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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 coli. 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 et al. 1985a) and L39 from rat iiver (Lin et al. 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 coli , 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 (T1TAT/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




iii
Sulfolobus with those from other organisms, revealed that the Sulfolobus
sequences are clbser to those from other archaebacteria, thus suprorting the
existence of the archaebacterial kingdom. Comparison of the sequences of the
L10 and L12 proteins from the three kingdoms revealed that the

archaebacterial cequences are closer to the eukaryotes.
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Introduction

The translation of messenger RNA inio protein is a'complex 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 evolﬁtion oi the translational apparatus is
closely tied to the origin of contemporary ceills (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 coli) 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 knowiedge of the structure of the eukaryotic ribosome is not as
compiete, but many of the components of the eukaryotic rivosome 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 cf the rBNA and the N-terminal sequences of some ribosomal
proteins (for reviews, see Fox 1985, Matheson 1985). For this reason, one of
the objectivzs 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, Mbller et al. 1983, Rychlik et al.
1983, Skéid 1983, Traut et al. 1986, Moazed et al. 1988).

The genes that code for the different ribosomal components are alsu of
special interest. Since they are coordinately expressed duﬁng the biogenesis
of the ribosome, they are excellent models in which to study the structure,
organization and expression 6f 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.




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 ofldescent different from the eubacteria (i.e. the true
bacteria) and the eukaryotes (Woese and Fcx 19773, .b). Characterization of
the different niembers of this group has revealed that archaebacteria comprise
three mz'n phenotypes: the methanogens, the extreme halophiles and the
sulfur-dependent extreme thermophiles (Woese and Wolfe 1985, Woese
1987).

The methanogens are strict anaercbes that produce energy by reducing
CO2 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 g2othermal 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 aercbic or anaerobic
organisms that obtain energy from the oxidation or the reduction of sulfur, or
require elemental sulfur for anabolic reactions (Stetter et al. 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 acterium 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 requirernent for growth varies among the difierent
members of this group; some can grow at a neutral pH while others, like
Suliolobus, grow at a pH as low as 2 (Stetter and Zillig 1985, Stetter 1986).

Sultur-dependent extreme thermophiles have been isolated from
continental solfataric springs and mud holes; and submarine volcanic areas
like hydrother:nal vents and geothermally heated sea sediments. They are also
found in man-made habitats such as the bailing outflows of geothermal power
plants in italy and Iceland (Stetter et al. 1986, Stetter 1986).

Recently, Stetter et al. (1987) isolated an organism from the marine hot
sediments near Vulcano and Stufe di Nerone, ltaly, that seems to represent a
novel archiaebacterial 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 nenderit thermophiles.

Phylogenetic Relationships among the Different Archaebacterial
Groups

Comparison of the sequences of 16S rBNA 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,
Thermococcus and Archaeoglobus seem to be rmore 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 et al. 1987,
Achenbach-Richter et al. 1988).

halophiles

Methanobacterium

Methanospirillum Methanococcus

hermococcus Sulfolobus

Th lasma
ermopias Thermoproteus [
\~ /
Archaeoglobus Desulfurococcus
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 rapiciy
evolving (Thermoplasma acidophilum) and the most slowly evolving
(Thermococcus celer) 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 Methancmicrobiales. These two
groups are more closely related to the Methanobacteriales than to the
Methanococcaies, 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 daia seem to indicate that
the Thermoplasma lineage branched between the Metharobacteria'ss and the
Methanomicrobiales. However, the fact that the ribosomal subunits from
Thermoplasma have a high protein content iike the Methanoccocales and the
other sulfur-dependent thermophiles (Cammarano et al. 1986), suggests that
the Thermoplasma line branched earlier, perhaps between the
Methanobacteriaies and the Methanococcales (Woese and Olsen 1986).

The position of Archeaeglobus, as expected from its phenotype, is
intermediate between the Methanocc 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 thermophi:ic 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.

Adcitional support for the archaebacterial tree has been obiained from the
work of Cecegren 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 artitact.

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 21% to 68%
(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 (DelLange et al. 1981), Methanobacteiium
thermoautotrophicum (Chartier 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 coli (DelLange 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 rBNA, transfer RNA (tRNA) and protein codirq genes have been
cloned énd sequenced from different archaebacteriai groups. Table 1 shows
some examples f the genes that have been sequenced.

Archaebacteria. like the eubacteria and the eukaryotes, use the universal
genetic code. The organization of archaebacterial geries is similar to that fou}\d
..} the eubacteria, that is the genes are linked together in opeions (Zillig et ai.
1988, Brown et al. 1988). In many cases, like the tryptophan synthetase genes
(trp B4} {Ziboid and Henriquet 1988), RNA polymerase genes (Berghdfer et al.
1988, Ziiig et al. 1988, Leffers et al. 1989) spc and str ribosomal operons
(Lechner and Bdck 1987, Lechner et al. 1988, Auer et al. 1989a, b), L1-L10-
L12 ribosomal protein genes (ltoh 1988, Shimmin et al. 1989a) and the
nitrogenase Fe protein genes (Souillard and Sibold 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 differerit. In other ~ases, like the his / 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 et al. 1987) and
Halobacterium volcanii (Daniels et al. 1985, Datta et al. 1989), and the 23S
rBNA from Desulfurococcus mobilis (Kiems 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 Archachacterial Genes that have been Cloned and Sequenced

Gene

16S rRNA

23S rRNA

5S rRNA

Organism

Halobacterium cutirubrum
Halobacterium halobium
Halobar.cerium morrhuae
Halobacterium volcanii
Methanobacterium formicicum
Methanobacterium hungateii
Methanobacterium
thermoautotrophicum
Methanococcus vannielii
Thermoplasma acidophilum
Archaeoglobus fulgidus
Thermococcus celer
Su'olobus solfataricus
Thermoproteus tenax
Desulfurococcus mobilis

H. halobium

H. morrhuae

M. thermoautotrophicu:t:
M. vannielii

D. mobilis

T. tenax

Sulfolobus acidocalcarius

M. vannielii

Reference

Hui and Dennis 1985
Mankin et a. 1985
Leffers and Garrett 1984
Gupta et al. 1983
Lechner et al. 1985
Yang et al. 1485

Qstergaard et al. 1987

Jarsch and Béck 1985a

Ree et al. 1989
Achenbach-Richter et al. 1987
Achcunbach-Richter et al. 1988
Olsen et al. 1985

Leinfelder et al. 1985

Kjems ot al. 1987a

Mankin and Kagramanova 1986
Loifers et al 1987

Leffers et al. 1987

Jarsch and Béck 1985b
Leffers ef al. 1987

Kjems et al. 1987b

Reiter et al. 1987b

Wich et al. 1984




Gene

58 rRNA

Ribosomal Proteins

L12

L10

L11, L1, L10, Li2
S11

L1, L10, L12

spc operon

RNA polymerase
AB'B"C

AB'B"C

AC

ABC

Elongation factors
aEF-1

aEF-2

Table i ...continued

Organism

D. mobilis

M. vannielii

M. vannielii

H. cutirubrum
Halobactenum marismoriui
H. halobium

M. vannielii

M. thermoautotrophicum
H. halobium
H.morrhuae

S.acidocaldarius

M. vannielii

M. vannielii

Genes involved in other functions

hop
bop
brp

his A

H. halobium

H. halobium

H. halobium
Methanococcus
thermolithotrophicus
M. vannielii

Methanococcus voltae

11

Reference

jems and Garrett 1987

Strobel et al. 1988

Képke et al. 1989
Shimmin and Dennis 1989
Arndt and Kimura 1988
itoh 1988

Auer et al. 1989a, b

Berghdéfter ef al. 1988
Leffers et al. 1989
Leffers et al. 1989

Pihler et al. 1989

l.echner and Bock 1987

Lechner et al. 1388

Blanck and Osterhelt 1987
Dunn et al. 1981
Betlach et al. 1984

Weil et al. 1987

Cue et al. 1985

Cue et al. 1985




Gene
his |
nitH

nif H

mer ABG

mer B
fdh A
atp A
atp B
alp P

arg G

tp BA

gdh

Transcription

RNA Polymerase

Table 1 ...continued
Organism
M. vannielii
M.voltae
M. thermolithotrophicus
Methanobacterium ivanovii
M. thermoautotrophicum
M. vanmelii
M. voltae
Methanosarcina barken
M. formicicum
S. acidocaldarius
S. acidocaidarius
S. acidocaldarius
M. barkeni
M. vannielii
M. voltae
Methanobacterium bryantii
Methanothermus fervidus

M. formicicum

12

Reference

Jeckier and Reeve 1986
Souiltard and Sivold 1986
Souiliard et al. 1988
Souillard et al. 1988
Bokranz et al. 1988

Cram et al. 1987
Allmansberger et a/. 1986
Bokranz and Klein 1987
C..oer et al. 1986
Denda et al. 1988a
Denda et al. 1988b
Denda et al. 1989

Morris and Reeve 1988
Morris and Reevs 1988
Sibold and Heriquet 1988
Fabry et al. 1989

Fabry et al. 1989

Fabry et al. 1989

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

aukaryotes have three RNA polymerases that are responsit!e for the

transcription of different sets of genes (Zillig et al. 1$85b). RNA polymerase |
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transcribes 5.8S, 18S and 28S rRNA and the so called "small nuclear

polymerase | RNA" genes (Mandal 1984, Reichel and Benecke 1984); RNA
polymerase |l transcribes all the protein coding genes as well as the small
nuclear RNA genes (Gluzman 1985, Mangin et al. 1986) while RNA
polymerase [l transcribes the 5S rRNA, tRNA and small cytoplasmic RNA
genes (Sakonju et al. 1980, Sharp et al. 1986, Reichel and Benecke 1980).

The number of s;.lbunits present in the enzymes from the three kingdoms
varies. In the eubacteria there are only five subunits: BB'asc (Zillig et al. 1976),
while the eukaryotic enzymes have between 9 and 12 components (Sentenac
1985). Archaebacterial 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.

Archaebacterial enzymes, like their eukaryotic counterparis, are insensitive
to rifampicin and streptolydigin, antibiotics that inhibit euvacterial RNA
polymerases. However, they are also insensitive to a-amanitin, a fungal toxin
that inhibits RNA polymerase Il and less efficiently RNA polymerase |ll (Zillig ot
al. 1985b).

Recently, the genes for the A, B, and C subunits in Sulfolobus

acidocaldarius and the A, B', B" and C subunits in Halobacterium halobium
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(Zillig et al. 1988, 1989b, Leffers et al. 1983) and Methanobacterium
thermoautotrophicum (Berghéfer et al. 1988) have been cloned and
sequenced. Sequence comparison with the equivalent genes from the
eubacteria and the eukaryotes shows that the archaebacterial enzymes are
closer to the eukaryotic polymerases than to the Escherichia coli polymerase.
Sequence conservation between the archaehacterial 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, Berghdfer et al.
1988, Allmansberger et al. 1989, Leffers et al. 1989).

Promoters

Analysis of the conservad sequences upstream of the transcription initiation
site for tRNA, rRNA and protein coding genes, has led to the proposal of a
consensus sequence for archaebacterial promoters (Wich et al. 1986a, Reiter
ot al. 1987b, 1988, Kjems and Garrett 1987b, Zillig et al. 1988, Thomm and
Wich 1988, Thomm et al. 1989). The promoter consists of two conserved
boxes: box A, located about 25 nuclectides 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 archaebacterial promoters, resembles that of eukaryotic
RNA polymerase 1i 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 \ieiter et al. 1988, Zillig et al.

1988, Thomm et al. 1989;.
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Recently, Thomm et al. (1988) and Brown et al. (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 nucleoiide fragment, which contains both boxes, from digestion
by DNAse |. 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 Ill (Thomm et al.

1988).

Terminators

There appears to be great variability in the sequences that determine the
termination of transcription in the different archaebacterial 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 fcund 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,
@Dstergaard et al. 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 ( Miller et al. 1985, Allmansberger
et al. 1986, Bokranz et al. 1988). In the halophiles, transcripts for rRNA genes
(Chant et al. 1986, Chant and Dennis 1986) and protein coding genes (Chant
et al. 1986, DasSarma et al. 1984, Itoh 1988, Shimmin and Dennis 1989) end

in A-T rich regions preceded by a G-C rich region.
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Messenger RNA (mRNA) and Translauion Signals

Archaebacterial 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 et al. 1986, Bokranz et al. 1988).

Unlike eukaryotic mRNAs, which have a cap structure (7mGpppXpmY) at
their 5' end (Shatkin 1976), archaebacterial and eubacterial mMRNAs are not
capped (Brown and Reeve 1985, 1986, Ohba and Oshina 1982. Oshima et al.
1984). Eukaryotic mRNAs are usually polyadenylated at their &' end (Kozak
1983). Small poly A tails have also been observed in eubacterial r.iiNAs out
they are short and the mRNAs are unstable (Gopalakrisna et al. 1981). The
methanogens and halophiles have mRNAs with short poly /* "1ils, that are
unstable like their eubacterial counterparts (Brown and Renve 1985,18856);
while the extreme thermophiles seem to have long pclv A tracts like the
eukaryotes (Ohba and Oshima 1982, Oshima et al. 1984).

Initiation of transiation in eubacteria, is determined by the interaction of a
purine rich region (the Shine-Dalgarno sequence), located betwee: 5-13
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 18S rRNA and mRNA (Kozak 1983).

Shine-Dalgarno type sequences have been detected upstream of protein
coding genes from the methanogens (Cue et al. 1985, Souillard and Siboid
1986, Allmansberger et al. 1986, 1989, L.echner and Béck 1987, Souillard et
al. 1988, Képke and Wittmann-Liebold 1989, Brown et /. 1989). In the case of

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

Oesterhelt 1987, Brown et al. 1989), while in the thermophiles, Shine-
Dalgarno sequences have been observed doth upstream and downstream of
the initiation codon (Zillig et al. 1988). In some cases, two Shine-Dalgarno
sequences are tandemly repeated (Zillig et al. 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 Ribosom.

The ribosomes from all three kingdoms, contain two subunits: 30S and 50S
in archaeuacteria 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 ditferent
kingdoms.

The general morphology of both subunits has been extensively studied
using eiectron microscopy. These studies have led to the proposal of several
models for the ribosomal subunits of eubacteria (particularly of Escherichia
coli), archaebacteria and eukaryotes (see for example, Wittmann 1986, Stoffler
and Stéffler-Meilicke 1986a, Oakes et al. 1986). Figure 2 shows the models
proposed by Lake (1585) 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

Eubacteria? number of size of number of size of (RNA
proteins fRNA  proteins

Escherichia coli 21 16S 36 5S, 23S
Eukaryotes?
yeast 30-31 18S 41-45 5.8SC, 58, 28S
animails =31 18S =49 5.8S, 58, 28S
plants =32 18S =47 5.8S, 58, 285

Archaebacteria

Sulfolobus solfataricus 9 28 16S 33-35 5S, 23S
Sulfolobus acidocaldarius © 27 16S 34 58, 23S
Methanobacterium 22 16S 32 5§, 23S
thermoautotrophicum |

Methanobacterium bryantii { 23 16S 32 5S, 23S
Methanococcus vannielii! 25 168 32 5S, 23S
Halobacterium cutirubrum 9 21 16S 32 58, 23S

a Kozak 1983, P Wada and Sako 1987 € homologous to the 5' end of 23S rRNA (Jacq 1981)

d Londei et al, 1983, © Schmid and Béck 1982, f Schmid et al. 1982, 9 Stram 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
/
\
B Lobes
Central protuberance
L1 ridge St’alk 7
| !
Bulge
”
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 archaebacterial 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 phcotocytes, 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 schems, the eukaryotes are closely related to the eocytes and the
archaebacteria to the photocytes.

This proposal has been severely criticized by several groups (Stéffler 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 et al. (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 et al. 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 et al. 1988). Figure 3
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shows drawings of the models for the 30S and 50S ribosomal subunits from

Esctierichia coli .

A. cleft decoding site

platform

30S Subunit

central protuberance

peptidy! transferase

interface canyon
L1 ridge y

—

stalk

site of interaction with
the elongation factors

exit domain

basal incision

50S Subunit

Figure 3. Computer-lmaging 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 et al. 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 et al. 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 et al. 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 peptidy! transferase
(pocket P2) and the binding sites for the elongation factors (pocket P1) have
been mapped (Radermacher et al. 1987).

Computer-imaging techniques have also been used to study the 50S
subunit from archaebacterial ribosomes (Harauz et al. 1987). Figure 4 shows a
comparisori 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
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Central protuberance-
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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 et al. 1987).
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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). It is thought that this tunnel provides a passage for ths nascent
polypeptide chain to leave the ribosome (Yonath et al. 1987).

Recently, three-dimensional crystals of the large subunit from
Halobacterinim 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
struciure of the large subunit in the archaebacteria (Yonath et ai. 1987).

The position cf the different ribcsomal 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 et al. 1986,
Tolar and Traut 1981, Brimacombe et al. 1986, Uchiumi et al. 1986, Stoffler
and Stéffler-Meilicke 1986b, Lake 1985, Noller 1984, Capel et al. 1987,
Moazed et al. 1988, Egebjerg et al. 1989, Stern et al. 1989). Unfortunately,
similar studies have not been pertormed with archaebacterial ribosomes.

Besides giving information about the location of the different ribosomal
proteins and rRNAs, the studies mentioned above have ailowed several
groups to locate the functional domains of the ribosome (for a review, see

Wittmarin 19%8). These domiains are indicated in Figure 3.
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The site ¢! interaction of the mRNA, tRNAs and initiatic. factors (decoding

site) with the ribnsome is located in the small subunit; in the cleft between the
head and the platform (see Figure 3A) (McKuskie-Olson and Glitz 1979,
Gornicki et al. 1984, Stoffler and 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 involsed 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 et al. 1972, Girshovich et al.
1981, Traut et al. 1986, Mdller et al. 1983).

Finally, the site of exit of the nascent polypeptide chain is ltcated on the
bottom of the large subunit (Figure 3B) (Bernabeu et al. 1983).

In general, these functional domains rave been conserved in eubacteria
and eukaryotes, so it seems probable that they are also conserved in the

archaebacteria (Lake 1985).

Ribosomal RNA
5S rBRNA

Thinty eight archaebacterial 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 sce, Wolters ard Erdmann 19 3).
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, particulerly among the
sulfur-dependent thermophiles (Wolters and Erimarin 1988). For this reason, a
consensus model of the structure of 5S rRNA for the whole kingdom has not
been proposed (Wolters and Erdmann 1983;.

Although there are differencas in the structure of the 5S rRNAs from the
three kingdoms, reconstitution experiments, in which the 5S rRNA from
Halobacierium cutirubrum and Thermoplasma acidophilum was incorporated
into the large subunit of Bacillus stearothermophilus ribosomes (Erdmann et al.
19&86), 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 archaebacterial 5S rRNA are
interchangeable. Similar experiments, to determine whether eukaryotic 5S
rRNA is incorporated into archaebacterial ribosomes and archaebacterial 5S
rRNA is incorporated into eukaryotic ribosomes, have not been pcrformed as

yet.

16S rBNA

The sequences of 14 archaebacterial 16S rRNAs have been determined
(see Tabie 1 for references). The comparison of these sequences, as
mentioned before, is the basis on which the uranching order among the
different archaebacternial groups has been established (see section on
Phylogeny) (Woese and Olsen 1986, Woese 1987, Achenbach-Richter et al.
1988).
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Comparison 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 rRNs For a descriptica 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 et al. (1985),
Woese (1987), and Dams et al. (1988).

Nucleotides that confer resistance to antibiotics in the eubacteria have also
been identified in the archaebacterial 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 sensitivi{y to paromomycin, an
antibiotic that affects translational fidelity (Li et al. 1982). All the archaebacterial
sequences analyzed have this base pair, and the organisms have been shown
to be sensitive (Dstergaard et al. 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 *this antibiotic (Kjems et al.
1987a).

23S rRNA
The complete sequences of six archaebacterial 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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Methanccoccus and Methanobacterium branch out together (Cedergren et al.
1988).

Phylogenetic comparisons have also been used to generate a general
secondary structural model far the 23S rRNA (28S rRNA in the eukaryotes)
from the three kingdoms. For a detailed discussion of the differences among
the 23S rRNAs from the three kirgdoms, 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 archaebacterial 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 Béck 1985b,
Leffers et al. 1987). In contrast, they are sensitive to thiostrepton, because like
the eubacteria, they have an adenine residue at the equivalent position of
base 1067 in E. coli 23S rBNA (Leffers et al. 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 et al. 1987). Eubacteria, are insensitive,
because they have a C instead of an A at the penultimate position of this

sequence (Leffers et al. 1987).

Ribosomal Proteins

The number of ribosomal proteins present in archaebacterial 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) (Strem and Visentin 1973, Schmid et al. 1982, Cammarano et al.

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 ahd Bock 1982, Londei et al. 1983, Cammarano
et al. 1986).

In contrast to other organisms, the ribosomal proteins from the extreme
halophiles are very acidic (Bayley and Kushner 1964, Matheson 1985, Kimura
et al. 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
iMethanobacteriales, 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 prbteins 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 (ltoh 1988, Kimura et al. 1989, Spiridonova et al. 1989) and the
methanogens (Strobel ef al. 1988, Kdpke and Wittmann-Liebold 1989, Auer et
al. 1983b, Kopke et al. 1989) as well as one from the sulfur-dependent
thermophiles (Matheson et al. 1988) have been determined. In terms of
homology, archaebacterial ribosomal proteins can be divided into four groups
(Kimura et al. 1989): 1] proteins homolcgous to eubacterial and eukaryotic
ribosomal proteins, for example, L12 and L10 in Methanococcus vannielii

(Strobel et al. 1988, Kbépke et al. 1989), L12 in Sulfolobus acidocaldarius
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(Matheson et al. 1988), L1, L10 and L11 in Halobacterium halobium (itoh
1988), L11, L1, L10, L12 in H.cutirubrum (Shimmin et al. 1989a), S14, S16,
S19, L25 in H. marismortui (Kimura et al. 1989) 2] proteins homologous only to
eukaryotic proteins, for example S12, S15, L16 in H. marismortui (Kimura et al.
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 et al. 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 archaebacterial ribosomal proteins, severai different two-
dimensional gel systems have been used to separate the proteins (see for
example, Stram anc Visentin 1973, Schmid and Bdéck 1982, Schmid er 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, Ssc 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 tactors) with different parts of the ribosome (see for example,
Chambliss et al. 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 mMRNA and occupies the P or peptidy! 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 stant a new elongation
cycle. Termination takes place when a termination codor: 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




32
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 et al. 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 EF-1a and EF-2 in this case), have been isolated from the
archaebacteria (designated archaebacterial elongation factors (aEF) 1 and 2)
(Klink 1985).

The sensitivity of the archaebacterial factors to certain antibiotics that react

specifically with either eubacterial or eukaryotic elongauon factors has also
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Figure 5. Protein synthesic in the eubacteria. Initiation: Initiation factors IF-
1 and IF-3 bind to the 30S subunit and prevent its reassociation with the 50S
subunit. IF-3 promotes the binding of mRNA. The AUG initiation codon is
cerrectly positioned on the ribosome by the interaction of the Shine-Daigarno
(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. [F-1 is also released at this stage. The ribosome is then
ready to start the elongation cycle. Elongation: At the beginning of the
elongation cycle, formylmethionine-tRNA (ii it is the first cycle) or a peptidyl-
tRNA occupies the P site. Elongation factor EF-Tu forms a ternary complex
with an amin¢ acyl-tRNA, and GTP. The complex binds to the ribosome and
positions the amirio 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 {RNA moves {o the E or exit site and leaves the
ribosome. The translocation Gf the peptidyl tRNA from the A to the P site is
accompanied by the movemeni 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 wien a termination codon in the mRNA is recognized
by a release factor. RF-1 recogrizes 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 riboscme, GTP is hydrolyzed, and the release
factor, mMRNA 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-
tRNA;: formylmethionine-tRNA initiator, aa-tRNA: amino acyl tRNA, P: peptidy!
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 §' 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-2GDP complex reacts with the guanine exchange
factor to regenerate the elF-2GTP 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 acy! 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 carboxy!
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, mMRNA 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 arhinoacyl-tRNA in the eubacteria, out has
no effect on EF-1a, 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 eubacterial 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 haen cloned and sequenced (Lechner and Béck 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 archasbacterial ribosomes to other antibiotics that block
the zlongation cycle in the other two kingdoms has been iested by using in
vitro polypeptide synthesis systems (Bock and iKandler 1985, Hummel et al.
1985, Cammarano et al. 1985, Amiis and Sanz 1986, Oliver et al. 1987). The
antibiotics tested can be divided into three groups: 1] antibiotics wnat only affect
eubacteria, 2] antibiotics {3t only affect eukaryotes, 3] antibiotics that affect
eubacteria and eukaryotes (Béck and Kandi.. 1985, Hummel et al. 1985,
Cammarano et al. 1985, Amils and Sanz 1986, Oliver ef 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 organisin tested (Bdck
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 eukaryctes, where variations in the sensitivity have only
been found in response to a subset of aminoglycoside antibiotics (gentamycin,
kanamycin, nenmycin, lividomycin, and paromycin) (Sanz et al. 1987).

With respect to the three groups of antibiotics tested, there appears to be a
gradient of sensitivily 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, 198¢, Oliver et al. 1987,
Sanz et al. 1987). This variability in the sensitivity to different antibiotics
prnbably reflects differences in the structure of the ribosome within the
aichaebacteria. The correlation of these sensitivity pat.arns 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 eukarvotes (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 presencz 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
rBNA 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 rBRNA 3' (Nomura and Post 1980). An exception
is Thermus thermophi.'ué. 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 1289).
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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. 1877, 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 glutamic 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 | (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 lll (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 archiaebacteria, 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 e! 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 et al. 1988).

The number of rRNA operons is also variable. There are four operons in
Methanococcus vannielii (Jarsch et al. 1983), two in Methanobacterium
thermoautotrophicum (Qstergaard et al. 1987), Methanothermus fervidus
(Brown et al. 1989), and Halobacterium marismortui (Mevarech et al. 1989),
and only one in all the other archaebacteria so far examined (Neumann et al.
1983).

Ri mal Protein Gen

In the eubacteria, ribosomal protein genes are organized in operons
(Nomura et al. 1984, Ohkubo et al. 1987, Gross et al. 1989, Buttarelli et al.
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 celliular functions (for a review, see Nomura
et al. 1984, Lindahl and Zengel 1986).

The iegulation of the expression of these operons has been extensively
studied (for a review, see Nomura et al. 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 mMRNAs. 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 {Noniura 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 et al. 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 et al. 1981,
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Woolford and Rosbash 1981, Planta et al. 1986, Warner et al. 1986, Mager

1988). Very few examples of genes that are closely clustered have been found,
like the followidg pairs of ribosomal protein genes in yeast: rp29-L32 (Warner
et al. 1985), S24-L46 (Leer et al. 1985a) and rp28-S16A (Molenaar et al.
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, ribnsomal protein genes in the eukaryotes are present in
moic than one copy. Some exceptions are the ribosomal protein genes in
Dictyostelium discoideum (Steel and Jacobson 1986), and the rpC25, rp 1 t0 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 1588).

Most of the ribosomal protein genes in yeast are duplicated, and in all the
cases so far examined, both copies are functicnal (Woolford et al. 1979, Fried
et al. 1981, Leer et al. 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 et al. 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 et al. 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 et al. 1985), while the S17 gens in humians 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 anywhefe along
the gene (Teem et al. 1984, Planta et al. 1986, Warner et al. 1986, Loreni et al.
1985, Larkin et al. 1987, Chen and Roufa 1988).

. The regulation of the synthesis of ribosomal proteins in the eukaryotes, can
occur at differeni 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 et al. 1986, Me.Jer 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 ltoh 1288, Auer et al. 1989b, Shimmin and
Dennis 1989). The mechanism by which archaebacteria control the expression

of these genes is unknown.

The L7/L12 Domezin 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 et al. 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 et al. 1972, Heimark et al. 1976, Girshovich et al. 1981, Méller et al.
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1983, Rychlik ef al. 1983, Skéld 1983, Traut et al. 1986, Moazed et al. 1988).

Furthermore, this domain is also involved in the regulation of translational
accuracy (Kirsebom and isaksson 1985, Kirsebom et al. 1986).

In Escherichia coli, the stalk is formed by protein L7/L12 (Mbller and
Castleman 1967, Boublik et al. 1976, Strycharz et al. 1978, Mdller et al. 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 et al. 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 et al. 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 et al. 1976, Gudkov
et al. 1977, 1978, 1981, Luer and Wong 1979). The protein also has a very
flexible structure (Gudkov et al. 1982, Cowgill et al. 1984, Bushuev et al. 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 coinplete 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 et al. 1980, ltoh 1981, Itoh et al. 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 et al. 1986a, Leijonmarck and Liljas 1987). This region is also
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present in the other eubacterial proteins and is the reason why the proteins are
so flexible (Bushuev et al. 1989).

The N-terminal domain J elongated and has a high o helix content (Luer
and Wong 1979, Gudkov et al. 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-termiral domain has been
crystallized and studied at 1.7 A resolution (Leijonmarck and Liljas 1987). This
domain is formed by three a helices and three antiparallel p strands, arranged
in the order B1 a1 a2 B2 a3 B3 (see Figure 7) (Leijonmarck and Liljas 1987).
The three o helices are packed on one surface, forming a layer, while the three
B sheets form a second layer. In between the two layers, there is a core of
hydrophobic residues (Liljas 1982, Liljas and Leijonmarck 1983, Liljas et al.
1986a, Leijonmarck and Liljas 1987). A similar structural motif has been
observed in the Eco L30 ribosomal protein (Wilson et al. 1986), so it has been
suggested that this might be a common structural feature of ribosomal proteins
(Leijonmarck et al. 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 et al. 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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B. C. D.
__ hinge ‘
VORI
monomer parallel staggered antiparallel
dimer dimer dimer
E. Sequence of the Eco L12 protein
N-terminal domain hinge

SITKDQHEAVAAMSVMDVVELISAMEEKFGVSAAA AVAVAAGPVEAAEE

C-terminal domain
KTEFDVIKAAGANKVAVIKAVRGATGLGLKEAKDLVESAPAALKEGVSKDDAEALKKALEEAGAEVEVK

Figure 7. Structure of the L.7/L12 ribosomal protsin from Escherichia coli.

A. Monomer showing the three domains of the protein (Drawn after Liljas 1982)
B. Parallel dimer (Drawn after Liljas 1982) C. Staggered dimer (Drawn after
Maassen et al. 1981) D. Antiparallel dimer (Drawn after Gudkov et al. 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, B: p sheet.
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forms a dimer in solution (Moller et al. 1983). 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 et al. 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, Luer
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 haives 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 o 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 parallei 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 mode! (Luer and Wong 1979), 2] the cross-linking observed
between lysine 51 of one monomer and lysine 29 of the other one, cannct 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) (Mazssen et al.
1981). However, nuclear magnetic resonance data from the dimer, indicate
that the monomers have a symmetrical arrangement (Bushuev et al. 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 al. 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). Suppon for
this idea came from the observation of cross-links between the L7/L12 protein
and the L5 protein which is locater 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 (Moiler et al. 1983). Recently, Olson et al. (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/L.12 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 et al. 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 (Méller et al. 1983, Mdller 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 et al. 1986, Traut et al. 1986). This antibody causes the release

of one dimer, while the other remains bound to the ribosome together with the
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A. — L7/L12 dimer
L7/L12 Domain
23S rRNA
B.

L7/L12 Domain

50S subunit

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 ditfere...
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 et al. 1986, Traut et al. 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 et al. 1976,
Pettersson and Liljas 1979, Pettersson 1979). In fact, at one time, the complex
was erroneously identified as a ribosomal protein (L8) (Pettersson et al. 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;j. 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 et al. 1979, Schmidt et al. 1981, Beauclerk et al. 1984). in fact, it has been
found that there is mutual cooperativity in the binding of these two ribosomal
proteins to the 23S rRNA (Petersson 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 et al. 1979, 1982, Lin et al.
1982, Maassen et al. 1985, Wigboldus 1987, Beltrame and Bianchi 1987, Qian
et al. 1987, Rich and Steitz 1987, Ferro and Reinach 1988, Mitsui and Tsurugi
1988 b, ¢, Remacha et al. 1388, Shimmin et al. 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 et al. 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 et al. 1981b, Juan-Vidales et al. 1984).
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The eukaryotic acidic ribosomal proteins can be divided into two families
designated P1 and P2. 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 (Ariions et al. 1982, Maassen et al. 1985, Wigboldus 1987,
Ferro and Reinach 1988, Rich and Steitz 1987, Remacha et al. 1988, Mitsui
and Tsurugi 1988 b, Shimmin et al. 1589a). The P2 family lacks the tryptophan
residue and has two tyrosines in the N-terminal region (see Figure 26 Results
and Discussion) (Amons et al. 1979, Lin et al. 1982, Maassen et al. 1985,
Beltrame and Bianchi 1987, Qian et al. 1987, Rich and Steitz 1987, Mitsui and
Tsurugi 1988 ¢, Remacha et al. 1988, Shimmin et al. 1989a). Both families
have very similar highly charged C-terminal domains (see Figures 26 and 27
Results and Discussion) (Amons et al. 1979, 1982, Lin et al. 1982, Maassen et
al. 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 et al. 1989a).

All the eukaryotes examined until now, except yeast, have two identical
proteins from each family (Amcns et al. 1979, 1982, Lin et al. 1982, Maassen et
al. 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 et al. 1989a). Yeast, and probably other fungi
(Hansenula anomala, Geothricum lactis) as well, have two different proteins
from each family (Remacha et al. 1988, Shimmin et al. 1989a). The reason for
this difference is nct known.

The eukaryotic acidic proteins, like their eubacterial counterparts, are also
\ ry flexible (Gudkov et al. 1981, Cowgill et al. 1984). In fact, they have an

alanine rich region located in front of the highly charged C-termina! domain,
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that resembles the hinge region of the eubactenal L12 proteins (see Figures
26 and 27, Results and Discussion) (Amons et al. 1979, 1982, Lin et al. 1982,
Maassen et al. 1985, Wigboldus 1587, Beltrame and Bianchi 1987, Qian et al.
1987, Rich and Steitz 1587, Ferro and Reinach 1988, Mitsui and Tsurugi 1988
b, ¢, Remacha et al. 1988, Shimmin et al. 1989a, Bushuev et al. 1989).

The eukaryofic 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 heterodimiers could not be detected by cross-linking
(Uchiumi et al. 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 et al. 1980, 1988,
Strobel et al. 1988, Itoh et al. 1588, 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 Mathescn 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 tc
obtain an alignment (Amons et al. 1979, Yaguchi, et al. 198G, Lin et al. 1982,
Matheson 1985, Otaka et al. 1985, Liljas et al. 1986b, Shimmin et al. 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 aukaryotic and
eubacterial proteins are functionally interchangeable (Stéffler et al. 1974, Wool
and Stoffler 1974, Mbiler et al. 1975, Sanchez-Madrid et a/. 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
.12, L10 and L11 are located together with the genes for another iibosomal
protein: L1, and the B and B' subunits of RNA polymerase in the rif region of the
chromosome (89 min; (Post et al. 1975, Nomura et al. 1984). They are
organized in two operons: the .11 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 poiymerase (Post et al. 1979, Nomura et al.
1984). In contrast, in the eukaryotes, the genes that code for the acidic
nroteins are dispersed through the genome and each one has its own
promoter (Maassen et al. 1985, Qian et al. 1987, Remacha et al. 1988,
Shimrin et al. 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 cane (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 et al. 1989a). In Drosophiia, 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 et al. 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.




Materiais and Methods

All the glassware, pipette tips and Epperndorf 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 Ly Maniatis et al (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 (SCS), ammecnium persulfate and ultrapure urea were
purchased from Serva. Tryptone, yeast extract, casamino acids ard 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 ourchased 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,
radionucleotides and other special chemical reagents will be described in the

following sections.
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Growth of Suifolobus 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 KH2PO4, 0.75 g KCl, 25 g
(NH4)2S04, 0.2 g MgSO4.7H20, 0.25 g CaCl2 and 1 ml of a trace metal mix
(Pace, personal communication). The trace metal mix contained per 100 mi:
180 ing MgCl2.4H20, 450 mg Na2B407.10H20, 22 mg ZnS0O4.7H20, 5 mg
CuCl2.2H20, 3 mg NaMoO4, 3 mg VOS04.2H20 and 1 mg CoSQ4.7H20.
The pH was monitored during growth and adjusted to 4.0 with H2SO4. When
the cuitures reached mid log phase (As4onm 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.




Table 3 Bacterial Strains
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Straln Genotype Reference
Q358 hsdR, supE, ton A Karn et al. 1980
Q359 hsdR, supE, tonA (P2) Karn et al. 1980
JM103 SupkE, thi, A(lac-proAB), strA, | Messing et al. 1981
sbcB15, endA, hsdR4, [F',
traD36, proAB, lacl 9 ZAM15]
JM105 thi, rpsL, endA, sbcB15,| Yanisch-Perron et al. 1985
hsdR4, A(lac-proAB), [F',
traD36,proAB, lagl 4 ZAM15]
Table 4 Vectors
Vector Size (Kb)! Recombinant selection | Reference
phage EMBL3 44.0 spi (sensitive to P2 |Frischauf et al. 1983
interference)
phage M13mp7 7.2 inactivation of the B-galacto- | Messing et al. 1981
sidase gene, white plaques on
xgal-IPTG plates
plasmid pUC 18 2.7 Yanisch-Perron et al.

inactivation of the B galactosi-
dase gene, white colonies on

xqa-PTG plates

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 et al. 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
(Karn et al. 1980, Frischauf et al. 1983). After lysis of the cuiture, the phages
were precipitated and their DNA extracted following the procedure described
by Maniatis et al. (1982).

JM103, JM105, M13mp7 and pUC 18

JM103 was grown in M9 minimal salt medium with glucose and vitamin B1
in the abseiice of amino acids to prevent the loss of the F' episome which is
needed foi 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 isclated 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 pg/ml of ampicillin (Sigma) (Yanisch-Perron et
al. 1985). Plasmids were extrac 3d by the procedure of Birnboim and Doly
(1979).

DNMA 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 NaCl, 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-58
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 CsCl gradient as described by Maniatis et al. (1982).
DNA was dissolved in 1 ml 10 mM Tris-HCI, 1 mM EDTA, pH 7.5 and stored at
4°C.

RNA Extraction

All 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.




Table 5 Restriction Endonucleases

Enzyme Recognition sequence * Source

Alu | AG/CT Pharmacia

BamHI GG/GATCC Pharmacia

Ddel C/TNAG Pharmacia

Dral TTT/AAA Pharmmacia

Eco RI G/AATTC Pharmzacia

Hind ANAGCTT Pharmacia

Hinf | G/ANTC Boehringer Mannheim
Nhel G/CTAGC Boehringer Mannheim
Pstl CTGCAG Pharmacia

Sspl AAT/ATT Biolabs

Xho | C/TCGAG Pharmacia

Xho Il Pu/GATCPy Boehringer Mannheim

* N any nucleotide, Pu purines, Py pyrimidines. A dash indicates the position of the cut.
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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 et al. (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

e S
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deprotected by incubating them in 1 mi of concentrated ammonium hydroxide

solution, first at room temberature 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 i sterile distilled
water and their concentration determined by reading their absorbance at 260
nm. Ten O.D. units of each oligonucieotide 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 et al. (1982).
After labeling, 10 ul of the reactidn were diluted to a final volume of 200 ul 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




64
Scientific). The filters were soaked two times in 0.5 M NaOH, 1.5 M NaCl for
two minutes to denature the DNA and reutralized by soaking twice for two
minuies in 0.5 M iris-HCI, pH 7.5, 3 M NaCl. 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 NaCl, 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 Blot Hybridization Filters

tilter solution time temperature

1 6X SSC 10 min room temperature
6X SSC 10 min  room temperature
6X SSC 10 min ____room temperature

2 6X SSC 10 min 37°C
1XSSC 10 min 37°C

0.2X SSC 10 min__ 37°C

3 6X SSC 10 min 40°C
1XSSC 10 min 40°C
0.2X SSC 10 min 40°C

4 6X SSC 1i0min  43°C
1X SSC 10min  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, Thermoproteus tenax, A phage and
phage E3CR-J ( a recombinant phage carrying the Sso L12 gene) was spotted
onto ni_trocellulose filters. The filters were then processed and hybridized as

described before.

Southern Bilots
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 pl/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 NaCl to denature the DNA and neutralized by soaking for another
30 minutes in 0.5 M Tris-HCI, pH 7.5, 3 M NaCl. 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 miliion 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 scraen at -70°C overnigt:.

Unblots

Gels were run and photographed as described in the previous saction. The
gel!s were denatured in 0.5 M NaOH, 150 mM NaCl for 30 minutes and
neutralized in 0.5 M Tris-HCI, pH 8, 150 mM NacCl 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 fiat. The heater was
then turned on and the gel aried for another hour (Wallace and Miyada 1987).
Before hybridization, the gels were soaked in distilled water and the Whatman
paper was ramoved. Hybricization was performed in 15 ml of a soluiion
containing: 0.9 M NaCl, 50 mM sodium phospt:ate, 5 mM Na2EDTA, pH 8 and
0.1% SDS (Miyada et al. 1985) with 50 million cpm of radiolabeled probe at
37°C overnight. After hybridizaticn, the ¢els were washed under stringent
conditions at 40°C follovsing the scheme shown in Tabla 6 for fitter 3. The gels
were &ir dried, covered in plastic wrap and exposed {0 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-fermaldehyde gels and
transferred to Z-Probe membranes (BioRad) as deccribed by Fourney et ai.
(1988). Filters were prehybridized and hybridized as described by Miyada and

Wallace (1987) when oligonucleotide ; .cbes 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). Aiter
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 scresn, at -70°C overnight.

Construction of & Genomic Library of Sulfolobus solfataricus in
EMBL 7

DNA from phage EMBL 3 was digested with Bam Hl and Eco RIl. 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 0.1 voiumes 3M sodium aietate 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 et al. 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 ot al. (1982).

Screening of the Suifolobus Library

The library was screened by plaque hybridization (Benton and Davies
1877) with the radiolabeled probe fnor the Sso L12 gene. Recoriabinani phages
were plated on a lawn of Q359 in NZYC soft agar at a density of approx'imately
2000 plaques/petri dish and grown overnight at 37°C: The next day, the pl ites
were stored for 3 hours at 4°C beiore the piaques were transferred to
Colony/Plaque hybridization membranes (New Engiand 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 DilA 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 cnto 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 37°C. After
hytridization, the filters were washed under stringent conditions following the
scheme shiown in Table 7.

After washing, the filters were air dried and exposad io X-Omat-AR x ray film
with an intensifying screen at -70°C for 4 days. Positive clones were idertified
and isolated. They were propagated in small-scale liquid cuitures of Q359 and
their DNA was extracted as described by Maniatis et al. (1982). Phage DNA

was spotted onto nitrccellulose filters and ybridized to the Sso L12 gen2
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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

clene designated E3CR-J was identified in this vsay.

Table 7 Stringent Condition Wasl. 3s of the Plaque Hybridization Filters

Solution Time Temperature
6X SSC 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 I-Pst | Fragment into M13mp7

A 1.1 Kb Pst I-Pst | fragment hybridizing to the Sso L12 gene probe was
subcloned into M13mp7 for sequenciiig. Phage F3™R-J was digested with Pst
| and the fragments were separated or. a 4% non-denaturing polyacrylamide
gel (1.5 mm thick), using ®X174 RF Hzae lil fragmsants (New England Biolabs)
as molecular weight markers (Maniatis et al. 1982). Electrophoresis was
performed in 1x Tris-Borate-EDTA buffer (1x TBE: 0.089 M Tris, 0.089 M boric
acid, 0.008 M Na2EDTA) (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 scalgel. The fragment was then electroeluted
into a dialysis bag as described by Maniatis et ai. (1982) except that
electrophoresis was performed for 2 hours at 200 volts. In order to minimize the

risk of contamination with DNAses, the bufier 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 | 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 I-Pst | fragment, and the mixture was ethano! 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
ul 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 celis within a lawn of normal celis. Infected celis 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 Scuthern 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 RI-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 RIl. The fragments were separated on a 4% non-
denaturing polyacrjlamide gel (3 mm thick, 0.5 x TBE, 150 volts overnight),
using A Hind Il fragments (Pharmacia) as molecular weight markers; and the
6.9 Kb Eco RI-Bam HI fragment was isolated and purified in the same way as
the 1.1 Kb Pst |-Pst | 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 Ri. The
mixture was ethanol precipitated, resuspendeaq in ligase buffer and ligated with
T4 DNA ligase at 16°C overnight (Jessee 1984). This ligation mix was then
used to transforin competent JM105 colls following *he procedure of Hanahan
(1983). After transformation, 100 pl of transformed cells were plated on IPTG-
Xgal-ampicillin LB plates (Yanisch-Perron et al. 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 R! and ran in a 0.5% agarose gel (1x TBE, at 100 mA for 30
minutes) to check that the .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 uM 4 uM 90 uM 90 uM
dGTP 62.5 uM 90 uM 90 uM 4 uM
dTTP 62.5 uM 90 uM 4 uM 90 uM

dcNTP 250 uM 90 uM 250 uM 125 uM
TrispH8 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 I-Pst | 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 mi 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 alkalina
denatured as described by Hattori and Sakaki (1986).

Annealing of the primer tc the template was performed in 10 ul of 10 mM
Tris-HCI, pH 7.5, 50 mM NaCl, 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 1o primer in

the case of plasmid DNA (Heinrich 1988). 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 uCi of « 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 | (Pharmacia). The
tubes were then incubated at 37°C. After 30 minutes, 2 u! of a chase solution
(0.5 mM dATP, dGTP, dCTP and dTTP) were added to the tubes and the
incubation was continued for atiother 30 minutes. The reacticns ware stopped
with 6 pl 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 ul 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
butfer (135 mM Tris, 45 mM boric acid, 2.5 mM Na2EDTA, 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 €.9 Kb Eco RI-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 | (Boehringer Mannheim) following the
procedure of Lin et al. (1985).
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Primer Extension
Primers were £' 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 ul 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 pl
water. Between 1-5 million cpm of the primer were hybridized to 10 pug of
Sulfolobus RNA in 10 mM Tris/HCI, pH 7.5, 40 mM KC! (final volume 10 pl).
This mixture was denatured at 95°C for 1 minute, transferred to a 65°C heating
block and allowed 19 cool down to 45°C to anneal the primer to the RNA.
Primer extension was parformed under tiie conditions described by Reiter et al.
(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 ul 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 ®X174 RF Hae lil 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 | (9 fragments: 910, 540. 426, 409, 235 and 166
base pairs) were used as molecular weight markers for S1 mapping. Molecuiar
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 et al. (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 extensioﬁ of &' labeled primers annealed to single stranded
plasmid DNA (clone p18CR-9) as described by Reiter et al. {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/ chioroform and the DNA was ethanal
precipitated. The samples were then counted by Cerenkov and dissoived 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 Pstl 474
3 Alul 149
7 Dde | 239
7 Hinf | 388
11 Taql 372
15 Dra | 144

* Sequence of the primers can be found in the Appendix.

A Pst | - Bam HI fragment, labeled at its 3', end was obtained I - ..'ting
clone p18CR-9 with Bam HI and Pst |, and labeling the fragments wit:. inal
deoxynucleotidyl transferase (Amersham) and o 32P ddATP (3000 Ci/mmol,
Amersham) as descrihed 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 pul of 40 mM PIPES (piperazine-N,N'-bis[2-

ethane-sulfonic acid] disodium salt), pH 6.8, 0.4 M NaCl, 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 i of ice cold buffer
(30 mM sodium acetate, pH 4.6, 280 mM NaCl, 4.5 mM ZnSO4) containing 20
pg/mil 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 pul of 2.5 M ammonium
acetate, 50 mM EDTA and the protected fragments we-e precipitated with 400
ul 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 ul of formamide dye. For each fragment, a reaction in which Sulfolobus
RNA was omitted, was run as a ccntrol. 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 ovérnight with an intensifying screen.

Computer Programs

Sequences were analyzed using the SEQ and PEP programs of BIONET.
Computer searches oi 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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Results and Discussion

The Sso L12 Gene Oligonucieotide 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 identity
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 corbinations (Wallace et al. 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 ons

(methionine and tryptophan) or two codons (aspartic acid, asparagine,
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cysteine, histidine, phenylalanine, tyrosine, glutamic acia, glutamrine 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 micre
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 iength of the probe increases so does the complexity of the
mix; so a balsnce must be achievad between thece two parameters. The
length of the probe also influences the stability of the duplex formed when the
procbe binds to DNA. Longer probss bind to DNA with greater stability than
shorter probss (Waki et al. 1987). In general, oligonucieotides 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 ctability with which the probe hybridizes to the t=rget
DNA (Wahl et al. 1987). A high G-C content increases the hybridization stability
of the probe because guanine can form three hydrogen bonds with cytosine
while adenina (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).
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1. Amino terminal end sequence of the Sso L12 Protein

1 20
MEYIYASLLLHAAKKEISEE

- rggion on which the probe is based

2. Sequence of the Oligonucleotide Probe (17 bases)

AT A T
ATG GA TA ATT TA GC
G C C C
M E Y | Y A

(24 different oligonucleotides; G-C content 24 %-47%)

3. Synthesized as:

AT T
17A ATG GA TA ATA TA GC

G C C

AT T T (8 oligonucleotides)
17T/C ATG GA TA AT TA GC

G C C ¢C

(16 oligonucleotides)

Figure 9  The Sso L12 Gerie Probe
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Figure 9 shows the amino termiinal end sequence of the Sso L12 protein.
The amin‘o 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), threé amino acids coded by two codons (glutamic acid
and two tyrosines), one amino acid coded by three cudons (isoleucine) and
only one amino acid coded by four codons (alarine). Trie sequence of the
derived oligonuclectide probe mix is also shown in Figure 9. The probe was
synthasized as a 17 base oligomer in order to use the first two bases of the
alanine ccdon; 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 tha alatine 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 stabiiity (Szostak et al. 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 7/C, in which the

oligonucleotides have a T or a C in that position (see Figure 9).

Conditions under which the Sso L12 Probe binds Stringently to
Suvifolobus DNA

A :.ries of dot biot experiments were performed in order to determine
which of the two mixes contained the oligonucleotide with the sequence
complementary to thc: Sso L12 gene and the conditions under which it would
bind stringently to Sulfolobus DNA. In these experiments, the two probe mixes

were radiolabeled and hybridized to Sulfolobus DNA bound to nitrocellulose
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filters. Hybridization stringency was detarmined by varying the temperature
and the concentration of the sali in the pesthybridization washes (see Table 6,
Materials and Methods) (Wahl et ai. 1987).

Dove and Davidson (1962) have studied the effect of the cation
concentration (Nat+) on the melting temperature (Tm) of DNA (Tm is ¢ Jfined 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 pertectly
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 olignnucleotides (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, 1x SSC and 0.2x SSC at 40 °C

(stringent conditions).

71/€

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 temparature and lower
ionic strength) (see Table 6, Materials and Methods) and then expose' 0 x-ray

film. A picture of the autoradiograph obtained is shown. Lanes: 1. A phage

DNA (negative control), 2: Sulfolcbus solfataricus DNA, t: temperature of the
washes, it: room temperature.
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Figure 11. Hybridization of the 17A probe to different restriction
endonuclease digests of Sulfolobus DNA. Sulfolobus DNA was digested with
different rastriction 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 ¢el was washed under stringent conditions and exgosed to
x-ray film for 5 hours. A photograph of the autoradiograph obtained is shown.
The position of the molecular weiglit standards is shown. Lanes: a: Bam Hi, b:
Ecc RI, ¢: Hind Ill, d: Pst I, e: Bam HI/Eco RI, f: Bam Hi/Hind I, g: Bam HI/ Pst |,
h: 20 RI/Hind i, i: Eco RI/Pst |, j: Hind Hi/Pst 1.
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Partial Restriction Map of th: legion In which the Sso L12 Gene is
Located
The 1;IA 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 | - Psi | fragment.

B HE P PB H E

1 Kb

weesone 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 Pst ! - Pst | fragment inside the
6.9 Kb £co Rl - Bam HI fragment cou!d not be determined frcm 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 solifataricus and
Isolation of the Sso L12 Gene
On the basis of the information obtained from the restriction map, it was
decided to cione 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 et al. 1982).
In order to clone this fragment, & 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 te efficiently recovered by
genetic and biochemicai selection against the vector phage (Frischautf et al.
1983). The basis of the genetic selection is the presence of the red and gamma
genes of A phage in a nonessential middle fragment which is flanked by
symmetrically arranged restriction sites for Sal I, Bam H! and Eco RI (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 Spit, that is sensitive to P2 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 (Spi-) (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 (Frischaut et al. 1983, Karn et al. 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
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Figure 13. Construcion of a Sulfolobus genomic library and isolation of a
clone carrying the Sso L12 gere. For a discussion of the biochemical and
Spi- selection, see the text. B: Bam HI, E: Eco RI, S: Sul |, cos sites: single
stranded cohesive ends. Structure of EMBL 3 drawn from Frischauf et al. 1983.
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isopropanol. This prevents the religation of the original vector (Frischauf et al.
1983, Frischauf et al. 1987). Both 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 pdsitive 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 periormed in crder to check if the Sso L12 probe
mixes wouid bind stringently to DNA from other archaebactaria. The results of
this experiment are shown i Figure 14. It was found that the 17A probe binds
stringontly 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 alsc be used to
clone the L12 gene from Methanobacterium thermoautotrophicum. The fact
that neither of the Sso L12 probes binds stringantly 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 | - Pst | 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 I-Pst | fragment (see Figura 11), it was decided to subclone this

fragment and sequence it.

Figure 14. Hybridization of the 17A probe {0 DNA from other archaebacteria
and clone E3CR-J. DNA from a methanogen (Methanobacterium
thermoautotrophicum), an extreme suifur-dependent thermophile
(Thermoproteus tenax) and clone E3CR-J was bound fo 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 uxposed to x-ray film. A picture of the autoradiograph
obtaiied is shown. The temperature at which the washes were performed is

indicated. Lanes: a: A 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 i
ri-vides a biological systein for obtaining cloned DNA in the single stranded
form required for sequencing (Messing et al. 1981, Messing 1983). The
M13mp series of vectors are derivatives of the singie stranded filamentous
phage Mi3 (Messing et al. 1977, Messing 1983). During its life cycle (see
Figura 15}, this phage infects Escherichia coli cells through the F pilus. Once
inside the celi, the single siranded form is converted into a double stranded
circular form (replicative form or RF). This form is :sed to produce new single
stranded DNA as well as viral proteins. Afier 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 amingo acids of the 8-galaciosidase
qgene, and faciliiates 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 ZAM15) which deletes residues 11-41 of the o peptide of 8-
galactosidase (o complementation) (Messing et al. 1977). For this reason,
when cells carrying this mutatior. are infected with vector phage, a functional B-
galactosidase 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 /ac operon and x-
gal '3 a colorless compound that releases a 5- bromo 4-chloro-indigo blue
color when hydrolyzed by B-galactosidase (Messing et al. 1977). Since the
multiple cloning site is located within the o peptide sequence, the insertion of a

DNA fragment disrupts the sequence and prevents the o compiementatinn. For

this reason, when cells infected with recombinant phages are grown in the
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Figure 15. Life Cycle of M13 and Structure of M13mp7. A. Life Cycle of M13 (drawn frorn Messing 198Z) B. Stucture

of M13mp?7. O: operator, P: promoter, /ac Z: part of the  galactosidase gene (first 145 amino acids), viral genes |, IV,
VI, Vil and IX code for proteins required for viral assembly, Ill and Vil code for the viral coat proteins, Il and Vlil code
for proteins involved in viral DNA replication, IG: intergenic region that contains the initiation site for replication (drawn

from Messing 1983) C. Sequence of the Multiple Cloning site of M12mp7.The universai primer used fur sequencing is -

boxed (drawn from Messing et al. 1981). The initiation codon of the o peptice is indicated by an arrow.
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presence of IPTG and x-gal, they produce white plaques and can easily be
distinguished from calls carrying vector phages (Messing 1983).

Another important advantage of this vector, is the existence of commercialy
available universal sequencing primers, that hybridize to a region close to the
multiple cloning site (see Figure 15) and permit the sequencing oi any DNA
fragment cloned into the M13 mp vectors (Messing 1983).

The 1.1 Kb Pst | - Pst | fragment was isolated from a Pst | digest of phage
E3CR-J ard 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 IPTG-x-gal-LB plates. Since the
1.1 Kb fragment has the same restriction sites at both eiids, it was expected
that clones containing the fragment in different orientations wo 'ld be obtained.
In order to distinguish between these two orientatior.s, the clones obtained
were hybridized to the 17A probe (see FigLre 16) In this way t'so 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
strateqy 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 10 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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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 | - Pst |
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 the 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 hyhridize with the probe; ana ciones M13CR-3, 6 and
9 have it in ithe opposite orientation because they do not hybridize with the
probe. Lanes a: M13CR-3, b: M13CR-5, ¢: 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 et al. 1989a). Furthermore, sequance similarity between *he
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product of this gane and the Eco .10 protein was also found. Since both o! the
genes present in the 1.1 Kb fragment were incomplete, it was necessary to

subclone a bigger fragment to obtain their complete sequence.

P} st! Sso L10 Sso L12 IPS“
5 SO SO 3
) 5 U
— & - -

—

'<—§———17A
4 ————
.

10G bp

Figure 17. Sequencing strategy for the 1.1 Kb Pst | - Pst | 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 saquence the insert in the §'- 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.




97
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 [I/Eco Rl fragment from pBR322 which carries the B-lactamase
gene (ampicillin resistance [Ap’ ] 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 o
complementation, and a white, instead of a blue colony is obtained in x-gal-
IPTG-ampicillin-LB plates (Viera and Messing 1982, Yanisch-Perron et al.
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. -urthermore, since
the multiple cloning site comes from the M13mp vectors, the ~ame 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 Ko Eco RI - Bam HI fragment was isolated from a Bam HIl/Eco RI
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-IPTG-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 Hl and Eco




A. lacZ
multiple cloning site

P
O
Ap

B. Multiple cloning site

5 BTAAAACGACGGCCAGT |
3 CATTTTGOTGCOGGTCACG G TOGAALGTACGGACGTGOAGCTGAGATCTCOTAGGEGCCATGGLTCGAGC TTAAGLATTAGTACCAGTA 5

Hind 1l Sph1  Pstl  Sal || XGaT Bam HIz—JKpN 1 GSLT ECO NI
Acc _
Hinc 1 Sma | o—pepiide

Figure 19. Structure of pUC 18 and its muitiple cloning site. Ap': ampicillin resistance gene O: operator P: promoter and Jac
Z: part of the B galactosidase gene (the first 107 amino acids). Drawn after Yanisch-Perron et al. 1985. B. Multiple cloning
site. The universal 17 nucleotide sequencing primer is boxed.Initiation codon of the o peptide is indicated by the arrow.

Drawn after Yanisch-Perron et a/. 1985.
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RI, 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: A Hind il 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, ¢: pUC 18 cut with Bam HI/Eco RI, d:
clone p18CR-9, e: clone 18CR-9 cut with Bam HI/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 | - Pst | Fraginent inside

the 6.9 Kb Eco Rl - Bam HI Fragment

Iin 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 | - Pst | fragment
within the 6.9 Kb Eco RI - Bam HI fragment was determined. For this purpose,
clone p18CR-9 was digested with the following enzymes: Pst I, Bam HI/Pst i,
Eco RI/Pst |, and Eco /l/Bam HI/Pst | and the fragments were separated on a
0.5% agarose gel (see Figure 21).

The digestion with Pst | generated 3 fragments: the 1.1 Kb Pst | - Pst |
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 | sites in clone p18CR-Y. 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 (ses Figures 19 and
21). Since the distance between this Pst | site and the Eco RI site that marks
the border between the vector and the Sulfolobus insert is 2.6 Kb (the size of
the vector), that means that ihe 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 | generates three fragments of the same size
as those produced by Pst | (see Figure 21). Since the Pst | ai'd the Bam HI
sites in the muiltiple cloning site are only 12 nucleotides apart, digestion with
Bam HI will only cut 12 bases from the 0.7 Kb Pst | - Pst | 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 | fragment within the 6.9 Kb Eco RI
- Bam HI fragment. Clone p18CR-9 was digested with several restriction
endoucleases and ‘e fragments were separated on a 0.5% agarose gel.
Panel A. Pictuis of the agarose gel. Lanes: A: A Hind {li 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:

®X174 RF Hae lll molecular weight markers, from top to bottom: 1.3 Kb, 1.0 Kb,
0.8 Kb, 0.6 Kb, 0.3 Kb, C: Pst | digest of clone p18CR-3, D. Bam HI/Pst | digest,
E: Eco RI/Pst |, F: Bam HI/Eco RI/ Pst i. Panel B. (see next page) Structure of
clene pi2CR-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 | and Eco Rl, produces 4 fragments and it clearly shows
that the Eco RI site is inside the 7.5 Kb fragment since this fragment is no
longer present (see Figure 21). Digestion of this fragment with Eco RI
generates a 2.6 Kb Eco Rl - Pst | fragment which represents the vector and a 5
Kb fragment which is derived from the Sulfolobus insert.

Digestion with Eco RI, Bam H! and Pst | generates the same fragments as
the previous digestion because the difference in size cf the 0.7 Kb Pst | - Pst |
and Pst | - 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 | -
Pst | fragment is located ai about 5 Kb from the Eco RI 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 RI
- Bam HI fragment. Since the 1.1 Kb Pst | - Pst ! 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). Wi. “1e 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
series of deletion plasmids was constructed by digesting clone p18CR-9 with
DNAse | (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 biack. E: Eco RI, H: Hind I, H': location of original Hind Il site,
B: Bam HI, PEC: polyethylene glycol.
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In the firstu step, clone p18CR-9 was digested with DNAse |. The digestion
was performed in the presence of Mn+2, because undecr these conditions,
DNAse | slightly favors the cleavage of doubia-stranded DNA at or close to the
same position on both strands (Anderson 1981). Digestion of the clone with
DNAse | generated the foliowing products (see Figure 23): 1] DNAse | cuts
within the insert producod a mixture of linear double-stranded fragments with
varying lengths of inserted DNA at botn ends 2] DNAse | cuts within the vector
eroduced linear double-stranded fragments with intac. inserts and varying
lengths of vector sejuences at both ends 3] although double cuts are favored
in the presence of Mn +2, DNAse | will still nick many plasmids on just one
strand producirg open circular plasmids (Lin et al. 1985).

In the second step, the products of the DNAse | digestion were cleaved with
Hind ill. The purpnase 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 uced to sequence the deletion
plasmids. After digestion with Hind 1, the small fragments were removed by
selective precipitation of the larger fragmenis with polyethylene glycol (Lin et
al. 1985).

In the tuird step, thie fragments were made blunt ended with the Kienow
fragmen of DNA polymerase | and then thay were ligated. Three different types
of plasmids were obtained from this ligation (see Figure 22): 1] plasmids wich
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
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second enzyme: Bam HI. The elimination of the plasmias containing an intact
insert is based on the idea that the plasmids that have deletions in ths 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 carryine deletions in the insert will be recovered after
transformation (Lin et al. 1985). Bam Hl was selected in this case, because its
single recognitior 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 digesticn were used to
transform competent JM105 ceils and the transformed cells were plated on
ampicillin-LB plates. Colonies were then isolated, their plasmids were
extracted (see Materials and Methods) and sized on a G.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 deletior 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 organiza.don of the genes present in the 6.9 Kb Eco Rl - Bam HI
fragment is also show/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 liver L39 (Lin et al. 1984) rihosomal proteins and the Sso LX
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gene that codes for anotiier basic protein that shows no sequence similarity to
any of the eubacterial cr eukaryotic ribosomal proteins jwesent 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 et al. 1981a) and an open reading frame whose product shows
sequence similarity to the signal recognition particle receptor (docking protein)
from dogs (Lauffer et al. 1985) and humans (Hortsch et c.!. 1988), as well as the
product of the fts Y gene from Escherichia coli (Gill et al. 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 genn has 318 nucleotides and codes for a protein of 105 amino aciJs.
Table 10 shows the codon utilization of this gene (for a discussion, see the
section on codon utilization).

The amino acid composition, pl and molecular weight of the protein are
shown in Table 11. Like its eubacterial and eukaryotic counterpaits {Wittmann-
Liebold 1986), the Sso L12 protein is acidic (p! 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 et al.

1988), Hcu L12 (Halobacterium cutirubrum) (Shimmin and Dennis 1989), Hha
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Table 10 Codon utilization in the Sso L12 gene

110

UUU Phe 0 JUCU Ser 0 JUAU Tyr 0 |UGU Cys 0
UUC Phe 1 jUCC Ser 0 JUAC Tyr 2 |UGC Cys 0
UUA Leu 4 JUCA Ser 2 |UAA * 1 juGa * 0
UUG Leu 2 |UCG Ser 0 |JUuAG * 0 UGG T 0
CUU Leu 0 |CCU Pro 2 |CAU His 0 |CGU Arg 0
CUC Leu 0 {CCC Pro 0 |CAC His 1 |CGC Arg 0
CUA Leu 3 JCCA Pro 1 1CAA Gin 1 |CGA Anmg 0
CUG Leu 0 |CCG Pro 0 ICAG Cin 3 |CGG Arg 0
AUU e 0 |ACU Thr 1 |AAU Asn 2 |AGU Ser 3
AUC lle 0 |ACC Thr 0 |AAC Asn 1 |AGC Ser 1
AUA e 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 J|GAU Asp 0 jGAU Gy 2
GUC Vval 0 |GCC Ala 1 |GAC Asp 2 |GGC @y 2
GUA Va 5 |GCA Ala 11 |GAA Gl 12 |GGA Gl 3
GUG __ val 1 |GCG_ Al 0 JGAG Glu 4 |GGG __GW 0

* chain termination

L12 (Halobacterium halobium) (ltoh et al. 1388), and Sac L12 (Sulfolobus

acidocaldarius) (Matheson et al. 1988). Tiie alignment obtained is shown in

Figure 25. The Hha L12 and Sac L12 sequences are not included in this figure

because the Hha L12 seauence is identical to the Hcu .12 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 (Mathason et al. 1988). There is 48% sequence identity (only

identical residues were zonsidered) between the Ssc L12 and Mva L12

proteins and 44% between the Ssu L12 and Hcu L12 proteins.
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Table 11 Predicted Amino Acid Composition of tiie 3so L12 Protein

AMINO ACID | NUMBER MOLES % | AMINO ACID | NUMBER MOLES %

A 18 171% 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% \J 7 6.7%
K 12 11.4% W -

L 9 8.6% Y 2 1.9%

Molecular weight: 11, 139.02 pl: 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 chargad 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 saquence (positions 69-72, 83-84, 101 and
109) and several gaps in the eukaryotic sequences aiso located in the alanine
rich region and the highly charged domain (see Figure 27). Table 12
summarizes the sequence identity between the Sso L12 protein 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), Heu: Halobacterium cutirubrum (Shimmin and Dennis 1989).
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Figure 27. Alignment of the Sso L12 protein with the eukaryotic P1 acidic proteins. Identical residues between the Sso L12

Reinach 1988), Sce: Saccharomyces cerevisiae, Sce P1 (Mitsui and Tsurugi 198

protein and the eukaryotic sequences are boxed. Sso: Sulfolobus solfataricus,
(Remacha et al. 1988).

Homo sapiens (Rich and Steitz 1987), Dme:Drosophila melanogaster (
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Table 12 Sequence identity between the Sso L12 protein and its
archaebacterial and eukaryotic counterparts.

Archaebacteria

protein! length? identities3 % identities
Mva L12 99 47 48%
Heu L12 114 46 44%
Eukaryotic P2 Family

protein? length2 identities3 % identities

Dme P2 113 37 35%
Rno P2 111 29 28%
Sce P2 110 32 31%
Asa P2 111 35 33%
Hsa P2 116 34 32%
Spo P2 111 34 32%
Sce P2' 107 32 31%

Eukaryotic P1 Family
protein5 length? identities3 % identities

Asa P1 109 33 31%
Hsa P1 113 40 38%
Dme P1 111 31 30%
Gdo P1 113 38 36%
Sce P1 105 32 31%
Sce P1' 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. S 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
difiicult 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 eubacterial L12 protein.
Accofding 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-€5
of the Hcu L12 protein respectively (see Figure 28A). This alignment is based |
on sequence similarity between the two proteins.

2] Yaguchi et al. (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 et al. (1982) proposed a model in which the last 30 residues of the
eubacterial 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 éegments: segment |, which contains the alanine rich region,
segment ll, which contains an acidic region and the conserved arginine and
segment lll, 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 | 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
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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 eubacterial 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 eubacterial protéins (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' eubacterial 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-
terminal region rather than the C-terminal domain of the eukaryotic L12
proteins is involved in the binding to the ribosome.

7] Shimmin et al. (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 eubacterial 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 et al. 1985, Liljas et al. 1986, Shimmin et al. 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 t: 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 et al. 1989a) (se2 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, sue section on codon usage) and Table 14 shows the amin~ acid
composition of the protein. |

The sequence of the $so L10 protein was compared to the following
sequences: Hcu L10 (Halobacterium cutirubrum) (Shimmin and Dennis 1989),
Hha L10 (Halobacterium halobium ) (ltoh et al. 1988), and Mva L10 (Methano-
coccus vannielii) (Kbpke et al. 1989) from the archaebacteria; Hsa L10 (Homo
sapiens) (Rich and Steitz 1987), Sce L10 (Saccharormyces cerevisiae) (Mitsui
and Tsurugi 1988a) and Mmu L10 (Mus musculus) (i<rowczynska et ai. 1989)
from the eukaryotes; and Eco L10 (Escherichia coli) (Posi et al. 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 icantical to the Hcu L10
sequence (ltoh et al. 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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Sso L10 Gene

1 42
GTG ATC GGT TTG GCA GTT ACT ACA ACT AAA AAA ATA GCA AAA

M i G L A v T T T K K ! A K
43 84
TGG AAA GTA GAT GAA GTA GCT GAA CTT ACT GAA AAA TTA AAA

W K \' D E \ A E L T E K L K
85 126
ACC CAT AAA ACT ATA ATA ATA GCT AAT ATA GAG GGT TIT CCT

T H K T | | I A N E G F P

168
TTA AGA GGA AAA

L R G K
210
TTT AAC ATA GCA
F N i A
252
TIT GAA AGC TAT
F

127
GCA GAT AAA CTT CAT GAA ATA AGG AAA
A D K K
169

GCT GAC ATA AAG GTA ACT AAA AAC AAC
A D 1 K VvV T K

211
CTC AAA AAT GCA GGG TAT GAC ACT AAA

L K N A G Y D T K E S Y
CTA ACT GGA CCT AAT GCC TTV ATA TT7V GAT ACT AAT CCC
L T G P N A F { F T D T N p
295 336
TTC GAA TTA CAG TTA TTC CTA TCA AAA TIT AAA TTA AAG AGA
F E L Q L F L S K F K L K R

a7 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 Vi \ \

379 420
CCA GCA GGA GAT ACA GGT A1T GCA GCA GGT CCC ATG CTC AGT
P A G D T G | A A G P M L S
421 _ 462
G7T TIC GGA AAG TIG AAA ATA AAA ACA AAA GTC CAG GAT GGA
Vv F e K L K 1 K T K v Q D G
463 504
ARA ATT CAC ATA TTA CAA GAC ACA ACA GTT GCA AAG CCT GGA
K | H i L o D T T v A K P G

Figure 29. Seque..ce 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~Jerlined (Shimmin et al. 1989a).
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505 546
GAT GAG ATA CCA GCA GAT ATT GTA CCA ATA TTA CAA AAA CTA
D E I P A D vV P | L Q K L
547 588
GGA ATA ATG CCA GTA TAT GTA AAA TTA AAC ATT AAG ATA GCC
G | M P ' Y \ K L N | K | A
589 830
TAT GAT AAT GGA GTA ATA ATC CCA GGA GAT AAA TTA TCA ATT
Y D N G V i | P G D K L S I
631 672
AAC CTT GAT GAT TAT ACT AAT GAA ATC AGA AAA GCT CAT ATT
N L D D Y T N E I R K A H 1
673 714
AAC GCA TTT GCA GTA GCC #7A GAA ATA GCG TAC CCA GAA CCA
N A F A vV A T E | A Y P E P
715 756
AAG GTC CTT GAA TTT ACA GCA ACC AAA GCT ATG AGA AAT GCA
K ', L E F T A T K A M R N A
757 708
TTA GCT CTA GCC AGT GAG ATA GGT TAT ATA ACT CAA GAG ACA
L A L A S E I G Y ! T Q E T
799 840
GCA TAG GCA GTA TIT ACT AAA GCA GTA ATG AAA GCA TAC GCT
A Q A V F T K A V M K A Y A
841 ' 882
GTT GCC TCT TCA ATA AGC GGA AAA GTA GAT TTA GGA GT. CAA
\Y; A S S I S G K V D L G V Q
833 024
ATA CAA GCA CAA CCA CAG GTC TCT GAA CAG GCA GCT GAG AAG
I Q A Q P Q Vv S E Q A A E K
225 966
AAA GAA GAA AAG AAA GAA GAA GAA AAG AAA GGA CCA AGC GAA
K E E K K E E E K K G P S E
967 1008
GAA GAG ATA GGC GGA GGC TTA TCA TCA CTA TTC GGT GGA TGA
E E ! G G G L S S L F 4 G

Figure 29 ...Continued




Table 13 Codon utilization in the Ssc L10 gene.
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UUU Phe 9 JUCU Ser 2 JUAU Tyr 7 JUGU Cys 0
UUC Phe 4 [UCC Ser 0 [UAC Tyr 2 JUGC Cys 0
UUA Leu 14 {UCA Ser 5 JUAA * 0 jUcA * 1
UUG leu 2 _JUCG  Ser 0 JUAG * 0 UGG Trp 1
CUU Leu 4 jCCU Pro 3 |CAU Hs 3 (CGU Arg 0
CUC Leu 2 JCCC Pro 2 |CAC His 1 |]CGC Arg 0
CUA Leu 5 JGCCA ~r0 10 |CAA G 6 |CGA Arg 0
CUG_ Leu 1 _|CCG _Pro 0 _|CAG Gin 5 |CGG _Arg 0
AUU e 6 |ACU Thr 12 |AAU Asn - JAGU Ser 2
AUC e 3 JACC Thr 2 JAAC Asn 6 !AGC Ser 3
AUA e 22 JACA Thr 8 |AAA Lys 31 |AGA Arg 4
AUG _ Met 4 |ACG  Thr 0 AAG Lys 10 [AGG  Arg 1
GUU val GCU Ala 8 |GAU Asp 14 |GGU Gy 6
GUC Val GCC Ala 6 |GAC Asp 3 |GGC Gl 2
GUA val i2 |GCA Ala 21 |GAA Gl 18 |GGA Gl 15
GUG __ val CCG __Ala 1 |GAG Glu 8 |GGG Gl 1

* chain termination

Tabie 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 - - 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%
l 31 9.2% vV 22 6.5%
K 41 12.2% w 0.3%
L 28 8.3% Y 9 2.7%
Molecular weight: 36, 548.63 pl: 9.56
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The archaebacterial proteins are almost twice the size (335-352 amino

acids) of the Eco L10 protein (165) ;nd like their eukaryotic counterparts, they
have a highly charged C-terminal domain. |

The ihree 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 84-38 with

respect to the Sso L10 and Heu L10 proteins (see Figure 30).

Table 15 Sequence identity between the Sso L10 protein and its

counterparts from the three kingdoms.

proteinl length2 Identities3 % identities
Hcu L10 334 90 27%
Mva L10 331 109 33%
Hsa L10 316 77 24%
Mmu L10 316 77 24%
Sce 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, Mve 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 halophiles (Bayley and Morton 1978, Eisenberg and Wachte! 1987).
Table 15 shows the percent sequence identity between the Sso L10 protein
and 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 proteir
| has 6 and 8 extra amino acids at its N-terminus compared to the Hsa L10 and
Sce 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
Sce L10 proteins have an internal delstion (positions 224-249) w:ith 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 batween the Sso L10 and

the Eco L10 proteins.
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Figure 31. Sequence alignment of the modules in the L10 proteins. The

putative modul2 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], B [positions 250-275), and y [positions 276-301] (Figure
30). These modules can also be identified in the eukaryotic .10 proteins,
although the o module appears to be missing and sequence conservation is
not as high as in the case of the archaebacteriai L10 proteins (see Figure 31).
In E. coli, the y moduile, also appears to have been conserved. However, it
should be noted that the identification of this region of the Eco L10 protein as
the vy module, is based mainly on the alignment of the Eco L10 protein with the
Hcu L10 protein. There are 9 identities beiween 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 betwaen
Hsa L10 and Eco L10, and 2 between Sce L10 and Eco L10). For this reason,
the identification of this ~2gion as a module is still tentative. More eubacterial
L10 sequences are needed to confirm if this is indeed a module. The
alignrent 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 sirilarity has been found between the highly charged C-
terminal domain 5f the archaebacterial and eukaryotic L10 proteins and the
correspnnding 1.12 proteins (Shimmin et al. 1989, Ramirez et al. 1989b, Itoh et
al. 1988, Kipke st al. 1989, Rich and Steitz 1987, Mitsui and Tsurugi 1988a)
(see Figure 32). In the case of Sulfolcbus 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 lavel (Reiter et al. 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 sequenses, the conservation of the alanine rich region can also
be observed (Shimmin et al. 1989b, Ramirez et al. 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-Hou L12 [42%]), Mva L10-Mva L12 [33 %], Sso L10-Sso L12 [31 %],
compared to Sce 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 archaebacteiial and eukaryotic

proteins (Shimmin et al. 1989b, Ramirez et al. 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 EK K EEE K K G
Sso L10 (303) [CAGGCAGCTGAGA/. SAAAGAAGAAAAGAAAGAAGAAGAAAAGAAAGGA

SsoL12 (75) CAGGCAGCTGAGAAGAAAGAAGAAAAGAAAGAAGAAGAAAAGAAAGGA
Q A A E K K E EK K EETE K K G

P S EE E I G G G LSS L F GJ|G
Sso L10 CCAAGCGAAGAAGAGATAGGCGGAGGCTTATCATCACTATTCGGTIGGA
SsoLi2 bCAAGCGAAGAAGAGATAGGCGGAGGCTTATCATCACTATTCGGT

P S EE E I G G G VLSS L F G

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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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-
terminal domain (Shimmin et al. 1989L, Ramirez et al. 1989b). Since it can be
assumed that traits that are present in more than one line of descent were
probably present in the common ancastor, the ancestral L12 gene probably
coded for a protein with a structure similar to the archaebacteriai-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 gere, producing a hybrid gene (Shimmin et al. 1989b, Ramirez et al.
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 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 euxkaryotes. 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 geries mzainly because there is no agreement regarding the
way in which the eubacterial and archaebacterial-eukaryotic L12 type proteins
shouid be aligned. A very simple model that illustrates how a transposition of
the type p.oposed by Lin ef al. (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 deietion 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 transpowed. 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 et al. (1989b) are considered (see for
example, Shimmin et al. 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 L.1 protein
(Post et al. 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 ¢>don utilization) and Table 17 shows
the amino acid composition, molecular weight and p! of the protein.

In Escherichia coli, the L1 protein is involved ir: the interaction between the
peptidyl-tRNA and the ribosome at the P (peptidyl) and E (exit) siies 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




Sso L1 Gene 137

1 42
GTG AAG AAA GTG TTA GCG GAT AAA GAA TCG TTG ATA GAA GCC
M K K \ L A D K E S L | E A
43 84

TTA AAA CTG GCA CTT AGT ACG GAG TAT AAT GTA AAA AGG AAC

L K L A L S T E Y N v K

85 126

TIT ACA CAA AGT GTG GAA ATT ATA CTT ACG TTT AAA GGA ATT
F K

F T Q S \' E ! | L T G {
127 168
GAT ATG AAG AAA GGT GAC CTT AAA CTT AGA GAA ATA GTT CCC

D M K K G D L K L R E | v P
169 210

TTA CCA AAA CAG CCA TCT AAA GCA AAG AGG GTT CTT GTT GTT
L P K Q P S K A K R \' L v \'
21 252
CCA TCC TCC GAA CAA CTC GAA TAT GCT AAA AAA GCA TCT CCC
P S F E Q L E Y A K K A S P

253 294
AAA GTT GTG ATA ACT AGA GAA GAA TTA CAA AAA TTA CAA GGA
N Vv A ) T R E E L Q K L Q G
205 336
CAA AAA AGA CCA GTG AAA AAA TTA GCT ATA CAA AAT GAG TGG
Q K R P v K K L A i Q N E w
337 378
TIT TTA ATT AAC CAG GAA TCT ATG GCA CTG GCA GGA AGG ATA
F L [ N Q E S M A L A G R |
379 &

TTA GGA CCC GCC TTA GGA CCT AGA GGT AAG TT7 CCT ACA CC.
L G P A L G P R G K F P T P

Figure 35. Sequence of the Sso L1 gene. The derived aminc acid sequence
of the protein is shown below the nucleotide sequence. The gene uses GTG
as the initiation codon.
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421 462

CTA CCC AAT ACA GCT GAT ATC AGT GAA TAT ATT AAT AGA TTC
L P N T A D | S E Y | N R F
463 504
AAG AGA TCA GTT ATA GTA AAG ACC AAG GAT CAG CCA CAA GTT
K R S v v K T K D Q P Q A
505 546
CAA GTA TTC ATA GGA ACT GAG GAC ATG AAG CCT GAA GAC TTA
Q v F | G T E D M K P E D L
547 588
GCT GAG AAT GCG ATA GCC GTA TTA AAT GCA ATA GAG AAT AAA
A E N A | A \Y L N A | E N K
589 630
GCA AAG GTA GAA ACT AAT CTA AGA AAT ATT TAT GTT AAA ACA
A K v E T N L R N | Y V' K T

631 663

ACA ATG GGT AAA GCT GTA AAA GTT AAA AGA GCG TGA
T M G K A v K ' K R A ¢

Figure 35...Continued

nucleotides 2100-2200 of the 23S rRNA (Gourse et al. 1981, Branlant et al.
1981).

The sequence of the Sso L1 protein was aligned with two other
archaebacterial sequences: Heu L1 (Halobacterium cutirubrum) (Shimmin and
Dennis 1989) and Hha L1 (Halobacterium halobium) (ltoh 1988) and four
eubacterial sequences: Eco L1 (Escherichia coli) (Post et al. 1979), Bst L1
(Bacillus stearothermophilus) (Kimura et al. 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) (ltoh 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 Heu 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 JUAU Tyr 4 JUGU Cys 0
UUC Phe 3|ucc Ser 1luac Ty 0 |usC Cys 0
UJUA Leu 11 JUCA Ser 1 JUAA  * 0jJuUGA * 1
UUG Leu 1 JUCG Ser 1 JUAG ¢ 0 1UGG Tmp 1
CUU Leu 5 |CCU Pro 4 |CAU His 0 {CGU Arg 0
CUC 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 1CGG Arg 0
AUU e 5 |ACU Thr 3 | AAU Asn 10 |AGU Ser 3
AUC lle 1 |ACC Thr 1 |AAC Asn 2 |AGC Ser 0
AUA e 10 |ACA Thr 5 |AAA Lys 20 |AGA Arg 8
AUG _ Met 4 |ACG _ Thr 2 |AAG_ Lys 9 JAGG __Arg 3
GUU val 9 |GCU Aa 5 |GAU Asp 4 1GGU Gl 3
GUC val 0 [GCC Ala 3 |GAC Asp 3|GGC Gy 0
GUA va 6 |GCA Al 7 |GAA Gl 12 |GGA Gy 6
GUG__ val 5 |GCG__Ala 3 |GAG__ Glu 5 |GGG Gy 0

* chain termination
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The two archaebacterial 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 wheie ‘*he secoid repeat is located

(positions 107-113) (see Figure 36).

Table 17 Predicted Amino Acid Cumposition of the Sso L1 Protein

AMINO ACID | NUMBER | MOLES % AMINOACID | NUMBER | MOLES %
A 18 8.1% M 5 2.3%
c - - N 12 5.4%
D 3.2% P 13 59% __|
E 17 7.7% Q 11 5.0%
F 3.2% R 11 5.0%
G 4.1% S 9 4.1%
H - - T 11 5.0%
[ 16 7.2% ' 19 8.6%
K 29 13.1% w 1 0.5%
L . 22 10.0% Y 4 1.8%

Molecular weight: 24, 895.29 pl: 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. ldentical 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 et al. 1979), Bst: Bacillus stearothermophilus (Kimura et al. 1985).
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Figure 36...Continued

functicn 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 et al. 1981, Branlant et al.
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 et al. 1980, Gourse
et al. 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

rBNA (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 |ength 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 weignt and pl 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 vuligaris), 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 Sce L11 (Saccharomyces
cerevisiae) (Otaka et al. 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% sequeice 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. The Eco L11 protein, on the
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42

1 Sso L11 Gene
TTG CCT ACT AAG ACA ATA AAA ATA ATG GTA GAA GGA GGT AGT
M P T K T l K | M Vv E G G S
43 84
GCT AAA CCA GGT CCA CCA TTG GGA CCT ACC CTA TCA CAA TTA
A_K P G P F L G P T L S _ Q L
as 126
GGA CTT AAT GTT CAG GAA GTT GTT AAA AAA ATA AAT GAT GTT
e L N Vv a E_V V K K | N D V
127 168
ACA GCA CAA TIT AAA GGA ATG TCA GTA CCA GTC ACA ATT GAG
T A Q F K G M S Vv P Vv T i E
169 210
ATC GAT AGT TCA ACT AAA AAA TAT GAT ATA AAA GTT GGA GTA
| D S s T K K Y D | K v G \
211 252
CCT ACA ACA ACA TCA CTA TTA CTT AAA GCA ATA AAC GCT CAA
P T T T s L L L K A | N A Q
253 294
GAG CCC TCA GGA GAT CCA GCC CAC AAG AAG ATA GGC AAT TTA
E P S G D P A H K K | G N L
295 336
GAC TTA GAA CAA ATT GCT GAC ATA GCG ATT AAG AAA AAG CCT
D L E Q { A o i A { K K K P
337 378
CAA CTT AGC GCA AAA ACT CTA ACA GCT GCA ATA AAG AGT TTA
Q L S A K T L T A A { K S L
379 420
CTA GGA ACT GCA AGG TCA ATA GGT ATA ACT GTT GAA GGA AAA
L G T A R S 1 G | T v E G K
421 462
GAT CCT AAA GAT GTA ATA AAA GAG ATT GAT CAA GGA AAA TAC
D P K D Vv ] K E 1 D Q G K Y
463 504
AAT GAC TTA TTA ACT AAT TAT GAG CAA AAA TGG AAT GAA GCA
N D L L T N Y E Q K w N E A
505 513
GAA GGG TGA
E G *

Figure 37. Sequence of the Sso Li1 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
(Mathesorn 1985). The gene uses TTG as the initiation codon.



Table 19 Codon utilization in the Sso L11 gene
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UUU Phe 1 |UCU Ser 0 JUAU Tyr 2 JUGU Cys 0
UUC Phe 0 JUCC Ser 0 |UAC Tyr 1 |UGC Cys 0
UUA Leu 7 |UCA Ser 6 |UAA * 0 juca * 1
UUG _ Leu 2 |UCG__ Ser 0 lUAG  * 0 UGG Tmp 1
CUU Leu 3 |CCU Pro 5 |CAU His 0 |CGU Arg 0
CUC 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 |GGG Arg 0
AUU lle 4 |ACU Thr 6 |AAU Asn 6 |AGU Ser 3
AUC lle 1 |ACC Thr 1 |AAC Asn 1 |AGC Ser 1
AUA e 11 |ACA Thr 7 |AAA Lys 6 |AGA Arg 0
AUG _ Met 2 |ACG Thr 0 1AAG Lys 6 |AGG Arg 1
GUU Vval 6 |GCU Ala 4 1GAU Asp 7 |GGU Gl 3
GUC Vval 1 |GCC Al 1 |GAC Asp 3 |GGC Gy 1
GUA Vval 4 |GCA Aa 6 |GAA Gl 6 |GGA Gy 9
GUG__ Vval 0 |GCG Ala 1 |GAG_ Gl 4 |GGG Gy 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%
! 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, 220.22 pl: 9.83
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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
Heu L11 163 65 40%
Eco L11 138 46 33%
Pvu L11 138 48 35%
Sma L11 138 47 34%

1References 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 (Sce L11) (Cannon et al. 1977). In E.coli, the residues that are
modified have been identified. Th:e a amino group of the N-terminal alanine as
well as the € amino groups of the lysines at positions 3 and 38 are
trimethylated (Dognin and Wittmann-Liebold 1977). In the case of the Sce 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 et al. 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
Hecu L11 protein,

Compatrison of the sequences of the L11 proteins frcm the eubacteria and
the archaebacteria, revealed the presence of 3 region~ 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.coli, 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 tne
stringent response (Friesen et al. 1974, Parker et al. 1976j. This response
takes place when E.coli cells are subjected tc amino acid starvation. Under
these conditions, ppGpp is produced and the synthesis of tRNA and rRNA
stops (Nomura et al. 1984). However, studies with the methanogens and
halophiles have revealed, that at least these two archaebacterial groups lack
the stringent response (Beauclerck et al. 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 et al. 1981). Heterologous
binding studies have revealed that the Eco L11 protein can interact with a
similar region cn the archaebacterial 23S rRNA and eukaryotic 28S rRNA
(Beauclerck et al. 1985, El-Baradi ot al. 1987). Sequencing of the rRNA
fragments protected by the Eco L11 protein, has revealed that ithe genreral
secondary structure of the binding site for this protein has been conserved in
the three kingdoms (Beauclerck et al. 1985, El-Baradi et al. 1987). However,
the rBRNA binding 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 35), which are also rRNA binding proteins. The

alignment of these regions is shown in Figure 59.
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Sso L1 (137-146)
Heu L1 (137-146)
Eco L1 (137-146)
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Figure 39. Conserved region in the LL11 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, 1), 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 tiia interaction of these proteins with rRNA.

The Sso L46 Gene and the Sso L46 Protein

The gene locatec 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 Sce L46 ribcsomal protein from
Saccharomyces cerevisiae (Leer et al. 1985a) and Rno L39 ribosomal protein
from rat liver (Lin et al. 1984). Furthermore, i1e product of this gene has been
isolated from Sulfolobus solfataricus ribosomes and paitiaily sequenced
(Ramirez et al. 19839a). 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
ccdon. if the second ATG codon is the initiation codon, then the Sso L46 gene
has 156 nuclectides 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 Sce 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 TTIG AGA
(M) (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 | P A w
85 126
GTC ATA ATA AAA ACT CAA GCT GAG ATA AGG TIT AAT CCA CTA
\' 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. Ssquence 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
et al. 1989a).
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UUU Phe 1 |UCU Ser 1 |UAU Tyr 0 JUGU Cys 0
UucC Phe 0 jucCC Ser 1 JUAC Tyr 0 JUGC Cys 0
UUA Leu 3 |UCA Ser 0 JUAA * 0 juca * 1
UUG Leu 1 jUCG Ser 0 | UAG * 0 JUGG Tmp 2
CUU Leu 0 [CCU Pro 2 |CAU His 1 |CGU Armg 0
CuC Leu 0 |CcCC Pro 0 |CAC His 0 |CGC Arg 0
CUA Leu 2 |CCA Pro 1 |CAA GIn 1 JCGA Arg 0
CUG Leu 0 |CCG _Pro 0 |CAG Gin 0 _]CGG _Arg 0
AUU lle 1t |ACU Thr 1 |AAU Asn 4 [|AGU Ser 0
AUC e 0 [ACC Thr 0 [AAC Asn 1 JAGC Ser 1
AUA lle 3 |ACA Thr 0 JAAA Lys 5 {AGA Arg 6
AUG  Met 1_JACG Thr 0 JAAG Lys 3_]AGG Arg 1
GUU Vval 0 |GCU Ala 2 |GAU Asp 0 |GU Gl 1
GUC Vval 1 |GCC Ala 0 |GAC Asp 0 |GGC Gl 1
GUA Vval 0 |GCA Al 0 |GAA Gl 0 |GGA Gl 0
GUG _ val 1 |GCG Ala 1 |GAG Glu 1 |GGG Gy 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% Vv 2 3.8%
K 8 15.4% W 2 3.8%
L 6 11.5% Y - -

Molecular weight: 6, 064 pl:12.9
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The Sso L46 protein is very basic (pl: 12.9); containing 16 basic residues
and only one acidic residue (see Table 23). Tne alignment of the Sso L46
protein with the Sce L46 and Rno L39 proteins is shown in Figure 41. Th.ere is
40% sequence identity between the Sso L46 and Sce 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 preteins (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 pruteins, 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 Hzalobacterium marismo::ui (Kimura ot al.
1989), and the products of the a, b, ¢, d and e genes in the spc operon of
Methanococcus vannielii as well as the products of genes 7 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 e€i al. (1987) have proposed that the Sce 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 ail 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
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Rno L39 S|S[H K{T F R I{K|R FIiL|A K QjKjQ RiF I PIQIW
Sso L46 K H K SIL G KIK|L RGLR SIP I PIAIW
Sce L46 A AQIK SIF R I{KIQL MA KLK]Q RIP|LLP]Q}W
30 40 50

Rno L39 I RMIK TIG N KjlI RIlY S K|R RMWR RIT K|LIG L
Sso L46 VI I|IKT{Q A E|]l R{F P LIRRNWRRBINNILIKV
Sce L46 I RLRBTINNTII RIY A KIRRNWRRB[T KMNI

Figure 41. Sequence alignment of the Sso L46 protein with its eukaryotic
counterparts. ldentical residues to the Sso L46 protein are boxed. Sso:
Sulfolobus solfataricus, Rno: Rattus norvegicus (Lin et al. 1984), Sce:
Saccharomyces cerevisiae (Leer et al. 1985a)

Rno L5 (13)
Hsa L32 (74)
Mmu L32 (74)
Rno L39 (33)
Sce L46 (33)
Sso L46 (33)

m--4 X 7T N
- — = D D X
D DWW XRXRXRD
MmM< <7<
222 QO
VT rP» < <L
rXXIID
D D IVWZ22T
DI I <KD
22 I X XD
sssmm
bo o b o R v I R A v |
DD IDMMM
2414 < <M
Z XX I X

Rno L5 (254) K
Hsa L32 (24) Q
Mmu L32 (24) Q
Rno L39 (32) N
Sce L46 (32) N
Sso L46 (32) A

m-a X v n X
- - —-—0OoOU
IV DI D IX
M< <<=<D
Zz<<m
T> O XR KX <
rxX X — — X
I IV WX XX
T VIV IIX
zZzIT=zZz=ZD
EEs=ss=
I DIVDDZ
IV IJIDXXD
Z-4 470U U
ZX XTI DX
rgsroog
XZO—-—-0
< -—-roor

2

‘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, Sce: 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 ragions
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 (pl: 12.02). 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 proiein 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 TIC ATG GTC AGA GGA ACT GCC ATA
K | F M v R G T A |

M
43 84
TIT AGT GCG TCA AGA TIT CCT ACA AGT CAA AAA TAT GTT AGA
F S A s R/ F P T S Q K Y Vv R
a5

126
GCT TTA AAT GAA AAA CAA GCA ATC GAA TAC ATT TAT AGT CAA
A L N E K Q A ! E Y | Y S Q
127 - 168

CTT GCGT GGA AAA AAT AAA ATT AAC GAT ACA ACA TAC ACA TAC
L G G K N K | 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 ala 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 nucieotides of this gene are present in the 6.9 Kb Eco Rl - Bam Hl

fragment. The sequence of this part of the gene, as well as the derived amino
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UUU Phe 2 JUCU Ser 0 jUAU Tyr 2 juaU - Cys 0
UUC Phe 1 |UCC Ser 0 |UAC Tyr 3 JUGC Cys 0
UUA Leu 2 |UCA Ser 3 |UAA  * 1 JUGA * 0
UUG Leu 0 JUCG _Ser 0 |UAG * 0 UGG T 0
CUU Leu 1 |CCU Pro 1 |CAU His 0 |CGU Armg 0
CUC Leu 0 |CCC Pro 0 |CAC His 0 |CGC Arg 0
CUA Leu 0 |CCA Pro 0 |CAA GWn 4 JCGA Arg 0
CUG Leu 0 |CCG Pro 0_|CAG__ Gin 1_1CGG_Arg 0
AUU e 3 |ACU Thr 1 |AAU  Asn 2 |AGU Ser 3
AUC lle 1 |ACC Thr 0 JAAC Asn 1 |AGC Ser 0
AUA lle 1 |ACA Thr 5 [ AAA Lys 6 |AGA Arg 5
AUG  Met 3 |ACG Thr 0 |AAG Lys 4 AGG _Arg 1
GUU Vval 1 |GCU Al 2 |GAU Asp 1 |GGU Gl 1
GUC Vval 1 |GCC Ala 1 |GAC Asp 0 |GGC Gy 0
GUA val 1 |GCA Al 1 |GAA Glu 3 |GGA GW 2
GUG__ val 0 |GCG Al 1 JGAG Gl 0 1GGG Gy 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% ' 3 4.2%
K 10 13.9% W - -

L 3 4.2% Y 5 6.9%

Molecular weight: 8, 329.65

pl: 12.02




159
acid sequence of the N-terminal region of the Sulfolobus 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 hydroxy! 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 syrthetase from E.coli involved in the
different functions of the enzyme have been determined by introducing gene
deletions (Jasin et al. 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 (o 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 et al. 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




1 42
ATG GTC AAA GCA AAC GAG AAC GAG TAC AGG TTA AAC TTIT TIT
M v K A N E N E Y R L N F F
43 84
CTG TCA AGA GGA TAT GAA AGA AAA ATT TGT AGA TCC TGT TCT
L S R G Y E R K | C R S C S
85 126
ACC CCA TIT TGG ACT TTA GAT AAG TCA AAG GAA AAT TGT TCA
T P F W T L D K S K E N C S
127 158
GAT GTT CCT TGT ACT GAC TAT TAC TTC TIT GAT ATC AAG ATT
D v P C T o Y Y F F ] | K 1
169 210
AAA TCT CCC CCG TTA ACA GTG AGA GAA TCA AGA GAA AAA TI1T
K S P P L T v R & S R E K F
211 252
CTA AGA TTC TIT GAA AAG AGA GGA CAC ACC ATA GTT CCA CCT
L R F F E K R G H T | v P P
253 204
AAA CCT GTA GTT GCC AAG TGG AGA GAT GAT CTT TAT CTT ACT
K p \ v A K W R D D L Y L T
295 336
ATA GCT AGT ATA GTT GAC TIT CAA CCA TIT GTA ACG AGC GGA
| A S | v D F Q P F v T S G
337 378
TTA GCT AAA CCG CCT GCA AAT CCA CTG GTA GTT TCT CAG CCA
L A K P P A N P L v v S Q P
379 420
TGT ATA AGA CTA GAA GAT GTG GAT AAC GTA GGA ATA ACA TIT
C | R L E D v D N L) G | T F
421 462
GGA AGG CAT TIG ACC ACA TIT GAA ATG GCT GCT CAT CAT GCA
G R H L T T F E M A A H H A
463 504
TIC AAT TAT CCT GAT AAA CAA ATT TAT TGG AAA GAC GAA ACA
F N Y P D K Q | Y w K D E T
505 546
GTA GCA TIT GCT AAG GAG TTC TIT ACA GAA GAA CTA GGG ATC
v A F A K E F F T E E L G 1

Figure 44. Sequence of the Sulfolobus ala S gene. Only the first 546
nucieotides of this gene are present in the 6.9 Kb Eco RI-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 &' segment (first 546 nucleotides) of the

Sulfolobus ala S gene

UUU Phe 2 |uCu Ser 3 |UAU Tyr 5 JUGU Cys 5
UUC Phe 4 JUCC Ser 1 JUAC Tyr 2 JUGC Cys 0
UUA Leu 4 JUCA Ser 4 JUAA * 0 juca * 0
UUG Leu 1 JUCG Ser 0 JUAG * 0 JUGG Tmp 3
CUU Leu 2 |CCU Pro 5 JCAU His 3 |CGU Arg 0
CUC Leu 0 jCCC Pro 1 jJCAC His 1 |CGC Arg 0
CUA Leu 3 |CCA Pro 5 |[CAA GiIn 2 |CGA Arg 0
CUG_Leu 2_1CCG _Pro 2 _[CAG _Gin 1 |CGG Arg O
AUU e 3 |ACU Thr 3 |AAU Asn 3 |AGU Ser 1
AUC e 2 |ACC Thr 3 [AAC Asn 4 JAGC Ser 1
AUA e 5 |ACA Thr 5 1AAA Lys 8 |AGA Ag 9
AUG _ Met 2 _|ACG Thr 1 |AAG _Lys 6 JAGG Arg 2
GUU Vval 5§ |GCU Ala 5 [GAU Asp 8 |GGQU Gly 0
GUC Vval 1 |GCC Ala 1 |GAC Asp 3 |GGC Gy 0
GUA Vval 5 |GCA Al 4 [GAA Gl 10 IGGA Gl 5
GUG Vval 2 1GCG Aa 0 |GAG Gl 3 166G Gl 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.
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alanine tRNA synthetase
NH; : CO0-

1 385
F-.

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.coli 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, \as a
tetrameric structure (Putney et al. 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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10 20
SsoaaS M VK ANENEYRLNFFILSRAGYERKI CR
Eco alaS

30 40 50
S$so alaS SCSTPFWTLDKSKENCSDVPCTDYY
Eco alaS

60 70
Sso alaS FFDIKIKSPPLTVR'ESEKFLRFFE
Eco alaS MS KSTA({E]! Q A|F L|D|F Fl H
80 % 100
Sso alaS KRGHTIPPKPVVAKWRDDLYLTIA
EcoaaS S K|G H|Q VIVIA S SSRYPI TDPT[L|L FIT|N|A;
110 120
Sso alaS SIVDFQPFTSGLA PPANPLVV[SQ
EcoalaS G M N Q|F|Kx D -|{vjF L{|c L|D RNYSRATTI|SQ
130 140 180
Sso alas Plﬁ-~--tEvoNVG|’FFGnHLT’r
EcoalaS R|C|V[RJA G G K H N[DJL E(N_V_GIY|{T]- A|R_HJH|TJF
160 __ 170
sscalaS {F E M|A A HHA[FINY ~[D]lk QI [¥]w[k]D € T v AlF
EcoaaS |F E MjL G - - N|F]S F G - - - YJFlkJH D A1 QlE
Sso alasS KI_FFTE LGI S+ o »
Eco alas WIEjL LITIS|EJK WF A - « &

Figure 46. Sequence alignment uf the N-terminal region of the Sulfolobus
alanina tRNA synthetase with the corresponding region from the Escherichia
coli alanine tRNA synthetase. Identical residues are boxed. Sso: Sulfoiobus
solfataricus, Eco: Escherichia coli, (Putney et al. 1981a) ala S: alanine tRNA
synthetase.
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gene shows sequence similarity to the o subunit of the docking protein from

dogs (Lauffer et al. 1985) and hu:nens (Hortsch et al. 1388), as well as the
product of the fts Y gene in Escherichia coli (Gill et al. 1986).

The gene has 1110 nucieotides and codes for a protein of 369 amino acids
(see rigure 47). Table 27 shows the codon usage in this gene (for a
discussion, see section on codon utilization) and Table 28 shews the amino
acid composition of the protein.

In the eukaryotes, secretory, membrane and lysosomal proteins are
targeted to tneir 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 ribenucleoprotein complex formed by 6 polypeptides (72, 68, 54, 19, 14
and 9 kDa) and a 300 nucleotide RNA molecule (the 7S RNA) (Siegei and
Walter 1988). As soon as the signal sequence, which consists of a basic N-
terminal region followed by an uninterrupted stretch cf 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). (he arrest of
translation is due to th2 9 and 14 kDa pclypeptides and the Alu-like comain of
the 7S RNA (100 nucleotides at tie 5' end and 45 nucieotides at the 3' and of
the 7S RNA that are homologous to the human Alu right monomer sequence)
(Siegel and Walter 1988). Once the SRP-ritosome 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
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Figure 47. Sequence of the gene coding for the equivalent in Sulfolobus of
the a subunit of the docking protein. The derived amino acid sequence of the
The gene starts with an
unusual initiation codon (ATA) (for a dJiscussion, see secticn on codon
utilization).

protein is shown below the nucleotide sequence.
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Table 27 Codon utilization in the Sso "docking” gene

167

Uuu Phe 11 JUCU  Ser 5 jUAU Tyr 8 J|UGU Cys 1
UUC Phe 7 JUCC Ser 1 {UAC Tyr 0 JUGC Cys 0
UUA Leu 11 JUCA Ser 6 juAA * 1 JUGA * 0
UUG Leu 2 lUCG Ser 2 tUAG " 0 UGG Tmp 1
CUU Leu 7 |CCU Pro 3 |CAU His 3 |CGU Arg 0
CUC Leu 2 |CCC Pro 1 [|CAC His 0 JCGC Armg 0
CUA Leu 7 JCCA Pro 4 |CAA Gn 16 |CGA Arg 1
CUG Leu 3 |CCG__ Pro 0 |CAG _Gin 5 1CGG__Arg 0
AUU lle 10 {ACU Thr 7 |AAU Asn 17 |AGU Ser 10
AUC e 1 |ACC Thr 1 |AAC  Asn 2 |AGC Ser 0
AUA lle 22 |ACA Thr 7 [AAA Lys 30 JAGA Arg 11
AUG Met 3 JACG Thr 2 1AAG Lys 9 JAGG Arg 4
GUU val 10 JGC'1 Ala 9 | GAU Asp 22 |GGU Gy 4
GUC Vval 0 |GCC AR 2 |GAC Asp 5 |GGC Gy 0
GUA Val 16 [GCA Aa 11 |GAA Gu 23 |GGA Gy 10
GUG  val 0 |GCG Ala 3 |GAG Gl 9 |GGG Gy 2

* chain termination

Table 28 Predict~d Amino acid composition of the Sso "docking” protein

AMINO ACID | NUMBER, MOLES % | AMINO ACID | NUMBER MOLES %
A 25 6.8% M 4 1.1%
c i 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% Vv 26 7.0%
K 39 10.6% W 1 0.3%
L 32 8.7% Y 8 2.2%
Molecular weight: 41, 893.62 pl: 5.56
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is displaced from the ribosome and co-transiational transport of the
polypeptide across the membrane is initiated (Gilmore et al. 1982 a, b, Walter
et al. 1984). GTP is required for this process (Connolly and Gilmore 1986,
Wilson et al. 1988).

The SRP receptor is composed of two subunits designated o and B (Tajima
et al. 1986). The a subunits of the SRP receptors from dogs (Lauffers et al.
1985) and humans (Hortsch et al. 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  subunit has
not been determined and its function is not known (Tajima et al. 1986).

Recently, Romisch et al. (1989) and Bernstein et al. (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 Y gene 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
seguence 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 cf the three
proteins shows no sequence similarity among the three kingdoms, aithough in

the three proteins, this region of the molecule is highly charged (Lauffers et al.
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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 prztein from
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Figure 48. Sequence alignment of the Sso "docking" protein and its eukaryotic and eubacterial counterparts, as well as the
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1985, Gill et al. 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 coiinterparts

proteinl  length? identities3 % identities
Hsa docking 300 104 35%
Cfa docking 300 104 35%
fts Y protein 300 122 40.6%

1 References can be found in p 164, Hsa: Homo sapiens,
Cfa: Canis familiaris

2 Lengih of the region of comparison

3 Only identical residues were considered

Rémisch 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 et al. 1989). The alignment of these

two proteins with the "docking protein family" is shown in Figure 48.
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C IS Hsa docking protein |« 990king
protein
D 1000000 NN fts Y protein ?ar:'%i;‘i'y"

ATy - Ss0 "docking™ protein
. . "54
AT Sc—— 54 -
54 kDa SRP protein kDa
TN O—— 48 kDa E. coli protein| Protéin

family"

region of sequence similarity in the five proteins

B 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 (Rémisch et al. 1989). (Figure adapted from Rémisch et
al. 1989).

Table 30 Sequence identity between the Sso "docking" protein and the
54 kDa SRP protein and 48 kDa E.coli protein

proteini length2 identities3 % ldenmiesi
54 kDa SRP 28a 74 26%
48 kDa Eco 289 84 29% |

1 References can be found in Figure 48 2 Length of the region of comparisen
3 Only identical residues were considered.
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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 ot 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
membrare. Thz binding site is located on the C-terminal reéion 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 farnilies have sequences that match the first two elements
of the consensus sequence (GXXXXGK and DXXG). These elements have
been shown to be involved in interactinns with the phosphate portion of the
GTP molecuie (Dever et al. 1987). - ird element (NKXD) is partially
conserved as TKXD 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

e amino group of the guanine ring (Dever et al. 1987).
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Figure 50. The GTP binding site in the members of the "docking protein
family” and the "54 kDa protein tamily". The consensus sequence that defines
a GTP binding site is shown on the top (Dever et al. 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 et al. 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
facters 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. lIsolation 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 digesticn 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

Ev_ RI 4
ﬁl\ ATT CAA GCA CAA ATA ACT GAT GAT GAA CTA AAA CAA ATA
I Q A Q I T D D £ L K Q |
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 Y 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 tha 6.9 Eco Ri-Bam HI fragment.
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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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Figure 53 Sequence of open reading frame 3. The derived amino acid
sequence of the protein is shown below the nucleotide sequen~e.
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As mentioned before, none of the proteins encoded by these open reading
fraines showed any significant sequence similarity witt. any of the proteins
present in the data base, so their function is unknown. Althcugh the
transcription of these open reading frames was not studied in detail, evidence
was ottained that indicates that at ieast some of them are transcribed. For
example, hybridization of Sulfolobus mRNA with an cligcnuciectice probe
complementary to open reading frame 2 showed tie presence of a transcript of
about 1.3 Kb (data not shown) while primer extension aralysis showed that
open reading frames 6 and 7 are probably transcribed with the L1 gene (see

the next sectioi)

Open Reading Frame 4
1 42
ATG GCA GTA ATT ACA GAC AAG CCT GGT TTA GTA CAT ATT GAC
M A ' l T G K A G L \' H i D
43 84
GCA ACT GAA GAA GAG TTG AAA AAA TAT GTA CTA AAC CAG CCA
A T E E E L K K Y Y L N Q P
85 126

GCC AGT GAA TTA TIT AAA GTA AAG TTA GAT TCT GGA AZT GTA
A S E L F K v K L D S G T \'

127 168

AAT TIT GGG AGC GTC TTT ATA AGG AGC GGA TTA GTG GCT AAC
N F G S ' F | R S G L \' A N

169 ) 210

AGA AAT GGA GTT CTA GTA GGT TCC TCA ACA ACG GGA CAG AGA
R N G v L \ 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
seyuence of the protein is shown below the nucleotide sequence.




179

Open Reading Frame §

1 42
ATG AGT GAA GAG GCA GAG CAA CAA CAA GCG GCA GAA TAT ATA
M E Q Q Q A A E Y {
43 84
GCA TAC CTA TAT GAT CAA GCA TCA GCA CTA AGA CAA TAT ATA
A Y L Y D Q A S A L R Q Y |

85 126
GAT ACC CTT CAG AAG AAC CTG GCA GAG GTA CTA GAA TCC TTA

D T L Q K N L A E \’ L E S L
127 168
GAA GCA GTA AGA GCA TCA AAA AGT GCC GTA GAC GAG ATA GGT

E A \' R A S K S A v D E
169 210
AAG GAA AAC CAG GAA TAC TTG TTA TIT GGC GAC AGA AAG GGC

K E N Q E Y L L F G D R K G

53]
m
m
>

w

211 252
AAT ATA GTA TTC AAG GTA AAC AGT GTA GAT AAA AAT AAG GTT
N | \' F K v N S \' D K N K \'
253 264
CTA ATA CAC TTA GGA TTA AAT TAT TAC GCA GAA GTG ATC CAC
L | H L G L N Y Y A E v | H
295 336
AAG CAG CTA AGA AAA TTC TGG ATG ATA GAC AGC AAC AGT TGG
K Q L R K F W M ! E S § S w
337 378
CTG AAG TAT CTA AAA ATA TAC AAG GTG AAT TAT CTA AGT CAA
L K Y L K | Y K \ N Y L S Q
379 381
TAG

L

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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ATG AAA GTT TIT
v F

E

M K

43

AGG CTA CGA GAA
R L R

85

AAA CCA GAC AAA

K P D
127

K

CTT TTA GTT ATG

L L \
169

M

CAG TTA ACT ACA

Q L T

Figure 56 Sequence of open reading frame 6. The derived amino acid

T

Open Reading Frame 6

AGT ATA ATG AAA ATT TCT
S | M K ! S

GAC TGG AAG AGA ATA ATT
D w K R | !

GAT TCA TIT AAT TAC AGT
D S F N Y S

GCT GTA GTT GGT CTC ATC
A Vv V' G L |
196
TCA CTa ATA ATA 4LGG TGA
S L | | R *

180

42

GAC ATT ATC AAA

D

K
84

AGT GTA GCC AAG

S

\

A

K
126

ATT AGG CTT ACA

R

L

T
168

GCT TAC ATT GTA

A

Y

sequence of the protein is sho'vn below the nucleotide sequence.

v




Open Reading Frame 7 181

ATG GAG GAC TTC AAG TAC AGA AAT TAT TAC GTG TTA AGA GTT
M c D F K Y R N Y Y \' L R '

43 84
ACA GGA GGA CAA GAA ATT AAC GTG GCT CTT ATT TTA GAA GAA
T G G Q E | N v A L | L E E
85 126
AGA ATA AAA ACA AAT AAT ATA AAT GAA ATC TT TCT GTA GTA
R i K T N N | N E | F S \' \Y
127 168
GTC CCA CCT AAT ATA AAG GGT TAT GTG ATA CTT GAA GCT ACC
\' P P N | K G Y Vv | L E A T
169 210
GGA CCT CAT GTA GTA AAA TTA ATT TCA TCA GGA ATA AGA CAC
G P H \' v K L | S S G | R H
211 252
GTT AAA GGA GTA GCT CAT GGA CTA ATT CAG AAA GAA GAT GTT
\' K G \' A H G L I Q K E D \'
53 294

ACA AAA TTT GTT TCT AAC. TCA GTT GCA TTA CCC GCT GTG AAA

295 336
GAA CGGA GAC TTA GTA GAG GTA ATT AGT GGT CCA TTT AGA GGT
E 4 D L Vv E Vv | S G P F R G
337 ' 378

ATG CAG GCT CAA GIT GTG AGA GTA GAA TCA ACA AAA AAT GAA

379 420
GTA GTT TTA AAT ATT TTA GAA TCC TCA TAT CCT GTT CAG GTT
v \' L N | L E S S Y P \' Q \Y

421 459

ACA GTT CCT TTG GAA CAA GTT AAA CCT GTT AAG AGG TGA

Figure 57 Sequence of open readinc frame 7. The derived aminc acid
sequence of the protein is shown below the nucleotide sequence.
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Organization and Transcription of the Sso L11, L1, L10 and L12
Ribosomal Protein Genes

Senquencing of the 6.9 Kb Eco Ri - Bam HI fragment revealed that the order
of these four ribosomal protein genes in Sulfolobus solfataricus is identical to
that founc in Escrierichia coli, that is §' 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 (Stroizel et al.
1988, Kdpke et al. 1989). Howaver, alihough the order of these ribosomal
protein genes has been conserved in ali of these organisms, the gcnes
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 Cenriis
1987) and the Eco L12 gene is followed by the genes coding for the B and &'
subunitc 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 | (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 s preceded
by two OP~s (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 produci in H. cutirubrum. The L12 gene in Suliolobus is followed by * i
ala S gene. This gene in E. coli, is located = 700 nucleotides downstream of

the rec A gene (Putney et al. 1981a). The genes thai code for the equivalent
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subunits of the B and B' 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, Puhisr et al.
1989).

The intergenic spaces are also different. There are 3 nucleotides between
the termination codon of the Eco Li1 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 Li12 genes. and 121 between the Eco L12 ard Eco rpo B genes
in E. coli (Post et al. 1879). 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 weil as the Sso L1 and
Sso L10 genes have averlapping stop/start codons (which cause a change in
reading frame) (Figure 58), while thete are 41 nucleotides between the Sso
L10 and Sso L12 genes and 40 nucleotides between the Sso L12 and ala §

genes.

Overlapping stop/start codons
endofL11

SsoLi1-Sso L1 GCAGAAGGGTIGAAAGAA
L1

end of L1

Sso L1-Sso L10 AAAAGAGCGIGATCGGT
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 stcp/start codons have bsen observed between several
ribosomal protein genes in Escherichia coli (for example, L4-L23, L16-L29,
129-S17 (Zurawski and Zurawski 1985)) and in other eubacteria (for example,
L4-123, L16-L29, L29-S17, L15-sec Y in Mycoplasma capricolum (Ohkubo et
al. 1987) and L4-L23 in Yersinia pseudotuberculosis (Gross et al. 1989)), as
well as between genes that code for proteins with other cellular functions (for
example, gal T-gal K (Shimporli et al. 1982), troB-trp A, and trpE-trpG
(Yanofsky et al. 1981, Askoy et al. 1984) in E.coli). They have also been
detected between the chloroplast genes for the 8 and € subunits of ATP
synthetase (Gatenby et al. 1989) and, in the archaebacteria, betweei: the
genes that code for the o and B subunits of formate dehydrogenase in
Methanobacterium formicicum (Shuber st al. 198€), the genes that code for 3
subunits of the RNA polymerase in Halobacterium halobiurm (B' and A, A and
C, C and ORF 138) (Leffers et al. 1989), the A and C subunits of the RNA
polymerase and the S12 and S17 genes in Halobacterium morrhuae (Leffers
&’ al. 1989) and tha B and A subunits of the RNA polymerase in Sulfolobus
acidocaldarius (Pihler et al. 198¢,.
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
obtair; an equimolar synthesis of both proteins (Yanofsky et al. 1981,
Schiimperli et al. 1982, Askoy et al. 1984, Sor et al. 1987, Gold 1988, Gatenby
et al. 1989). In the eubacteria, experiments in which deletions and mutations
are introduced in the region preceding the overlap have given support to this
idea (Schiimperl et al. 1982, Askoy et al. 1984, Sor et al. 1987,Gatenby et al.
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 et al. 1987). In
generay, 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 et al. 1987). In the case of
overlapping stop/start codons, it has been proposec that the -ibosome
terminates the translation of the first cistron and then is ‘captured’ by the
interaction of the i16S rFENA with the mRNA and re-initiates transiation (Gold
1988). The recent finding that there is an interaction between the 3' end of the
16S rRNA and the mRNA during the elongation siep 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 codors suggests that
this mechanism might also be used in this kingdom as a means of translational
control.

The in vivo transcripts derived from tne 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 transcript oi about 2.5 Kb (see Figure 60). Since the combined length
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| overlapping stop/start codons
o primers
== probes for Northern biots
~— fragments tor S1 mapping

Figure 59. Position of the probes used for S1 mapping, primer extensior, and Northern blot hybridization. A physical map of
the chromosomal region of Sulfolobus soffataricus encoding the L11-L1-L10 and L12 gene cluster is shown. Straight lines
indicata *he position of the fragments (1-7) used for S1 mapping. The end that was labeled is indicated 1: 144 bp (15-Dra |
fragment), 2: 372 bp (11-Taq | fragment), 3: 239 bp (7-Dde | fragment), 4: 388 bp(7-Hinf | fragment), 5: 149 bp (3-Alu |
fragment), 6: 693 bp (Pst |- Bam HI fragment), 7: 474 bp (1-Pst | fragment). {(For a description of how these fragments were
generated, see Materials and Methods). Probes for Northem blots (A-D) aie indicated by bars. A: 144 bp (15-Dra i), B:
oligonucleotide 5 GTGCCATAGATTCCTGG 3, C: oligonucieotide 5’GTTACCTTTATGTCAGC 3', D: 474 bp (1- Pst |
fragment). Hatched bars indicate the primers used for primer extension: | (SCCCAATGGTGGACCTGG 3Y),

It (5§ GTCAACTATACTAGCTA 3'), I (SGTTACCTTTATGTCAGC 3)).

981
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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 prole the intergenic regions between the four
ribosomal protein genes (fragments 2, 3 and 5) were protected by Suifolobus

mRNA from digestion by nuclease S1 (data n~t 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 (L.11, L1, L10, L12). Hyvbridization conditions and the
generation of the probes are described in Materials «nd Methods. A picture of
the autoradiographs obtained is shown. Panel 1° Hybridization with probe A
(144 bp fragment [15-Dra |]) complementary to the L11 gene. Panel 2:
Hybridizaticn 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 (primerl) (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 S1 mapping experiments and primer | (5
CCCAATGGTCGGACCTGG 3') was used in the primer extension reactions.
Pariel 1: f. 144 bp fragment, ¢: fragment treated with S1 nuclease in the
absence of Sulfolobus BRNA {control) , S1: fragment treated with Si in the
presence of 10 pg of Sulfolobus RNA, p: prirner extension reaction carried ot't
at 37°C, lanes CTAG: DNA sequencing reactions using unlabeled primer |
(becausa 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 £0°C, lanes GAUC: RNA sequencing reactions using
labeled primer | (in this case the mobility of the fragment and the RNA
sequencing ladder is equivelent), p: primer extension reactions. The sequence
of the DNA (T) and RNA (U) is shown.

indicated the prasence of three possible initiation sites (see Figure 61, panel 1

larie S1). However, primer extension analysis showed only two 5' ends which
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correspond to the two lowar bands observed in the S1 mapping experiment

(see Figure 61, panel 1, iane p). In order to deterniine if the absence of the
third band in the primer extension analysis 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 temperature (50°C). The results from
this experimznt not only confirmed the presence of only *wo iniiiation sites but
also showed that there is read through from the genes upstream into the L11
gene {see Figure 61, panal 2, lana 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 hand observed in the S1 mapping experiments is
probably an artifact produced by the S1 nuclease and corresponds o full
protection of the probe.

The position of the two iranscription initiation sites is shown in Figure 62.
The sequence TITAAA 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 seguence 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-denendent extreme thermophiies
(AAANNTTTAAA) proposed by Browa et al. (1989) was also detected (see
Figure 62).
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The Li1 Promoter

GAAGTAG'E‘I[AAATATIWAGAATCCTCATATCCTG'ITCKGGTTACA&TT

CCTTTGAACAAGTTAAACCTGTTAAGAGGTGACAGATAATTG
Sso L11

Figure 62. The L11 promntar region. The sequence of the region upstream
of the L11 gene ic shown. The two transcription initiation sites are indicated oy
a star. The sequence that matches the consensus sequence of archaebacterial
promoters (TTTAT/AA) proposed by Zillig et al. (1989) is underlined. The
sequence that matches the consensus sequence for the promoters in the
extreme thermophiles (AAANNTTTAAA) proposed by Brown et al. (1989) is
overlined. The initiation codon of the Sso L11 gene is indicated in bold letters.

The 3' end of *he transciipt was m~pped using a Pst I-Bam HI fragment
labeled at its 3' end (fragment 7 in Figure 53). 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. Ali of the transcription stops are located within or
after pyrimidine rich regions (see Figure 64). This has been shown to be
characteristic of transcrigtion termination sites in the sulfur-dependent extreme
thermophiles (Zillig et al. 1988).

The Northern blot experiments (Figure 60) using a probe (probe A)
complementary to the L11 gene showed that besides the 2.5 Kb transcripi,

there is a smaller transcript of abcut 1.5 Kb that contains this gene.




191

Figure 63. Nuclease protection experiments to determine the 3' end of the
2.5 Kb transcript. A 639 bp Pst |- 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 ug of Sulfolobus RNA. The size of the
bands {determined froini 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 1.5Kb). The fact that the primer extension reactions
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Transcription termination sites of the L11-L.1-L10-L12 transcript

end of Sso L12 » - .V alasS
GGTTAATAAGAAAGACTTTTTTACCATTTICAAATATICATTTTITACCATGG

"'I.'CAAAGCAAACGAGAACGAGTACAGGTTAAAQIU'_‘I’I[CTGTCAAGRGG

ATATGAAAG AAAAA]I[GIAGATCCTG]_T_QIAQQQ_QAiDIGGAC

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 ala 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 anc probe B (sei: Figure 59). The 5' and 3' ends of thic 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 tiiese two genes. S1
mapping experiments using a fragment that covers the region between the L1

and L10 genes (fragment 4 in Figure 5§9), revealed the presence of a very faint
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band that matches a band in the primer extension analysis, using j:rimer il
(see Figure 65)_. The 5' end of this bénd was determiined to be a region ‘ocated
20 nucleotides upstream of the L10 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 f ¢ S

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 il (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 ug of

Sulfolobus RNA. The position of a very faint band in the St lane is indicated
by an arrow.
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The Li0 promoter

SsoL10
AAATA]I[AIQTTAAAACAACAATGGGTAAAéCTGTAAAAGTTAAAAGAGTG

Figure 66. The L12 promoter. The rcgion upstream of the L10 gene is shown.
The transcription initiation sita is indicated by a star. A sequence that partially
matches the consensus sequence (TTTAT/AA) for archaabzacterial promoters
proposed by Zillig et al. (1988) is underlined. A seguence that partially
matches the coricensus sequence for the promotars ot the extreme sulfur-
dependent thermophiles (AAANNTTTAAA) proposed by Brown et al. (1989) is
overlined. The initiation codon of the Sso L10 gene is indicated in bold letters.

The transcription of the ala S gene was also studied. Primer extension
analysis using primer |l (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) canfirmed this result (see Figure 67)
Note that part of the probe was protected. Prolonged exposure of the primer
extension experiments showed the here is read through from the Li2 gene
(data not shown). However, transcripts longer than 2.5 Kb were not obsansed
in the Northern blots whe:: & probe for the L12 nene was used (s@e Figure 60).
it is possible that these longer transcripts were not detected beruse the
efficiency of transfer of high molecular RNA to the hybridization membrane is
usually low.

The transcription initiation site, in this case, is locaied 3 nucleotides
upstream of the initiation codon of the ala S gene (see Figure 68). A saquence
(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. Nuclease protection and primer extension experiments to
determine the transcription initiation site of the ala S gene. Panel A: St
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, S1: 474 bp fragment treated with S1 nuclease in the
presence of 10 ug of Sulfolobus RNA, lanes CTAG: DNA sequencing reactions
using unlabeled primer Il (§' GTCAACTATACTAGCTA 3'). Panel B: f: 474 bp
fragment, c: 474 bp fragment treated with S1 nuclease in the absence of
Sulfolobu: RNA, S1: 474 bp fragment treated with S1 nuclease in the
presence of 10 pg of Sulfolobus RNA, p:.primer extension reactions using
primer ll, carried out at 37°C.

(AGACTTTTTTA) that partially matches the consensus sequence for the
promoters (AAANNTTTAAA) of the extreme sulfur-dependent thermophiles
proposed by Brown et al.(1989) were identitied upstream of the transcription

initiation site (Figure 68).
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The ala S promoter

GITAATAAGAAAGACTTTTITACCATTTCAAATATCATTTT TACCATG

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 concensis sequence (TTTAT/AA) for
archaebacterial promoters proposed by Zillig ef al. (1988) is underlined. A
sequence that partially matches the consensus sequence (AAANNTTTAAA)
proposed by Brown et al. (1989) for the promoters ci sulfur-dependent extreme
thermophiles 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-L10-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 gene, 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 withirt 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 fines 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 lll processing site within the L12- intergenic
region in E. coli. Only part of the ala S and B genes is shown. ORF: open reading frame, ala S: alanine synthetase gene,nat: nucleic acid
binding protein, U: gene that codes for a protein involved in transcription termination, : 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 ot 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 ot 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
usad in the "docking™ protein gene, the ala 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
NMethanococcus 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 et al. 1989a, b).
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Table 31 Codon Utilization in the Sulfolobus ribosomal protein genes

UUU Phe 17 JUCU Ser 6 JUAU Tyr 15 jUGU Cys Dj
UUC Phe 9 |UCC Ser 2 JUAC Tyr 8 |UGC Cys 0
UUA Leu 41 JUCA Ser 17 |UAA * 2 lUGA * 4
UUG Leu 8 JUCG Ser 1 JUAG * 0 _JUGG_ Tip 5
CUU Leu 13 |[CCU Pro 17 |CAU His 4 [CGU Arg 0
CUC Leu 3 JcCCC Pro 7 |CAC His 3 {CGC Arg ]
CUA teu 16 [CCA Pro 22 |CAA Gin 27 |CGA Arg 0
CUG _Leu 3 _|CCG_Pro 0 JICAG_Gin 13 1CGG__ Amg 0
AUU e 19 [ACU Thr 24 |AAU Asn 31 |AGU Ser 14
AUC lie 6 |ACC Thr 4 |AAC Asn 12 [AGC Ser 6
AUA lle 54 JACA Thr 28 |AAA Lys 84 |AGA A 24
AUG Met 16 |ACG Thr 2 |AAG_Lys 38 |AGG Arg 7
GUU val 24 [GCU Ala 27 JGAU Asp 26 |GQU Gy 16
GUC Vval 6 |GCC Ala 12 |GAC Asp 11 |GGC Gy 6
GUA val 28 |GCA Al 46 |GAA Gl 51 1GGA Gl 35
GUG _ Val 8 |GCG__Ala 7 | GAG Glu 22 |GG Gy 2
* chain termination

Table 32 Base composition in the wobble positicn in Sulfolobus ribosomal

Base number

Wocr

479
253

95
132

protein genes

%

49.9%
26.4%

9.9%

13.7%

Since extensive sequencing of the 5' ends of three of the ribosomal

proteins genes (L11, L1 and L17) and the "docking" protein gene failed to

reveal the presence of a normal ATG codon in frame, before the next

termination codon, it was conciuded 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 thg Sso
L11 gene where the N-terminal sequence of the pro:ein has been determined
(Matheson 1985) and for the Sso L10 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 éhown in Table
33 as the ieal 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 B', C and A
subunits of the RNA polymerase in Methanobacterium thermoautotrophicum
(Berghdtfer et al. 1988) and the nif gene in Methanococcus voltae (Souillard
and Sibold 1986). In this respect, the archaebacteria seem to resemble the
aubacteria, whare the presence of unusuz! initiation codons has frequently
been observed (for reviews, see Kozak 1983, Gold 1988).

Table 33 Unusual initiation codons in Sulfolobus solfataricus

Gene Initiation codon

Sso L11 171G

Sso Lt 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
Sso L46
Sso LX
Sso L11
Sso L1
Sso L10
Sso L12
"docking"
ala S
ORF 2
ORF 3
ORF 4
ORF 5
ORF 6
ORF 7

Shine-Dalgarno Sequence?
GAGAGGATGGAAATG
AGTGATCAGTATG
GAGGTGACAGATAATTG
CAGAAGGTG
GAGCGIGATCGGT
AGGTGATTATATATG
AGGTAAAAAAGGTGAATAATT
ATTTTTACCATGGTCAAAGC
AGGTGTGAATAAATG
AGTGAATGATC
TAGGATCATGGCA
GTGATAGAAATG
AGTTAAAGTTAAAATTCGTAAATGAAAGTTTT

AGGTGAAAAAGGTGCTATCAATG

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 ala 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 tine "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 ine case cf the ala §
gens, 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 &' and
of the 16S rRNA and the mRNA has not yet been demonstrated in ths

archaebacteria.

Phylogenetic Implications

As mentioned in the Introduction, there has recently been a lot of
controversy regarding the st::tus of the archaebacteria as a separate kingdom.
Lake (1988, 1589) has proposed that the extreme su'fur-dependent
thermophiles. such as Sulfolobus, arc more closely related to th sukaryutes,
forming the superkingdom Karyota; while the extreme halophiles, the
methanogens and the eubacteria form a separate group, the superkingdom
Parkaryota. However, sequence comparison of the Su!folobus ribosomal
oroteins with those from other organisms shows that Sulfolobus is more closely
related to the other archacbacteri» than to the members of the oiher two
kingdoms. Thus the data presented in this dissartation, 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
Li2 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 al. 1989a,b, Strobel et al. 1988,
Képke et al. 1989, Shinimin and Dennis 1989}, the elongation factors (Lechner
and Bdéck 1987, Lechner et al. 1988), the subunits of the RNA polymerase
(Zillig et al. 1983b) and the H* ATPases (Nelson and Taiz 1989). Ir. contrast,
wheﬁ the sequences of the glyceraidehyde 3-phosphaie dehydrogenase are
compareaq, the eukaryotic ard eubacterial sequerices seem to be cioser to
each other that to the archaebzcterial sequences (Hensel et al. 1989, Fabry et
al. 1989). At the moment, it is diffic'sit to evaluate ali of these contradictory
results, particularly because in many cases only 2 few sequences have been
analyzed. However, the fact that different molecules seem to give ditferent
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 a!.
(1989a). According to their pronosal, the reasor. why some eukaryotic genes
are similar to eubacterial genes while others are similar to archaebacterial
genes, is that the eukaryotic call is the product of a fusion between an
archaebacterium and a eubacterium. However, a problem with this madel 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 Ribosoms

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 | would like to do in this section is to discuss some of these stages in
terms of the information provided by the archaebacteriai 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 i}bosomal 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 L10Q proteins, probably contain domains that are directiy derived from
these 'ancient peptides'.

3). Modern ribosomal proteins were generated by gene duplication and by
soining 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 Li1 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 ot 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 transiation process
per se. Support for this coines from the isolation of mutants in Escherichia coli,
that completely lack one ribosomal protein (for a raview, see Dabbs 1986).

5]. The ‘ancestral ribosome' probably contained more ribosomal proteins
than the mocern eubacterial 70S ribosome (W,ool 1980, Cammarano et al.
1986, Auer et al. 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 ricosome with £3-54 proteins, :>veseiit in the halophiles
and most of the methanogens (Stream and Visentin 1973, Schmid et al. 1982,
Cammarano et al. 1986), and a larger ribosome, with 60-65 proteins, present
in Methanococcus and the extreme thermophiles (Schmid et al. 1982, Schmid
and Bdck 1982, Cammarano et al. 1986), has provided new evidence to
support this idea.

Since the ribosomes from Thermococcus celer (Cammarano et al. 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
thermophiles, such as Sulfolobus, more closely resemble the ‘'ancestral

ribosome’' (Cammarano et al. 1986, Auer et al. 1989a, b).




206

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 al. 19893, 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
axamples of this streamlining process are the eubacterial L12 and L10
proteins, where complete domains have been modifiea 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]. protcins conserved in the three kingdoms. Examples are ithe L12 and
L10 proteins.

2]. proteins present only in the archaebacterial and eukaryotic ritosomes.
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]. umigue 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 Génetic Orsanization 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 nct 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
deveioped (Woese 1987). For this reason, it is highly unlikely that its genes
weore already organizad in operons. Furthermore, it is difficult to envision how
once estabiished, 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. Howevar, 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 et al. 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 ropresent 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 transiation 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 differcnt in the eubhacteria and archaebacteria. In
the eukaryotes, on the other hand, there was no pressure to organize the
ribosomal profain genes in transcriptional units, since 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.

Conciusions

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 al.
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
presenice of putative Shine-Dalgarno sequences are some of the eubacterial-
like characteristics identified. In contrast, the nature and position of the
promoters were found to resemble more closely the RNA polymerase |l
promoters in the eukaryotes as proposed by Zillig et al. (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 contro! of these genes in the three kingdoms.

Comparison of the sequences of the Sso L12 and Sso L10 ribosomal
proteins with the homologcus 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 ana one comprising tha eubacterial proteins. Since the function of
these proteins has been conserved, it is now of interest to determine which
regions of the . iteins 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-direc: **1 mutagenesis and determine which regions are functionally
equivaleni in the twc tvpes.

“rom a p.ylogenetic point of view, the comparison of the sequence of the
ribosomal -oteins from Sulfolobus with those from other organisms revealed
that the Sulfolobus proteins are more closely related to the proteins from other
archaebacteria. These rasults suppori 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 wili also ba the case with these proteins.

Finally, the identification of ribosomal proteins in the archaebacteria, that
have no counterparts in the subacteria, 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 questicns.
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APPENDIX

Sequence of the primers used to sequence the 6.9 Kb Eco RI - Bam HI Fragment

10.
11.
12.
13.

14.

5' GTCAACTATACTAGCTA 3
5 CAGTGGACGAAGTTAG 3'
5 GCGTATATGTACTCCAT 3
5' CGCTGTTGCCTCTTCAA 3
5 GCCYATGATAATGGAGT 3
5 GCCAGGAGATAAGGCAG 3
5 GTTACCTTTATGTCAGC 3'
5 ACCTTTGCTTTATTCTC 3'

5' ACCAAGCATCAGCCACAA 3
5 GTGCCATAGATTCCTGG 3
5 AACGATTCTTTATCCGC 3
5' ACTGCAAGGTCAATAGG 3
5' CGCTCAAGAGCCCTCAG 3'
5 CCAGGTCCACCATTGGG 3

15.
16.
17.
18.
i9.
20.
21,
22.
23.
24,
25.
26.
27.
28.

5 CCCAATGGTGGACCTGG 3'

5 GCAGGCTCAAGTTGTG 3'

5 CCTCCATTGATAGCACC 3
5 GGTGGAATAGCTCTTTC 3
5 GTCTATATGCATTCTCC 3

5 GCTGCTGCACAAGAGCA 3

5 TGCTCTTGTGCAGCAGC 3'

5 CCTCAACTTCCTCTCTTC 3

5 CAGTTGGCTGAAGTATC 3
5 AGTGATCCACAAGCAGC 3'
5 GCTGCTTGTGGATCACT 3
5 GCCAGGAAACTACTGCT 3'

5 CCGCAACAGGCAACAAC 3
5' GACGCAACTGAAGAAGA 3
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Sequence of the 6.6 Kb Eco Rl - Bam Hl Fragment. Initiation codons

are underlined, termination codons are overlined.

ORF 1
GAATTCAAGCACAAATAACTGATGATGAACTAAAACAAATATTAGCTCAA

CTTAAC'I;(:I&%AACCAGAAAAGATTATAAGA’ITACGATTAAAGAGAGAGG
ATGGAAATGAGCAAGCATAAGTCCTTAGGCAAAAAATTGAGACTAGGTAA
AGCGTTAAAAAGAAACTCTCCTATTCCTGCTTGGGTCATAATAAAAACTC
AAGCTGAGATAAGGTTTAATCCACTAAGAAGAAATTGGAGAAGAAATAAT
'ITAAAGGTAE-AATAAEQHAGCCAGGAAACTACTGCTACTAACAAGAAGA
GCAAAAAACATCAGAGCTACAACAACAAGAAGAAAGAGGAACAAAAACCG
CAACAGGCAACAACTACAACGAAAGAGGAAAAGAAAACTAAGCCAGAGAA
AGAGAACTTTGAAATGGTTATAAACTTTAGAAGAGTAATAATGGGAAGAA
AAACTACCAGAACTAAAAGAGCCATAAAGTATGTGAGATATATCCTAAAG
AGACATTTTGGAGCGGAAAAAGTAATTATTGATCCACTIATTAGCAAACGC
AATAACCATCAATGGTAGGGATAAAATAGTAAGAAGAGTAAGGATACCTG

TCAAAAGAATCGGAGAAAAAAACATATTTAGCTAGACTTGCAATTAAGAG
ORF3

TGAATGATCTTAGATAAGTTATGCTTTTTGGTACTAATGATAAATATACA
ATTATACCTAAAAATAGACGACAAAGAAGTAATAGAGAAAATTCAAGGAA
TACTGAAAACAGAAATAATACAGACTACCATATCTAAGAGCGTGCTAGTA
GGTATTCTGGTTACAGGAAATAATGATGTAATTCTCCTACCTAGAACAGC
TCTGGCAGATGAAATAAAGGTCATAAAGGAACAGGCTAAAGACGTTAGAG
TCGAGGTTGTGGATATTAGACCTACTGCTTTAGGAAATATCATATTATCC
AACACGCATGGTGCACTTATTTACCAAGATCTTTCTAGGCGGAAATAAAT
AAGGTAAAGAAAGCATGCAGATGATACTGCAATTAAGGGTACAATAGCAA
ATATAATTACAGTAGGATCZ?’EGCAGTAATTACAGACAAGGCTGGTTTAG
TACATATTGACGCAACTGAAGAAGAGTTGAAAAAATATGTACTAAACCAG

CCAGCCAGTGAATTATTTAAAGTAAAGTTAGATTCTGGAACTGTAAATTT

100
150
200
250

300
350

400
450
500
550
600
650
700
750
800
850
900
950
1000
1050
1100
1150

1200

252




TGGGAGCGTCTTTATAAGGAGCGGATTAGTGGCTAACAGAAATGGAGTT
CTAGTAGGTTCCTCAACAACGGGACAGAGATH%;RGAATCCAAAGAGCA
TTTAGTGATCAGTATGGCTGAAGTAAAAATTTTCA:?EGLT)'(CAGAGGAACTG
CCATATTTAGTGCGTCAAGATTTCCTACAAGTCAAAAATATGTTAGAGCT
TTAAATGAAAAACAAGCAATCGAATACATTTATAGTCAACTTGGTGGAAA
AAATAAAATTAACGATACAACATACACATACAAGAGATCAAAGAAGTTAA
GGAAGATGAAATCACAGACAAGACAATAAGAGATTTAGCAAAGCTAGATA
AAATTATAATGTGATAGAA&E;:BTGAAGAGGCAGAGCAACAACAAGCGG
CAGAATATATAGCATACCTATATGATCAAGCATCAGCACTAAGACAATAT
ATAGATACCCTTCAGAAGAACCTGGCAGAGGTACTAGAATCCTTAGAAGC
AGTAAGAGCATCAAAAAGTGCCGTAGACGAGATAGGTAAGGAAAACCAGG
AATACTTGTTATTTGGCGACAGAAAGGGCAATATAGTATTCAAGGTAAAC
AGTGTAGATAAAAATAAGGTTCTAATACACTTAGGATTAAATTATTACGC
AGAAGTGATCCACAAGCAGCTAAGAAAATTCTGGATGATAGAGAGCAACA
GTTGGCTGAAGTATCTAAAAATATACAAGGTGAATTATCTAAGTCAATA
EACGCTTATAATCAAATTGCAGAAATTCTTTCCCAAGTGCAAGGTAAAAA
Sso "docking protein” gene
AGGTGAATAATTTGTTTTGATAGATTAAAAAAAGCATTCTCAAATTTTTT
AGATAAAATTAGTGGAGAAGAGAACAAAAAGGAACCTGAAACTAGACAAA
CAGATCAACTAGAAAGTAAAAAAGAAGAGACTATACAACAACAGCAAAAT
GTACAACAACCACAAGCGGAAAATAAAATTGAGCAAAAACAGGAAAAAAT
TTCAGTTCAAACAGGTCAAGAAAATAAGCAGGAGAATAAACGATCCTTCT
TTGATTTCCTGAAGTATAAAACGATAAAAGAGGACGATCTTAATGACGTT
ATAGAAGAACTCAGATTTCAACTTCTTGATTCTGATGTATCTTATGAAGT
TACGGAAAAAATACTAGAAGATCTCAAAAATAATCTGATAGGGAAAAAGG
TTAGTAGAAGAGAGGAAGTTGAGGAAATAGTAATAAATACTCTAAAAAAA
TCTATAACAGAGATTTTAACAAAAAATCAAAAAACAGATTTGATAGAAAA

AATAAGAAGTAGTGGAAAGAAGCCATTTGTAATAATATTCTTTGGAGTTA
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1250
1300
1350
1400
1450
1500
1550
1600
1650
1700
1750
1800
1850
1900
1950
2000
2050
2100
2150
2200
2250
2300
2350
2400
2450
2500
2550




ATGGAGTAGGTAAAACTACTACTATAGCAAAAGTAGTAAATATGCTGAAG
AAAAATAACTTATCTACAATTATTGCAGCCTCAGATACATTTAGAGCTGC
TGCACAAGAGCAACTAGCTTATCATGCATCAAAATTAGAGGTTCAACTAA
TAAGAGGAAAATATGGTGCTGATCCAGCGTCGGTAGCATTCGATGCCATA
AG TTTTGCTAAGAGTAGAAATATAGATGTAGTACTTATTGATACTGCTGG
GAGAATGCATATAGACTCTGATTTAGTTGAAGAACTTAAGAGGGTTTTAA
GGATAGCAAAACCTGATTTTAGGATCTTAATATTAGACTCGCTAGCAGGA
AGTGATGCATTAGAACAGGCTAGACATTTTGAAAATAATGTTGGATATGA
FGCAGTAATTCTTACCAAAGTAGATGCAGATGCTAAAGGTGGAATAGCTC
TTTCATTAGCGTATGAATTGAAAAAACCTGTAGTATATATGGGAGTAGGA
CAGAATTATGATGATTTAATTCCCTTCTCACCAGACTGGTTTGTAGAAAG
GATATTCAG1TA—C§TTAAAGTTAAAATTCGTAAOA?['ZAAAGTFTTTAGTATAA
TGAAAATTTCTGACATTATCAAAAGGCTACGAGAAGACTGGAAGAGAATA
ATTAGTGTAGCCAAGAAACCAGACAAAGATTCATTTAATTACAGTATTAG
GCTTACACTTTTAGTTATGGCTGTAGTTGGTCTCATCGCTTACATTGTAC
AGTTAACTACATCACTGATAATAAGGT_G—AAAAAGGTGCTATCAX?_&ZEAGG
ACTTCAAGTACAGAAATTATTACGTGTTAAGAGTTACAGGAGGACAAGAA
ATTAACGTGGCTCTTATTTTAGAACAAAGAATAAAAACAAATAATATAAA
TGAAATCTTTTCTGTAGTAGTCCCACCTAATATAAAGGGTTATGTGATAC
TTGAAGCTACCGGACCTCATGTAGTAAAATTAATTTCATCAGGAATAAGA
CACGTTAAAGGAGTAGCTCATGGACTAATTCAGAAAGAAGATGTTACAAA
ATTTGTTTCTAAGTCAGTTGCATTACCCGCTGTGAAAGAAGGAGACTTAG
TAGAGGTAATTAGTGGTCCATTTAGAGGTATGCAGGCTCAAGTTGTGAGA
GTAGAATCAACAAAAAATGAAGTAGTTTTAAATATTTTAGAATCCTCATA
TCCTGTTCASGGLT1T1ACAGTTCCTTTGGAACAAGTTAAACCTGTTAAGAGG?
so

E;\CAGATAAI_T_QCCTACTAAGACAATAAAAATAATGGTAGAAGGAGGTAG
TGCTAAACCAGGTCCACCATTGGGACCTACCCTATCACAATTAGGACTTA
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2600
2650
2700
2750
2800
2850
2900
2050
3000
3050
3100
3150
3200
3250
3300
3350
3400
3450
3500
3550
3600
3650
3700
3750
3800
3850
3900




ATGTTCAGGAAGTTGTTAAAAAAATAAATGATGTTACAGCACAATTTAAA
GGAATGTCACTACCAGTCACAATTGAGATCGATAGTTCAACTAAAAAATA
TGATATAAAAGTTGGAGTACCTACAACAACATCACTATTACTTAAAGCAA
TAAACGCTCAAGAGCLCTCAGGAGATCCAGCCCACAAGAAGATAGGCAAT
TTAGACTTAGAACAAATTGCTGACATAGCCATTAAGAAAAAGCCTCAACT
TAGCGCAAAAACTCTAACAGCTGCAATAAAGAGTTTACTAGGAACTGCAA
GGTCAATAGGTATAACTGTTGAGAAGGAAAAGATCCTAAAGATGTAATAA
AAGAGATTGATCAAGGAAAAEQCffTGACTTATTAACTAATTATGAGCAA
AAATGGAATGAAGCAGAAGGQ%EAAGAAAGTGTTAGCGGATAAAGAATCG
TTGATAGAAGCCTTAAAACTGGCACTTAGTACGGAGTATAATGTAAAAAG
GAACTTTACACAAAGTGTGGAAATTATACTTACGTTTAAAGGAATTGATA
TGAAGAAAGGTGACCTTAAACTTAGAGAAATAGTTCCCTTACCAAAACAG
CCATCTAAAGCAAAGAGGGTTCTTGTTGTTCCATCCTTCGAACAACTCGA
ATATGCTAAAAAAGCATCTCCCAATGTTGTGATAACTAGAGAAGAATTAC
AAAAATTACAAGGACAAAAAAGACCAGTGAAAAAATTAGCTATACAAAAT
GAGTGGTTTTTAATTAACCAGGAATCTATGGCACTGGCAGGAAGGATATT
AGGACCCGCCTTAGGACCTAGAGGTAAGTTTCCTACACCTCTACCCAATA
CAGCTGATATCACTGAATATATTAATAGATTCAAGAGATCAGTTATAGTA
AAGACCAAGGATCAGCCACAAGTTCAAGTATTCATAGGAACTGAGGACAT
GAAGCCTGAAGACTTAGCTGAGAATGCGATAGCCGTATTAAATGCAATAG
AGAATAAAGCAAAGGTAGAAACTAATCTAAGAAATATTTATGTTAAAACA
ACAATGGGTAAAGCTGTAAAAGTTAAAAGAGCEEE#?CGGTTTGGCAGTT
ACTACAACTAAAAAAATAGCAAAATGGAAAGTAGATGAAGTAGCTGAACT
TACTGAAAAATTAAAAACCCATAAAACTATAATAATAGCTAATATAGAGG
GTTTTCCTGCAGATAAACTTCATGAAATAAGGAAAAAATTAAGAGGAAAA
GCTGACATAAAGGTAACTAAAAACAACTTATTTAACATAGCACTCAAAAA

TGCAGGGTATGACACTAAATTATTTGAAAGCTATCTAACTGGACCTAATG
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3950
4000
4050
4100
4150
4200
4250
4300
4350
4400
4450
4500
4550
4600
4650
4700
4750
4800
4850
4900
4950
5000
5050
5100
5150
5200
5250
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CCTTTATATTTACTGATACTAATCCCTTCGAATTACAGTTATTCCTATCA 5300
AAATTTAAATTAAAGAGATATGCCCTGCCAGGAGATAAGGCAGATGAGGA 5350
GGTTGTTGTACCAGCAGGAGATACAGGTATTGCAGCAGGTCCCATGCTCA 5400
GTGTTTTCGGAAAGTTGAAAATAAAAACAAAAGTCCAGGATGGAAAAATT 5450
CACATATTACAAGACACAACAGTTGCAAAGCCTGGAGATGAGATACCAGC 5500
AGATATTGTACCAATATTACAAAAACTAGGAATAATGCCAGTATATGTAA 5550
AATTAAACATTAAGATAGCCTATGATAATGGAGTAATAATCCCAGGAGAT 5600
AAATTATCAATTAACCTTGATGATTATACTAATGAAATCAGAAAAGCTCA 5650
TATTAACGCATTTGCAGTAGCCACAGAAATAGCGTACCCAGAACCAAAGG 5700
TCCTTGAATTTACAGCAACCAAAGCTATGAGAAATGCATTAGCTCTAGCC 5750
AGTGAGATAGGTTATATAACTCAAGAGACAGCACAGGCAGTATTTACTAA 5800
AGCAGTAATGAAAGCATACGCTGTTGCCTCTTCAATAAGCGGAAAAGTAG 5850
ATTTAGGAGTTCAAATACAAGCACAACCACAGGTCTCTGAACAGGCAGCT 5900
GAGAAGAAAGAAGAAAAGAAAGAAGAAGAAAAGAAAGGACCAAGCGAAGA 5950
AGAGATAGGCGGAGGCTTATCATCACTATTCGGTGGATGAGTTTAAATAT 6000
CACCTCTTTATGTAT'ITTAAGGTGAﬁATA'?As;'_agAGTACATATACGCM 6050
GTTTACTATTGCACGCAGCTAAGAAAGAAATAAGTGAGGAAAACATAAAG 6100
AATGTATTAAGTGCAGCAGGAATAACAGTGGACGAAGTTAGACTAAAAGC 6150
TGTAGCAGCTGCTTTAAAAGAAGTAAATATAGACGAAATATTGAAGACAG 6200
CTACTGCAATGCCTGTAGCAGCAGTAGCAGCCCCTGCAGGTCAACAGACA 6250
CAGCAGGCAGCTGAGAAGAAAGAAGAAAAGAAAGAAGAAGAAAAGAAAGG 6300
ACCAAGCGAAGAAGAGATAGGCGGAGGCTTATCATCACTATTCGGTTAAT 6350
AAGAAAGACTTTTTTACCATTTCAAATATCATTTTTAC(?Z‘}_EG%?!'CAAAGC 6400
AAACGAGAACGAGTACAGGTTAAACTTTTTTCTGTCAAGAGGATATGAAA 6450
GAAAAATTTGTAGATCCTGTTCTACCCCATTTTGGACTTTAGATAAGTCA 6500
AAGGAAAATTGTTCAGATGTTCCTTGTACTGACTATTACTTCTTTGATAT 6550

CAAGATTAAATCTCCCCCGTTAACAGTGAGAGAATCAAGAGAAAAATTTC 6600




TAAGATTCTTTGAAAAGAGAGGACACACCATAGTTCCACCTAAACCTGTA
GTTGCCAAGTGGAGAGATGATCTTTATCTTACTATAGCTAGTATAGTTGA
CTTTCAACCATTTGTAACGAGCGGATTAGCTAAACCGCCTGCAAATCCAC
TGGTAGTTTCTCAGCCATGTATAAGACTAGAAGATGTGGATAACGTAGGA
ATAACATTTGGAAGGCATTTGACCACATTTGAAATGGCTGCTCATCATGC
ATTCAATTATCCTGATAAACAAATTTATTGGAAAGACGAAACAGTAGCA
TTGCTAAGGAGTTCTTTACAGAAGAACTAGGGATCC

6650
6700
6750
6800
6850
6900
6936

257




