cpm/fragment.

Probes for S1 Mapping and Northern Blots

Single stranded, 5' labeled probes for S1 mapping and Northern Blots 

were generated by extension of 5' labeled primers annealed to single stranded 

plasmid DNA (clone p18CR-9) as described by Reiter etal. (1987c). After 

extension, the double stranded DNA was cut with a restriction endonuclease to 

generate a defined 3' end. The fragments were then separated on 6% 

sequencing gels, the bands identified by autoradiography, cut out of the gei 

and electroeluted in 0.5 X TBE buffer at 200 volts for 1 hour. The eluate was 

then extracted twice with phenol/ chloroform and the DNA was ethanol 

precipitated. The samples were then counted by Cerenkov and dissolved in 

DEPC-treated water. Table 9 shows the primers and the enzymes that were 

used as well as the size of the fragments generated.
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Table 9 Primers used to Generate 5' Labeled Probes for S1 Mapping and

Northern Blots.

Primer* Enzyme Size of Fragment

(bases)

1 Pst I 474

3 Alu I 149

7 Dde I 239

7 Hinf I 388

11 Taq I 372

15 Dra I 144

* Sequence of the primers can be found in the Appendix.

A Pst I - Bam HI fragment, labeled at its 3', end was obtained f ting 

clone p18CR-9 with Bam HI and Pst I, and labeling the fragments witi. iinal 

deoxynucleotidyl transferase (Amersham) and a  32P ddATP (3000 Ci/mmol, 

Amersham) as described in the Amersham 3' end Labeling kit. After labeling, 

the fragments were purified in +he same way as the 5' labeled fragments.

S1 Mapping Protocol

Each labeled fragment (5000-50000 cpm) was mixed with 10 pg of 

Sulfolobus RNA and precipitated with 0.04 volumes 7.5 M potassium acetate 

and 2.5 volumes 95% ethanol at -70°C for 30 minutes. The RNA and the
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fragment were then dissolved in 20 pi of 40 mM PIPES (piperazine-N,N'-bis[2- 

ethane-sulfonic acid] disodium salt), pH 6.8, 0.4 M NaCI, 1 mM EDTA, 80%  

deionized formamide (Kjems et al. 1987a); denatured at 90°C for 2 minutes 

and hybridized at 40°C for 3 hours. After hybridization, 300 pi of ice cold buffer 

(30 mM sodium acetate, pH 4.6, 280 mM NaCI, 4.5 mM ZnSC>4 ) containing 20 

pg/ml of calf thymus denatured DNA and 130 units of S1 nuclease 

(Pharmacia), were added and the solution was incubated at 37°C for 30 

minutes. The reaction was stopped by adding 75 pi of 2.5 M ammonium 

acetate, 50 mM EDTk and the protected fragments we-e precipitated with 400 

pi of isopropanol and 20 pg of tRNA as a carrier at -70°C for 30 minutes. 

Fragments were washed once with 70% ethanol, vacuum dried and dissolved 

in 10 pi of formamide dye. For each fragment, a reaction in which Sulfolobus 

RNA was omitted, was run as a control. Protected sites were determined by 

running the S1 nuclease reactions, the controls and the intact fragments in 6% 

polyacrylamide-8 M urea sequencing gels. Electrophoresis was performed as 

described for the sequencing gels. Sequencing reactions and/or molecular 

weight markers were used to determine the size of the protected fragments. 

After electrophoresis, the gels were dried and exposed to X-Omat-K x ray film 

at -70°C overnight with an intensifying screen.

Computer Programs

Sequences were analyzed using the SEQ and PEP programs of BIONET. 

Computer searches of the data banks (NBRF, SWISS-PROT, GenBank and 

EMBL) were performed with the FASTP and FASTN programs of Lipmann and 

Pearson (1985). Sequences were initially aligned using the GENALIGN
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program of BIONET (Martinez 1988) and then the alignments were adjusted by 

hand to minimize the number of gaps.
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The Sso L12 Gene Oligonucleotide Probe

The successful isolation of a gene depends on the availability of an assay 

to identify the gene once it is cloned. A very widely used approach to identify 

genes that code for specific proteins consists of using the amino acid 

sequence of the protein to deduce the nucleotide sequence of its gene. This 

information is then used to synthesize an oligonucleotide probe that can be 

radiolabeled and used to screen a genomic library and identify the gene of 

interest (Wallace et al. 1981). Since information about the sequence of the 

amino terminal region of the Sso L12 protein was available (Matheson 1985), 

it was decided to use this approach in the isolation of the Sso L12 gene.

In designing a probe for the Sso L12 gene, several things were taken into 

consideration: redundancy of the genetic code, complexity, length and G-C 

content of the oligonucleotide mix. Since most amino acids are encoded by 

two, four or even six different codons, it is not possible to predict the exact 

sequence of a gene from the amino acid sequence of the protein it codes. 

Therefore, a probe must consist of a mixture of oligonucleotides reflecting all 

possible combinations (Wallace et a l 1981). This creates a problem. Since 

only one oligonucleotide in the mix will have the exact complementary 

sequence to the gene, as the number of different oligonucleotides present 

increases {i.e. the complexity of the mix) the abundance of the correct probe 

decreases, as well as the hybridization specificity of the probe (Wallace and 

Miyada 1987). This problem can be solved in two wavs: probes can be based 

on regions of the protein that contain amino acids determined by one 

(methionine and tryptophan) or two codons (aspartic acid, asparagine,
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cysteine, histidine, phenylalanine, tyrosine, glutamic acio, glutamine and 

lysine), thus reducing the number of oligonucleotides that has to be 

synthesized (Szostak et al. 1979) or the mix can be divided into two or more 

sets of probes (Wallace and Miyada 1987).

The length cf the probe determines its specificity The longer the sequence, 

the less likely it is to bind non-specifically to other sequences (Lathe 1985). 

However, as the length of the probe increases so does the complexity of the 

mix; so a balrnce must be achieved between these two parameters. The 

length of the probe also influences the stability of the duplex formed when the 

probe binds to DNA. Longer probes bind to DNA with greater stability than 

shorter probes (Wahl etal. 1987). In general, oligonucleotides 10 to 20 bases 

long, have been used successfully to identify specific genes (Szostak et al. 

1979).

The G-C (guanine and cytosine residues) content of the probe is important 

because it affects the stability with which the probe hybridizes to the trrget 

DNA (Wahl etal. 1987). A high G-C content increases the hybridization stability 

of the probe because guanine can form three hydrogen bonds with cytosine 

while adenine (A) can only form two with thymine (T). A high hybridization 

stability means that hybridizations can be performed under conditions in which 

the background is negligible and it is easy to distinguish between specific and 

non-specific binding (Wallace and Miyada 1987). However, when it is not 

possible to obtain a probe with a high G-C content, hybridizations can be 

performed in the presence of tetramethylammonium chloride, a reagent that 

binds AT rich regions in DNA and prevents the preferential melting of AT 

versus GC base pairs (Dilella and Woo 1987).



1. Amino terminal end sequence of the Sso L12 Protein

1 20 
M E Y I Y A S L L L H A A K K E I S E E

——  region on which the probe is based 

2. Sequence of the Oligonucleotide Probe (17 bases)

A r  A T 
ATG GA TA ATT TA GO 

G C C C

M E Y I Y A 

(24 different oligonucleotides; G-C content 24%-47%)

3. Synthesized as:

A T T
17 A ATG GA TA ATA TA GC

G C C

A T T T
1 7 T /C ATG GA TA AT TA GC

G C C C

(8 oligonucleotides)

(16 oligonucleotides)

Figure 9 The Sso L12 Gene Probe



8 2

Figure 9 shows the amino terminal end sequence of the Sso L12 protein. 

The amino acid sequence used for the Sso L12 gene probe is underlined. This 

region was selected because it contains one amino acid coded by only one 

codon (methionine), three amino acids coded by two codons (glutamic acid 

and two tyrosines), one amino acid coded by three codons (isoleucine) and 

only one amino acid coded by four codons (alanine). The sequence of the 

derived oligonucleotide probe mix is also shown in Figure 9. The probe was 

synthesized as a 17 base oligomer in order to use the first two bases of the 

alanine codon; this increased the G-C content of the probe and at the same 

time reduced the complexity of the mix by eliminating the ambiguity introduced 

by the third base in the alanine codons (the four alanine codons start with GC). 

The length selected is also within the range (10 to 20 bases) found to give 

good probe specificity and stability (Szostak etal. 1979). The Sso L12 probe 

consists of 24 different oligonucleotides with a G-C content that ranges from 

24% to 47%. In order to reduce the complexity of the mix even more, the probe 

was synthesized as two mixes: 17A, in which all the oligonucleotides have an 

A in the third position of the isoleucine codon and 17 T/C, in which the 

oligonucleotides have a T or a C in that position (see Figure 9).

Conditions under w h i*h  the Sso L12 Probe binds Stringently to 

S ulfo lobus  DNA

A ,ries of dot blot experiments were performed in order to determine 

which of the two mixes contained the oligonucleotide with the sequence 

complementary to tlv  Sso L12 gene and the conditions under which it would 

bind stringently to Sulfolobus DNA. In these experiments, the two probe mixes 

/ere radiolabeled and hybridized to Sulfolobus DNA bound to nitrocellulose
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filters. Hybridization stringency was determined by varying the temperature 

and the concentration of the salt in the posthybridization washes (see Table 6, 

Materials and Methods) (Wahl e ta l  1987).

Dove and Davidson (1962) have studied the effect of the cation 

concentration (Na+) on the melting temperature (Tm) of DNA (Tm is ujfined as 

the temperature at which half of the double stranded DNA molecules have 

separated into their constituent single strands). They found that as the cation 

concentration decreases so does the Tm of the DNA. This is due to the fact that 

as the cation concentration is reduced, the degree of ionization of the 

phosphate groups increases creating a greater electrostatic repulsion which 

facilitates strand separation when fewer of the hydrogen bonds between the 

two chains are broken. Since the effect of reducing the cation concentration on 

the Tm is more pronounced for mismatched duplexes than for their perfectly 

matched counterparts, conditions can be found in which only perfectly matched 

hybrids are stable.

Wallace et al. (1979) have found that in the case of duplexes formed by 

short oligonucleotides (less than 20 bases long) and immobilized DNA, the Tm 

decreases by about 5°C for ever; mismatched base pair. This means that by 

increasing the temperature, one can find conditions under which only perfectly 

matched duplexes exist.

The effect of decreasing the cation concentration and increasing the 

temperature on the binding of the two probe mixes can be observed in Figure 

10. Note that the 17A probe remains bound even when the filter was washed 

in 0.2 x SSC at 43°C, while the 17 T/C probe only binds under non-stringent 

conditions (6x SSC, room temperature). These results indicate that the 17A 

probe has the oligonucleotide with the sequence that is complementary to the
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Sso L12 gene. On the basis of these results and in order to reduce the 

background as much as possible, all the filters or gels probed with the 17A  

probe were washed successively with 6x SSC, 1 x SSC and 0.2x SSC at 40 °C 

(stringent conditions).

17T/C

»• \

& V «  [f •  •»
* »' ^   ̂ 4 ̂*• ,  ■»
5 ^
S.' I '

40 °C
37 °C

Figure 10. Dot blot hybridizations of the 17T/C and 17A Sso L12 gene 
probes to Sulfolobus DNA. Sulfolobus DNA bound to nitrocellulose filters was 
hybridized to the 17 T/C and 17A probes. After hybridization, the filters were 
washed under increasingly stringent conditions (higher temperature and lower 
ionic strength) (see Table 6, Materials and Methods) and then expose :o x-ray 
film. A picture of the autoradiograph obtained is shown. Lanes: 1. a phage 
DNA (negative control), 2: Sulfolobus solfataricus DNA, t: temperature of the 
washes, rt: room temperature.
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a  b  c d e f S h  j j

6.6 —

4 .4 —

2 .3  —
2 .0 —

1.3  

1.0

Figure 11. Hybridization of the 17A probe to different restriction 
endonuclease digests of Sulfolobus DNA. Sulfolobus DNA was digested with 
different restriction endonucleases. The fragments were then separated on a 
0.5% agarose gel; and the dried gel was hybridized to the 17A probe. After 
hybridization, the gel was washed under stringent conditions and exposed to 
x-ray film for 5 hours. A photograph of the autoradiograph obtained is shown. 
The position of the molecular weight standards is shown. Lanes: a: Bam HI, b: 
Ecc Rl, c: Hind III, d: Pst I, e: Bam Hl/Eco Rl, f: Bam Hl/Hind III, g: Bam HI/ Pst I, 
h: <• :o Rl/Hind III, i: Eco Rl/Pst I, j: Hind Hl/Pst I.
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Partial Restriction Map of tho Region in which the Sso L12 Gene is 

Located

The 17A probe was hybridized to Sulfoicbus DNA cut with different 

restriction endonucleases in order to obtain a partial restriction map of the 

region in which the Sso L12 gene is located. The results of this experiment are 

shown in Figure 11. Using the data obtained from this experiment, the 

restriction map shown in Figure 12 was constructed. The Sso L12 gene or at 

least the region of the gene that hybridizes with the probe is located within a

1.1 Kb Pst I * Pst I fragment.

B H E  P P B H E
I _ 1 _ ____________L—l—l______ I_______ I

1 Kb

smallest fragment that hybridizes to the 17A probe

Figure 12. Partial restriction map of the region containing the Sso L12 gene. 
The restriction map shown was constructed using the data from the experiment 
shown in Figure 11. The position of the 1.1 Kb P s t! - Pst I fragment inside the
6.9 Kb Eco Rl - Bam HI fragment could not be determined from the data in 
Figure 12. The position of this fragment was later determined by restriction 
mapping of a clone (p18CR-9) containing the 6.9 Kb Eco Rl - Bam HI fragment 
(see Figure 21) and confirmed by sequencing.
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Construction of a Genomic Library of Sulfolobus so lfatarlcus  and 

Isolation of the Sso L12 Gene

On the basis of the information obtained from the restriction map, it was 

decided to clone the 10 Kb Bam HI - Bam H! fragment that hybridizes with the 

17 A probe. This fragment was selected because there was a high probability 

that it contained the complete Sso L12 gene as well as the genes around it. 

Furthermore, the Bam HI restriction site, made it very convenient for cloning 

since this site is present in most of the vectors available (Maniatis etal. 1982).

In order to clone this fragment, a genomic library was constructed by 

cloning a Bam HI digest of Sulfolobus DNA in phage EMBL 3 (see Figure 13). 

This vector was selected because it allows the cloning of fragments with sizes 

between 8 and 23 Kb and recombinant phages can be efficiently recovered by 

genetic and biochemical selection against the vector phage (Frischauf et al. 

1983). The basis of the genetic selection is the presence of the red and gamma 

genes of X phage in a nonessential middle fragment which is flanked by 

symmetrically arranged restriction sites for Sal I, Bam HI and Eco Rl (see 

Figure 13). The expression of these two genes prevents the growth of the 

vector phage on Escherichia coli strains that are lysogenic for phage P2 

(vector phage is Sp>+, that is sensitive to £2  interference). Since the middle 

fragment is replaced by an insert in recombinant phages, their growth is not 

affected by the presence of a P2 lysogen (Spr) (Frischauf et al. 1983, Karn et 

al. 1983). Thus, by amplifying the library in a host carrying a P2 lysogen, like 

Q359, wild type phages are eliminated and only recombinant phages are 

recovered (Frischauf etal. 1983, Karn etal. 1983). The biochemical selection 

consists of cleaving the middle fragment with Eco Rl and removing the small 

fragments generated by selective precipitation of the large DNA fragments with



EMBL3 8 8
S B E E B S

'     I + . . +  n  OO A K \cos site 19 289 b red y 9 234 b cos site

cut with Bam HI and Eco Rl 
(biochemical selection)

B BE E E EB B

c^^dULdfcl
^ Sulfolobus DNA

isopropanol precipitation of large fragments i cu{ wj(h Bam H)

* 1
^  i i i  —  — ----------------

ligation

(^2 2 2 ^ ^  recombinant phages 

*

in vitro packaging

1 

t

Oamplify the library in Q359  ̂ ) $pi
S  selection

I
screen with 17 A probe

|  positive clone isolated

E3CR-J
B B
I I

Figure 13. Construction of a Sulfolobus genomic library and isolation of a 
clone carrying the Sso L12 gene. For a discussion of the biochemical and 
Spi- selection, see the text. B: Bam HI, E: Eco Rl, S: Sal I, cos sites: single 
stranded cohesive ends. Structure of EMBL 3 drawn from Frischauf etal. 1983.
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isopropanol. This prevents the religation of the original vector (Frischauf et al. 

1983, Frischauf e ta l. 1987). Soth types of selection were used in the 

construction of the Sulfolobus library (see Figure 13).

After the library was constructed, it was screened by plaque hybridization 

with the 17A probe and a positive clone designated E3CR-J was isolated (see 

Figure 13 and Figure 14 , lane e). This clone was used as the source of DNA 

for the subcloning of smaller fragments for sequencing.

Binding of the Sso L12 Probe Mixes to DNA from other 

Archaebacteria

A series of dot blots were performed in order to check if the Sso L12 probe 

mixes would bind stringently to DNA from other archaebacteria. The results of 

this experiment are shown in Figure 14. It was found that the 17A probe binds 

stringently to the DNA from the methanogen but suprisingly not to the DNA 

from another extreme thermophile: Thermoproteus tenax. The 17 T/C probe, 

on the other hand, did not bind stringently to any of the samples tested (data 

not shown). These results indicate that the 17A probe can also be used to 

clone the L12 gene from Methanobacterium thermoautotrophicum. The fact 

that neither of the Sso L12 probes binds stringently to the DNA from T. tenax, 

seems to indicate that there is sequence variability in this region of the protein 

among the extreme thermophiles.

Subcloning and Sequencing of a 1.1 Kb Pst I - Pst I fragment that 

hybridizes to the 17A Probe

Since the hybridization of the 17A probe with different restriction digests of 

Sulfolobus DNA showed that at least part of the Sso L12 gene is located within
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a 1.1 Kb Pst l-Pst I fragment (see Figure 11), it was decided to subclone this 

fragment and sequence it.

a b c d •

Figure 14. Hybridization of the 17A probe to DNA from other archaebacteria 
and clone E3CR-J. DNA from a methanogen (M eth a n o b acte riu m  
therm oauto troph icum ), an extreme sulfur-dependent thermophile 
( Thermoproteus tenax) and clone E3CR-J was bound to nitrocellulose filters 
and hybridized to the 17A probe. After hybridization, the filters were washed 
under increasingly stringent conditions (see Table 6, Materials and Methods}. 
Filters were then exposed to x-ray film. A picture of the autoradiograph 
obtained is shown. The temperature at which the washes were performed is 
indicated. Lanes: a: X phage (negative control), b: Sulfolobus solfataricus DNA 
(positive control), c: Methanobacterium thermoautotrophicum  DNA, d: 
Thermoproteus tenax DNA, e: clone E3CR-J, rt: room temperature.
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Phage M13mp7 was selected as a vector for this purpose because it 

w  vides a biological system for obtaining cloned DNA in the single stranded 

form required for sequencing (Messing eta l. 1981, Messing 1983). The 

M13mp series of vectors are derivatives of the single stranded filamentous 

phage M l3 (Messing eta l. 1977, Messing 1983). During its life cycle (see 

Figure 15), this phage infects Escherichia coli cells through the F pilus. Once 

inside the cell, the single stranded form is converted into a double stranded 

circular form (replicative form or RF). This form is used to produce new single 

stranded DNA as well as viral proteins. After the new phages are assembled, 

they leave the cell without lysing the host (Messing 1983).

Figure 15 shows the structure of M13mp7 as well as the sequence of its 

multiple cloning site. The phage carries a fragment of the E.coli lac operon that 

contains the promoter and the first 145 amino acids of the (3-galactosidase 

gene, and facilitates the identification of recombinant phages (see Figure 15) 

(Messing et al. 1977). This fragment is able to complement a mutation in E.coli 

cells (lac ZAM 15) which deletes residues 11-41 of the a  peptide of (3- 

galactosidase (a complementation) (Messing etal. 1977). For this reason, 

when cells carrying this mutation are infected with vector phage, a functional (3- 

gaiactosidase is obtained, if these cells are grown in the presence of 

isopropylthiogalactoside (IPTG) and 5-dibromo 4-chloro 3-indoiylgalactoside 

(x-gal), a blue plaque is obtained. IPTG is an inducer of the lac operon and x- 

gal s a colorless compound that releases a 5- bromo 4-chloro-indigo blue 

color when hydrolyzed by (3-galactosidase (Messing et al. 1977). Since the 

multiple cloning site is located within the a  peptide sequence, the insertion of a 

DNA fragment disrupts the sequence and prevents the a  complementation. For 

this reason, when cells infected with recombinant phages are grown in the



A.

RF progeny

host cel

filamentous single stranded 
phage M13

F pilus
Single stranded DNA
— Replicative form (RF) 

double stranded
Single stranded DNA 

phage protein coat

3.

Genes in 
M13mp7

Multiple C oning Site

new phages leave the dell without lysis

C. Multiple Cloning Site

i--------------------------
reverse primer

CAGGAAACAGCTATGAC-
-I- strand synthesis
- strand synthesis

15 b primer
■T TGCAGCACTGA CCC‘

a  peptide
CAGGAAACAGCTATGACCATGATTACGAATTCCCCGGATCCGTCGACCTGCAGGTCGACGGATGCGGGGAATTCACTGGCCGTCGTT TTACAACGTCGTGACTGGG 3.

HlooRI • 'Bam HI1 Sail ■ Pst I ' s a il ‘Bam HI1 *Eco ft ll — - -
• — i I TGACCGGCAGCAAAAT G

Accl Accl L-----------------------   *?
Hinc II Hinc II 17 b primer

Figure 15. Life Cycle of M13 and Structure of M13mp7. A. Life Cycle of M13 (drawn from Messing 198S) B. Stucture 
of M13mp7.0: operator, P: promoter, lacZ: part of the p galactosidase gene (first 145 amino acids), viral genes I, IV, 
VI, VII and IX code for proteins required for viral assembly, III and Vi! code for the viral coat proteins, II and VIII code 
for proteins involved in viral DNA replication, IG: intercjemc region that contains the initiation site for replication (drawn 
from Messing 1983) C. Sequence of the Multiple Cloning site of M13.mp7.Th0 universal primer used fur sequencing is 
boxed (drawn from Messing etal. 1981). The initiation codon of the a  peptide is indicated by an arrow. rvj
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presence of IPTG and x-gal, they produce white plaques and can easily be 

distinguished from cells carrying vector phages (Messing 1983).

Another important advantage of this vector, is the existence of commercially 

available universal sequencing primers, that hybridize to a region close to the 

multiple cloning site (see Figure 15) and permit the sequencing of any DNA 

fragment cloned into the M13 mp vectors (Messing 1983).

The 1.1 Kb Pst I - Pst I fragment was isolated from a Pst I digest of phaga 

E3CR-J and cloned in M13mp7 RF (see Materials and Methods). The RF was 

introduced into competent JM103 cells and recombinant phages were 

identified by the formation of white plaques on IPTGx-gal-LB plates. Since the

1.1 Kb fragment has the same restriction sites at both ends, it was expected 

that clones containing the fragment in different orientations wc id be obtained. 

In order to distinguish between these two orientations, the clones obtained 

were hybridized to the 17A probe (see FigLre 16) In this way t’ /o clones, 

M13CR-3 and M13CR-8 containing the 1.1 Kb fragment in different orientations 

were identified. These two clones were used to sequence the 1.1 Kb fragment.

The sequencing strategy and the genes present in the 1.1 Kb fragment are 

shown in Figure 17. Figure 18 shows a photograph of a sequencing gel. The 

strategy used to sequence the 1.1 Kb fragment, consisted of obtaining 

sequencing data by using one of the M13 sequencing primers (the 17 base 

long primer (see Figure 15)), and then using the data obtained to synthesize a 

specific primer, complementary to the 3' end of the sequence. This new primer 

was then used to sequence the next 250 to 300 bases and the data obtained 

used to synthesize a new primer (Strauss et al. 1986). The sequence of all the 

primers used to sequence the 1.1 Kb fragment can be found In the Appendix.
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a  b  c d  e  f

*  m

Figure 16. Determination of the orientation of the insert in clones M13CR-3 
and M13CR-8. DNA from several clones containing the 1.1 Kb Pst I - Pst I 
fragment was tun on a 0.5% agarose gel and transferred to nitrocellulose 
filters. The filters were then hybridized to the 17A probe to determine which 
clones had tne insert in different orientations. A picture of the autoradiograph 
obtained is shown. Clones M13CR-5, 7 and 8 have the insert in the same 
orientation because they hybridize with the probe; ana clones M13CR-3, 6 and 
9 have it in the opposite orientation because they do not hybridize with the 
probe. Lanes a: M13CR-3, b: M13CR-5, c: M13CR-6, d: M13CR-7, e: M13CR-8, 
f: M13CR-9.

Sequencing of the 1.1 Kb fragment revealed that only the region of the Sso 

L12 gene that codes for the first 70 amino acids of the Sso L12 protein is 

present in this fragment. Upstream of the Sso L12 gene, an open reading 

frame was found that was also not complete. This open reading frame was 

identified as the Sso L10 gene because part of the sequence of the protein that 

it codes for, matched the sequence of peptides obtained from the Sso L1C 

protein (Shimmin etal. 1989a). Furthermore, sequence similarity between the
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product of this gone and the Eco .10 protein was also found. Since both of the 

genes present in the 1.1 Kb fragment were incomplete, it was necessary to 

subclone a bigger fragment to obtain their complete sequence.

Sso L12
Pst I

J 3*
U

17A

Pst I
5'

Sso L10

U

100 bp

Figure 17. Sequencing strategy for the 1.1 Kb Pst I - Pst I fragment. The 3' 
terminal region of the Sso L10 gene and the 5' terminal region of the Sso L12 
gene are located in this fragment. Arrows indicate the direction of sequencing. 
The numbers above the arrows refer to the primers used. The sequence of 
these primers can be found in the Appendix. U: universal 17 bp primer, 17A: 
17A probe. Clone M13CR-8 was used to sequence the insert in the 5'- 3' 
direction and clone M13CR-3 in the 3' * 5' direction.
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Figure 18. Example of a Sequencing gel. A picture of the autoradiograph of 
a sequencing gel is shown. The template in this experiment is deletion plasmid 
p26-4 and the primer is the universal primer. Lanes C, T, A, G : C, T, A, G 
sequencing reactions (see Materials and Methods). Each reaction was loaded 
three times at 2 hour intervals, 1: first loading, 2: second loading, 3: third 
loading. The sequence is read from the bottom to the top, starting with the third 
loading.
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Subcloning of a 6.9 Kb Eco Rl - Bam HI fragment Into pUC 18

Since a bigger fragment was needed to obtain the complete sequence of 

the Sso L12 gene, the 6.9 Kb Eco Rl - Bam HI fragment that hybridizes with the 

17A probe (see Figure 12), was subcloned into pUC 18. The pUC plasmids 

contain a Pvu ll/Eco Rl fragment from pBR322 which carries the [}-lactamase 

gene (ampicillin resistance [Apr ] and the origin of replication (Viera and 

Messing 1982). For this reason, cells carrying the plasmid are resistant to 

ampicillin and can be easily selected by growing them in the presence of this 

antibiotic (Viera and Messing 1982). The pUC plasmids also have multiple 

cloning sites that are derived from the M13mp series of vectors. Thus, when a 

fragment of DNA is inserted into the multiple cloning site, it prevents the a  

complementation, and a white, instead of a blue colony is obtained in x-gal- 

IPTG-ampicillin-LB plates (Viera and Messing 1982, Yanisch-Perron etal. 

1985).

Plasmid pUC 18 was selected as a vector in this case because it allows the 

cloning of large fragments, which are usually very stable, r urthermore, since 

the multiple cloning site comes from the M13mp vectors, the sme universal 

primer used for sequencing the 1.1 Kb fragment could be used initially to 

sequence the 6.9 Kb fragment. The structure of pUC 18 and tho sequence of 

its multiple cloning site are shown in Figure 19.

The 6.9 Kb Eco Rl - Bam HI fragment was isolated from a Bam Hl/Eco Rl 

digest of phage E3CR-J and ligated to pUC 18 (see Materials and Methods). 

The ligated plasmids were then used to transform competent JM105 cells and 

the transformed cells were plated on x-gal-!PTG-ampicillin-LB plates. White 

colonies were isolated, their plasmid DNA extracted, and sized on a 0.5%  

agarose gel. A plasmid with the correct size was then cut with Bam HI and Eco



lacZ
multiple cloning site

pUC 18rAp

B. Multiple cloning site

5' JjTAAAACGACGGCCAGT
S'CATTTTGCTGCCGGTCACGGjrTCGAApGTACGpACGTCpAGCTC^AGATC^CCTAGGpGCpCATGGpTCGAC^CTTAAGpATTAGTACCAGTA

Hind III Sph I Pst I Sal I Xba I Bam Hl1- ^ —^Kpn I Sst I Eco Rl
Ace I a-peptide

Hinc II Sma I r  r

Figure 19. Structure of pUC 18 and its multiple cloning site. Apr : ampicillin resistance gene 0: operator P: promoter and lac 
Z:part of the (3 galactosidase gene (the first 107 amino acids). Drawn after Yanisch-Perron etal. 1985. B. Multiple cloning 
site. The universal 17 nucleotide sequencing primer is boxed.Initiation codon of the a peptide is indicated by the arrow. 
Drawn after Yanisch-Perron et al. 1985.
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Rl, and the fragments were separated on a 0.5% agarose gel to check that the

6.9 Kb fragment was indeed present in this clone (see Figure 20). A clone 

designated p18CR-9 was isolated in this way.

Figure 20. Identification of clone p18CR-9. Picture of a 0.5% agarose gel 
showing that clone p18CR-9 has the 6.9 Kb fragment. Note that the 6.9 Kb 
fragment is running faster in this gel than the molecular weight marker. Lanes: 
a: X Hind ill molecular weight fragments, from top to bottom: 23.1 Kb, 9.4 Kb, 
6.6 Kb, 4.4 Kb, 2.3 Kb, 2.2 Kb, b: pUC 18, c: pUC 18 cut with Bam Hl/Eco Rl, d: 
clone p18CR-9, e: clone 18CR-9 cut with Bam Hl/Eco Rl f: phage E3CR-J cut 
with Bam HI and Eco Rl.
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Mapping of the Position of the 1.1 Kb Pst I - Pst I Fragment inside 

the 6.9 Kb Eco Rl - Bam HI Fragment

In order to design a suitable sequencing strategy to obtain the complete 

sequence of the Sso L12 gene, the position of the 1.1 Kb Pst I - Pst I fragment 

within the 6.9 Kb Eco Rl - Bam HI fragment was determined. For this purpose, 

clone p18CR-9 was digested with the following enzymes: Pst I, Bam Hl/Pst i, 

Eco Rl/Pst I, and Eco Rl/Bam Hl/Pst I and the fragments were separated on a 

0.5% agarose gel (see Figure 21).

The digestion with Pst I generated 3 fragments: the 1.1 Kb Pst I - Pst I 

fragment that contains part of the Sso L12 gene, a fragment of *  7.5 Kb and a 

small fragment of « 0.7 Kb (see Figure 21). This means that there are only 

three Pst I sites in clone p18CR-9. Two of these sites are within the Sulfolobus 

insert and give rise to the 1.1 Kb fragment. The other is located 12 bases 

upstream of the Bam HI site in the multiple cloning site (see Figures 19 and 

21). Since the distance between this Pst I site and the Eco Rl site that marks 

the border between the vector and the Sulfolobus insert is 2.6 Kb (the size of 

the vector), that means that the 7.5 Kb fragment must contain the Eco Rl site, 

the 0.7 Kb must have the Bam HI site and therefore, the 1.1 Kb fragment must 

be located at about 0.7 Kb from the Bam HI site (see Figure 21), The rest of the 

digests confirm this result.

Digestion with Bam HI and Pst I generates three fragments of the same size 

as those produced by Pst I (see Figure 21). Since the Pst I ai d the Bam HI 

sites in the multiple cloning site are only 12 nucleotides apart, digestion with 

Bam HI will only cut 12 bases from the 0.7 Kb Pst I - Pst I fragment. Since the 

difference in size between these two fragments is to small to detect on an 

agarose gel, they run side by side on the gel as can be seen in Figure 21.
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Figure 21. Location of the 1.1 Kb Pst I- Pst I fragment within the 6.9 Kb Eco Rl 
- Bam HI fragment. Clone p18CR-9 was digested with several restriction 
endo lucleases and the fragments were separated on a 0.5% agarose gel. 
Panel A. Pictuis of the agarose gel. Lanes: A: X, Hind III molecular weight 
standards, from top to bottom: 23.1 Kb, 9.4 Kb, 6.6 Kb, 4.4 Kb, 2.3 Kb, 2.0 Kb, B: 
0X174 RF Hae III molecular weight markers, from top to bottom: 1.3 Kb, 1.0 Kb, 
0.8 Kb, 0.6 Kb, 0.3 Kb, C: Pst I digest of clone p18CR-3, D. Bam Hl/Pst I digest, 
E: Eco Rl/Pst I, F: Bam Hl/Eco Rl/ Pst I. Panel B. (see next page) Structure of 
clcne p > :?CR-9. Vector sequences are indicated with a heavy line. Panel C. 
Fragments generated by the different digestions. Panel D. Location of the 1.1 
Kb fragment.
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Digestion with Pst I and Eco Rl, produces 4 fragments and it clearly shows 

that the Eco Rl site is inside the 7.5 Kb fragment since this fragment is no 

longer present (see Figure 21). Digestion of this fragment with Eco Rl 

generates a 2.6 Kb Eco Rl - Pst I fragment which represents the vector and a 5 

Kb fragment which is derived from the Sulfolobus insert.

Digestion with Eco Rl, Bam HI and Pst I generates the same fragments as 

the previous digestion because the difference in size cf the 0.7 Kb Pst I - Pst I 

and Pst I - Bam HI fragments cannot be detected in this gel (see Figure 21).

In conclusion, the results from this experiment showed that the 1.1 Kb Pst I • 

Pst I fragment is located at about 5 Kb from the Eco Rl site and about 0.7 Kb 

from the Bam HI site.

Sequencing of the 6.9 Kb Eco Rl - Bam HI fragment

Figure 22 shows the strategy used to sequence the complete 6.9 Kb Eco Rl 

- Bam HI fragment. Since the 1.1 Kb Pst I - P s t! fragment is located about 700 

nucleotides from the Bam HI site, sequencing of the 6.9 Kb fragment was 

started from this site by using the 17 bp universal sequencing primer (see 

Figure 19). Wh he data obtained, a specific primer was synthesized and used 

to complete the sequencing of the Sso L12 gene (see Figure 22). A second 

primer, derived from the 3' end of the 1.1 Kb fragment was also synthesized 

and used to confirm this sequence (see Figure 22).

In order to facilitate the sequencing of the rest of the 6.9 Kb fragment, a 

S9ries of deletion plasmids was constructed by digesting clone p18CR-9 with 

DNAse I (Lin et al. 1985). Figure 23 shows the different steps used in the 

construction of these deletion plasmids.
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Figure 22. Sequencing strategy and organization of the genes present in the 6.9 Kb Eco Rl • Bam HI fragment. 
Arrows indicate the direction of sequencing. Numbers above the arrows refer to the primer used. The sequence 
of the primers used can be found in the Appendix. Deletion plasmids are also indicated. In this case, the arrows 
indicate the si^e of the insert. Seven ribosomal protein genes were identified: L46, LX, L11, L1, L10 and L12. 
Besides these genes, a gene whose product shows sequence similarity to the signal recognition particle 
receptor (docking protein) and a gene for the alanine tRNA synthetase (ala S) were identified. Seven open 
reading frames are also present. u:universal sequencing primer, 17A: 17A probe, RV: reverse sequencing 
primer.
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Figure 23. Construction of the deletion plasmids according to the method of 
Lin et al. (1985). For a description of the different steps, see the text. Sulfolobus 
insert shown in black. E: Eco Rl, H: Hind III, H': location of original Hind III site, 
B: Bam HI, PEG: polyethylene glycol.



1 0 6

In the first step, clone p18CR-9 was digested with DNAse I. The digestion 

was performed in the presence of Mn+2, because undor these conditions, 

DNAse I slightly favors the cleavage of double-stranded DNA at or close to the 

same position on both strands (Anderson 1981). Digestion of the clone with 

DNAse I generated the following products (see Figure 23): 1] DNAse I cuts 

within the insert produced a mixture of linear double-stranded fragments with 

varying lengths of inserted DNA at both ends 2] DNAse I cuts within the vector 

produced linear double-stranded fragments with intac'i inserts and varying 

lengths of vector sequences at both ends 3] although double cuts are favored 

in the presence of Mn +2 , DNAse I will still nick many plasmids on just one 

strand producing open circular plasmids (Lin etal. 1985).

In the second step, the products of the DNAse I digestion were cleaved with 

Hind ill. The purpose of this digestion was to orderly release part of the insert 

and to linearize the open circular plasmids (Lin et al.1985). The restriction 

enzyme was selected so that it cuts near the site where the primer binds so that 

the universal sequencing primer could be uted to sequence the deletion 

plasmids. After digestion with Hind III, the small fragments were removed by 

selective precipitation of the larger fragments with polyethylene glycol (Lin et 

al. 1985).

In the third step, the fragments were made blunt ended with the Klenow 

fragment of DNA polymerase I and then they were ligated. Three different types 

of plasmids were obtained from this ligation (see Figure 23): 1] plasmids wiih 

deletions in the insert 2] plasmids with deletions in the vector 3] the original 

clone.

In order to eliminate the plasmids that carry an intact insert (original clone 

and plasmids with deletions in the vector), the plasmids were digested with a



107

second enzyme: Bam HI. The elimination of the plasmids containing an intact 

insert is based on the idea that the plasmids that have deletions in the insert 

should have lost this restriction site. Thus, digestion with the second enzyme 

linearizes the plasmids that carry an intact insert but does not affect plasmids 

with deletions in the insert. Since linear DNA is not suitable for transformation, 

only the plasmids carryinp deletions in the insert will be recovered after 

transformation (Lin et al. 1985). Bam HI was selected in this case, because its 

single recognition site is located between the site of the first enzyme and the 

beginning of the insert, and thus plasmids with deletions in the insert should 

have lost this site (see Figure 23).

In the final step, the products of the Bam HI digestion were used to 

transform competent JM105 ceils and the transformed cells were plated or  

ampicillin-LB plates. Colonies were then isolated, their plasmids were 

extracted (see Materials and Methods) and sized on a 0.5% agarose gel. The 

different plasmids were ordered according to size and used to sequence the

6.9 Kb fragment. Specific primers were used to fill the gaps when overlaps 

between the deletion plasmids could not be obtained and to sequence the 

other strand (see Figure 22). The sequence of these primers can be found in 

the Appendix.

The organization of the genes present in the 6.9 Kb Eco Rl - Bam HI 

fragment is also sho^n in Figure 22. Besides the genes that form the L12 

domain: Sso L12, Sso L10 and Sso L11, the genes of three other ribosomal 

proteins were identified: the Sso L1 gene that codes for a protein that is 

homologous to the Eco L1 protein (Post et al. 1979), the Sso L46 gene that 

cedes for a small basic protein that is homologous to yeast L46 (Leer et al. 

1985a) and rat livor L39 (Lin et al. 1984) ribosomal proteins and the Sso LX
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gene that codes for another basic protein that shows no sequence similarity to 

any of the eubacterial cr eukaryotic ribosomal proteins present in the data 

base. Besides the ribosomal proteins, an open reading frame whose product 

shows sequence similarity to the Escherichia coli alanine-tRNA synthetase 

(Putney ef al. 1981a) and an open reading frame whose product shows 

sequence similarity to the signal recognition particle receptor (docking protein) 

from dogs (Lauffer etal. 1985) and humans (Hortsch e ta l  1988), as well as the 

product of the fts Ygene from Escherichia coli (Gill etal. 1986), were identified. 

Several other open reading frames are also present, but since the sequences 

of their products didn't match any of the sequences present in the data base 

their identity is unknown.

The sequences of all these genes and their products as well as the basis 

for their identification will be discussed in the following sections.

The Sso L12 Gene and the Sso L12 Protein

The sequences of the Sso L12 gene and its product are shown in Figure 

24. The gene has 318 nucleotides and codes for a protein of 105 amino acids. 

Table 10 shows the codon utilization of this gene (for a discussion, see the 

section on codon utilization).

The amino acid composition, pi and molecular weight of the protein are 

shown in Table 11. Like its eubacterial and eukaryotic counterparts (Wittmann- 

Liebold 1986), the Sso LI 2 protein is acidic (pi 4.74) and rich in alanine 

(17.1%).

The Sso L12 protein sequence was compared to the following 

archaebacterial sequences: Mva L12 (Methanococcus vannielii) (Strobel etal. 

1988), Hcu LI 2 (Halobacterium cutirubrum) (Shimmin and Dennis 1989), Hha
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S so  L12 G ene

1

ATG GAG TAC ATA TAC GCA AGT TTA CTA TTG CAC GCA GCT
42

AAG

M E Y 1 Y A S L L L H A A K

43
AAA GAA ATA AGT GAG GAA AAC ATA AAG AAT GTA TTA AGT

84
GCA

K E I S E E N 1 K N V L S A

35
GCA GGA ATA ACA GTG GAC GAA GTT AGA CTA A.AA GCT GTA

126
GCA

A G I T V D E V R «L. K A V A

127
GCT GCT TTA AAA GAA GTA AAT ATA GAC GAA ATA TTG AAG

168
ACA

A A L K E V N 1 D E I L K T

169
GCT ACT GCA ATG CCT GTA GCA GCA GTA GCA GCC CCT GCA

210
GGT

A T A M P V A A V A A P A G

211
CAA CAG ACA CAG CAG GCA GCT GAG AAG AAA GAA GAA AAG

252
AAA

Q Q T 0 Q A A E K K 5 E K K

253
GAA GAA GAA AAG AAA GGA CCA AGC GAA GAA GAG ATA GGC

294
GGA

E E E K K G P S E E E i G G

295
GGC

G

TTA
L

1CA
S

TCA
S

CTA
L

TTC
F

GGT

G

318
TAA

*

Figure 24. Sequence of the Sso L12 gene. The derived amino acid 
sequence of the protein is shown below the nucleotide sequence. The N- 
terminal sequence that corresponds to the probe is underlined.



Table 10 Codon utilization in the Sso L12 gene

1 1 0

uuu Phe 0 UCU Ser 0 UAU Tyr 0 UGU Cys 0

u u c Phe 1 UCC Ser 0 UAC Tyr 2 UGC Cys 0

UUA Leu 4 UCA Ser 2 UAA * 1 UGA * 0

UUG Leu 2 UCG Ser 0 UAG * 0 UGG Trp 0

CUU Leu 0 e c u Pro 2 CAU His 0 CGU Arg 0

c u e Leu 0 CCC Pro 0 CAC His 1 CGC Arg 0

CUA Leu 3 CCA Pro 1 C.4A Gin 1 CGA Arg 0

CUG Leu 0 CCG Pro 0 CAG Gin 3 CGG Arg 0

AUU lie 0 ACU Thr 1 AAU Asn 2 AGU Ser 3

AUC lie 0 ACC Thr 0 AAC Asn 1 AGC Ser 1

AUA lie 7 ACA Thr 3 AAA Lys 6 AGA Arg 1

AUG Met 2 ACG Thr 0 AAG Lys 6 AGG Arg 0

GUU Val 1 GCU Ala 6 GAU Asp 0 GGU Gly 2

GUC Val 0 GCC Ala 1 GAC Asp 2 GGC Gly 2

GUA Val 5 GCA Ala 11 GAA Glu 12 GGA Gly 3

GUG Val 1 GCG Ala 0 GAG Glu 4 GGG GV 0

* chain termination

L12 (Halobacterium halobium) (Itoh et al. 1988), and Sac L12 (Sulfolobus 

acidocaldarius) (Matheson et al. 1988). The alignment obtained is shown in 

Figure 25. The Hha L12 and Sac L12 sequences are not included in this figure 

because the Hha L12 sequence is identical to the Hcu L12 sequence (itoh et 

al. 1988) and the only difference between the Sso L12 and Sac L12 is that the 

lysine at position 46 in the Sso L12 protein is a glutamic acid in the Sac L12 

sequence (Matheson et al. 1988). There is 48% sequence identity (only 

identical residues were considered) between the Sso L12 and Mva L12 

proteins and 44% between the Sso L12 and Hcu L12 proteins.
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Table 11 Predicted Amino Acid Composition of the oso L12 Protein

AMINO ACID NUMBER MOLES % AMINO ACID NUMBER MOLES %

A 18 17.1% M 2 1.9%

C • N 3 2.9%

D 2 1.9% P 3 2.9%

E 16 15.2% Q 4 3.8%

F 1 1.0% R 1 1.0%

G 7 6.7% S 6 5.7%

H 1 1.0% T 4 3.8%

I 7 6.7% V 7 6.7%

K 12 11.4% W _

L 9 8.6% Y 2 1.9%

Molecular weight: 11,139.02 pi: 4.74

The alignment of the Sso L12 protein with the eukaryotic P2 and P1 

proteins is shown in Figures 26 and 27 respectively. The Sso L12 protein can 

be aligned end to end with the P2 eukaryotic acidic proteins, except for two 

gaps (alignment positions 61-64 and 76-81) in the Sso L12 protein and small 

gaps in the eukaryotic sequences, located in the alanine rich region and the 

highly charged domain (see Figure 26).

Alignment with the P1 proteins revealed that these proteins have 6 extra 

amino acids at their N-termini that are not present in the Sso L12 protein. 

There are four gaps in the Sso L12 sequence (positions 69-72, 83-84, 101 and 

109) and several gaps in the eukaryotic sequences also located in the alanine 

rich region and the highly charged domain (see Figure 27). Table 12 

summarizes the sequence identity between the Sso L12 protean and its 

eukaryotic counterparts. On average, there is 33% sequence identity between 

the Sso L12 protein and the eukaryotic acidic proteins.
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Figure 25. Alignment of archaebacterial L12 proteins. Identical residues 
between the Sso L12 protein and the other two archaebacterial sequences are 
boxed. Sso: Sulfolobus solfataricus, Mva: Methanococcus vannielii (Strobel et 
al. 1988), Hcu: Halobacterium cutirubrum (Shimmin and Dennis 1989).
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Figure 26. Sequence alignment of the Sso L12 protein and the eukaryotic F2 acidic proteins. Identical residues between the Sso 
L12 protein and the eukaryotic sequences are boxed. Sso: Sulfobbus solfataricus, Dme: Drosophila mehnogaster(Qian etal.
1987), Rnc: Rattus norvegicus (Lin et al. 1982),See: Saccharomyces cerevisiae, See L12 (corresponds to L45, Remacha etal.
1988), See L12* (corresponds to L44, Remacha etal. 1988), Asa: Artemia salina (Maassen et al. 1985), Hsa: Homo sapiens 
(Rich and Steitz 1987), Spo: Schizosaccharomyces pombe (Beltrame and Bianchi 1987). co
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Figure 27. Alignment of the Sso L12 protein with the eukaryotic P1 acidic proteins. Identical residues between the Sso L12 
protein and the eukaryotic sequences are boxed. Sso: Sulfolobus solfataricus, Asa: Artemia salina (Maassen et al. 1985), Hsa: 
Homo sapiens (Rich and Steitz 1987), Dme:Drosophila melanogaster (Wigboldus 1987), Gdo: Gallus domesticus (Ferro and 
Reinach 1988), See: Saccharomyces cerevisiae, See Pi (Mitsui and Tsurugi 1988b), See P1' (corresponds to L44‘)
(Remacha et al. 1988).
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Table 12 Sequence identity between the Sso L12 protein and its 

archaebacterial and eukaryotic counterparts. 

Archaebacteria
protein1 length2 identities3 % identities
Mva L12 99 47 48%
Hcu L12 114 46 44%

ikaryotic P2 Family
protein4 length2 identities3 % identities
Dme P2 113 37 35%
Rno P2 111 29 28%
See P2 110 32 31%
Asa P2 111 35 33%
Hsa P2 116 34 32%
Spo P2 111 34 32%
See P2' 107 32 31%

ikaryotic P1 Family
protein5 length2 identities3 % identities

Asa P1 109 33 31%
Hsa P1 113 40 38%
Dme P1 111 31 30%
Gdo P1 113 38 36%
See P1 105 32 31%
See PV 105 35 33%

1 References can be found in Figure 25. 2 Length of the region of comparison 
3 Only identical residues were considered. 4 References can be found in 
Figure 26. 3 References can be found in Figure 27

As mentioned in the Introduction, alignment of the archaebacterial- 

eukaryotic L12 proteins with their eubacterial counterparts has proved to be 

difficult and has led to the proposal of different models, in which different 

regions of the molecules are aligned to each other:
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1] Amons et al. (1979) proposed that the archaebacterial-eukaryotic L12 

proteins arose by the duplication and fusion of an eubacteriai L12 protein. 

According to this model, there are 3 segments in the Eco L12 protein (48-64, 

104-116, and 34-52) that are homologous to residues 12-30, 38-48 and 57-65 

of the Hcu L12 protein respectively (see Figure 28A). This alignment is based 

on sequence similarity between the two proteins.

2] Yaguchi etal. (1980) proposed a linear alignment in which residues 35- 

110 of the Eco L12 protein are aligned with residues 1-75 of the Hcu L12 

protein. There is 32% sequence identity between the two proteins in this 

alignment (see Figure 28B).

3] Lin etal. (1982) proposed a model in which the last 30 residues of the 

eubacteriai L12 proteins are equivalent to the first 30 residues of the 

archaebacterial-eukaryotic acidic proteins (see Figure 28C). These authors 

postulate that the archaebacterial-eukaryotic proteins represent the ancestral 

sequence and that the eubacteria have moved the first 30 residues of this 

protein to the C-terminus. This alignment is based on sequence similarity 

between the two types of L12 proteins.

4] Matheson (1985) proposed a model in which the Eco L12 protein is 

divided into three segments: segment I, which contains the alanine rich region, 

segment II, which contains an acidic region and the conserved arginine and 

segment III, which contains the highly charged C-terminal domain (see Figure 

28D). In this model, the archaebacterial-eukaryotic L12 proteins are generated 

by the transposition of segment I to the middle of the molecule. This alignment 

takes into account sequence and structural similarity.

5] Otaka et al. (1985, 1989) have proposed a similar model to the one 

proposed by Lin et al. (1982), but based on the results of a computer program



A.

B.

E.

F.

G.

30
1

60
1

90 120 
I I

30 60 
1 1

90
1

I I I  I

30
1

60 90 120 
1 1

30 60 
1 . 1

90
1

1 |

30 60 90

i v l »  fa

35 110

k m m jn
75

90

c. tz z z z z z z z z z ^ m  

^JzZZZZZZ2
I II R 111

30 60 I 90

II R 
3) L

III

30 60 90

B55S. ‘ LH "z a ^ g s S
30 60

K \W -^
90

50

..

68

1 48

49 120

15 56 57 6074

r~km d t ib

Hcu L12

Eco L12 

Hcu L12

Eco L12

archaebacteria- 
eukaryotes

eubacteria

archaebacteria- 
eukaryotes

Eco L12

archaebacteria- 
eukaryotes

eubacteria

archaebacteria- 
eukaryotes

► eubacteria

archaebacteria-
eukan/otes

Duplication and 
fusion of two Eco 
L12 proteins

Fusion
protein

Amons et al. 1979

Yaguchi etal. 1980

Lin et al. 1982

11 7

Matheson
1985

Otaka et al. 1985, 
1989

Liljas et al. 
1986

Shimmin et al. 
1989b

Figure 28. Different models for the alignment of the eubacteriai and 
archaebacterial-eukaryotic L12 proteins. The filled areas represent the regions 
of equivalent structure between the two types of L12 proteins according to the 
different authors. For a description of each model, see the text.
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that searches for homologies in tertiary structures. According to this model, 

there are 4 segments of the Eco L12 protein which have equivalents in the 

archaebacterial-eukaryotic acidic proteins: 96-120, 1-21, 40-48 and 75-82 

(see Figure 28E). These authors believe that the eubacteriai proteins 

represent the ancestral sequence.

6] Liljas et al. (1986) proposed a model based on secondary structure 

predictions in which the C-terminal region of the eubacteriai proteins (residues 

50-120) is aligned with residues 1-68 of the archaebacterial-eukaryotic 

proteins (see Figure 28F). According to these authors, the archaebacterial- 

eukaryotic proteins have an 'inverted' eubacteriai structure, that is a globular 

N-terminal domain, followed by a hinge and an elongated C-terminus. As a 

consequence of this inverted structure, they propose that the archaebacterial- 

eukaryotic acidic proteins interact through their C-terminal domain with the 

ribosome, while the globular N-terminal domain is the site of interaction with 

the extrinsic factors. It should be noted, however, that recent studies by M. 

Remacha, T. Nacanda, S. Zinker, M.D. Vilella and J.P.G. Ballesta (Abst., Cold 

Spring Harbor: Ribosome Synthesis. 1988, p. 146) have shown that the N- 

terminai region rather than the C-terminal domain of the eukaryotic L12 

proteins is involved in the binding to the ribosome.

7] Shimmin eta l. (1989b) proposed a model based on sequence and 

structural similarity in which residues 1-48 and 49-120 of the Eco L12 protein 

are respectively aligned to residues 46-74 and 15-60 of the archaebacterial- 

eukaryotic proteins. In this model, residues 1-36 of the Eco L12 protein are 

aligned to residues 81-120 of the same protein and to residues 46-60 of the 

archaebacterial-eukaryotic acidic proteins (see Figure 28G). This model also
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proposes an inverted structure for the archaebacterial-eukaryotic L12 proteins 

and considers them to be the ancestral type.

The fact that the eubacteriai and archaebacterial-eukaryotic L12 proteins 

can be aligned in so many different ways, reflects the limitations of the data we 

have on the structure of these proteins. Sequence similarity has not been 

sufficient to establish a unique alignment in the case of these proteins, 

because their high alanine content makes it relatively easy to align different 

regions and still get a significant percentage of sequence similarity (models A- 

D). In order to solve this problem, several authors have tried to incorporate 

predictions on the secondary and even tertiary structure of the proteins into 

their models (Otaka etal. 1985, Liljas etal. 1986, Shimmin etal. 1989b). The 

limitation in this case is the reliability with which secondary and tertiary 

structure can be predicted from primary sequence data. For these reasons, it is 

difficult at the moment to decide which is the best model. Structural and 

functional studies of the L12 proteins from the three kingdoms are needed in 

order to define which are indeed the common structural-functional regions 

between the two types of acidic proteins.

In summary, even though there is no agreement about how to align the two 

types of L12 proteins, it is generally accepted ti at the two types are 

homologous and that they have suffered extensive rearrangements during the 

evolution of the three kingdoms.

The Sso L10 Gene and the Sso L10 Protein

The gene upstream of the Sso L12 gene was identified as the Sso L10 

gene on the basis that part of the sequence of its product, matched the 

sequence of peptides obtained from the Sso L10 protein purified from
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Sulfolobus ribosomes (Shimmin etal. 1989a) (sea Figure 29). Furthermore, 

sequence similarity between the product of this gene and the Eco L10 

ribosomal protein (Post et al. 1979) was also found.

The gene has 1008 nucleotides and codes for a protein of 335 amino acids 

(see Figure 29). Table 13 shows the codon usage in this gene (for a 

discussion, soe section on codon usage) and Table 14 shows the amino acid 

composition of the protein.

The sequence of the Sso L10 protein was compared to the following 

sequences: Hcu L10 (Halobacterium cutirubrum) (Shimmin and Dennis 1989), 

Hha L10 (Halobacterium halobium) (Itoh etal. 1988), and Mva L10 (Methane- 

coccus vannielii) (Kopke etal. 1989) from the archaebacteria; Hsa L10 (Homo 

sapiens) (Rich and Steitz 1987), See L10 (Saccharomyces cerevisiae) (Mitsui 

and Tsurugi 1988a) and Mmu L10 (Mus musculus) (Krowczynska etal. 1989) 

from the eukaryotes; and Eco L10 (Escherichia coli) (Posi etal. 1979) from the 

eubacteria. The alignment obtained is shown in Figure 30. The Hha L10 

sequence is not included in this figure because it is identical to the Hcu L10 

sequence (Itoh etal. 1988). The Mmu L10 sequence is also not included 

because there are only nine differences between this sequence and the Hsa 

L10 protein (Krowczynska et al. 1989). Table 15 shows the sequence identity 

among the L10 proteins from the three kingdoms.
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S s o  L10 G ene

1 42
GTG ATC GGT TTG GCA GTT ACT ACA ACT AAA AAA ATA GCA AAA

M 1 G L A V T T T K K 1 A K
43 84
TGG AAA GTA GAT GAA GTA GCT GAA CTT ACT GAA AAA TTA AAA

W K V D 5 V A E L T E K L K
85 126
ACC CAT AAA ACT ATA ATA ATA GCT AAT ATA GAG GGT TTT CCT

T H K T 1 1 1 A N 1 E G F P
127 168
GCA GAT AAA CTT CAT GAA ATA AGG AAA AAA TTA AGA GGA AAA

A D K L H E 1 R K K L R G K
169 210
GCT GAC ATA AAG GTA ACT AAA AAC AAC TTA TTT AAC ATA GCA

A D 1 K V T K N N L F N 1 A
211 252
CTC AAA AAT GCA GGG TAT GAC ACT AAA TTA TTT GAA AGC TAT

L K N A G Y D T K L F E S Y
253 294
CTA ACT GGA CCT AAT GCC TTT ATA TT7 ACT GAT ACT AAT CCC

Ip T <5 P N A F | F T D T t* p
295 336
TTC GAA TTA CAG TTA TTC CTA TCA AAA TTT AAA TTA AAG AGA

F E L Q L F L S K F K L K R
337 378
TAT GCC CTG CCA GGA GAT AAG GCA GAT GAG GAG GTT GTT GTA

Y A L P G D K A D E E V V V
379 420
CCA GCA GGA GAT ACA GGT ATT GCA GCA GGT c c c ATG CTC AGT

P A G D T G 1 A A G p M L S
421 462
GTT TTC GGA AAG TTG AAA ATA AAA ACA AAA GTC CAG GAT GGA

V F G K L K 1 K T K V Q D G
463 504
AAA ATT CAC ATA TTA CAA GAC ACA ACA GTT GCA AAG CCT GGA

K 1 H 1 L 0 0 J T V A K P G

Figure 29. Sequence of the Sso L10 gene. The derived amino acid 
sequence of the protein is shown below the nucleotide sequence. The regions 
that correspond to peptides obtained from purified Sso L10 protein have been 
ur-derlined (Shimmin etal. 1989a).
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GAT GAG ATA CCA GCA GAT ATT

D E I P A D I
547
GGA ATA ATG CCA GTA TAT GTA

G I M P V Y V
589

TAT GAT AAT GGA GTA ATA ATC
Y D N G V I I

631
AAC CTT GAT GAT TAT ACT AAT

N L D D Y T N
673
AAC GCA TTT GCA GTA GCC /CA

N A F A V A T
715
AAG GTC CTT GAA TTT ACA GCA

K V L E F T A
757
TTA GCT CTA GCC AGT GAG ATA

L A L A S E I
799
GCA CAG GCA GTA TTT ACT AAA

A Q A V F T K
841
GTT GCC TCT TCA ATA AGC GGA

V A S S I S G
833
ATA CAA GCA CAA CCA CAG GTC

I Q A Q P Q V
925
AaA GAA GAA AAG AAA GAA GAA

K E E K K E E
967
GAA GAG ATA GGC GGA GGC TTA

E E I G G G L

Figure 29 ...Continued
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546
GTA CCA ATA TTA CAA AAA CTA

V P I L Q K L
588

AAA TTA AAC ATT AAG ATA GCC
K L N I K I A

630
CCA GGA GAT AAA TTA TCA ATT

P G 0 K L S I
672

GAA ATC AGA AAA GCT CAT ATT
E I R K A H I

714
GAA ATA GCG TAC CCA GAA CCA

E I A Y P E P
756

ACC AAA GCT ATG AGA AAT GCA
T K A M R N A

798
GGT TAT ATA ACT CAA GAG ACA

G Y I T Q E T
840

GCA GTA ATG AAA GCA TAC GCT
A V M K A Y A

882
AAA GTA GAT TTA GGA G Ti CAA

K V D L G V Q
924

TCT GAA CAG GCA GCT GAG AAG
S E Q A A E K

966
GAA AAG AAA GGA CCA AGC GAA

E K K G P S E

1008
TCA TCA CTA TTC GGT GGA TGA

S S L F 'J G •
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Table 13 Codon utilization in the Sso L10 gene.

uuu Phe 9 UCU Ser 2 UAU Tyr 7 UGU Cys 0

uuc Phe 4 UCC Ser 0 UAC Tyr 2 UGC Cys 0

UUA Leu 14 UCA Ser 5 UAA * 0 UGA * 1

UUG Leu 2 UCG Ser 0 UAG * 0 UGG Trp 1

CUU Leu 4 ecu Pro 3 CAU His 3 CGU Arg 0

cue Leu 2 CCC Pro 2 CAC His 1 CGC Arg 0

CUA Lei: 5 CCA ^ro 10 CAA Gin 6 CGA Arg 0

CUG Leu 1 CCG Pro 0 CAG Gin 5 CGG Ara 0

AUU lie 6 ACU Thr 12 AAU Asn - AGU Ser 2

AUC lie 3 ACC Thr 2 AAC Asn 6 AGC Ser 3

AUA lie 22 ACA Thr 8 AAA Lys 31 AGA Arg 4

AUG Met 4 ACG Thr 0 AAG Lys 10 AGG Arg 1

GUI) Val 7 GCU Ala 8 GAU Asp 14 GGU Gly 6

GUC Val 3 GCC Ala 6 GAC Asp 3 GGC Gly 2

GUA Val 12 GCA Ala 21 GAA Glu 18 GGA Gly 15

GUG Val 1 CCG Ala 1 GAG Glu 8 GGG Gly 1

* chain termination

Table 14 Predicted Amino Acid Composition of the Sso L10 Protein

AMINO ACID NUMBER MOLES % AMINO ACID NUMBER MOLES %

A 36 10.7% M 5 1.5%

C • _ N 13 3.9%

D 17 5.1% P 15 4.5%

E 26 7.7% Q 11 3.3%

F 13 3.9% R 5 1.5%

G 24 7.1% S 12 3.6%

H 4 1.2% T 22 6.5%

I 31 9.2% V 22 6.5%

K 41 12.2% W 1 0.3%

L 28 8.3% Y 9 2.7%

Molecular weight: 36,548.63 pi: 9.56
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The archaebacterial proteins are almost twice the size (335-352 amino 

acids) of the Eco L10 protein (165) and like their eukaryotic counterparts, they 

have a highly charged C-terminal domain.

The three archaebacterial L10 proteins can be aligned end to end. The Sso 

L10 and Hcu L10 proteins have 3 extra amino acids at their N-termini 

compared to the Mva L10 protein, while this latter protein has an extra aspartic 

acid residue at position 55, and five extra residues at positions 84-88 with 

respect to the Sso L10 and Hcu L10 proteins (see Figure 30).

Table 15 Sequence identity between the Sso L10 protein and its

protein1 length2 identities3 % identities
Hcu L10 334 90 27%
Mva L10 331 109 33%
Hsa L10 316 77 24%
Mmu L10 316 77 24%
See L10 311 75 24%
Eco L10 165 34 21%

1 References can be found in p 120. 2 Length of the region of 
comparison. 3 Only identical residues were considered.

The Sso L10 and Mva L10 proteins have suffered a large internal deletion 

at their C-terminal region with respect to the Hcu L10 protein (Sso L10: 

positions 307-324, Mva L10: positions 312-326). This deletion has eliminated 

an alanine rich region that precedes the highly charged C-terminal domain in 

the Hcu L10 protein (see Figure 30).

Sequence conservation among the three archaebacterial L10 proteins is 

evenly distributed through the length of the protein except for the C-terminal re­
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gion (positions 300-363). In this region, the number of identities drops, mainly 

because in the Hcu L10 protein, the alternating lysine and glutamic acid 

residues (KKEEKK) present in the Sso L10 and Mva L10 proteins have been 

changed to aspartic acids. This increase in aspartic acid residues is thought to 

be an adaptation to the high intracellular salt concentration present in the 

extreme halophiler (FJayley and Morton 1978, Eisenberg and Wachtel 1987). 

Table 15 shows the percent sequence identity between the Sso L10 protein 

ar.d its archaebacterial counterparts.

The archaebacterial sequences can also be aligned end to end with their 

slightly shorter eukaryotic counterparts (see Figure 30). The Sso L10 protein 

has 6 and 8 extra amino acids at its N-terminus compared to the Hsa L10 and 

See L10 proteins respectively, and an extra glycine at its C-terminus. The 

eukaryotic proteins, on the other hand, have 3 extra amino acids at positions 

74-76 that are not present in the archaebacterial sequences. The Hsa L10 and 

See L10 proteins have an internal deletion (positions 224-249) with respect to 

the archaebacterial proteins. The two eukaryotic proteins, like the Hcu L10 

protein have an alanine rich region preceding the highly charged C-terminal 

domain. As mentioned before, the Sso L10 and Mva L10 proteins lack this 

alanine rich region (see Figure 30). Table 15 shows the percent sequence 

identity between the Sso L10 protein and its eukaryotic counterparts.

The Eco L10 protein is about half the size of the archaebacterial and 

eukaryotic L10 proteins and lacks the highly charged C-terminal domain. The 

alignment of this protein with its archaebacterial and eukaryotic counterparts is 

shown in Figure 30. There is 21% sequence identity between the Sso L10 and 

the Eco L10 proteins.
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Figure 30. Sequence alignment of the L10 proteins from the three kingdoms. Identical residues between the Sso L10 protein 
and the other sequences are boxed. The position of three 26 amino acid modules that are repeated in the archaebacterial 
sequences is indicated (see text).. EcaiEscherichia coli (Post et al. 1979), Sso:Sulfolobus solfatahcus, Hcu: Hatobacterium 
cutirubrum (Shimmin and Dennis 1989), Mva: Methanococcus vannielii (Kopke et al. 1989), Hsa: Homo sapiens (Rich and 
Steitz 1987), See: Saccharomyces cerevisiae (Mitsui and Tsurugi 1988a).
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Sso a D Y T N E I R K A H I N A F A V A T E 1 A Y P E P K

Sso p V L E F T A T K A M R N A L A L A S E 1 G Y 1 T Q E

Sso 7 T A Q A V F T K A V M K A Y A V A S S 1 S G K V D L

Hcu a E Y R A D I Q S A A A S A R N L S V N A A Y P T E R

Hcu p T A P D L I A K G R G E A K S L G L Q A S V E S P D

Hcu 7 L A D D L \/ S K A D A Q V R A L A A Q 1 D D E D A L

Mva a E F L G K L Q K A Y Tk N A r N L S V N A V 1 P T S A

Mva p E I E T I V Q K A F N D A K A V S V E S A F 1 T E K

Mva 7 T A F A I L G K A H A Q M 1 A V A - K L A G D E A L

Hsa p T L H S R F L E G V R N V A S V C L Q 1 G Y P T V A

Hsa 7 S V P H S I I N G Y K R V L A L S V E T D Y T F P L

See p E L V S H F V S A V S T I A S 1 S L A 1 G Y P T L P

See 7 S V G H T L I N N Y K D L L A V A 1 A A S Y H Y P E

Eco 7 M A T M K K A S A G K L V R T L A A V R D A K E A A

Figure 31. Sequence alignment of the modules in the L10 proteins. The 
putative module in the Eco L10 protein is included for a comparison.
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The three archaebacterial L10 proteins contain a sequence of 26 amino 

acids that appears to be repeated three times (designated modules a  

[positions 224-249], J3 [positions 250-275], and y [positions 276-301] (Figure 

30). These modules can also be identified in the eukaryotic L10 proteins, 

although the a  module appears to be missing and sequence conservation is 

not as high as in the case of the archaebacterial L10 proteins (see Figure 31). 

In E. coli, the y module, also appears to have been conserved. However, it 

should be noted that the identification of this region of the Eco L10 protein as 

the y module, is based mainly on the alignment of the Eco L10 protein with the 

Hcu L10 protein. There are 9 identities between the Eco L10 and Hcu L10 

proteins in this region, while there are only 4 between the Sso L10 and Eco 

L10 proteins (see Figure 30) (5 between Mva L10 and Eco L10, 4 between 

Hsa L10 and Eco L10, and 2 between See L10 and Eco L10). For this reason, 

the identification of this region as a module is still tentative. More eubacteriai 

L10 sequences are needed to confirm if this is indeed a module. The 

alignment of the modules is shown in Figure 31. Note that the region of 

highest sequence similarity is located towards the right half of the modules.

Sequence Conservation between the L10 and L12 Proteins

Sequence similarity has been found between the highly charged C- 

terminal domain of the archaebacterial and eukaryotic L10 proteins and the 

corresponding L12 proteins (Shimmin etal. 1989, Ramirez etal. 1989b, Itoh et 

al. 1988, KSpke et al. 1989, Rich and Steitz 1987, Mitsui and Tsurugi 1988a) 

(see Figure 32). In the case of Sulfolobus solfataricus, the C-terminal region of 

the Sso L10 and Sso L12 proteins (31 amino acids) is identical, except for an 

extra glycine residue at the end of the L10 protein. Remarkably, the sequence
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of this region is also identical at the nucleotide level (see Figure 33). The 

reason for this complete conservation is not known, but it probably represents 

a case of gene conversion (Lewin 1987). It is interesting to note in this respect, 

that a similar situation has been found between two viral genes from the SSV1 

virus that infects Sulfolobus B12, where a region coding for 20 amino acids 

has been perfectly conserved at the nucleotide level (Reiter etal. 1987a).

Comparison of the L10 and L12 proteins can be extended beyond the 

highly charged C-terminal domain. In the case of the eukaryotic and 

halobacterial sequences, the conservation of the alanine rich region can also 

be observed (Shimmin et al. 1989b, Ramirez eta l. 1989b). However, the 

alanine rich region is not present in the Sso and Mva L10 proteins (see 

Figures 30 and 32). It appears that a copy of the y module has also been 

conserved, although only the archaebacterial sequences exhibit substantial 

sequence similarity (identities and conservative substitutions) in this region 

(Hcu L10-Hcu L12 [42%], Mva L10-Mva L12 [33 %], Sso L10-Sso L12 [31 %], 

compared to See L10-Sce L12 [15 %], and Hsa L10-Hsa L12 [12 %] in the 

eukaryotes). If the y module has indeed been conserved, then almost 75% of 

the L12 protein is duplicated in the L10 archaebacterial and eukaryotic 

proteins (Shimmin etal. 1989b, Ramirez etal. 1989b).

Figure 32. Alignment of the common regions between the L10 and L12 
proteins from the archaebacteria and the eukaryotes. Identities are indicated
by a dot. The regions corresponding to the y module, the alanine rich region 
and the charged region are indicated. Note that the Sso L10 and Mva L10 
proteins lack an alanine rich region. Positive and negative charges are 
indicated.
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Q A A E K K E  E K  K E E E  K K  G
Sso L10 (303) SAGGCAGCTGAGA/ 3AAAGAAGAAAAGAAAGAAGAAGAAAAGAAAGG A

Sso L12 (75) 2AGGCAGCTGAGAAGAAAGAAGAAAAGAAAGAAGAAGAAAAGAAAGGA 
Q A  A E K K E  E K  K E E E  K K  G

P S  E E E  I G G G L S S  L F G  
Sso L10 ISCAAGCGAAGAAGAGATAGGCGGAGGCTTATCATCACTATTCGGT

Sso L12 jXAAGCGAAGAAGAGATAGGCGGAGGCTTATCATCACTATTCGGl
P S  E E E  I G G G L S S  L F G

G
GGA

Figure 33. Identical regions present in the Sso L10 and Sso L12 genes and 
proteins. The amino acid sequence of the protein is shown above and below 
the nucleotide sequence. The identical region is boxed. The only difference in 
this region between the two genes is the presence of an extra glycine codon at 
the end of the Sso L10 gene. Numbers in parenthesis indicate the position of 
the residues in each protein.

Evolution of the L10 and L12 Genes and Proteins

Sequence comparison of the L10 and L12 proteins from the three 

kingdoms suggests that these two genes are derived from common ancestral 

genes and that they have undergone many alterations and rearrangements 

during the evolution of the three kingdoms. Based on the common structural 

features of these genes, and the current views regarding the origin of the three 

kingdoms (Woese 1987), a hypothetical model can be proposed to explain the 

evolution of these genes (see Figure 34).
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|  loss of N and C termini

eubacterial L10 and L12 genes

Figure 34. Possible model for the evolution of the L10 and L12 genes in the three kingdoms. 
For a description see the text.
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!n the progenote, or common ancestor, of the three kingdoms, the ancestral 

L10 gene probably coded for a protein that lacked the region that the L10 and 

L12 proteins have in common, i.e. the modules and the highly charged C- 

termina! domain (Shimmin etal. 1989L, Ramirez etal. 1989b). Since it can be 

assumed that traits that are present in more than one line of descent were 

probably present in the common ancestor, the ancestral L12 gene probably 

coded for a protein with a structure similar to the archaebacterial-eukaryotic 

L12 proteins. In the next stage, the L12 gene was duplicated. This event was 

later followed by a fusion of the ancestral L10 gene with one of the copies of 

the L12 gene, producing a hybrid gene (Shimmin etal. 1989b, Ramirez etal. 

1989b). Since the modules and the highly charged C-terminal domain come 

from the L12 gene, the site of the fusion appears to be located i t  the point 

where the modules start. A duplication of this module generated an L10 

protein with a structure similar to that found in the euxaryotes. At this stage the 

archaebacteria and the eukaryotes begin to diverge. In the archaebacteria, the 

module is duplicated once more giving rise to the present archaebacterial L10 

gene with three modules. In the eukaryotes, a second duplication of the L12 

gene takes place, giving rise to the P1 and P2 families.

It is difficult at the moment, to propose a unique model for the evolution of 

the eubacterial genes mainly because there is no agreement regarding the 

way in which the eubacterial and archaebacterial-eukaryotic L12 type proteins 

should be aligned. A very simple model that illustrates how a transposition of 

the type proposed by Lin ei at. (1982) could have ocurred is illustrated in 

Figure 34. According to this model, the eubacteria would have diverged just 

before the fusion of one of the copies of the L12 gene with the L10 gene (in this 

model, the possible presence of such a module in the eubacterial L10 protein
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is not considered since the existence of a module has not been definitively 

established). At this stage, loss of the C-terminal domain of the ancestral L10 

gene would have generated the smaller eubacterial L10 gene seen today. 

The module present in the ancestral L12 protein would have also been lost at 

this time either by sequence divergence so that it is no longer recognizable in 

the modern eubacterial sequences or by actual deletion. A fusion between the 

two L12 genes, followed by a deletion of the N and C termini of the fusion 

product would have produced the present eubacterial L12 gene in which the 

C-terminal region of the original gene has been transposed. It should be noted 

that a more complex scheme has to be invoked in order to explain the origin of 

the eubacterial L12 proteins when other alignments, such as those proposed 

by Matheson (1985) or Shimmin eta l. (1989b) are considered (see for 

example, Shimmin etal. 1989b).

The Sso L1 Gene and the Sso L1 protein

The gene upstream of the Sso L10 gene was identified as the Sso L1 gene 

on the basis of sequence similarity between its product and the Eco L1 protein 

(Post etal. 1979). The gene is 663 nucleotides long and codes for a protein of 

221 amino acids (see Figure 35). Table 16 shows the codon usage in this 

gene (for a discussion, see section on codon utilization) and Table 17 shows 

the amino acid composition, molecular weight and pi of the protein.

In Escherichia coli, the L1 protein is involved in the interaction between the 

peptidyl-tRNA and the ribosome at the P (peptidyl) and E (exit) sites and 

indirectly with the GTPase center (Subramanian and Dabbs 1980, Sander 

1983, Moazed and Noller 1989 ). Protein L1 is located on a ridge in the lateral 

protuberance opposite to the L12 stalk (Lake and Strycharz 1981) and binds to
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i Q N E W
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4'
M G  TTT CCT ACA CC. 

K F P T P

Figure 35. Sequence of the Sso 11 gene. The derived amino acid sequence 
of the protein is shown below the nucleotide sequence. The gene uses GTG 
as the initiation codon.
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Figure 35...Continued

nucleotides 2100-2200 of the 23S rRNA (Gourse et al. 1981, Branlant et at. 

1981).

The sequence of the Sso L1 protein was aligned with two other 

archaebacterial sequences: Hcu L1 (Halobacterium cutirubrum) (Shimmin and 

Dennis 1989) and Hha L1 (Halobacterium halobium) (Itoh 1988) and four 

eubacterial sequences: Eco L1 (Escherichia coli) (Post et al. 1979), Bst L1 

(Bacillus stearothermophilus) (Kimura etal. 1985), Pvu L1 (Proteus vulgaris) 

and Sma L1 (Serratia marcescens) (Sor and Nomura 1987). The alignment 

obtained is shown in Figure 36. The Pvu L1 and Sma L1 sequences are not 

shown in this figure because they are virtually identical to the Eco L1 protein 

(Sor and Nomura 1987). The Hha L1 sequence is also not included in this 

figure because it only differs in one amino acid from the Hcu L1 protein (the
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Hha L1 protein has an alanine instead of a valine at position 134 (see Figure 

36) (Itoh 1988).

The two archaebacterial proteins can be aligned end to end with the 

introduction of four gaps.(see Figure 36). The Sso L1 sequence has 4 extra 

residues at its N-terminus and 2 extra residues at its C-terminus compared to 

the Hcu L1 protein. The Hcu L1 protein has 2 direct repeats: ADDV (residues 

at alignment positions 89-92 and 94-97) and DLAD[D/E]TD (positions: 105- 

111, and 115-121). There is no evidence of these repeats in the Sso L1 

sequence.

Table 16 Codon utilization in the Sso L1 gene

uuu Phe 4 UCU Ser 3 UAU Tyr 4 UGU Cys 0

uuc Phe 3 UCC Ser 1 UAC Tyr 0 UGC Cys 0

Li JA Leu 11 UCA Ser 1 UAA * 0 UGA * 1

UUG Leu 1 UCG Ser 1 UAG * 0 UGG Trp 1

CUU Leu 5 ecu Pro 4 CAU His 0 CGU Arg 0

cue Leu 1 CCC Pro 4 CAC His 0 CGC Arg 0

CUA Leu 2 CCA Pro 5 CAA Gin 8 CGA Arg 0

CUG Leu 2 CCG Pro 0 CAG Gin 3 CGG Arg 0

AUU lie 5 ACU Thr 3 AAU Asn 10 AGU Ser 3

AUC lie 1 ACC Thr 1 AAC Asn 2 AGC Ser 0

AUA lie 10 ACA Thr 5 AAA Lys 20 AGA Arg 8

AUG Met 4 ACG Thr 2 AAG Lys 9 AGG Arg _ 3

GUU Val 9 GCU Ala 5 GAU Asp 4 GGU Gly 3

GUC Val 0 GCC Ala 3 GAC Asp 3 GGC Gty 0

GUA Val 6 GCA Ala 7 GAA Glu 12 GGA Gly 6

GUG Val 5 GCG Ala 3 GAG Glu 5 GGG GV 0

chain termination
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The two archaebacteria! sequences can also be aligned end to end to their 

eubacterial counterparts. However, several gaps had to be introduced to 

obtain this alignment (see Figure 36). The eubacterial nroteins are longer than 

the archaebacterial proteins. The Eco L1 and Bst L1 proteins have 9 extra 

residues at their N-terminus compared to the Sso L1 protein, and 6 and 5 extra 

residues respectively at their C terminus.

The direct repeats present in the Hcu L1 protein are not evident in the 

eubacterial proteins. Furthermore, a gap had to be introduced in the 

eubacterial sequences at the region where 'he second repeat is located 

(positions 107-113) (see Figure 36).

Table 17 Predicted Amino Acid Composition of the Sso L1 Protein

AMINO ACID NUMBER MOLES % AMINO ACID NUMBER MOLES %

A 18 8.1% M 5 2.3%

C _ N 12 5.4%

D 7 3.2% P 13 5.9%

E 17 7.7% Q 11 5.0%

F 7 3.2% R 11 5.0%

G 9 4.1% S 9 4.1%

H _ _ T 11 5.0%

I 16 7.2% V 19 8.6%

K 29 13.1% W 1 0.5%

L 22 10.0% Y 4 1.8%

Molecular weight: 24, 895.29 pi: 10.81

There are three regions of high sequence conservation among the L1 

proteins from the two kingdoms: alignment positions 137-150, 193-198 and 

226-230 (see Figure 36). Since these regions have been conserved in the two 

kingdoms, it is probable that they play an important role in the structure and/or
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Figure 36. Sequence alignment of the Sso L1 protein with its archaebacterial 
and eubacterial counterparts. Identical residues between the Sso L1 protein 
and the other sequences are boxed. Sso: Sulfolobus solfataricus, Hcu: 
Halobacterium cutirubrum (Shimmin and Dennis 1989), Eco.Escherichia coli 
(Post etal. 1979), Bst: Bacillus stearothermophilus (Kimura etal. 1985).
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Figure 36...Continued

function of the protein. Table 18 summarizes the percent sequence identity 

between the Sso L1 protein and its archaebacterial and eubacterial 

counterparts.
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As stated before, in E.coli, the L1 protein binds to a region in the 23S rRNA 

located between nucleotides 2100-2200 (Gourse etal. 1981, Branlant etal. 

1981). Binding studies using the Eco L1 protein and large subunit rRNA from 

the archaebacteria and eukaryotes, have indicated that the protein binding site 

has been conserved in the three kingdoms (Zimmermann etal. 1980, Gourse 

eta l. 1981). Although the RNA binding site on the protein has not been 

identified, it is possible that some of the regions of the L1 proteins that have 

been conserved in the two kingdoms might be involved in the interaction with 

rRNA (see the following section).

Table 18. Sequence identity between the Sso L1 protein and its 

archaebacterial and eubacterial counterparts.

protein 1 length 2 identities3 % identities
Hcu L1 214 66 31%
Eco L1 220 49 22%
Pvu L1 220 47 21%
Sma L1 220 47 21%
Bst L1 220 60 27%

1 References can be found in p 136. 2 Length of the region of 
comparison 3 Only identical residues were considered

The Sso L11 Gene and the Sso L11 Protein

The gene immediately upstream of the Sso L1 gene was identified as the 

Sso L11 gene on the basis that the N-terminal sequence of its product 

matched the N-terminal amino acid sequence of the Sso L11 protein isolated 

from Sulfolobus ribosomes (Matheson 1985). Furthermore sequence similarity 

was found between its product and the Eco L11 ribosomal protein (Dognin and
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Wittmann-Liebold 1977). The gene has 513 nucleotides and codes for a 

protein of 170 amino acids (see Figure 37). Table 19 shows the codon usage 

in this gene (for a discussion, see section on codon usage).and Table 20 the 

amino acid composition, molecular weight and pi of the protein.

As stated in the introduction, the L11 protein is part of the L7/L12 domain 

and is involved in the GTPase center of the ribosome (Schmidt et al. 1981, 

Cundliffe 1986). The sequence of the Sso L11 protein was compared to the 

sequences of the following L11 proteins: Eco L11 (Escherichia coli) (Dognin 

and Wittmann-Liebold 1977), Pvu L11 (Proteus vulgaris), and Sma L11 

(Serratia marcescens) (Sor and Nomura 1987) from the eubacteria; Hcu L11 

(Halobacterium cutirubrum) (Shimmin and Dennis 1989) from the archae­

bacteria; and the N-terminal sequence of See L11 (Saccharom yces  

cerevisiae) (Otaka etal. 1984) from the eukaryotes. The alignment obtained is 

shown in Figure 38. The sequences of the Pvu L11 and Sma L11 proteins are 

not shown in this figure because they are virtually identical to the Eco L11 

protein (Sor and Nomura 1987).

Figure 38 shows that the two archaebacterial sequences can be aligned 

end to end with only one gap at alignment position 68 in the Hcu L11 protein. 

The Sso L11 protein has an extra amino acid at its N-terminus and 5 extra 

residues at its C-terminus. There is 40% sequence identity between the two 

proteins.

Although both archaebacterial proteins are longer that the Eco L11 protein, 

they can still be aligned end to end with the Eco L11 sequence (see Figure 

38). The extra residues of the archaebacterial proteins are located at the C-ter­

minus, with the Sso L11 protein having 31 and the Hcu L11 protein 26 extra 

amino acids compared to the Eco L11 protein. TheE coLU  protein, on the
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Figure 37. Sequence of the Sso L11 gene. The derived amino acid 
sequence of the protein is shown below the nucleotide sequence. The N- 
terminal sequence obtained from purified Sso L11 protein is underlined 
(Matheson 1985). The gene uses TTG as the initiation codon.
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Table 19 Codon utilization in the Sso L11 gene

uu u Phe 1 UCU Ser 0 UAU Tyr 2 UGU Cys 0

u u c Phe 0 UCC Ser 0 UAC Tyr 1 UGC Cys 0

UUA Leu 7 UCA Ser 6 UAA * 0 UGA * 1

UUG Leu 2 UCG Ser 0 UAG • 0 UGG Trp 1

CUU Leu 3 e c u Pro 5 CAU His 0 CGU Arg 0

c u e Leu 0 CCC Pro 1 CAC His 1 CGC Arg 0

CUA Leu 4 CCA Pro 5 CAA Gin 7 CGA Arg 0

CUG Leu 0 CCG Pro 0 CAG Gin 1 CGG Arg 0

AUU lie 4 ACU Thr 6 AAU Asn 6 AGU Ser 3

AUC lie 1 ACC Thr 1 AAC Asn 1 AGC Ser 1

AUA lie 11 ACA Thr 7 AAA Lys 16 AGA Arg 0

AUG Met 2 ACG Thr 0 AAG Lys 6 AGG Arg 1

GUU Val 6 GCU Ala 4 GAU Asp 7 GGU Gly 3

GUC Val 1 GCC Ala 1 GAC Asp 3 GGC Gly 1

GUA Val 4 GCA Ala 6 GAA Glu 6 GGA Gly 9

GUG Val 0 GCG Ala 1 GAG Glu 4 GOG Gly 1

* chain termination

Table 20 Predicted Amino acid composition of the Sso L11 Protein

AMINO ACID NUMBER MOLES % AMINO ACID NUMBER MOLES %

A 12 7.0% M 3 1.8%

C N 7 4.1%

D 10 5.8% P 11 6.4%

E 10 5.8% Q 8 4.7%

F 1 0.6% R 1 0.6%

G 14 8.2% S 10 5.8%

H 1 0.6% T 14 8.2%

I 16 9.4% V 11 6.4%

K 22 12.9% W 1 0.6%

L 15 8.8% Y 3 1.8%
Molecular weight: 18, 22C .22 pi: 9.83
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Figure 38. Sequence alignment of the Sso L11 protein and its 
archaebacterial and eubacterial counterparts. Identical residues between the 
Sso L11 protein and the other sequences are boxed. Sso: Sulfolobus 
solfataricus, Hcu: Halobacterium cutirubrum (Shi min and Dennis 1989), Eco: 
Escherichia coli (Dognin and Wittmann-Liebold 1^/7).



148

other hand, has an N-terminal extension of 3 or 4 extra residues that is not 

present in the archaebacterial sequences (see Figure 38).

Two gaps had to be introduced in order to obtain the alignment of the Sso 

L11 protein to the Eco L11 protein shown in Figure 38. One is located at 

alignment position 49 in the Sso L11 sequence and the other at alignment 

position 68 in the Eco L11 protein. Table 21 shows the percent sequence 

identity between the Sso L11 protein and its archaebacterial and eubacterial 

counterparts.

Table 21 Sequence identity between the Sso L11 protein and its 

archaebacterial and eubacterial counterparts

protein 1 length 2 identities3 % identities
Hcu L11 163 65 40%
Eco L11 138 46 33%
Pvu L11 138 48 35%

Sma L11 138 47 34%
1 References can be found in p. 144 2Length of the region of comparison 
3 Only identical residues were considered

The archaebacterial and eubacterial L11 proteins are proline rich. Seven 

proline residues (alignment positions: 19, 21, 22, 24, 55, 74 and 93) have been 

conserved between the two kingdoms. In E.coli, these proline residues 

probably contribute to the elongated shape of the L11 protein which has an 

axial ratio of 6-5:1 (Giri et al. 1978). The conservation of these residues in the 

archaebacteria probably implies that the general shape of the L11 proteins 

from the two kingdoms is similar.
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The L11 protein is the most heavily methylated ribosomal protein in 

Escherichia coli (Dognin and Wittmann-Liebold 1979) and in Saccharomyces 

cerevisiae (See L11) (Cannon et al. 1977). In E.coli, the residues that are 

modified have been identified. The a  amino group of the N-terminal alanine as 

well as the e amino groups of the lysines at positions 3 and 38 are 

trimethylated (Dognin and Wittmann-Liebold 1977). In the case of the See L11 

protein, the identity and position of the residues that have been modified have 

not been determined. Although it is not known if the archaebacterial proteins 

are methylated, comparison of the sequences of the archaebacterial and Eco 

L11 proteins, shows that there has been very little if any conservation of the 

sites of methylation between these two kingdoms. The first two modified 

residues (alanine at position 1 and lysine at position 3) are located within the 

N-terminal extension that is unique to the Eco L11 protein. Furthermore, 

neither of the archaebacterial proteins has a modified N-terminal amino group 

(Matheson etal. 1984, Matheson 1985). The lysine at position 39 has been 

conserved between the Eco L11 and Sso L11 proteins but is not present in the 

Hcu L11 protein.

Comparison of the sequences of the L11 proteins from the eubacteria and 

the archaebacteria, revealed the presence of 3 region'5 of high sequence 

conservation between the two kingdoms: residues 12-27, 50-59 and 131-142 

(see Figure 38). In these regions, glycine and proline residues have been 

conserved suggesting that the secondary structure of the molecule has also 

been conserved.

In E.coii, the N-terminal region of the L11 protein (residues 1-64) has been 

shown to be important for the interaction of the ribosome with release factor 1 

(Tate et al. 1984). Since this domain includes the first two regions that are
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highly conserved in the two kingdoms, it is possible that in the archaebacterial 

proteins this domain of the protein might play a similar role during the 

termination of translation.

The Eco L11 protein is also involved in the synthesis of ppGpp during the 

stringent response (Friesen etal. 1974, Parker et al. 1976). This response 

takes place when E.coli cells are subjected to amino acid starvation. Under 

these conditions, ppGpp is produced and the synthesis of tRNA and rRNA 

stops (Nomura eta l. 1984). However, studies with the methanogens and 

halophiles have revealed, that at least these two archaebacterial groups lack 

the stringent response (Beauclerck etal. 1985, Chant and Dennis, personal 

communication). Thus, some of the functions of the L11 protein have not been 

conserved in the two kingdoms.

In E.coli, protein L11 binds to a conserved region of the 23S rRNA located 

between nucleotides 1052 and 1112 (Schmidt eta l. 1981). Heterologous 

binding studies have revealed that the Eco L11 protein can interact with a 

similar region on the archaebacterial 23S rRNA and eukaryotic 28S rRNA 

(Beauclerck et al. 1985, El-Baradi et al. 1987). Sequencing of the rRNA 

fragments protected by the Eco L11 protein, has revealed that the general 

secondary structure of the binding site for this protein has been conserved in 

the three kingdoms (Beauclerck etal. 1985, El-Baradi et al. 1987). However, 

the rRNA bmding site on the protein has yet to be determined. It is interesting 

to note, in this respect, that there is a region in the L11 proteins (residues 23 to 

32 in Figure 38) that shows sequence similarity to a region in the L1 proteins 

(residues 137 to 146 in Figure 36), which are also rRNA binding proteins. The 

alignment of these regions is shown in Figure b9.
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Sso L1 (137-146) L G

<H

L G P R G K
Hcu L1 (137-146) L G Q V L G P R G K
Eco L1 (137-146) L G Q V L G P K G L
Bst L1 (137-146) L G R • ■ G P K G L
Sso L11 (23-32) L G P T L S Q L G L
Hcu L11 (23-32) L G P E L G P T P V
Eco L11 (23-32) V | G P A L G JQ  Q |Gj V

consensus L G P X L G P B G hy

Figure 39. Conserved region in the L11 and L1 ribosoma! proteins. The 
numbers in parenthesis refer to the position of these residues in each protein 
(see Figures 36 and 38). Identical residues are boxed. A consensus sequence 
is shown at the bottom, hy: hydrophobic residue (L,V, I), X: any amino acid, B: 
basic residue (R.K).

Glycine, proline and hydrophobic amino acids have been conserved in this 

region in the L11 and L1 proteins from the two kingdoms. Since the L11 and 

L1 proteins bind to rRNA, it is possible that this conserved region might be 

involved in the interaction of these proteins with rRNA.

The Sso L46 Gene and the Sso L46 Protein

The gene located at 100 nucleotides from the Eco Rl site was identified as 

the Sso L46 gene on the basis of sequence similarity between the sequence of 

its product and the sequences of the See L46 ribosoma! protein from 

Saccharomyces cerevisiae (Leer et at. i 985a) and Rno L39 ribosomal protein 

from rat liver (Lin et at. 1984). Furthermore, t.ie product of this gene has been 

isolated from Sulfolobus solfataricus ribosomes and partially sequenced 

(Ramirez etal. 1989a). Since this protein shows no sequence similarity to any 

of the eubacterial ribosomal proteins, the number of this protein in yeast has 

been used to designate it.
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There are two possible initiation codons, separated by only 3 nucleotides, 

for the Sso L46 gene (see Figure 40). Since sequencing of the Sso L46 

protein revealed that the Sso L46 protein starts with a serine residue (Ramirez 

et al. 1989a), it seems likely that the second ATG codon is the real initiation 

codon. If the second ATG codon is the initiation codon, then the Sso L46 gene 

has 156 nucleotides and since the N-terminal methionine is removed post- 

translationally (Ramirez et al. 1989a), it codes for a protein of 50 amino acids 

(see Figure 40). Unlike the yeast See L46 gene, which is interrupted by a 385 

nucleotide intron, located immediately after the second codon (Leer et al. 

1985a), no intron is present in the Sso L46 gene. Table 22 shows the codon 

usage in this gene.

Sso L46 Gene
1 42

ATG GAA ATG AGC AAG CAT AAG TCC TTA GGC AAA AAA TTG AGA

(E) M S K H K S L G K K L R

43 84

CTA GGT  AAA GCG TTA AAA AGA AAC TCT CCT ATT CCT GCT TGG 

L G K A L K R N  S P I P A W

85 126

GT C ATA ATA AAA ACT CAA GCT GAG ATA AGG TTT AAT CCA CTA
V I  I K T Q A E I  R F N P L

127 162

AGA AGA AAT TGG AGA AGA AAT AAT TTA AAG GTG TGA
R R N W R R N N L  K V *

Figure 40. Sequence of the Sso L46 gene. The derived amino acid 
sequence of the protein is shown below the nucleotide sequence. The 
sequence of the protein obtained from purified Sso L46 is underlined (Ramirez 
etal. 1989a).
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uuu Phe 1 UCU Ser 1 UAU Tyr 0 UGU Cys 0
uuc Phe 0 UCC Ser 1 UAC Tyr 0 UGC Cys 0
UUA Leu 3 UCA Ser 0 UAA * 0 UGA * 1
(JUG Leu 1 UCG Ser 0 UAG * 0 UGG Trp 2
CUU Leu 0 ecu Pro 2 CAU His 1 CGU Arg 0
cue Leu 0 GCC Pro 0 CAC His 0 CGC Arg 0
CUA Leu 2 CCA Pro 1 CAA Gin 1 CGA Arg 0
CUG Leu 0 CCG Pro 0 CAG Gin 0 CGG Arg 0
AUU lie 1 ACU Thr 1 AAU Asn 4 AGU Ser 0
AUC lie 0 ACC Thr 0 AAC Asn 1 AGC Ser 1
AUA lie 3 ACA Thr 0 AAA Lys 5 AGA Arg 6
AUG Met 1 ACG Thr 0 AAG Lys 3 AGG Arg 1

GUU Val 0 GCU Ala 2 GAU Asp 0 GGU Gly 1

GUC Val 1 GCC Ala 0 GAC Asp 0 GGC Gly 1
GUA Val 0 GCA Ala 0 GAA Glu 0 GGA Gly 0
GUG Val 1 GCG Ala 1 GAG Glu 1 GGG Gly 0
* chain termination

Table 23 Predicted Amino acid composition of the Sso L46 protein

AMINO ACID NUMBER MOLES % AMINO ACID NUMBER MOLES %

A 3 5.8% M 1 1.9%

C _ N 5 9.6%

D _ P 3 5.8%

E 1 1.9% Q 1 1.9%

F 1 1.9% R 7 13.5%

G 2 3.8% S 3 5.8%

H 1 1.9% T 1 1.9%

I 4 7.7% V 2 3.8%

K 8 15.4% W 2 3.8%

L 6 11.5% Y - -

Molecular weight: 6 , 064 pi: 12.9
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The Sso L46 protein is very basic (pi: 12.3); containing 16 basic residues 

and only one acidic residue (see Table 23). The alignment of the Sso L46 

protein with the See L46 and Rno L39 proteins is shown in Figure 41. There is 

40% sequence identity between the Sso L46 and See L46 proteins and 46% 

sequence identity between the Sso L46 and Rno L39 proteins.

Two tryptophan residues (positions 25 and 43 in Figure 41) are present in 

this protein. This is unusual since the presence of tryptophan is very rare in 

ribosomal proteins (Wittmann-Liebold 1986). These residues are likely to be 

important for the function of the protein since they have been conserved in the 

two kingdoms.

As stated above, the Sso L46 protein shows no sequence similarity to any 

eubacterial ribosomal proteins, suggesting that this protein is absent in the 

eubacterial ribosome. Ribosomal proteins that show no sequence similarity to 

eubacterial proteins have also been isolated from other archaebacterial 

groups: S2, S15 and L16 from Halobacterium marismortui (Kimura et al. 

1989), and the products of the a, b, c, d and e genes in the spc operon of 

Methanococcus vannielii as well as the products of genes 1 and 2  in the str 

operon of the same organism (Auer et al. 1989a, b). The significance of these 

proteins will be discussed in the section on the evolution of the ribosome.

Chan ei al. (1987) have proposed that the See L46 and Rno L39 proteins 

are members of an extended family of ribosomal proteins that includes: Rno L5 

from rat liver, Hsa L32 from humans and Mmu L32 from mouse. This family of 

proteins is characterized by the presence of short segments whose sequence 

has been conserved in all of its members. Although the role that these 

segments play in the function and/or structure of each one of these proteins is 

not known, their presence in such a variety of ribosomal proteins gives support



1 10 20 1 3 0

Rno L39 S S H K T F R I K R F L A K K Q K Q N R P 1 P Q W
Sso L46 S K H K S L G K K L R L G K A L K R N S P 1 P A W
See L46 A A q | K S F R I K Q L M A K A K K Q N R P L P Q W

30 40 50
Rno L39 I R M K T G N K I R Y N S K R R H W R R T K x G L
Sso L46 V I I K T Q A E I R F N P L R R N W R R N N L K V
See L46 I R L «Ll N N T I R Y N A K R R N W R R T K M N 1

Figure 41. Sequence alignment of the Sso L46 protein with its eukaryotic 
counterparts. Identical residues to the Sso L46 protein are boxed. Sso: 
Sulfolobus solfataricus, Rno: Rattus norvegicus (Lin et al. 1984), See: 
Saccharomyces cerevisiae (Leer etal. 1985a)

Rno L5 (13) F K R Y Q V R F R R R R E G K

Hsa L32 (74) F R K F L V H N V K E L E V L
Mmu L32 (74) F R K F L V H N V K E L E V L

Rno L39 (33) K I R Y N s K R R H W R R T K
See L46 (33) T I R Y N A K R R N W R R T K

Sso L46 (33) E I R F N P L R R N w R R N N

Rno L5 (254) K K P K R E yf K K K R W N R P K M S L
Hsa L32 (24) Q S D R Y V K I K R N W R K P R G I D
Mmu L32 (24) Q S D R Y V K I K R N W R K P R G I D
Rno L39 (32) N K I R Y N S K R R H W R R T K L G L

See L46 (32) N T I R Y N A K R R N W R R T K M N I
Sso L46 (32) A E I R F N P L R R N W R R N N L K V

I igure 42. Common regions in the L5 family of ribosomal proteins. The 
alignment of the two regions that show sequence similarity in all the members 
of this family of proteins is shown. Numbers in parenthesis refer to the position 
of the initial residue in the segment in the respective protein. Hsa: Homo  
sapiens, Mmu: Mus musculus, Rno: Rattus norvegicus, See: Saccharomyces 
cerevisiae, Sso: Sulfolobus solfataricus. Alignment drawn after Chan et al. 
1987.
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to the idea that ribosomal proteins evolved by the repeated duplication of a 

small number of ancestral peptides (Jue et al. 1980, Lin et al. 1987). The 

alignment of the regions that the members of this family have in common is 

shown in Figure 42. As can be seen in this figure, the Sso L46 protein is also a 

member of this family of ribosomal proteins.

The Sso LX Gene and its Product

The Sso LX gene was identified as a ribosomal protein gene because the 

sequence of its product, matches the sequence of a small basic ribosomal 

protein isolated from the large subunit of Sulfolobus solfataricus ribosomes 

(Louie, K.A., personal communication).

Figure 43 shows the sequence of this gene and its product. The rogions 

that have been confirmed by amino acid sequencing of the protein are 

underlined. The gene has 216 nucleotides and codes for a protein of 71 amino 

acids. Table 24 shows the codon usage in this gene.

The protein encoded by this gene is very basic (pi: 1 2 .0 2 ). It contains 16 

basic residues and only four acidic residues (See Table 25). A search through 

the data base, revealed that this protein shows no sequence similarity to any of 

the eubacterial and eukaryotic ribosomal proteins sequenced up to now. Since 

all the proteins in an eukaryotic ribosome have not been sequenced, it is 

possible that an equivalent protein may be present in eukaryotic ribosomes.

The presence of proteins that show no sequence similarity to eubacterial or 

eukaryotic ribosomal proteins has also been detected in Halobacterium  

marismortui (proteins S6 , S13, L29 and L31) (Kimura et al. 1989). Although it 

is probable that ribosomal proteins equivalent to these proteins will be found in
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the eukaryotic ribosome, the possibility still remains that there might be 

ribosomal proteins that are unique to the archaebacteria.

Sso LX Gene
1 42

ATG GCT GAA GTA AAA ATT TTC ATG GTC AGA GGA ACT GCC ATA 
M A E V K I  F M V R G T A I

43 84

TTT AGT GCG TCA AGA TTT CCT ACA AGT CAA AAA TAT GTT AGA 
F S A S R F P T S Q K Y V R

85 126
GCT TTA AAT GAA AAA CAA GCA ATC GAA TAC ATT TAT AGT CAA 

A L N E K Q A I  E Y I  Y S Q

127 "  168

CTT GGT GGA AAA AAT AAA ATT AAC GAT ACA ACA TAC ACA TAC 
L G G K N K I  N D T T Y T Y

169 210

AAG AGA TCA AAG AAG TTA AGG AAG ATG AAA TCA CAG ACA AGA 
K R S K K L R K M K S Q T R

211 216 

CAA TAA 
Q

Figure 43. Sequence of the Sso LX gene. The derived amino acid sequence 
of the protein is shown below the nucleotide sequence. The residues that have 
been confirmed by amino acid sequencing of the protein are underlined 
(Louie, K.A., personal communication).

The Sso ala S  Gene

The gene located downstream of the Sso L12 gene was identified as the 

Sso a/a S gene on the basis of sequence similarity between its product and 

the alanine-tRNA synthetase from Escherichia coli (Putney et al. 1981a). Only 

the first 546 nucleotides of this gene are present in the 6.9 Kb Eco Rl - Bam HI 

fragment. The sequence of this part of the gene, as well as the derived amino
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Table 24 Codon utilization in the Sso LX gene

uuu Phe 2 UCU Ser 0 UAU Tyr 2 UGU Cys 0

u u c Phe 1 u c c Ser 0 UAC Tyr 3 UGC Cys 0

UUA Leu 2 UCA Ser 3 UAA * 1 UGA * 0

UUG Leu 0 UCG Ser 0 UAG * 0 UGG Trp 0

CUU Leu 1 e c u Pro 1 CAU His 0 CGU Arg 0

c u e Leu 0 CCC Pro 0 CAC His 0 CGC Arg 0

CUA Leu 0 CCA Pro 0 CAA G!n 4 CGA Arg 0

CUG Leu 0 CCG Pro 0 CAG Gin 1 CGG Arq 0

AUU He 3 ACU Thr 1 AAU Asn 2 AGU Ser 3

AUC lie 1 ACC Thr 0 AAC Asn 1 AGC Ser 0

AUA lie 1 ACA Thr 5 AAA Lys 6 AGA Arg 5

AUG Met 3 ACG Thr 0 AAG Lys 4 AGG Arg 1

GUU Val 1 GCU Ala 2 GAU Asp 1 GGU Gly 1

GUC Val 1 GCC Ala 1 GAC Asp 0 GGC Gly 0

GUA Val 1 GCA Ala 1 GAA Glu 3 GGA Gly 2

GUG Val 0 GCG Ala 1 GAG Glu 0 GGG Gly 0

* chain termination

Table 25 Predicted Amino acid composition of the Sso LX protein

AMINO ACID NUMBER MOLES % AMINO ACID NUMBER MOLES %

A 5 6.9% M 3 4.2%

C _ N 3 4.2%

D 1 1.4% P 1 1.4%

E 3 4.2% Q 5 6.9%

F 3 4.2% R 6 8.3%

G 3 4.2% S 6 8.3%

H _ _ T 6 8.3%

I 5 6.9% V 3 4.2%

K 10 13.9% W . _

L 3 4.2% Y 5 6.9%

Molecular weight: 8 , 329.65 pi: 12.02
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acid sequence of the N*terminal region of the Suffolobus alanine-tRNA 

synthetase are shown in Figure 44. The codon usage in this part of the gene is 

shown in Table 26.

Aminoacyl-tRNA synthetases play a key role in protein biosynthesis, since 

they catalyze the aminoacylation of each tRNA with its proper amino acid, thus 

ensuring the fidelity of protein translation. The reaction they catalyze consists 

of the esterification of the amino acid residue to the hydroxyl group at the 3’ 

end of its cognate tRNA. This reaction is accomplished through the synthesis 

of an aminoacyl adenylate (condensation of an amino acid with ATP), followed 

by the reaction of the enzyme bound adenylate with tRNA (for a review, see 

Schimmel 1987).

The regions of the alanine-tRNA synthetase from E.coli involved in the 

different functions of the enzyme have been determined by introducing gene 

deletions (Jasin etal. 1983). The adenylate synthesis activity is located in the 

N-terminal fragment comprising residues 1-385. Extension of this fragment to 

residue 461 gives rise to aminoacylation activity. Finally, sequences located 

between amino acids 699 to 808 are important for oligomerization (the E. coli 

enzyme is a tetramer of identical subunits (a 4) (Putney et al. 1981b)) while the 

C-terminal region (residues 809 to 875) does not appear to be important for the 

catalytic activity of the enzyme (see Figure 45) (Jasin etal. 1983).

The alignment of the N-terminal region of the Sso alanine-tRNA synthetase 

with the corresponding region in the Eco alanine-tRNA synthetase is shown in 

Figure 46. This alignment reveals that the Sulfolobus enzyme has an N- 

terminal extension of 58 amino acids with respect to the E.coli protein. This is 

similar to the situation found between certain aminoacyl-tRNA synthetases of 

yeast and E.coli, where the yeast enzymes also have an N-terminal extension
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1 42

ATG GTC AAA GCA AAC GAG AAC GAG TAC AGG TTA AAC TTT TTT
M

43
V K A N E N E Y R L N F F

84

CTG TCA AGA GGA TAT GAA AGA AAA ATT TGT AGA TCC TGT TCT
L

85
S R G Y E R K 1 C R S C S

126

ACC CCA TTT TGG ACT TTA GAT AAG TCA AAG GAA AAT TGT TCA
T

127
P F W T L D K S K E N C S

168
GAT GTT CCT TGT ACT GAC TAT TAC TTC TTT GAT ATC AAG ATT

D
169

V P C T D Y Y F F D 1 K 1
210

AAA TCT CCC CCG TTA ACA GTG AGA GAA TCA AGA GAA AAA TTT
K

211
S P P L T V R E S R E K F

252

CTA AGA TTC TTT GAA AAG AGA GGA CAC ACC ATA GTT CCA CCT
L

253
R F F E K R G H T 1 V P p

294

AAA CCT GTA GTT GCC AAG TGG AGA GAT GAT CTT TAT CTT ACT
K

295
P V V A K W R D D L Y L T

336

ATA GCT AGT ATA GTT GAC TTT CAA CCA TTT GTA ACG AGC GGA
1

337
A S 1 V 0 F Q P F V T S G

378

TTA GCT AAA CCG CCT GCA AAT CCA CTG GTA GTT TCT CAG CCA
L

379
A K P P A N P L V V S Q P

420

TGT ATA AGA CTA GAA GAT GTG GAT AAC GTA GGA ATA ACA TTT
C

421
1 R L E D V D N V G 1 T F

462

GGA AGG CAT TTG ACC ACA TTT GAA ATG GCT GCT CAT CAT GCA
G

463
R H L T T F E M A A H H A

504

TTC AAT TAT CCT GAT AAA CAA ATT TAT TGG AAA GAC GAA ACA
F

505
N Y P D K Q 1 Y W K 0 E T

546

GTA GCA TTT GCT AAG GAG TTC TTT ACA GAA GAA CTA GGG ATC
V A F A K E F F T E E L G I

Figure 44. Sequence of the Sulfolobus ala S  gene. Only the first 546 
nucleotides of this gene are present in the 6.9 Kb Eco Rl-Bam HI fragment. The 
derived amino acid sequence of the protein is shown below the nucleotide 
sequence.
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Table 26 Codon utilization in the 5' segment (first 546 nucleotides) of the

Sulfolobus ala S  gene

u u u Phe 12 UCU Ser 3 UAU Tyr 5 UGU Cys 5

u u c Phe 4 UCC Ser 1 UAC Tyr 2 UGC Cys 0

UUA Leu 4 UCA Ser 4 UAA * 0 UGA * 0

UUG Leu 1 UCG Ser 0 UAG * 0 UGG Trp 3

CUU Leu 2 e c u Pro 5 CAU His 3 CGU Arg 0

c u e Leu 0 CCC Pro 1 CAC His 1 CGC Arg 0

CUA Leu 3 CCA Pro 5 CAA Gin 2 CGA Arg 0

CUG Leu 2 CCG Pro 2 CAG Gin 1 CGG Arg 0

AUU lie 3 ACU Thr 3 AAU Asn 3 AGU Ser 1

AUC lie 2 ACC Thr 3 AAC Asn 4 AGC Ser 1

AUA lie 5 ACA Thr 5 AAA Lys 8 AGA Arg 9

AUG Met 2 ACG Thr 1 AAG Lys 6 AGG Arg 2

GUU Val 5 GCU Ala 5 GAU Asp 8 GGU Gly 0

GUC Val 1 GCC Ala 1 GAC Asp 3 GGC Gly 0

GUA Val 5 GCA Ala 4 GAA Glu 10 GGA Gly 5

GUG Val 2 GCG Ala 0 GAG Glu 3 GGG Glv 1

* chain termination

(Mirande and Waller 1988). There are 8 aromatic residues (positions 70, 73, 

74, 105, 151, 159, 167, 175 in Figure 46) that have been conserved between 

the two kingdoms and might have an important role in the structure and/or 

function of the protein. There is 34% sequence identity between the Sso and 

the Eco aminoacyl-tRNA synthetases over the region of comparison. Since 

this region is involved in adenylate synthesis in the Eco alanine-tRNA 

synthetase (Jasin et al. 1983), it is probable that this region in the Sso protein 

has a similar function.



1 6 2

alanine tRNA synthetase
NHg -------------------------------    COO'

1 385

adenylate synthesis

1 461

adenylate synthesis + tRNA aminoacylation
1 808

adenylate synthesis + tRNA aminoacylation + oligomerization

Figure 45. Functional domains in the Escherichia coli alanine tRNA 
synthetase. The protein contains 875 amino acids. Redrawn from Jasin et al. 
1983.

Like the E.coii enzyme, the Sulfolobus enzyme lacks the sequence: HIGH 

in the N-terminal region, that is characteristic of other aminoacyl-tRNA 

synthetases (Webster et al. 1984).

As mentioned before, the alanine-tRNA synthetase in E.coli, has a 

tetrameric structure (Putney etal. 1981b), while in the eukaryotes, the alanine- 

tRNA synthetase is a monomer (Dignam and Dignam 1984). The quaternary 

structure of the Sulfolobus enzyme is unknown.

The Sso "Docking" Protein Gene and Its Product

The gene located between open reading frames 5 and 6  was identified as 

the probable equivalent in Sulfolobus of the a  subunit of the signal recognition 

particle (SRP) receptor or docking protein, on the basis that the product of this
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Sso a/aS 
Eco alaS

Sso alaS 
Eco alaS

10 20 

M V K A N E N E Y R L N F F L S R G Y E R K I  C R

30 40 SO

S C S T P F W T L  D K S K E N C S D V P C T D Y Y

60 70
Sso alaS F F D I K I K S P P L T V R E S R E K F L R F F
Eco alaS M S K S T A E I R Q A F L D F F

E
H

80 90
Sso alaS K R G H T I V P P K P V V A C W R D D L
Eco alaS S K G H Q V V A S S S R Y P I T D P T L

100

y  L f T l i r a
L F T N A

110 120
Sso alaS S I V D F Q P F V T S G L A K P P A N P L V V S Q
Eco alaS G M N Q F K D - V F L G L D K R N Y S R A T T S Q

130 140 150
Sso alaS P C I R - - - - L E D V D N V G i p r l  F G R H
Eco alaS R C V R A G G K H N D L E N V G YLxJ - A R H

L f T lT
h LlJ f

160
Sso alaS F E M A A H H A p H N Y r> D K Q I Y W K
Eco alaS F E M L G - - n LiJ s F G D - - - Y F K

170
D E T V A [? |  
H D A I Q|_fJ

Sso alaS 
Eco alaS

,80

E | L G I S • • • 
K W F A • • •

Figure 46. Sequence alignment of the N-terminal region of the Sulfolobus 
alanine tRNA synthetase with the corresponding region from the Escherichia 
coli alanine tRNA synthetase. Identical residues are boxed. Sso: Sulfolobus 
solfataricus, Eco: Escherichia coli, (Putney etal. 1981a) ala S :alanine tRNA 
synthetase.
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gene shows sequence similarity to the a  subunit of the docking protein from 

dogs (Lauffer et al. 1985) and hunans (Hortsch et al. 1388), as well as the 

product of the fts /g e n e  in Escherichia coli (Gill etal. 1986).

The gene has 1110 nucleotides and codes for a protein of 369 amino acids 

(see Figure 47). Table 27 shows the codon usage in this gene (for a 

discussion, see section on codon utilization) and Table 28 shows the amino 

acid composition of the protein.

In the eukaryotes, secretory, membrane and lysosomal proteins are 

targeted to their respective locations through a transport pathway that involves 

the recognition of a signal sequence encoded in the nascent protein by a 

cytoplasmic particle called the signal recognition particle (SRP) (for reviews, 

see Walter et al. 1984, Verner and Schatz 1988). The signal recognition parti­

cle is a ribonucleoprotein complex formed by 6  polypeptides (72, 6 8 , 54, 19, 14 

and 9 kDa) and a 300 nucleotide RNA molecule (the 7S RNA) (Siegel and 

Walter 1988). As soon as the signal sequence, which consists of a basic N- 

terminal region followed by an uninterrupted stretch c» at least 7 or 8  apolar, 

largely hydrophobic residues (Verner and Scl,^:z 1988), emerges from the 

ribosome, it is recognized by the 54 kDa subunit of the SRP (Kurzchalia et al. 

1986). Protein synthesis is arrested and the SRP-ribosome complex moves 

towards the endoplasmic reticulum (Walter and Blobel 1981). ihe arrest of 

translation is due to the 9 and 14 kDa polypeptides and the Alu-like domain of 

the 7S RNA (100 nucleotides at the 5' end and 45 nucleotides at the 3' end of 

the 7S RNA that are homologous to the human Alu right monomer sequence) 

(Siegel and Walter 1988). Once the SRP-ribosome complex reaches the 

endopiasmic reticulum, it interacts with the SRP receptor or docking protein. 

As a consequence of this interaction, translational arrest is unblocked, the SRP



S s o  "d o ck in g 9' g e n e 165

1
ATA ATT TGT TTT GAT AGA TTA AAA AAA GCA TTC TCA M T

42
TTT

M I C F D R L K K A F S N F
43
TTA GAT AAA ATT AGT GGA GAA GAG AAC AAA M G GAA CCT

84
GAA

L D K I S G E E N K K E P E
85
ACT AGA CAA ACA GAT CAA CTA GAA AGT AAA M A GAA GAG

126
ACT

T R Q T D Q L E S K K E E T
127
ATA CAA CAA CAG CAA AAT GTA CAA CAA CCA C M GCG G M

168
AAT

I Q Q Q Q N V Q Q P Q A E N
169
AAA ATT GAG CAA AAA CAG GAA AAA ATT TCA GTT C M ACA

210
GGT

K I E 0 K Q E K 1 S V Q T G
211
CAA GAA AAT AAG CAG GAG AAT AAA CGA TCC TTC TTT GAT

252
TTC

Q E N K Q E N K R S F F D F
253
CTG AAC TAT AAA ACG ATA AAA GAG GAC GAT CTT M T GAC

294
GTT

L K Y ;■ / rv T I K E D D L N D V
295
ATA GAA GAA CTG AGA TTT CAA CTT CTT GAT TCT GAT GTA

336
TCT

I E E L R F Q L L D S D V S
337
TAT GAA GTT ACG GAA AAA ATA CTA GAA GAT CTC A M M T

378
M T

Y E V T E K 1 L E D L K N N
379
CTG ATA GGG AAA AAG GTT AGT AGA AGA GAG G M GTT GAG

420
GAA

L I G K K V S R R E E V E E
421
ATA GTA ATA AAT ACT CTA AAA AAA TCT ATA ACA GAG ATT

462
TTA

I V I N T 1 K K S 1 T E 1 L
463
ACA A M AAT CAA AAA ACA GAT TTG ATA GAA M A ATA AGA

504
AGT

T K N Q K T D L 1 E K 1 R S
505
AGT GGA AAG AAG CCA T TT GTA ATA ATA 1TC TTT GGA GTT

546
M T

S G K K P F V 1 1 F F G V N

Figure 47. Sequence of the gene coding for the equivalent in Sulfolobus of 
the a  subunit of the docking protein. The derived amino acid seauence of the 
protein is shown below the nucleotide sequence. The gene starts with an 
unusual initiation codon (ATA) (for a discussion, see section on codon 
utilization).
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547
GGA GTA GGT AAA ACT ACT ACT

G V G K T T T
5S9
CTG AAG AAA AAT AAC TTA TCT

L K K N N L S
631
ACA TTT AGA GCT GCT GCA CAA

T F R A A A Q
673
TCA AAA TTA GAG GTT CAA CTA

S K L E V Q L
715
GAT CCA GCG TCG GTA GCA TTC

D P A S V A F
757
AGT AGA AAT ATA GAT GTA GTA

S R N I D V V
799
ATG CAT ATA GAC TCT GAT TTA

M H I D S D L
841
TTA AGG ATA GCA AAA CCT GAT

L I A K P D
883
TCG r  TA GCA GGA AGT GAT GCA

S L A G S D A
925
GAA AAT AAT GTT GGA TAT GAT

E N N V G Y D
967
GAT GCA GAT GCT AAA GGT GGA

D A D A K G G
1009
GAA TTG AAA AAA CCT GTA GTA

E L K K P V V
1051
TAT GAT GAT TTA ATT CCC TTC

Y D D L I P F
1093
AGG ATA TTC AGT AGT

1110
TAA

R I F S S •

ATA GCA AAA GTA GTA AAT
588

ATG
I A K V V N M

ACA ATT ATT GCA GCC TCA
630

GAT
T I I A A S D

GAG CAA CTA GCT TAT CAT
672

GCA
E Q L A Y H A

ATA AGA GGA AAA TAT GGT
714

GCT
I R G K Y G A

GAT GCC ATA AGT TTT GCT
756

AAG
D A I S F A K

CTT ATT GAT ACT GCT GGG
798

AGA
L I D T A G R

GTT GAA GAA CTT AAG AGG
640

GTT
V E E L K R V

TTT AGG ATC TTA ATA TTA
882

GAC
F R I L I L D

TTA GAA CAG GCT AGA CAT
924

TTT
L E Q A R H F

GCA GTA ATT CTT ACC AAA
966

GTA
A V I L T K V

ATA GCT CTT TCA TTA GCG
1008
TAT

I A L S L A Y

TAT ATG GGA GTA GGA CAG
1050

AAT
Y M G V G Q N

TCA CCA GAC TGG TTT GTA
1092
GAA

S P D W F V E

Figure 47 ...Continued
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Table 27 Codon utilization in the Sso "docking" gene

uuu Phe 11 UCU Ser 5 UAU Tyr 8 UGU Cys 1

u u c Phe 7 UCC Ser 1 UAC Tyr 0 UGC Cys 0

UUA Leu 11 UCA Ser 6 UAA • 1 UGA * 0

(JUG Leu 2 UCG Ser 2 UAG * 0 UGG Trp 1

CUU Leu 7 e c u Pro 3 CAU His 3 CGU Arg 0

c u e Leu 2 CCC Pro 1 CAC His 0 CGC Arg 0

CUA Leu 7 CCA Pro 4 CAA Gin 16 CGA Arg 1

CUG Leu 3 CCG Pro 0 CAG Gin 5 CGG Arg 0

AUU lie 10 ACU Thr 7 AAU Asn 17 AGU Ser 10

AUC lie 1 ACC Thr 1 AAC Asn 2 AGC Ser 0

AUA lie 22 ACA Thr 7 AAA Lys 30 AGA Arg 11

AUG Met 3 ACG Thr 2 AAG Lys 9 AGG Arg 4

GUU Val 10 GC'i Ala 9 GAU Asp 22 GGU Gly 4

GUC Val 0 GCC Ala 2 GAC Asp 5 GGC Gly 0

GUA Val 16 GCA Ala 11 GAA Glu 23 GGA Gly 10

GUG Val 0 GCG Ala 3 GAG Glu 9 G3G Gly 2

* chain termination

Table 28 Predicted Amino acid composition of the Sso "docking" protein

AMINO ACID NUMBFP. MOLES % AMINO ACID NUMBER MOLES %

A 25 6.8% M 4 1.1%

C *1 0.3% N 19 5.1%

D 27 7.3% P 8 2.2%

E 32 8.7% Q 21 5.7%

F 18 4.9% R 16 4.3%

G 16 4.3% S 24 6.5%

H 3 0.8% T 17 4.6%

I 32 8.7% V 26 7.0%

K 39 10.6% W 1 0.3%

L 32 8.7% Y 8 2.2%

Molecular weight: 41, 893.62 pi: 5.56
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is displaced from the ribosome and co-translational transport of the 

polypeptide across the membrane is initiated (Gilmore etal. 1982 a, b, Walter 

et al. 1984). GTP is required for this process (Connolly and Gilmore 1986, 

Wilson etal. 1988).

The SRP receptor is composed of two subunits designated a  and (3 (Tajima 

et al. 1986). The a  subunits of the SRP receptors from dogs (Lauffers et al. 

1985) and humans (Hortsch etal. 1988) have been sequenced. It is believed 

that this subunit is responsible for the interaction with SRP and the release of 

translational arrest (Gilmore et al. 1982 a). The sequence of the (3 subunit has 

not been determined and its function is not known (Tajima et al. 1986).

Recently, Romisch et al. (1989) and Bernstein etal. (1989) have found that 

the eukaryotic docking protein shows sequence similarity to the product of the 

fts Y gene in Escherichia coli. Although the function of this protein in 

Escherichia coli has not been determined, it is known that the gene is part of 

an operon that includes genes involved in cell division (Gill et al. 1986).

The "docking" protein from Sulfolobus is smaller (369 amino acids) than 

either the eukaryotic docking proteins (638 amino acids) (Lauffer et al. 1985, 

Hortsch et al. 1988) or the product of the fts Vgene in Escherichia coli (497 

amino acids) (Gill et al. 1986). The alignment of the proteins from the three 

kingdoms is shown in Figure 48. The canine sequence is not included in this 

figure because it is very similar to the human sequence. The region of 

sequence similarity among the three proteins comprises residues 69-369 of 

the Sulfolobus protein, residues 303-638 of the eukaryotic proteins, and 

residues 183-497 of the fts Y protein. The N-terminal region of the three 

proteins shows no sequence similarity among the three kingdoms, although in 

the three proteins, this region of the molecule is highly charged (Lauffers et al.
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Figure 48. Sequence alignment of the Sso "docking” protein and its eukaryotic and eubacterial counterparts, as well as the 
members c-f the "54 kDa family" of proteins. Identical residues between the Sso "docking" protein and the other proteins are 
boxed. Sso: Sulfolobus solfataricus "docking" protein, Hsa: Homo sapiens docking protein (Hortsch etal. 1988), fts Y: product of 
the fts Y gene from E. coli (Gill et al. 1986), 54 SRP: SRP 54 kDa protein (Romisch et al. 1989), 48 Eco: 48 kDa protein from 
E.ooli (Bystrom etal. 1983). The three consensus elements of the GTP binding site are indicated in bold letters (Romisch etal. 
1989). Numbers in parenthesis indicate the first residue in each protein. Dots at the end of the 54 SRP and 48 Eco sequences 
indicate that the sequence of the protein continues.
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1985, Gill etal. 1986, Hortsch et al. 1988). Table 29 summarizes the percent 

sequence identity between the Sulfolobus "docking" protein and its eukaryotic 

and eubacterial counterparts (referred to from here on as the "docking protein 

family").

Table 29 Sequence identity between the Sso "docking" protein and its 
eukaryotic and eubacterial counterparts

prote in 1 length 2 identities3 % identities
Hsa docking 300 104 35%
Cfa docking 300 104 35%
fts Y protein 300 1 2 2 40.6%

1 References can be found in p 164, Hsa: Homo sapiens,
Cfa: Can is familiaris

2  Lengih of the region of comparison
3  Only identical residues were considered

Romisch et al (1989) and Bernstein et al. (1989) have also found that the 

eukaryotic docking proteins and the product of the fts Y gene in Escherichia 

coli share a common domain with the 54 kDa protein of the signal recognition 

particle and with a 48 kDa protein of unknown function in Escherichia coli 

(referred from here on as the "54 kDa protein family"). Figure 49 shows the 

position of the common regions in all of these proteins. Note that in the case of 

the "54 kDa protein family" the region that shows sequence similarity to the 

"docking protein family" is restricted to the N-terminal region . The C-terminal 

region of the two members of this family has a very high methionine content. 

(Romisch et al. 1989). It is believed that the function of this region is to 

recognize the signal sequence (Bernstein etal. 1989). The alignment of these 

two proteins with the "docking protein family" is shown in Figure 48.
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Hsa docking protein "docking
protein
family" fts V protein

Sso "docking" protein |

l l { * 4

^ ■ i  54 KDa SRP protein 

■ ■  48 kDa E. coli protein

§3 region of sequence similarity in the five proteins

■  region of sequence similarity between the 54 kDa and 48 kDa proteins 
methionine domain

Figure 49. Region that shows sequence similarity between the "docking 
protein family" and the "54 kDa protein family". The N-terminal region of the 
members of the "docking protein family" shows little sequence similarity. The 
C-terminal region of the ”54 kDa protein family" is characterized by a high 
content of methionine (Romisch et al. 1989). (Figure adapted from Romisch et 
al. 1989).

Table 30 Sequence identity between the Sso "docking" protein and the

1 References can be found in Figure 48 2 Length of the region of comparison 
3  Only identical residues were considered.

54 kDa SRP protein and 48 kDa E.coli protein

pro te in 1 length 2  identities3  % identitiesj
54 kDa SRP 2RQ 74 26% .
48 kDa Eco 289 84 29%84 29%
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Table 30 shows the the percent sequence identity between these two 

proteins and the Sso "docking" protein (the Sso "docking " protein is clearly not 

a member of the "54 kDa protein family", since it lacks the methionine domain 

and the sequence identity between it and the members of this family is lower 

than the sequence identity between it and the members of the "docking protein 

family").

Recently, Connolly and Gilmore (1989) have shown that the a  subunit of 

the docking protein is a GTP binding protein and is involved in the GTP- 

dependent step of protein translocation across the endoplasmic reticulum 

membrane. The binding site is located on the C-terminal region of the a 

subunit and shows sequence similarity to the consensus sequence elements 

present in other GTP binding proteins.

The GTP binding site is located in the region that the "docking protein 

family" and the "54 kDa protein family" have in common, and has been 

conserved in all of them. Figure 50 shows a comparison of the sequence of 

the GTP binding site in these two protein families with those from other GTP 

binding proteins. As can be seen in Figure 50, the members of the "docking" 

and "54 kDa" protein families have sequences that match the first two elements 

of the consensus sequence (GXXXXGK and DXXG). These elements have 

been shown to be involved in interactions with the phosphate portion of the 

GTP molecuie (Dever et al. 1987). ird element (NKXD) is partially

conserved as TXXD in the two families (see Figure 50). This third element has 

been shown to be involved in the interaction with the guanine base. The 

asparagine is thought to interact with the keto group of the guanine ring, the 

lysine forms part of a hydrophobic pocket and the aspartic acid interacts with 

tne amino group of the guanine ring (Dever etal. 1987).
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II hi

nsensus G X X X X G K D X X G N K X D
Sso G V N G V G K 75 D T A G sT T K V D
Hsa G V N G V G K 89 D T A G 65 T K F D
Cfa G V N G V G K 89 D T A G 65 T K F D
fts V G V N G V G K 75 D T A G 61 T K F D
54 SRP G L Q G s G K 75 D T S G 54 T K L D
48 Eco G L 0 G A G K 76 D T A G 54 T K V D
EF-Tu G H V D H G K 54 D C P G 50 N K C D
H-ras G A G G V G K 39 D V G G 54 N K Q D
Gs G A G E s G K 168 D V G G 64 N K Q D

Figure 50. The GTP binding site in the members of the "docking protein 
family" and the "54 kDa protein family". The consensus sequence that defines 
a GTP binding site is shown on the top (Dever etal. 1987). The numbers in the 
boxes indicate the number of residues between each element. The position of 
each element is indicated in Figure 48. The elements that form the GTP 
binding site in three other GTP binding proteins are shown for comparison. 
Adapted from Bernstein etal. 1989.

Connolly and Gilmore (1989) have suggested that since there is a deviation 

in the GTP binding site of the docking protein, this protein must be considered 

to be part of a new subfamily of GTP-binding proteins different from the fcur 

subfamilies already recognized {i.e. G proteins, ras-like proteins, elongation 

factors and tubulins). If this is so, the Sulfolobus "docking" protein would be 

the fifth protein identified from this new subfamily.

Although the function of the Sulfolobus "docking" protein is not known, the 

fact that a 7S RNA homologous to the eukaryotic 7S RNA has been detected in 

the archaebacteria (Moritz and Goebel 1985, Poritz et al. 1988, Struck et al. 

1988, Kaine and Merkel 1989) raises the possibility that the "docking" protein 

from Sulfolobus might play a similar role in protein transport. Isolation of this 

protein and determination of its location within the Sulfolobus cell will be
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important in determining its functional role. Evidence that the gene is 

expressed comes from the fact that a fragment that includes part of the C- 

terminal region of the gene is protected by Sulfolobus mRNA from digestion by 

nuclease S1 (data not shown).

Open Reading Frames

Seven open reading frames (ORFs) were also identified in the 6.9 Kb Eco 

Rl - Bam HI fragment (see Figure 22). The sequences of these open reading 

frames and the derived amino acid sequence of their products are shown in 

Figures 51-57.

Open Reading Frame 1

E t .  Rl 41
ATT CAA GCA CAA ATA ACT GAT GAT GAA CTA AAA CAA ATA

I Q A Q I T D D t L K Q I
42 80
TTA GCT CAA CTT AAC TCT CAA ACC AGA AAA GAT TAT AAG

L A Q L N S Q T R K D V K
81 110
ATT ACG ATT AAA GAG AGA GGA TGG AAA TGA

I T I K E R G W K *

Figure 51. Sequence of open reading frame 1. The derived amino acid
sequence of the protein is shown below the nucleic acid sequence. Only the 3'
end of this gene is present in the 6.9 Eco Rl-Bam HI fragment.
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O pen  R eading  F ram e 2

ATG AGC CAG GAA ACT ACT GCT
M S Q E T T A

43
CAT CAG AGC TAC AAC AAC AAG

H Q S Y N N K
85
CAA CAG GCA ACA ACT ACA ACG

Q Q A T T T T
127
CCA GAG AAA GAG AAC TTT GAA

P E K E N F E
169
GTA ATA ATG GGA AGA AAA ACT 

V I  M G R K T
211

AAG TAT GTG AGA TAT ATC CTA
K Y V R Y I L

253
AAA GTA ATT ATT GAT CCA CTA

K V I I D P L
295
AAT GGT AGG GAT AAA ATA GTA

N G R D K I V
337

AAA AGA ATC GGA GAA AAA AAC
K R I G E K N

42
ACT AAC AAG AAG AGC AAA AAA

T N K K S K K
84

AAG AAA GAG GAA CAA AAA CCG
K K E E Q K P

126
AAA GAG GAA AAG AAA ACT AAG

K E E K K T K
168

ATG GTT ATA AAC TTT AGA AGA
M V I N F R R

210

ACC AGA ACT AAA AGA GCC ATA
T R T K R A I

252
AAG AGA CAT TTT GGA GCG GAA

K R H F G A E
294 .

TTA GCA AAG GCA ATA ACC ATG
L A K A I T M

336
AGA AGA GTA AGG ATA GCT GTC

R R V R I A V
369

ATA TTT AGC TAG
I F S

Figure 52 Sequence of open reading frame 2. The derived amino acid
sequence of the protein is shown below the nucleotide sequence.
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O pen  R eading Fram e 3
1
ATG ATC TTA GAT AAG TTA TGC TTY TTG GTA CTA ATG ATA

42
AAT

M I L D K L C F L V L M 1 N
43
ATA CAA TTA TAC CTA AAA ATA GAC GAC AAA GAA GTA ATA

84
GAG

I Q L Y L K 1 D D K E V 1 E
85
AAA ATT CAA GGA ATA CTG AAA ACA GAA ATA ATA CAG ACT

126
ACC

K j1 Q G 1 L K T E 1 1 Q T T
127
ATA TCT AAG AGC GTG CTA GTA GGT ATT CTG GTT ACA GGA

168
AAT

I 3 K S V L V G 1 L V T G N
169
AAT GAT GTA ATT CTC CTA CCT AGA ACA GCT CTG GCA GAT

210
GAA

N D V 1 L L P R T A L A D E
211
ATA AAG GTC ATA AAG G AA CAG GCT AAA GAC GTT AGA GTC

252
GAG

I K V 1 K E Q A K D w R V E
253
GTT GTG GAT ATT AGA CCT ACT GCT TTA GGA AAT ATC ATA

294
TTA

V V D 1 R D T A L G N 1 1 L
295
TCC AAC ACG CAT GGT GCA CTT ATT TAC CAA GAT CTT TCT

336

AGG
S N T H G A L 1 Y Q D L S R

337 345
CGG AAA TAA 

R K

Figure 53 Sequence of open reading frame 3. The derived amino acid
sequence of the protein is shown below the nucleotide sequence.
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As mentioned before, none of the proteins encoded by these open reading 

frames showed any significant sequence similarity with any of the proteins 

present in the data base, so their function is unknown. Although the 

transcription of these open reading frames was not studied in detail, evidence 

was obtained that indicates that at least some of them are transcribed. For 

example, hybridization of Sulfolobus mRNA with an oligcnucieotide probe 

complementary to open reading frame 2  showed the presence of a transcript of 

about 1.3 Kb (data not shown) while primer extension analysis showed that 

open reading frames 6  and 7 are probably transcribed with the L 11 gene (see 

the next section)

Open Reading Frame 4
1
ATG GCA GTA ATT ACA GAC AAG GCT GGT TTA GTA CAT ATT

42

GAC
M A V I T D K A G L V H I D

43

GCA ACT GAA GAA GAG TTG AAA AAA TAT GTA CTA AAC CAG
84

CCA
A T E E E L K K Y \ /

i L N Q P
65

GCC AGT GAA TTA TTT AAA GTA AAG TTA GAT TCT GGA ACT
126

GTA
A S E L F K V K L D S G T V

127

AAT TTT GGG AGC GTC TTT ATA AGG AGC GGA TTA GTG GCT
168

AAC
N F G S V F I R S G L V A N

169

AGA AAT GGA GTT CTA GTA GGT TCC TCA ACA ACG GGA CAG
210

AGA
R N G V L V G S S T T G Q R

211 216 

TTT TAA 

F

Figure 54 Sequence of open reading frame 4. The derived amino acid 
sequence of the protein is shown below the nucleotide sequence.
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Open Reading Frame 5

1
ATG AGT GAA GAG GCA GAG CAA

M S E E A E Q
43
GCA TAC CTA TAT GAT CAA GCA

A Y L Y D Q A
85
GAT ACC CTT CAG AAG AAC CTG

D T L Q K N L
127
GAA GCA GTA AGA GCA TCA AAA

E A V R A S K
169
AAG GAA AAC CAG GAA TAC TTG

K E N Q E Y L
211
AAT ATA GTA TTC AAG GTA AAC

N I V F K V N
253
CTA ATA CAC TTA GGA TTA AAT

L I H L G L N
295
AAG CAG CTA AGA AAA TTC TGG

K Q L R K F W
337
CTG AAG TAT CTA AAA ATA TAC

L K Y L K I Y
379 381
TAG

42
CAA CAA GCG GCA GAA TAT ATA

Q Q A A E Y I
84

TCA GCA CTA AGA CAA TAT ATA
S A L R Q Y I

126
GCA GAG GTA CTA GAA TCC TTA

A E V L E S L
168

AGT GCC GTA GAC GAG ATA GGT
S A V D E ! G

210
TTA TTT GGC GAC AGA AAG GGC

L F G D R K G
252

AGT GTA GAT AAA AAT AAG GTT
S V D K N K V

294
TAT TAC GCA GAA GTG ATC CAC

Y Y A E V I H
336

ATG ATA GAG AGC AAC AGT TGG
M l  E S N S W

378
AAG GTG AAT TAT CTA AGT CAA

K V N Y L S Q

Figure 55 Sequence of open reading frame 5. The derived amino acid
sequence of the protein is shown below the nucleotide sequence.
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Open Reading Frame 6
1 42

ATG AAA GTT TTT AGT ATA ATG AAA ATT TCT GAC ATT ATC
M K V F S I M K I S D I I

43

AGG CTA CGA GAA GAC TGG AAG AGA ATA ATT AGT GTA GCC
R L R E D W K R I I S V A

85 /

AAA CCA GAC AAA GAT TCA TTT AAT TAC AGT ATT AGG CTT
K P D K D S F N Y S I R L

127

CTT TTA GTT ATG GCT GTA GTT GGT CTC ATC GCT TAC ATT
L L V M A V V G L I A Y I

169 198

CAG TTA ACT ACA TCA CTG ATA ATA AGG TGA
Q L T T S L I I R *

Figure 56 Sequence of open reading frame 6. The derived ammo acid
sequence of the protein is shown below the nucleotide sequence.
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181

1
ATG GAG GAC TTC AAG TAC AGA AAT TAT TAC GTG TTA AGA

42
GTT

M C D F K Y R N Y Y V L R V
43
ACA GGA GGA CAA GAA ATT AAC GTG GCT CTT ATT TTA GAA

84
GAA

T G G Q E I N V A L I L E E
85
AGA ATA AAA ACA AAT AAT ATA AAT GAA ATC <TT TCT GTA

126
GTA

R i K T N N I N E I F S V V
127
GTC CCA CCT AAT ATA AAG GGT TAT GTG ATA CTT GAA GCT

168
ACC

V P P N I K G Y V I L E A T
169
GGA CCT CAT GTA GTA AAA TTA ATT TCA TCA GGA ATA AGA

210
CAC

G P H V V K L I S S G I R H
211
GTT AAA GGA GTA GCT CAT GGA CTA ATT CAG AAA GAA GAT

252
GTT

V K G V A H G L I Q K E D V
L53
ACA AAA TTT GTT TCT AAC; TCA GTT GCA TTA CCC GCT GTG

294
AAA

T K F V S K S V A L P A V K
295
GAA GGA GAC TTA GTA GAG GTA ATT AGT GGT CCA TTT AGA

336
GGT

E G D L V E V I S G P F R G
337
ATG CAG GCT CAA GTT GTG AGA GTA GAA TCA ACA AAA AAT

378
GAA

M 0 A Q V V B V E S T K N E
379
GTA GTT TTA AAT ATT TTA GAA TCC TCA TAT CCT GTT CAG

420
GTT

V V L N I L E S S Y P V Q V
421
ACA GTT CCT TTG GAA CAA GTT AAA CCT GTT AAG AGG

459
TGA

T V P L E Q V K P V K R *

Figure 57 Sequence of open readinr frame 7. The derived amino acid
sequence of the protein is shown below the nucleotide sequence.
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Organization and Transcription of the Sso L11, L1, LIO and L12 

Ribosomal Protein Genes

Sequencing of the 6.9 Kb Eco Rl - Bam HI fragment revealed that the order 

of these four ribosomal protein genes in Sulfolobus solfataricus is identical to 

that found in Escherichia coli, that is 5* L11-L1-L10 -L12 3' (Post et al. 1979). 

These genes are also in the same order in the extreme halophile, 

Halobacterium cutirubrum (Shimmin and Dennis 1989). In Methanococcus 

vannielii, where only the genes for the L10 and L12 proteins have been 

cloned, the order of these two genes has also been conserved (Strobel et al. 

1988, KSpke et al. 1989). However, although the order of these ribosomal 

protein genes has been conserved in all of these organisms, the genes 

surrounding them are different.

In E. coli, the L11 gene is preceded by the "U" gene whose product is 

believed to be involved in transcription termination (Downing and Dennis

1987) and the Eco L12 gene is followed by the genes coding for the JJ and p’ 

subunits of RNA polymerase (Post et al. 1979). In H. cutirubrum, the L11 gene 

is preceded by the "NAB" gene which encodes a protein that shows sequence 

similarity to restriction endonucleases Eco Rl and Pst I (Shimmin and Dennis 

1989). The L12 gene, in this case, is followed by at least a 784 nucleotide 

region which does not code for any protein in either strand (Shimmin and 

Dennis 1989). In the case of Sulfolobus solfataricus, the L11 gene is preceded 

by two O R rs (6 and 7) which potentially code for proteins that show no 

sequence similarity to any of the proteins present in the data base or to the 

NAB product in H. cutirubrum. The L12 gene in Sulfolobus is followed by 'V j 

ala S  gene. This gene in E. coli, is located » 700 nucleotides downstream of 

the rec A gene (Putney etal. 1981a). The genes that code for the equivalent
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subunits of the p and p' subunits of the Eco RNA polymerase have been 

recently cloned from another Sulfolobus species: S. acidocaldarius, and they 

are located upstream of the Sac S12 gene (Zillig et al. 1989, Puhler et al. 

1989).

The intergenic spaces are also different. There are 3 nucleotides between 

the termination codon of the Eco L11 gene and the initiation codon of the Eco 

L1 gene, 410 between the Eco L1 and Eco L10 genes, 66 between the Eco 

L10 and Eco L12 genes and 121 between the Eco L12 and Eco rpo B genes 

in E. coll (Post et al. 1979). In H. cutirubrum, there are 203 nucleotides 

between the Hcu L11 and Hcu L1 genes, 4 between the Hcu L1 and Hcu L10 

genes, and 8 between the Hcu L10 and Hcu L12 genes (Shimmin and Dennis 

1989). In Sulfolobus, the Sso L11 and L1 genes as well as the Sso L1 and 

Sso L10 genes have overlapping stop/start codons (which cause a change in 

reading frame) (Figure 58), while there are 41 nucleotides between the Sso 

L10 and Sso L12 genes and 40 nucleotides between the Sso L12 and ala S 

genes.

Overlapping stop/start codons

end of L11

Sso L11 -Sso L1 GCAGAAGGGTGAAAGAA
L1

end of L1

Sso L1 -Sso L10 AAAAGAGCG fG ATCGGT
L10

Figure 58. Overlapping stop/start codons in the ribosomal protein genes of 
Sulfolobus solfataricus. The termination codon is overiined and the initiation 
codon is underlined and in bold letters..
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Overlapping step/start codons have been observed between several 

ribosomal protein genes in Escherichia coii (for example, L4-L23, L16-L29, 

L29-S17 (Zurawski and Zurawski 1 985)) and in other eubacteria (for example, 

L4-L23, L16-L29, L29-S17, L15-sec Yin Mycoplasma capricolum (Ohkubo et 

al. 1987) and L4-L23 in Yersinia pseudotuberculosis (Gross et at. 1989)), as 

well as between genes that code for proteins with other cellular functions (for 

example, gal T-gal K  (Shiimperli et al. 1982), trpB-trp A, and trpE-trpD  

(Yanofsky et al. 1981, Askoy et al. 1984) in E.coli). They have also bran 

detected between the chloroplast genes for the {3 and e subunits of ATP 

synthetase (Gatenby et al. 1989) and, in the archaebacteria, between the 

genes that cod9 for the a  and p subunits of formate dehydrogenase in 

Methanobacterium formicicum (Shuber et al. 1986), the genes that code for 3 

subunits of the RNA polymerase in Halobactprium halobium (B' and A, A and 

C, C and ORF 139) (Leffers et al. 1989), the A and C subunits of the RNA 

polymerase and the S12 and 31 /  genes in Halobacterium morrhuae (Leffers 

etal. 1989) and the B and A subunits of the RNA polymerase in Sulfolobus 

acidocaldarius (Puhler etal. 198C;.

It has been proposed that overlapping stop/start codons represent a 

mechanism by which the cell couples the translation of both genes in order to 

obtain an equimolar synthesis of both proteins (Yanofsky e ta l.  1981, 

Schumperli etal. 1982, Askoy etal. 1984, Sor etal. 1987, Gold 1988, Gatenby 

etal. 1989). In the eubacteria, experiments in which deletions and mutations 

are introduced in the region preceding the overlap have given support to this 

idea (Schumperli etal. 1982, Askoy etal. 1984, Sor etal. 1987,Gatenby etal. 

1989).
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The mechanism of translational coupling is poorly understood. An 

overlapping stop/start codon is not strictly required for coupling, since 

intercistronic regions that range between 3 and 67 nucleotides have been 

found between genes that are translationally coupled (Sor etal. 1987). In 

general, it is thought that the initiation site for the second cistron is somehow 

masked or inhibited, i.e. by secondary structure in the mRNA, so that only 

translating ribosomes approaching from upstream of the mRNA, but not ‘free' 

ribosomes, can effectively initiate translation (Sor etal. 1987). In the case of 

overlapping stop/start codons, it has been proposed that the ibosome 

terminates the translation of the first cistron and then is 'captured' by the 

interaction of the I6S rPNA with the mRNA and re-initiates translation (Gold

1988). The recent finding that there is an interaction between the 3' end of the 

16S rRNA and the mRNA during the elongation step of protein synthesis 

seems to give support to this idea (Weiss et al. 1988).

Although translational coupling has not been demonstrated in the 

archaebacteria, the presence of overlapping stop/start codons suggests that 

this mechanism might also be used in this kingdom as a means of translational 

control.

The in vivo transcripts derived from the L11-L1-L10-L12 gene cluster were 

analyzed by primer extension, S1 mapping and Northern blot hybridization. 

Figure 59 shows the positions of the fragments used for S1 mapping, the 

probes used for Northern blot hybridizations and the primers used for the 

primer extension experiments.

Hybridization of Sulfolobus  mRNA with probes (A-D in Figure 59) 

complementary to the four ribosomal protein genes revealed the presence of a 

major transcnpt of about 2.5 Kb (see Figure 60). Since the combined length



1 Kb
|  overlapping stop/start codons 

«9s primers

— probes for Northern blots
—  fragments for S1 mapping

Figure 59. Position of the probes used for S1 mapping, primer extension, and Northern blot hybridization. A physical map of 
the chromosomal region of Sulfolobus solfataricus encoding the L11-L1-L10 and L12 gene cluster is shown. Straight lines 
indicate fhe position of the fragments (1 -7) used for S1 mapping. The end that was labeled is indicated 1:144 bp (15-Dra I 
fragment), 2:372 bp (11-Taq I fragment), 3:239 bp (7-Dde I fragment), 4:388 bp(7-Hinf I fragment), 5:149 bp (3-Atu I 
fragment), 6:693 bp (Pst I- Bam HI fragment), 7:474 bp (1-Pst I fragment). (For a description of how these fragments were 
generated, see Materials and Methods). Probes for Northern blots (A-D) aie indicated by bars. A: 144 bp (15-Ora I), B: 
oligonucleotide 5‘ GTGCCATAGATTCCTGG 3*. C: oligonucleotide 5'GTTACCTTTATGTCAGC 3*. D: 474 bp (1- Pst I 
fragment). Hatched bars indicate the primers used for primer extension: I (5'CCCAATGGTGGACCTGG 3'),
II (51 GTCAACTATACTAGCTA 3*), III (5'GTTACCTTTATGTCAGC 3').
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of the four ribosomal protein genes is approximately 2.5 Kb, this result 

suggested that the four genes are transcribed as a single unit. The results 

obtained with the Northern blot experiments were later confirmed by the fact 

that all the fragments used to probe the intergenic regions between the four 

ribosomal protein genes (fragments 2, 3 and 5) were protected by Sulfolobus 

mRNA from digestion by nuclease S1 (data net shown).

Figure 60. Northern blot hybridizations. Sulfolobus RNA bound to Z-probe 
membranes was hybridized to probes complementary to each of the four 
ribosomal protein genes (L11, L1, L10, L12). Hybridization conditions and the 
generation of the probes are described in Materials and Methods. A picture of 
the autoradiographs obtained is shown. Panel 1' Hybridization with probe A 
(144 bp fragment [15-Dra I]) complementary to the L11 gene. Panel 2: 
Hybridization with probe B (oligonucleotide: 5' GTGCCATAGATTCCTGG 3') 
complementary to the L1 gene. Panel 3: Hybridization with probe C 
(oligonucleotide: 5' GTTACCTTTATGTCAGC 3’) complementary to the 1.10 
gene. Panel 4: Hybridization with probe D (474 bp fragment [1 -Pst I]).

The 5' end of this transcript was determined by S1 mapping, using a 144 bp 

fragment (fragment 1 in Figure 59) and by primer extension, using a primer 

that binds to a region located 63 nucleotides downstream of the initiation 

codon of the L11 gene (primer I) (see Figure 59). The S1 mapping results
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Figure 61. Primer extension and nuclease protection experiments to 
determine the 5’ end of the 2.5 Kb transcript. A 144 bp fragment (fragment 1 in 
Figure 59) was used in the 81 mapping experiments and primer I (5* 
CCCAATGGTGGACCTGG 3') was used in the primer extension reactions. 
Panel 1: f: 144 bp fragment, c: fragment treated with S1 nuclease in the 
absence of Sulfolobus RNA (control) , S1: fragment treated with S I in the
presence of 10 pg of Sulfolobus RNA, p: primer extension reaction earned out 
at 37°C, lanes GTAG: DNA sequencing reactions using unlabeled primer I 
(because the primer lacks a phosphate group the sequencing ladder has a 
slightly different mobility than the fragments). Panel 2: Primer extension 
reactions carried out at 50°C, lanes GAUC: RNA sequencing reactions using 
labeled primer I (in this case the mobility of the fragment and the RNA 
sequencing ladder is equivalent), p: primer extension reactions. The sequence 
of the DNA (T) and RNA (U) is shown.

indicated the presence of three possible initiation sites (see Figure 61, panel 1 

lane S1). However, primer extension analysis showed only two 5' ends which
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correspond to the two lower bands observed in the S1 mapping experiment 

(see Figure 61, panel 1, iane p). In order to determine if the absence of the 

third band in the primer extension amlysis is due to the presence of secondary 

structure in the mRNA, which would prevent the enzyme from extending the full 

length of the mRNA, or if this third band is an artifact, primer extension 

reactions were carried out at a higher tempenture (50°C). The results from 

this experiment not only confirmed the presence of only two initiation sites but 

also showed that there is read through from the genes upstream into the L11 

gene (see Figure 61, panel 2, lane p). Notice that there is a dark band running 

above the two bands that correspond to the transcription initiation sites. This 

band is probably due to secondary structure in the mRNA (even at this higher 

temperature) since its position doesn't match the position of any of the S1 

bands. Thus, the upper band observed in the S1 mapping experiments is 

probably an artifact produced by the S1 nuclease and corresponds to full 

protection of the probe.

The position of the two transcription initiation sites is shown in Figure 62. 

The sequence T f T A A A  that matches the consensus sequence for 

archaebacterial promoters (TTTAT/AA) proposed by Zillig ot al. (1288) was 

found 27 and 35 nucleotides upstream of the two transcription initiation sites, 

respectively. However, the consensus sequence observed at the transcription 

initiation site (A/TTGA/C) is only partially present in the first site (TAGA). A 

second sequence AAATATTTTAG  that partially matches the consensus 

sequence for promoters in the suifur-deoendent extreme thermophiies 

(AAANNTTTAAA) proposed by Brown et al. (1989) was also detected (see 

Figure 62).
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The Li1 Promoter

G AAGTAGTTTTAA ATATTTTAG AAT OCT CATAT CCTGTTC AGGTTACAGTT

CCTTT GAACAAGTTAAACCT GTTAAG AGGTG ACAG ATAATTG
Sso L11

Figure 62. The L11 promoter region. The sequence of the region upstream 
of the L11 gene is shown. The two transcription initiation sites are indicated by 
a star. The sequence that matches the consensus sequence of archaebacterial 
promoters (TTTAT/AA) proposed by Zillig etal. (1989) is underlined. The 
sequence that matches the consensus sequence for the promoters in the 
extreme thermophiies (AAANNTTTAAA) proposed by Brown et al. (1989) is 
overiined. The initiation codon of the Sso L11 gene is indicated in bold letters.

The 3' end of ‘he transcript was mapped using a Pst l-Bam HI fragment 

labeled at its 3' end (fragment 7 in Figure 59). The results from this experiment 

are shown in Figure 63 Several transcription stops were detected, but the 

main one seems to be the one corresponding to the 149 bp band. The 

transcription termination sites are shown in Figure 64 . Note that the main 

transcription termination site is lucated 6 nucleotides upstream of the initiation 

codon of the Sso ala S gene. All of the transcription stops are located within or 

after pyrimidine rich regions (see Figure 64). This has been shown to be 

characteristic of transcription termination sites in the sulfur-dependent extreme 

thermophiies (Zillig etal. 1988).

The Northern blot experiments (Figure 60) using a probe (probe A) 

complementary to the L11 gen6 showed that besides the 2.5 Kb transcript, 

there is a smaller transcript of about 1.5 Kb that contains this gene.



Figure 63. Nuclease protection experiments to determine the 3' end of the 
2.5 Kb transcript. A 639 bp Pst I* Bam HI fragment labeled at its 3' end was 
used in this experiment, f: 639 bp fragment, S1: 639 bp fragment treated with
nuclease S1 in the presence of 10 pg of Sulfolobus RNA. The size of the 
bands (determined from molecular weight markers) is indicated.

Since a transcript of a similar size is not observed when Sulfolobus mRNA is 

probed with an oligonucleotide probe (probe B) complementary to the L1 gene 

(see Figure 60), the complete L1 gene is not present in this transcript. This 

means that this transcript must contain the genes upstream from the L11 gene 

(probably ORFs 6 and 7 because the combined length of these two genes and 

the L1 gene is about 1.5 Kb). The fact that the primer extension reactions
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Transcription termination siieS of the L11-L1-L10-L12 transcript

endofSsoL12 *  # ^ aferS
GGTTAATAAGAAAGACTTTTTTACCATTTCAAATATCATTTTTACCATGG

TCAAAGCAAACGAGAACGAGTACAGGTTAAACTTTTTTCTGTCAAGAGG

ATATGAAAG AAAAATTT GT AGATCCTGTTCTACCCCATTTTGGAC

Figure 64. Transcription termination sites after the L12 gene. The sequence 
of the region downstream of the Sso L12 gene is shown. Transcription 
termination sites are indicated by a star. The major termination site is indicated 
by an arrow. The termination codon of the Sso L12 gene and the initiation 
codon of the a/a S gene are indicated in bold letters. Pyrimidine rich regions 
are underlined.

showed that there is read through from the genes upstream of the L11 gene 

supports this conclusion. Since the fragment used to probe the region 

between the L11 and L1 genes (fragment 2 in Figure 59) was fully protected 

(data not shown), the 3' end of this transcript must lie in the region between 

fragment 2 and probe B (seo Figure 59). The 5' and 3' ends of this transcript 

are currently under investigation.

The Northern blots for the L10 and L12 genes also showed the presence of 

a second band (approximately 1.4 Kb) (see Figure 60) .  Since this band is not 

observed when Sulfolobus mRNA is probed with an oligonucleotide specific 

for the L1 gene, and the combined length of these two genes is approximately 

1.4 Kb, it is probable that this transcript only contains these two genes. S1 

mapping experiments using a fragment that covers the region between the L1 

and L10 genes (fragment 4 in Figure 59), revealed the presence of a very faint
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band that matches a band in the primer extension analysis, using primer ISi
(

(see Figure 65). The 5' end of this band was determined to be a region located 

20 nucleotides upstream of the LI 0 gene (see Figure 66). Sequences that 

match the consensus sequence for archaebacterial promoters proposed by 

Zillig et al. (1988) and Brown et al. (1989) were detected upstream of this site 

(see Figure 66), so it is probably a transcription initiation site, although the 

possibility still exists that it is a degradation product of the 2.5 Kb transcript.

P I c Si

Figure 65. Nuclease protection experiment to determine the 5’ end of a 1.4 
Kb transcript containing the L10 and L12 genes. A 388 bp fragment (fragment 
4 in Figure 59) was used in this experiment, p: primer extension reactions 
using primer ill (5’ GTTACCTTTATGTCAGC 3’) at 50°C. f: 388 bp fragment, c: 
388 bp fragment treated with nuclease S1 in the absence of Sulfolobus RNA,
S1: 388 bp fragment treated with S1 nuclease in the presence of 10 pg of 
Sulfolobus RNA. The position of a very faint band in the S1 lane is indicated 
by an arrow.
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The Lid promoter

 ______________________  ,  SsoL.10
AAATATTTATGTTAAAACAACAATGGGTAAAGCTGTAAAAGTTaAAAGAGTG

Figure 66. The L10 promoter. The region upstream of the L10 gene is shown. 
The transcription initiation site is indicated by a star. A sequence that partially 
matches the consensus sequence (TTTAT/AA) for archaebacterial promoters 
proposed by Zillig et al. (1988) is underlined. A sequence that partially 
matches the consensus sequence for the promoters of the extreme sulfur- 
dependent thermophiies (AAANNTTTAAA) proposed by Brown etal. (1989) is 
overlined. The initiation codon of the Sso L10 gene is indicated in bold letters.

The transcription of the a/a S gene was also studied. Primer extension 

analysis using primer II (see Figure 59), revealed the presence of only one 

transcription initiation site (see Figure 67). S1 mapping experiments using a 

474 bp fragment (fragment 7 in Figure 59) confirmed this result (see Figure 67) 

Note that part of the probe was protected. Prolonged exposure of the primer 

extension experiments showed th? here is read through from the Li 2 gene 

(data not shown). However, transcripts longer than 2.5 Kb were not observed 

in the Northern blots whe.  ̂a probe for the L12 gene was used (see Figure 60). 

It is possible that these longer transcripts were not detected because the 

efficiency of transfer of high molecular RNA to the hybridization membrane is 

usually low.

The transcription initiation site, in this case, is located 3 nucleotides 

upstream of the initiation codon of the ala S gene (see Figure 68). A sequence 

(TTAATA) that partially matches the consensus sequence for archaebacterial 

promoters (TTTAT/AA) proposed by Zillig et al. (1988) and a sequence
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Figure 67. Nucfease protection and primer extension experiments to 
determine the transcription initiation site of the a/a S gene. Panel A: S1 
mapping experiments using a 474 bp fragment (fragment 7 in Figure 59). f: 474 
bp fragment, c: 474 bp fragment treated with S1 nuclease in the absence of 
Sulfolobus RNA, S I : 474 bp fragment treated with S1 nuclease in the
presence of 10 pg of Sulfolobus RNA, lanes CTAG: DNA sequencing reactions 
using unlabeled primer II (5' GTCAACTATACTAGCTA 3'). Panel B: f: 474 bp 
fragment, c: 474 bp fragment treated with S1 nuclease in the absence of 
Sulfolobus RNA, S1: 474 bp fragment treated with S1 nuclease in the 
presence of 10 pg of Sulfolobus RNA, p:.primer extension reactions using 
primer II, carried out at 37°C.

(AG ACTTTTTTA) that partially matches the consensus sequence for the 

promoters (AAANNTTTAAA) of the extreme sulfur-dependent thermophiies 

proposed by Brown et al.(1989) were identified upstream of the transcription 

initiation site (Figure 68).



19 6

The ala S promoter

GTTA ATAAG AAAG ACTTTTTTACC ATTT C A A ATATC ATTTTTACC AT G

Figure 68. The ala S promoter. The sequence of the region upstream of the 
Sso ala S gene is shown. The transcription initiation site is indicated by a star. 
A sequence that matches the concensus sequence (TTTAT/AA) for 
archaebacterial promoters proposed by Zillig et al. (1988) is underlined. A 
sequence that partially matches the consensus sequence (AAANNTTTAAA) 
proposed by Brown etal. (1989) for the promoters of sulfur-dependent extreme 
thermophiies is overlined. The initiation codon of the ala S gene is indicated in 
bold letters.

Analysis of the in vivo transcripts derived from the L11-L1-L1Q-L12 gene 

cluster, revealed that the major transcript contains the four ribosomal protein 

genes (see Figure 69). In addition, a less abundant bicistronic transcript 

containing the L10 and L12 genes, and a tricistronic transcript, probably 

containing ORFs 6 and 7 as well as the L11 gone, were also detected. In 

contrast, in the extreme halophile, Halobacterium cutirubrum, Shimmin and 

Dennis (1989) found that the major transcripts are a monocistronic L11 and a 

tricistronic L1-L10-L12 transcripts (see Figure 69). Thus the transcription of 

these four genes varies within the archaebacteria.

In Escherichia coli, Downing and Dennis (1987) have found that the major 

transcript is a tetracistronic L11-L1-L10-L12 transcript, similar to the Sulfolobus 

transcript. However, bicistronic L11-L1 and L10-L12 transcripts are also found. 

Thus, although the order of the genes has been conserved in the 

archaebacteria and eubacteria the transcription products are different.
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Figure 69. Transcription of the L11 -L1 -L10-L12 genes in Sulfolobus solfataricus. A comparison of the transcription pattern of the 
L11-L1-L10-L12 genes in S. solfataricus, Halobacterium cutirubrum (Shimmin and Dennis 1989), and Escherichia coli (Downing and Dennis 
1987) is shown. Filled circles indicate the 5 ’ ends of transcripts and vertical lines the 3' ends. Multiple vertical lines indicate several 
transcription stops. Dotted lines indicate read through to the genes downstream. A dashed line indicates the 1.5 Kb transcript whose 5’ and 3' 
ends have not been determined. A triangle indicates an attenuator and scissors an RNAse III processing site within the L12-p intergenic 
region in E. coli. Only part of the ala S and p genes is shown. ORF: open reading frame, ala S: alanine synthetase gene,nab: nucleic acid 
binding protein, U: gene that codes for a protein involved in transcription termination, p: p subunit of the RNA polymerase.
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Codon Utilization

Table 31 summarizes the codon utilization pattern of the six ribosomal (L11, 

L1, L10, L12, L46 and LX) protein genes. As expected from the low G-C 

content of Sulfolobus DNA (36%, Zillig et al. 1980), there is a strong bias 

towards having A or U in the wobble position (76%) (see Table 32). Notice that 

the UGU/UGC codons for cysteine and the CGN codons for arginine are rarely 

used in ine ribosomal protein genes of Sulfolobus. While the case of the 

cysteine codons simply reflects the fact that cysteine is seldom present in 

ribosomal proteins (Wittmann-Liebold 1986), the case of the arginine codons 

does reflect a certain bias. It seems that this bias is not restricted to the 

ribosomal protein genes, since the CGN codons for arginine are also rarely 

used in the "docking" protein gene, the a/a S gene and the open reading 

frames (see Tables 26 and 27, data for the open reading frames not shown). A 

similar situation has been observed in the ribosomal protein genes of 

Methanococcus vannielii, which also has a very low G-C content (Auer et al. 

1989a, b). In contrast in Halobacterium cutirubrum, where the G-C content is 

very high (68%), there is a strong bias towards having a C or a G in the wobble 

position and the AGA/AGG codons for arginine are seldom used (Arndt and 

Kimura 1988, Shimmin and Dennis 1989).

However, even though S. solfataricus and M. vannielii have a low G-C 

content, comparison of the codon utilization pattern in the ribosomal protein 

genes from both organisms revealed that Sulfolobus shows a bias towards 

using G in the wobble position instead of C (see Table 32), while the reverse is 

true for M. vannielii. (Auer etal. 1989a, b).
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Table 31 Codon Utilization in the Sulfolobus ribosomal protein genes

uuu Phe 17 UCU Ser 6 UAU Tyr 15 'JGU Cys 0

uuc Phe 9 UCC Ser 2 UAC Tyr 8 UGC Cys 0

UUA Leu 41 UCA Ser 17 UAA * 2 UGA * 4

UUG Leu 8 UCG Ser 1 UAG * 0 UGG Trp 5

CUU Leu 13 ecu Pro 17 CAU His 4 CGU Arg 0

cue Leu 3 CCC Pro 7 CAC His 3 CGC Arg 0

CUA Leu 16 CCA Pro 22 CAA Gin 27 CGA Arg 0

CU3 Leu 3 CCG Pro 0 CAG Gin 13 CGG Arg 0

AUU lie 19 ACU Thr 24 AAU Asn 31 AGU Ser 14

AUC lie 6 ACC Thr 4 AAC Asn 12 AGC Ser 6

AUA lie 54 ACA Thr 28 AAA Lys 84 AGA Arg 24

AUG Met 16 ACG Thr 2 AAG Lys 38 AGG Am 7

GUU Val 24 GCU Ala 27 GAU Asp 26 GGU Gly 16

GUC Val 6 GCC Ala 12 GAC Asp 11 GGC Gly 6

GUA Val 28 GCA Ala 46 GAA Glu 51 GGA Gly 35

GUG Val 8 GCG Ala 7 GAG Glu 22 G3G cay 2

* chain termination

Table 32 Base composition in the wobble position in Sulfolobus ribosomal
protein genes

Base number %
A 479 49.9%
U 253 26.4%
C 95 9.9%
G 132 13.7%

Since extensive sequencing of the 5' ends of three of the ribosomal 

proteins genes (L11, L1 and L1^) and the "docking" protein gene failed to 

mveai the presence of a normal ATG codon in frame, before the next 

termination codon, it was concluded that these genes are initiated by initiation
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codons that are less frequently used (see Table 33). Evidence that these 

codons are indeed used as the initiation Codon is only available for the Sso 

L11 gene where the N-terminal sequence of the protein has been determined 

(Matheson 1985) and for the Sso LiO gene where the amino acid composition 

of the N-terminal peptide has been determined (Louie, K.A., personal 

communication). Until the products of the other genes are isolated and their N- 

terminal sequence determined, the identification of the codons shown in Table 

33 as the teal initiation codons will remain tentative.

The presence of rarely used initiation codons has also been noted in other 

archaebacterial genes, such as the genes that code for the S’, C and A 

subunits of the RNA polymerase in Methanobacterium thermoautotrophicum 

(Berghdfer et al. 1988) and the nif gene in Methanococcus voltae (Souiilard 

and Sibold 1986). In this respect, the archaebacteria seem to resemble the 

eubacteria, where the presence of unusual initiation codons has frequently 

been observed (for reviews, see Kozak 1983, Gold 1988).

Table 33 Unusual initiation codons in Sulfolobus solfataricus

G ene Initiation codon
Sso L11 TTG
Sso L1 GTG
Sso L10 GTG

"docking" ATA

Translation Signals

Sequences complementary to the 3* end of the Sulfolobus solfataricus 16S 

rRNA were identified in the region around the initiation codon of some of the
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genes and open reading frames (ORFs) present in the 6.9 Kb fragment (see 

Table 34).

Table 34 Shine-Dalgarno Sequences

3' end of the Sulfolobus 16S rRNA 3' ACUCCACUAGC 5'1 
Shine-Dalgarno sequence 5' TGAGGTGATCC 3'

Gene Shine-Dalgarno Sequence2
Sso L46 GAGAGQATGGAAATG
Sso LX AGTGATCAGTATG
Sso L11 GAGGTGACAGATAATTG
Sso L1 CAGAAGGTG
Sso L10 GAGCfilQAIQGGT
Sso L12 AGGTG ATTAT AT ATG
"docking" AGGTAAAAAAGGTGAATAATT
a/a S ATTTTTACCATGGTCAAAGC
ORF 2 AGGTGTGAATAAATG
ORF 3 agtgaaigaic
ORF 4 TAGGATCATGGCA
ORF 5 GTGATAGAAATG
ORF 6 AGTTAAAGTTA AAATTCGTAA ATG AAAGTTTT
ORF 7 AGGTGAAAAAGGTGCT ATCAATG

1 from Olsen et al. 1986
2 The initiation codon is shown in bold letters, possible Shine-Dalgarno 
sequences are underlined. No Shine-Dalgarno sequence was found in the 
region around the a/a S gene and ORF 6.

In most cases, these sequences are located upstream of the initiation 

codon. However in the case of the Sso L10 and Sso L1 genes and ORF 3, the 

initiation codon itself seems to be part of a putative Shine-Dalgarno sequence.
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Note that in the case of the "docking" protein gene, ORF 3 and 7, there are two 

Shine-Dalgarno sequences in tandem. This has also been observed in the 

case of the genes of the SSV1 virus that infects Sulfolobus (Reiter et al. 

1987a). In the case of the ala S gene and ORF 6, sequences complementary 

to the 3* end of the 16S rRNA could not be found either upstream or 

downstream of the initiation codon. Note, however, that in ihe case cf the ala S 

gene, the transcription initiation site is located just 3 nucleotides upstream of 

the initiation codon, so that the mRNA does not have a proper leader 

sequence. As mentioned in the Introduction, an interaction between the 3' end 

of the 16S rRNA and the mRNA has not yet been demonstrated in the 

archaebacteria.

Phylogenetic Implications

As mentioned in the Introduction, there has recently been a lot of 

controversy regarding the status of the archaebacteria as a separate kingdom. 

Lake (1988, 1989) has proposed that the extreme sulfur-dependent 

thermophiies. such as Sulfolobus, arc more closely related to the eukaryotes, 

forming the superkingdom Karyota; while the extreme halophiles, the 

methariogens and the eubacteria form a separate group, the superkingdom 

Parkaryota. However, sequence comparison of the Sulfolobus ribosomal 

oroteins with those from other organisms shows that Sulfolobus is more closely 

related to the other archaebacterip than to the members of the ocher two 

kingdoms. Thus the data presented in this dissertation, support the existence 

of the archaebacterial kingdom.

There is also a lot of controversy regarding the relationships among the 

three kingdoms. The 16S rRNA data seem to indicate that the three kingdoms
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are separated from each other by an equal evolutionary distance (Woese 

1987). However, comparison of the sequences of ribosomal proteins L10 and 

Li 2 from the three kingdoms shows that the archaebacterial sequences are 

closer to the eukaryotic sequences. A similar result has been obtained in the 

case of other ribosomal proteins (AUer et a!. 1989a,b, Strobel eta l. 1988, 

Kdpke etal. 1989, Shimmin and Dennis 1989), the elongation factors (Lechner 

and Bock 1987, Lechner etal. 1988), the subunits of the RNA polymerase 

(Zillig etal. 1989b) and the H+ ATPases (Nelson and Taiz 1989). In contrast, 

when the sequences of the glyceraidehyde 3-phosphate dehydrogenase are 

compared, the eukaryotic ard eubacterial sequences seem to be closer to 

each other that to the archaebacterial sequences (Hensel etal. 1989, Fabry et 

al. 1989). At the moment, it is difficult to evaluate all of these contradictory 

results, particularly because in many cases only a few sequences have been 

analyzed. However, the fact that different molecules seem to give different 

relationships might mean that different genes have evolved at different rates in 

the three kingdoms, or it might indicate the existence of lateral gene transfer.

An additional explanation of these results has been proposed by Zillig et al. 

(1989a). According to their proposal, the reasor. why some eukaryotic genes 

are similar to eubacterial genes while others are similar to archaebacterial 

genes, is that the eukaryotic cell is the product of a fusion between an 

archaebacterium and a eubacterium. However, a problem with this model is 

the fact that the 16S rRNA data show the existence of three separate lines of 

descent. It is clear that we need more information in order to establish the 

relationships among the three kingdoms.
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Evolution of the Ribosome

Since translation is the process that links the phenotype with the genotype, 

the origin and evolution of the translational apparatus is one of the key 

questions that must be answered in order to understand the origin of modern 

cells. Although we are far from having a complete picture of the evolution of 

the ribosome, some of the stages in this process are beginning to be defined. 

What I would like to do in this section is to discuss some of these stages in 

terms of the information provided by the archaebacterial ribosomal proteins, 

particularly those described in this thesis.

1]. The 'first ribosomes' consisted only of RNA, Woese (1980) initially 

proposed this idea in order to avoiu the paradox of having proteins prior to the 

development of a mechanism to produce them. This proposal has received 

considerable support from the discovery of RNA catalysis (Cech and Brass 

1986) and from the observation that rRNA plays a major functional role during 

protein synthesis (for a review, see Dalhberg 1989).

2]. The 'first iibosomal proteins' were probably small peptides that 

interacted with rRNA. It has been proposed that the original function of these 

peptides was to stabilize the structure of the rRNA (Maizels and Weiner 1987). 

Thus, ribosomal proteins that bind directly to rRNA, like the Sso L11, Sso L1 

and Sso L10 proteins, probably contain domains that are directly derived from 

these 'ancient peptides'.

3]. Modern ribosomal proteins were generated by gene duplication and by 

joining of functional domains (Jue et ai. 1980. Lin et al. 1987). Evidence of this 

can be seen in the modules of the archaebacterial L10 proteins, the common 

C-terminal domain of the archaebacterial and eukaryotic L10 and L12 proteins,
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the conserved region between the L1 and L 11 proteins and the common 

regions present in the L5 family of proteins which includes the Sso L46 protein.

4]. Most of the evolution of the ribosome has been involved with the 

refinement of the mechanism of protein synthesis in order to obtain greater 

precision (Woese 1980). This means that many of the ribosomal proteins 

present today were incorporated in order to increase the efficiency and 

precision of the ribosome and are thus, not essential for tha translation process 

per se. Support for this comes from the isolation of mutants in Escherichia coli, 

that completely lack one ribosomal protein (for a review, see Dabbs 1986).

5]. The 'ancestral ribosome' probably contained more ribosomal proteins 

than the modern eubacterial 70S ribosome (Wool 1980, Cammarano etal. 

1986, Auer etal. 1989a,b). This idea was initially proposed by Wool (1980). 

The discovery that there are two types of ribosomes within the archaebacteria, 

a small eubacterial-like ribosome with 58*54 proteins, present in the halophiles 

and most of the methanogens (Strom and Visentin 1973, Schmid etal. 1982, 

Cammarano etal. 1986), and a larger ribosome, with 60-65 proteins, present 

in Methanococcus and the extreme thermophiies (Schmid etal. 1982, Schmid 

and BOck 1982, Cammarano etal. 1986), has provided new evidence to 

support this idea.

Since the ribosomes from Thermococcus celer (Cammarano etal. 1986), 

an organism that belongs to a branch that is very close to the root of the 

archaebacterial tree (Achenbach-Richter et al. 1987), are of the large type, it 

now seems likely that the larger ribosomes of Methanococcus and the extreme 

thermophiies, such as Sulfolobus, more closely resemble the 'ancestral 

ribosome' (Cammarano etal. 1986, Auer etal. 1989a, b).
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This means that the smaller eubacterial and archaebacterial ribosomes are 

the product of a streamlining process, probably caused by the need for rapid 

growth (Wool 1980, Auer et at. 1989a, b). During this process, it seems likely 

that the functional domains of many proteins were combined, non-essential 

domains were eliminated and the number of proteins was reduced. Good 

examples of this streamlining process are the eubacterial L12 and L10 

proteins, where complete domains have been modified or eliminated.

The presence of ribosomal proteins in the extreme halophiles, which have 

no equivalent in the eubacteria seems to indicate that the streamlining process 

took place independently in both lines and that this process is an example of 

evolutionary convergence.

In view of this scheme, the following relationships among the ribosomal 

proteins from the three kingdoms can be proposed:

1]. proteins conserved in the three kingdoms. Examples are the L12 and 

L10 proteins.

2]. proteins present only in the archaebacterial and eukaryotic ribosomes. 

Example Sso L46.

3]. proteins present only in the eubacterial and eukaryotic ribosomes.

4]. proteins only present in the eubacterial and archaebacterial ribosomes.

5]. unique eubacterial proteins.

6]. unique eukaryotic proteins.

7]. unique archaebacterial proteins.

Examples of the last 5 categories cannot be given at this time, since only a 

few archaebacterial and eukaryotic ribosomal proteins have been sequenced. 

Until the sequences of all the ribosomal proteins from a eukaryotic and the two
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types of archaebacterial ribosomes are determined, the exact relationships 

among the different ribosomal proteins cannot be definitively established.

Evolution of the Genetic Organization in the Three Kingdoms

The gene organization of Sulfolobus, like that of the other archaebacteria, 

is very similar to that found in the eubacteria i.e. the genes are organized in 

transcriptional units or operons. Remarkably, in the case of the ribosomal 

protein genes, not only the organization but even the order of the genes is the 

same. However, the products of the transcription units and the promoters differ 

between the eubacteria and the archaebacteria. In contrast, in the eukaryotes, 

the ribosomal protein genes are net arranged in operons and are dispersed 

through the genome (Woolford and Rosbash 1981, Mager 1988). Based on 

the comparison of the organization of the ribosomal protein genes, a 

hypothetical model for the evolution of the gene organ.zation of the three 

kingdoms can be proposed.

The progenote, or last common ancestor, is thought to have been an entity 

in which the mechanisms of transcription and translation were not fully 

developed (Woese 1987). For this reason, it is highly unlikely that its genes 

were already organized in operons. Furthermore, it is difficult to envision how 

once established, these transcriptional units could be broken, without serious 

consequences to the cell, to give rise to the eukaryotic type of organization. 

Therefore, it is more likely that in the progenote, each gene was transcribed 

independently. However, since the order of the genes is similar in eubacteria 

and archaebacteria, the genes must have already been organized in that order 

in the progenote. The reason why the genes are organized in a certain order 

is not clear. Since it is thought that most ribosomal proteins arose by the
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duplication of a small group of "ancestral peptides" (Jue etal. 1980), the order 

might reflect a common origin or it might have some functional significance. 

Herold and Nierhaus (1987) have recently proposed that the order of the 

genes is related to the assembly process of the ribosome. They have found 

that in most cases (the only exceptions are L30 and L1) the proteins contained 

in a regulatory unit represent assembly domains. If the order of the genes is 

indeed related to the assembly process, this would explain why it has been 

conserved in the eubacteria ana archaebacteria, where the synthesis of the 

ribosomal proteins and the assembly of the ribosome take place in the same 

compartment, while in the eukaryotes, where synthesis and assembly take 

place in different cell compartments (the cytoplasm and the nucleolus, 

respectively) (for a review, see Sommerville 1986) the order has not been 

maintained.

As the three kingdoms began to diverge, the pressures of having 

transcription and translation in the same cell compartment, and the need to 

obtain a more efficient and regulated synthesis of cell components, probably 

forced the eubacteria and archaebacteria to organize their genes into 

transcriptional units. Since this process probably took place independently in 

the eubacterial and archaebacterial kingdoms, the products of the 

transcriptional units are different. This explains why the location and the 

structure of the promoters is different in the eubacteria and archaebacteria. In 

the eukaryotes, on the other hand, there was no pressure to organize the 

ribosomal protein genes in transcriptional units, &ince transcription and 

translation take place in different cell compartments, and the order of the genes 

has not been conserved because, as stated above, the synthesis of ribosomal
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proteins and the assembly of the ribosome take place in different cell 

compartments.

Conclusions

The results obtained from the study of the organization and transcription of 

the Sulfolobus solfataricus L11, L1, L10 and L12 ribosomal protein genes 

revealed that these genes are organized in an operon and that remarkably, the 

order of the genes is identical to that found in Escherichia coli. (Post et ai. 

1979). The conservation of the order of these four ribosomal protein genes in 

two organisms as widely separated, from an evolutionary point of view, as 

Sulfolobus solfataricus and Escherichia coli., gives support to the proposal of 

Herold and Nierhaus (1987) that the order in which the ribosomal protein 

genes are organized in the chromosome is functionally important; defining 

different assembly domains.

From a genetic point of view, it was found that Sulfolobus has some 

features in common with the eubacteria and some with the eukaryotes. The 

organization of the ribosomal protein genes in operons, the use of rare 

initiation codons, the existence of overlapping stop/start codons and the 

presence of putative Shine-Dalgarno sequences are some of the eubacterial- 

iike characteristics identified. In contrast, the nature and position of the 

promoters were found to resemble more closely the RNA polymerase II 

promoters in the eukaryotes as proposed by Zillig et a i  (1988). From an 

evolutionary point of view, these results can be interpreted in terms of Woese's 

proposal (1987) that the last common ancestor of the three kingdoms or 

progenote was an entity in which the processes of transcription and translation
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were still evolving (Woese 1987), giving rise to major differences in the 

organization and control of these genes in the three kingdoms.

Comparison of the sequences of the Sso L12 and Sso L10 ribosomal 

proteins with the homologous proteins from the other two kingdoms revealed 

that these two proteins have suffered extensive structural changes during the 

evolution of the three kingdoms. In general terms, two different structural 

groups can be identified: one comprising the archaebacterial and eukaryotic 

proteins anci one comprising the eubacterial proteins. Since the function of 

these proteins has been conserved, it is now of interest to determine which 

regions of the p. jteins are carrying out the same functions in the two structural 

types. The fact that the genes have now been cloned will allow us to perform 

site direc4 i  mutagenesis and determine which regions are functionally 

equivalent in the two types.

From a phylogenetic point of view, the comparison of the sequence of the 

ribosomal p oteins from Sulfolobus with those from other organisms revealed 

that the Sulfolobus proteins are more closely related to the proteins from other 

archaebacteria. These results support the proposal that the archaebacteria 

are a monophyletic group (for a review, see Woese 1987). In terms of the 

relationships among the three kingdoms, the results obtained from the 

comparison of the Sso L12 and Sso L10 proteins indicate that the 

archaebacteria are closer to the eukaryotes. However, since information about 

the sequence of the eukaryotic L11 and L1 equivalents is still missing, it 

remains to be established if this will also be the case with these proteins.

Finally, the identification of ribosomal proteins in the archaebacteria, that 

have no counterparts in the eubacteria, raises several interesting questions. 

Where are these proteins located in the ribosome? What are their functions?
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Do they have functions that have no counterpart in the eubacteria? Are other 

eubacterial ribosomal proteins or even domains performing the functions of 

these extra proteins? Why have these proteins been eliminated from the 

eubacteria or why have they ueen acquired by the archaebacteria? Future 

work in this area will certainly provide answers to all of these questions.
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APPENDIX

Sequence of the primers used to sequence the 6.9 Kb Eco Rl - Bam HI Fragment

1. 5* GTCAACT AT ACT AGCT A 3' 15. 5' CCCAATGGTGGACCTGG 3'

2. 5’ CAGTGG ACGAAGTTAG 3' 16. 5' GCAGGCTCAAGTTGTG 3'

3. 5’ GCGTATATGTACTCCAT 3' 17. 5' CCTCCATTGATAGCACC 3’

4. 5' CGCTGTTGCCTCTTCAA 3' 18. 5' GGTGGAATAGCTCTTTC 3'

5. 5’ GCCYATGATAATGGAGT 3’ 19. 5' GTCTATATGCATTCTCC 3'

6. 5' GCCAGGAGATAAGGCAG 3* 20. 5’ GCTGCTGCACAAGAGCA 3'

7. 5' GTTACCTTTATGTCAGC 3' 21. 5’ TGCTCTTGTGCAGCAGC 3'

8. 5' ACCTTTGCTTTATTCTC 3' 22. 5’ CCTCAACTTCCTCTCTTC 3*

9. 5' ACCAAGGAT C AGCC AC AA 3' 23. 5' CAG1TGGCTGAAGTATC 3'

10. 5’ GTGCC AT AG ATT CCTGG 3' 24. 5' AG T GAT CC AC AAGC AGC 3'

11. 5' AACGATTCTTTATCCGC 3' 25. 5' GCTGCTTGTGGATCACT 3'

12. 5' ACTGCAAGGTCAATAGG 3' 26. 5' GCCAGGAAACTACTGCT 3'

13. 5' CGCTCAAGAGCCCTCAG 3' 27. 5' CCGCAACAGGCAACAAC 3'

14. 5' CCAGGTCCACCATTGGG 3' 28. 5' G ACGC AACT G A AG AAG A 3:



Sequence of the 6.6 Kb Eco Rl - Bam HI Fragment. Initiation codons 
are underlined, termination codons are overlined.

ORF1
GAATTCAAGCACAAATAACTGATGATGAACTAAAACAAATATTAGCTCAA 50

CTTAACTCTCAAACCAGAAAAG ATTATAAG ATTACG ATT AAAG AG AG AGG 100
Sso L46

ATGG AAATG AGCAAGC ATAAGTCCTTAGGCA AAA AATTG AG ACT AGGT A A 150

AGCGTT AAAAAGAAACTCTCCTATTCCTGCTTGGGTCAT AAT AAAAACTC 200

AAGCTGAGATAAGGTTTAATCCACTAAGAAGAAATTGGAGAAGAAATAAT 250
___ ORF2

TT AAAGGTAT G AAT AAATGAGCC AGG AAACTACTGCT ACT AACAAG AAG A 300

GCAAAAAACATCAGAGCTACAACAACAAGAAGAAAGAGGAACAAAAACCG 350

CAACAGGCAACAACT ACAACG AAAG AGG AAAAGAAAACT AAGCCAG AGAA 400

AG AG AACTTTG AAATGGTTATAAACTTTAG AAG AGTAATAATGGG AAG AA 450

AAACT ACC AG AACT AA AAG AGCC AT AAAGT AT GT GAG AT AT AT CCT AAAG 500

AGACAI I I IGGAGCGGAAAAAGTAATTATTGATCCAC1ATTAGCAAAGGC 550

AATAACC AT G AAT GGT AGGG AT AAAAT AGT AAG AAG AGT AAGG AT AGCT G 600

T CAAAAG AATCGG AG AAAAAAAC ATATTTAGCTAGACTTGCAATTA AG AG 650
ORF3

T G A AT G ATCTT AG AT A AGTT ATGCI I I I I GGT ACT AAT GAT AAAT AT AC A 700

ATTAT ACCTAA AAATAG ACG ACAAAG A AGT AATAG AG AAAATTC AAGG AA 750

T ACT G AAAAC AG A AAT AAT AC AG ACT ACC ATATCT A AG AGCGT GCT AGT A 800

GGTATTCT GGTTAC AGG AAAT AAT G ATGTAATTCTCCTACCTAG AAC AGC 850

TCTGGC AG AT G AAAT AAAGGT CAT A AAGG A AC AGGCT AA AG ACGTT AG AG 900

T CG AGGTT GT GG ATATTAG ACCTACT GCTTTAGG AAATATC ATATT ATCC 950

AACACGCATGGTGCACTT ATTT ACCAAGATCTTTCT AGGCGG AAATAAAT 1000

AAGGTAAAG AAAGC AT GC AG AT GAT ACT GCA ATTAAGGGT AC AATAGC AA 1050
ORF4

AT AT AATT ACAGT AGGATCATGGCAGT AATT ACAGAC AAGGCTGGTTT AG 1100

TAC ATATT G ACGC A ACT G AAG AAG AG TTG AAA AAAT ATGT ACT AAACCAG 1150

CC AGCC AGT G A ATT ATTT AAAGT A AAGTT AG ATT CT GG AACT GT A AATTT 1200

2 5 2
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TGGG AGCGTCTTT AT AAGGAGCGGATTAGTGGCT AACAGAAATGGAGTT 1250

CTAGTAGGTTCCT CAACAACGGG AC AG AG ATTTTAAG AATCC AAAG AGC A 1300
SsoLX

TTTAGTGATCAGTATGGCTGAAGTAAAAATTTTCATGGTCAGAGGAACTG 1350

CCATATTTAGTGCGTCAAGATTTCCTACAAGTCAAAAATATGTTAGAGCT 1400

TT AAATGAAAAACAAGCAAT CGAAT ACATTT AT AGTCAACTTGGTGG AAA 1450

AAAT AAAATT AACG ATACA AC ATACAC ATAC AAG AG AT C AAAG AAGTT AA 1500

GG AAG AT G AAATCACAG AC AAG ACAATAAG AG ATTT AGC AAAGCT AG AT A 1550
ORF 5

AAATTATAATGTGATAGAAATGAGTGAAGAGGCAGAGCAACAACAAGCGG 1600

CAGAATATATAGCATACCTATATGATCAAGCATCAGCACTAAGACAATAT 1650

ATAG ATACCCTT CAG AAG AACCT GGCAG AGGTACTAG AATCCTTAG AAGC 1700

AGTAAG AGC AT CAAAAAGT GCCGTAG ACG AG AT AGGTAAGG AAAACC AG G 1750

AATACTTGTT ATTTGGCGACAG AAAGGGCAAT AT AGTATTCAAGGT AAAC 1800

AGTGTAG ATAAAAAT AAGGTTCT AAT ACACTT AGG ATT AA ATT ATT ACGC 1850

AGAAGTGATCCACAAGCAGCTAAGAAAATTCTGGATGATAGAGAGCAACA 1900

GTTGGCT G AAGT AT CTAAAAATAT AC AAGGT G AATT AT CT AAGTC AATA 1950

G ACGCTT AT AAT C AAATT GC AG AA ATT CTTT CCC AAGT GC AAGGT AAAAA 2000
Sso "docking protein” gone

AGGT G A AT AATTT GTTTT GAT AG ATT AA AA AAAGC ATTCTC AA ATTTTTT 2050

AG ATAAAATT AGT GG AG A AG AG AAC AAAAAGG AACCT G AAACT AG AC AAA 2100

CAG AT CAACT AG AAAGT A AAAAAG AAG AG ACT AT AC AACA AC AGC AA AAT 2150

GT AC AAC AACC AC AAGCGG AAAAT AAAATT G AGCAAAA AC AGG AAAA AAT 2200

TT C AGTTCAA AC AGGT C AAG AAAAT AAGCAGG AG AATAAACG AT CCTT CT 2250

TT G ATTTCCT G AAGT ATAAAACG AT AAAAG AGG ACG ATCTTA AT GACGTT 2300

AT AG AAG AACT CAG ATTT CA ACTT CTT GATT CTG ATGTAT CTT AT G AAGT 2350

T ACGG AAAAAAT ACT AG AAG AT CT CAAAAAT AAT CT GAT AGGG A AAA AGG 2400

TT AGT AG AAG AG AGG AAGTT G AGG AAAT AGT AAT AAAT ACT CT AAA AAA A 2450

TCTATAACAGAGA1 1 1 1AACAAAAAATCAAAAAACAGATTTGAT AGAAAA 2500

AAT AAG AAGTAGT GG AAAGAAGCCATTTGT AAT AAT ATT CTTTGG AGTT A 2550
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ATGG AGTAGGTAAAACTACTACTATAGC AAAAGTAGTAAATATGCTG AAG

AAAAATAACTTATCTACAATTATTGCAGCCTCAGATACATTTAGAGCTGC

TGCACAAGAGCAACTAGCTTATCATGCATCAAAATTAGAGGTTCAACTAA

T AAGAGGAAAAT ATGGTGCTGATCCAGCGTCGGTAGCATTCGATGCCAT A

AG TTTTGCT AAGAGT AG AAAT AT AGATGT AGT ACTT ATTG AT ACTGCTGG

GAGAATGCATATAGACTCTGATTTAGTTGAAGAACTTAAGAGGGTTTTAA

GGATAGCAAAACCTGATTTTAGGATCTTAATATTAGACTCGCTAGCAGGA

AGTGATGCATTAGAACAGGCTAGACATTTTGAAAATAATGTTGGATATGA

T GC AGTAATTCTT ACCAAAGTAG ATGC AG ATGCTAAAGGT GG AATAGCTC

TTT C ATT AGCGT AT G AATT G AAAAAACCT GTAGTATATATGGG AGT AGG A

CAGAATTATGATGATTTAATTCCCTTCTCACCAGACTGGTTTGTAGAAAG
  ORF 6

GATATTC AGT AGTTA AAGTT AAAATT CGT A A M Q A  AAGTTTTTAGT ATAA

TGAAAATTTCTGACATTATCAAAAGGCTACGAGAAGACTGGAAGAGAATA

ATT AGT GT AGCC AAG AAACC AG ACAAAG ATTCATTT AATT ACAGT ATT AG

GCTTAC ACTTTTAGTT ATGGCTGTAGTT GGTCTC ATCGCTT AC ATTGTAC
  ORF 7

AGTTAACT ACATC ACTG AT AAT AAGGTG AAAAAGGTGCTATCA&BSG AGG

ACTT CAAGT AC AG AA ATTATTACGT GTT AAG AGTTAC AGG AGG AC AAG AA

ATTAACGTGGCTCTTATTTTAG AAG AAAG AATAAAAAC AAAT AAT AT AAA

TGAAATCTTTTCTGTAGTAGTCCCACCTAATATAAAGGGTTATGTGATAC

TT G AAGCTACCGG ACCTC ATGTAGT AAAATTAATTT CATCAGG AAT AAG A

C ACGTT AAAGG AGT AGCTC AT GG ACT AATTC AG AAAG AAG AT GTT AC AAA

ATTT GTTTCT AAG FC AGTT GC ATT ACCCGCTGT G AAAG AAGG AG ACTT AG

T AG AGGT AATT AGTGGTCC ATTT AG AGGT AT GC AGGCTCAAGTT GT GAGA

GT AG AAT C AAC A AAA AAT G AAGTAGTTTT AAATATTTTAG A AT CCTC ATA

TCCT GTT C AGGTTAC AGTTCCTTT GG AAC AAGTTAAACCTGTTAAG AGGT
  Sso L11
G ACAG ATAATTGCCTACT AAG AC AAT AAAAAT AAT GGTAG AAGG AGGT AG 

TG CTAAACCAGGT CC ACC ATT GGG ACCT ACCCT AT CACAATT AGG ACTTA

2600

2650

2700

2750

2800

2850

2900

2950

3000

3050

3100

3150

3200

3250

3300

3350

3400

3450

3500

3550

3600

3650

3700

3750

3800

3850

3900
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AT GTT C AGG AAGTTGTTAAAAAAAT AAATG AT GTT AC AGCAC AATTT AAA 3950

GGAATGTCACTACCAGTCACAATTGAGATCGATAGTTCAACTAAAAAATA 4000

TG ATATAAAAGTTGG AGTACCT AC AAC AAC AT C ACTATT ACTT AAAGC A A 4050

TAAACGCTCAAGAGCCCTCAGGAGATCCAGCCCACAAGAAGATAGGCAAT 4100

TTAG ACTTAG AACAAATTGCTG ACAT AGCCATTAAG AAAAAGCCTCAACT 4150

TAGCGC AAAAACTCTAAC AGCTGCAATAAAG AGTTT ACTAGG AACTGC AA 4200

GGTCAAT AGGT AT AACTGTTG AGAAGGAAAAGATCCT AAAGATGT AAT AA 4250

A AG AG ATT GATC AAGG AAAATAC AATG ACTTATT AACT AATT AT G AGCA A 4300
SsoLI

A AATGG AAT GAAGC AG AAGGGTG AAG AAAGT GTT AGCGG ATAAAG A AT CG 4350

TTG ATAG AAGCCTT AAAACTGGC ACTTAGT ACGG AGT ATAATGTAA AAAG 4400

GAACTTTACACAAAGTGTGGAAATTATACTTACGTTTAAAGGAATTGATA 4450

T G AAG AAAGGTG ACCTTAAACTT AG AG A AATAGTTCCCTT ACC AAAAC AG 4500

CCATCTAAAGCAAAGAGGGTTCTTGTTGTTCCATCCTTCGAACAACTCGA 4550

ATAT GCT AAAAAAGCATCTCCC AATGTT GT GAT AACT AG AG AAG AATT AC 4600

AAAA ATT AC AAGG AC AAAAA AG ACC AGT G AAAA AATT AGCT AT AC AAA AT 4650

GAGTGGI 1 1 1 1 AATTAACCAGGAATCTATGGCACTGGCAGGAAGGATATT 4700

AGG ACCCGCCTTAGGACCT AGAGGT AAGTTTCCT ACACCTCT ACCCAAT A 4750

C AGCT GAT AT C ACT G AAT ATATT AAT AG ATT CAAGAGATCAGTTATAGTA 4800

AAGACCAAGGATCAGCCACAAGTTCAAGTATTCATAGGAACTGAGGACAT 4850

G AAGCCTG AAGACTT AGCTGAGAATGCG ATAGCCGT ATT AAATGCAAT AG 4900

AGAATAAAGCAAAGGT AG AAACT AATCT AAG AAAT ATTT ATGTT AAAACA 4950
Sso L10

ACAATGGGT AAAGCTGT AAAAGTT AAAAGAGCGTGATCGGTTTGGC AGTT 5000

ACT AC AACT AAAAAAAT AG CAAAATGG AAAGT AG ATG AAGT AGCT G A ACT 5050

TACTGAAAAATTAAAAACCCATAAAACTATAATAATAGCTAATATAGAGG 5100

G i l l  IC C T GCAG AT AAACTT CAT G AAAT AAGG AAAAAATT AAG AGG AAAA 5150

GCTGAC AT AAAGGT AACTAAAAACAACTT ATTT AACAT AGC ACTCAAAAA 5200

TGC AGGGT ATG ACACT AAATT ATTTGAAAGCT ATCT AACTGGACCT AATG 5250
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CCTTTATATTTACTGATACTAATCCCTTCGAATTACAGTTATTCCTATCA 5300

AAATTT AAATT AAAG AG ATATGCCCT GCCAGG AGAT AAGGCAG ATG AGG A 5350

GGTTGTTGTACCAGCAGGAGATACAGGTATTGCAGCAGGTCCCATGCTCA 5400

GTGTTTTCGGAAAGTTGAAAATAAAAACAAAAGTCCAGGATGGAAAAATT 5450

CACATATTACAAGACACAACAGTTGCAAAGCCTGGAGATGAGATACCAGC 5500

AGATATT GT ACC AAT ATTAC AAAAACTAGG AATAAT GCC AGT ATATGT AA 5550

AATTAAACATTAAG ATAGCCTATGATAATGG AGTAATAATCCC AGG AG AT 5600

AAATT ATCAATT AACCTTGATGATT AT ACT AATGAAATCAGAAAAGCTCA 5650

TATTAACGCATTTGCAGTAGCC AC AG AAATAGCGT ACCC AG AACCAAAGG 5700

T CCTT G AATTT ACAGCAACCAAAGCT ATGAG AAAT GC ATT AGCT CT AGCC 5750

AGTG AG ATAGGTTATATAACTCAAG AG AG AGCACAGGC AGTATTTACT AA 5800

AGCAGT AATGAAAGCAT ACGCTGTTGCCTCTTCAAT AAGCGGAAAAGT AG 5850

ATTTAGGAGTTCAAATACAAGCACAACCACAGGTCTCTGAACAGGCAGCT 5900

GAGAAGAAAGAAGAAAAGAAAGAAGAAGAAAAGAAAGGACCAAGCGAAGA 5950

AG AG ATAGGCGG AGGCTTATC ATC ACTATTCGGTGG ATGAGTTTAAATAT 6000
Sso L12

C ACCTCTTT AT GT ATTTT AAGGT GATT AT AT ATGG AGT AC AT AT ACGC AA 6050

GTTTACTATTGCACGC AGCTAAG AAAG AAAT AAGT G AGG AAAACAT AAAG 6100

AAT GT ATT AAGTGC AGC AGG AAT AAC AGTGG ACG AAGTT AG ACT AAAAGC 6150

T GT AGCAGCTGCTTTAAAAG AAGTAAAT ATAG ACG AAATATTG AAG ACAG 6200

CT ACT GC AATGCCT GT AGC AGC AGT AGC AGCCCCT GC AGGT C AAC AG AC A 6250

CAGCAGGCAGCTGAGAAGAAAGAAGAAAAGAAAGAAGAAGAAAAGAAAGG 6300

ACC AAGCG AAG AAG AG AT AGGCGG AGGCTT AT CATC ACT ATT CGGTTAAT 6350
Sso ala S

AAGAAAGACTTTTTTACCATTTCAAATATCATTTTTACCATGGTCAAAGC 6400 

AAACGAGAACGAGT ACAGGTT AAACTTTTTTCTGTCAAGAGGAT ATG AAA 6450 

GAAAAATTTGTAGATCCTGTTCTACCCCATTTTGGACTTTAGATAAGTCA 6500 

AAGGAAAATTGTTC AGATGTTCCTTGT ACTGACT ATTACTTCTTTGAT AT 6550 

C AAG ATT AAATCTCCCCCGTTAACAGT G AG AG AATC AAG AG AAAAATTT C 6600
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T A AG ATT CTTTG AA AAG AG AGG AC ACACC AT AGTT CC ACCT AAACCT GT A 6650 

GTTGCCAAGTGGAGAGATGATCTTTATCTTACTATAGCTAGTATAGTTGA 6700 

CTTTCAACCATTTGTAACGAGCGGATTAGCTAAACCGCCTGCAAATCCAC 6750 

TGGT AGTTTCTC AGCC AT GT AT AAG ACT AG AAG AT GTGG AT AACGT AGG A 6800 

ATAACATTTGGAAGGCATTTGACCACATTTGAAATGGCTGCTCATCATGC 6850 

ATTCAATT ATCCTG AT AAACAAATTTATTGGAAAGACGAAACAGT AGCA 6900

TTGCT AAGG AGTTCTTT AC AG AAG AACTAGGG ATCC 6936


