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ABSTRACT 

Poly(At mRNA isolated from Nicotiana tabacllm (cv. Petite havana) leaves was 

used to prepare a cDNA library in the expression vector Agtll. The library was 

screened with antibodies raised against proteins of chloroplast 50S ribosomal 

subunits. Full length cDNAs for three nuclear-encoded tobacco chloroplast large 

ribosomal subunit proteins were identified and sequenced. The deduced protein 

sequences are homologous to E. coli ribosomal proteins L12 (involved in GTP 

hydrolysis), L24 (a ribosomal RNA binding protein) and L27 (a constituent of 

peptidyltransferase ). 

The full-length cDNA encoding tobacco chloroplast ribosomal protein L12 is 773 

nucleotides long, and encodes a mature protein of 133 amino acids and a 

transit peptide of 53 amino acids. The amino terminus of the mature protein was 

confirmed by protein sequencing of the first 12 amino acids. The deduced amino acid 

sequence of tobacco L12 protein has a high degree of identity with chloroplast 

ribosomal protein L12 of spinach (70%) and E. coli (51 % ). 

A full-length cDNA encoding tobacco chloroplast ribosomal protein L24 is 862 

nucleotides long and encodes a mature protein of 157 amino acids and a putative 

transit peptide of 30 amino acids. The deduced amino acid sequence of tobacco L24 

protein has a high degree of identity with chloroplast ribosomal protein L24 of pea 

(73%) and E. coli (35%). The fusion protein from the clone coding the tobacco L24 

ribosomal protein was bound to nitrocellulose filters and used as affinity matrix to 
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purify the antibody to the L24 protein. Monospecific antibody to L24 was used to 

identify, by Western blotting, the L24 ribosomal protein among purified proteins of 

the large subunit of the chloroplast ribosome. 

A full-length eDNA encoding tobacco ribosomal protein L27 is 882 nucleotides 

long and encodes a mature protein of 128 amino acids and a putative transit peptide 

of 51 amino acids. The deduced amino acid sequence of tobacco L27 protein has a 

high degree of identity with E. coli ribosomal protein L27 (64%) in the overlapping 

region between the two proteins. 

Besides the transit peptide, both ribosomal proteins L24 and L27 sequences have 

a carboxyl-terminal extension. Using Northern blot analysis, unique full size 

cytoplasmic mRNAs were observed for the three different proteins. 

For each of the three proteins (L12, L24, L27), at least two cDNAs with 

identical coding sequence and different 3'-non-coding sequences were identified. 

Southern blot analysis of genomic DNA indicated the presence of more than one 

gene for each of the three proteins. Furthermore, genomic clones likely to represent 

two diffl!rent genes were isolated for tobacco ribosomal protein L27. 
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Plant genomes have equal and sometimes greater size (total amount of DNA per 

haploid nucleus) and complexity (total number of nucleotide pairs in a genome 

expressed as nonrepeating sequences) than genomes of higher animals, including 

man. The size of most plant genomes vary between 105 and 107 kilobase pairs (kbp). 

This variation in size is due in part to the differences in repetitive DNA content and 

in parts to ploidy levels. Genome complexity, on the other hand, reflects sequence 

diversity rather than size (Okamura and Goldberg, 1989). The nuclear genome has 

repetitive and single-copy sequences which are organized in short period interspersion 

pattern (Davidson, et aI, 1973). At least 11 % of the single-copy DNA, or 60,000 

diverse structural genes, are expressed in the entire plant during the dominant phase 

of its life cycle. This amount of genetic information constitutes only 4.6% of the size 

of tobacco genome (Kamalay and Goldberg, 1980). 

Plants are unique among other eukaryotes in that they possess three DNA

containing organelles: nucleus, mitochondrion and chloroplast. The amount and size 

of DNA in the cytoplasmic organelles is small relative to that in the nucleus. For 

example, the size of the sequenced chloroplast genome ranges from 121 kbp in 

liverwort (Ohyama, et aI, 1986) to 155.8 kbp in tobacco (Shinozaki, et aI, 1986b). 

Chloroplast DNA codes for about 55-100 of the proteins required for the proper 
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functioning of the chloroplast (Shinozaki, et aI, 1986; Ohyama, et aI, 1986; Sugiura, 

1989). The remaining 200-300 proteins are assumed to be nuclear encoded 

(Bonham-Smith and Bourque, 1989). 

A. Evidence that Higher Plants Contain More Than One Genome 

The first evidence that plants contain a genetic system distinct from the nucleus 

was the observation that leaf pigmentation in Pelargollium zonale was inherited in a 

non-mendelian fashion (Baur, 1909), and that traits determining variegation were 

inherited only from the female parent (Correns, 1909). Chiba (1951) suggested that 

chloroplasts contain DNA. More direct evidence was obtained when Chlamydomonas 

reinhardtii chloroplast DNA was observed by electron microscopy (Ris and Plaut, 

1962). Convincing physical evidence was obtained when chloroplast DNA isolated 

from spinach and beet was enriched in a differentially-centrifuged chloroplast fraction 

and was found to have a higher buoyant density than nuclear DNA (Chun, et aI, 

1963). The GC (guanosine-cytosine) content of DNA isolated from broad bean 

(Vida [aha) chloroplasts was slightly lower than that of nuclear DNA (Kirk, 1963). 

Chloroplast and nuclear DNA replicate at different points in the cell cycle of 

Chlamydomonas reillizardtii (Chiang and Sueoka, 1967). Chloroplast DNA replicates 

in a semi-conservative manner (Chiang and Sueoka, 1967). Replication of higher 

plant chloroplast DNA takes place on both strands by the formation of two loops that 

are separated by about 7 kbp (Kolodner and Tewari, 1975a). Replication occurs 
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bi-directionally creating a "Cairns-type" structure accompanied by the presence of 

rolling circle intermediates (Kolodner and Tewari, 1975b). Chloroplasts have their 

own DNA polymerase activity ( Tewari and Wildman, 1967). This polymerase is a 

single polypeptide and ranges in molecular weight from 90,000 in spinach (Sala, et 

aI, 1980) to 105,000 in pea (McKown and Tewari, 1984). 

In the early 1960s convincing physical evidence was obtained that mitochondria 

of Neurospora crassa contain their own DNA (Luck and Reich, 1964). In higher 

plants, mitochondrial DNA was visualized as circular molecules with a contour length 

of 30J..l. in a preparation from pea (Kolodner and Tewari, 1972). This was concluded 

to be the native form of the plant mitochondrial genome. Other studies suggested 

that plant mitochondrial DNA contain both circular and linear forms of DNA in 

varying proportions and length distributions (Leaver and Gray, 1982). Besides the 

high molecular weight mitochondrial DNA, plasmid-like molecules are present in 

mitochondria (Newton, 1988). Mitochondrial DNA from higher plants displays a 

uniform buoyant density and has a relatively high G+C content. A mitochondrial 

DNA polymerase activity, which is distinct from plant nuclear DNA polymerases was 

purified from cultured glycine max cells (Heinhorst, et aI, 1989). 

1. Characteristics of the Nuclear Genome 

While most animals have approximately 1 to 5 picograms (pg) of DNA per 

haploid nuclear genome, primitive vascular plants may contain as much as 300 pg. 

More advanced vascular plants have much lower genome sizes, although there are 
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large differences even among the modern forms, i.e., angiosperms have a nearly 

100-fold range of variation (Okamuro and Goldberg, 1989). A well-known example 

is the genus Vicia, in which DNA content may differ up to 7-fold (Chooi, 1971; 

Thompson and Murray, 1981). 

Available evidence suggests that only 1-10% of the genome is required to 

account for all known functions of DNA in development (Thompson and Murray, 

1981). This suggests that much of the genetic material in these genomes is not 

needed either for coding or regulatory purposes. This excess DNA is either useless, 

redundant, or might serve as yet unknown purpose. 

As mentioned above, the plant nuclear genome has repetitive and single-copy 

sequences which are organized in short period interspersion patterns (Davidson, et 

aI, 1973). DNA reassociation kinetics on the tobacco genome, for example, have 

shown that at least 55% of the total DNA sequences are organized in a short period 

interspersion patterns consisting of an alteration of single copy sequences, averaging 

1,400 nucleotides with short repetitive elements approximately 300 nucleotides in 

length (Zimmerman and Goldberg, 1977). Another 5% of the total DNA sequences 

are organized in a long period interspersion pattern consisting of an alteration of 

single copy sequences, averaging 4000 nucleotides with the short repetitive 300 

nucleotides repetitive elements (Goldberg, 1980). About 30% or more of the genome 

consists of long repetitive DNA sequences having a minimum length of 1,500 
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nucleotides. These repetitive DNA sequences are much less divergent than the short 

interspersed DNA sequences. 

The physiological significance of the short period sequences in plant genomes 

remains unclear. It has been suggested that the interspersed repetitive sequence 

elements function in the regulation of structural gene expression (Britten and 

Davidson, 1969). On the other hand, greater than 95% of the diverse structural 

genes are single copy DNA sequences (Goldberg, 1980). While these genes code for 

most of the mRNA mass found in the plant cell, the RNA transcripts vary 

considerably in cellular concentration. 

Complexity studies revealed the presence of three abundant classes in the 

poly(A)+ mRNA (Goldberg, et aI, 1975). These classes comprise 9, 52 and 39% of 

the poly(A)+ mRNA and contain sequences present 4500, 340 and 17 times per cell. 

These studies also revealed that only 25% of the nuclear RNA sequence diversity 

(27,000 average-sized mRNA sequences) are transported into the cytoplasm to be 

translated on polysomes, while the rest remains in the nucleus and is ultimately 

degraded (Okamuro and Goldberg, 1989). 

Structural gene expression is strikingly regulated in plants. At least 11 % of the 

single-copy DNA consists of coding sequences which are expressed throughout the 

plant life cycle (Kamalay and Goldberg, 1980). This amounts to at least 

7 x 104 kb of mRNA or approximately 60,000 structural genes. While some are 

present as single copies in the plant genome (Chao, et aI, 1989), the majority of 
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polypeptide coding sequences are present as multigene families (Manzara and 

Gruissem, 1988). The coding loci for multigene family members might be present on 

the same chromosome as in the five member pea ribulose bisphosphate carboxylase 

(RuBisCO) small subunit gene family which maps on chromosome five (Polans, et aI, 

1985), or on different chromosomes as in the five member tomato RuBisCO small 

subunit gene family which maps on chromosomes 2 and 3 (Vallejos, et aI, 1986; 

Sugita, et aI, 1987). 

Comparison of a multitude of nuclear plant genes that code for proteins have 

revealed a number of signal sequences potentially involved in the initiation of 

transcription, processing of the primary transcripts and mRNA translation. Almost 

all plant genes have a sequence analogous to the consensus TATA box sequence 

(Messing, et aI, 1983; Manzara and Gruissem, 1988), which is important for proper 

eukaryotic transcription initiation (McKnight and Kingsbury, 1982). Since plant 

protein-coding genes are also transcribed by RNA polymerase II, the TATA-like 

sequence, in plants, is expected to playa similar role as in other eukaryotes. Another 

sequence which is present in most plant genes is identical to or analogous to the 

consensus sequence CAAT (Manzara and Gruissem, 1988; Heidecker and Messing, 

1986) which might have a regulatory function or might represent an enhancer-like 

element (Heidecker and Messing, 1986). A third sequence (5'-GTGTGGTTANC 

TATG) termed "box II" (Fluhr, et aI, 1986), has been shown to function as a silencer 

in the dark for most of the RuBisCO small subunit genes (Manzara and Gruissem, 
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1986). Other conserved sequences which might be involved in light regulation of 

plant gene expression were described for the small subunit of RuBisCO genes 

(Manzara and Gruissem, 1986). 

Many plant nuclear genes have sequences surrounding the ATG initiation codon 

which are consistent with the consensus (GCCGCCNG CCATGG) derived by Kozak 

for higher eukaryotic mRNAs (Kozak, 1987). Like other eukaryotic genes, the 

majority of plant genes have intervening sequences (Messing, et aI, 1983; Manzara 

and Gruissem, 1986). Where these intervening sequences are present, almost all 

plant genes have the conserved dinucleotides (GT) at the 5'- and (AG) at the 3'

ends of introns. This conservation of dinucleotides at the intron-exon junctions 

suggests that similar RNA splicing mechanisms might be involved. 

Comparative analysis indicate that an AATAM-like polyadenylation signal is 

conserved among the 3'-nontranslated sequences of plant nuclear genes, indicating 

a common functional property (Joshi, 1987). Although the majority of plant genes 

do not contain a perfect AA T AAA signal, the plant polyadenylation signal rarely 

deviates from the animal sequence in more than one position. In vivo studies suggest 

that the signal is required for the proper positioning of the poly(At tail on the 

message (Wickens and Stephenson, 1984). The polyadenylation signal as well as a 

(G)T-rich sequence motif (YGTGTTYY) present downstream from the 

polyadenylation site are both required for the optimal expression of chimeric plant 
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genes (Ingelbrecht, et aI, 1989). In these genes, different 3'- end regions strongly 

influence the level of gene expression by as much as 60-fold difference. 

2. Characteristics of the Chloroplast Genome 

Chloroplast DNAs are double-stranded, circular molecules (Bedbrook and 

Kolodner 1979; Bohnert, et aI, 1982; Whitefeld and Bottomley, 1983; Bonham

Smith and Bourque, 1989). They range in size from 120 Kbp in pea and broadbean 

(Palmer and Thompson, 1981; Michalowski, et aI, 1987) to 195 Kbp in 

Chlamydomonas (Rochaix, 1978). Chloroplast DNA from a variety of plants has a 

buoyant density in neutral CsCI of 1.697 g cm-3 and a GC content of 38% (Tewari, 

1971). The kinetic complexity of chloroplast DNA ranges from 1-2 x 108 daltons 

(Kirk and Tilney-Bassett, 1978). The contour length of the chloroplast DNA, as 

determined by electron microscopic analysis, ranges from 40 /-£M in Euglena gracilis 

(Manning, et aI, 1971) to about 44 /-£M for higher plants (Hermann, et aI, 1975; Kirk 

and Tilney-Bassett, 1978; Bohnert, et aI, 1982). 

Most higher plant chloroplast genomes contain two inverted identical regions 

(the size of which varies) separated by two single copy regions of different lengths. 

In the majority of plants, each repeated segment carry one operon for ribosomal 

RNAs (rRNA) plus genes coding for a different number of chloroplast proteins. The 

ribosomal RNAs are arranged in the order 5' -16S ribosomal RNA-spacer (containing 

tRNAIIe and tRNAA1a) -23S ribosomal RNA-4.5S ribosomal RNA-spacer-5S ribosomal 

RNA-3'- (Umesono and Ozeki, 1987). The 4.SS ribosomal RNA results from the 
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processing of the chloroplast 23S ribosomal RNA gene transcript (MacKay, 1981). 

Pea and broadbean chloroplast DNAs are exceptions to this pattern and contain only 

one copy of the region corresponding to the inverted repeat (Koller and Delius, 1980; 

Stumm ann, et aI, 1988) and so have one copy of the rDNA gene each. The ribosomes 

of Chlamydomonas reinhardtii, on the other hand, contain a 7S and 3S ribosomal 

RNAs rather than a 4.5S ribosomal RNA (Rochaix and Darlix, 1982). In 

Chlamydomonas reinhardtii, the ribosomal DNA cluster consists of genes for 16S, 7S, 

3S, 23S and 5S in 5'-3' order (Rochaix and Malnoe, 1978). The chloroplast DNA 

from Euglena gracilis (strain Z) contains three tandem repeats, each of which contains 

a ribosomal RNA gene cluster (Gray and Hallick, 1978) and an extra copy of 16S 

ribosomal DNA (Jenni and Stutz, 1979). Euglena strains which have one to five 

tandemly arranged ribosomal DNA clusters have been reported (Gray and Hallick, 

1978). 

To date, the entire chloroplast genomic sequence has been determined in three 

plants: a dicot (Nicotiana tabacum), a monocot (Oryza sativa), and a liverwort 

(Marc/zantia polymorp/za) (Shinozaki, et aI, 1986; Hiratsuka, et aI, 1989; Ohyama, et 

aI, 1986 and 1988). The genomes are 155,844 bp (N. tabacum), 134,525 bp (0. 

sativa) and 121,024 bp (M. polymorp/za) in length. Gene arrangements and 

complements of 30 tRNAs and 4 ribosomal RNA (23S, 16S, 5S and 4.5S) genes are 

remarkably conserved. Most open reading frames (ORFs) are extensively conserved 

in the three plant species, though several such ORFs are entirely absent or present 
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in a truncated form in rice. Several rearrangements of large segments of the 

chloroplast chromosome have occurred in different plants (Hiratsuka, et aI, 1989; 

Ohyama, et aI, 1986; Palmer and Thompson, 1981 and 1982; Palmer, 1985b; 

Michalowski, et aI, 1987). The chloroplast genome is highly polyploid and the 

chloroplast DNA undergoes frequent intramolecular recombination (Hirtatsuka, et 

aI, 1989; Palmer, 1983). 

3. Characteristics of the Mitochondrial Genome 

Based on restriction mapping data, higher plants mitochondrial genomes vary 

in size from 208 kbp (Palmer and Herbon, 1987) to 570 kbp (Lonsdale, et aI, 1984). 

Despite the large size differences, it appears that there is no correlation of the 

mitochondrial genome size with the presence of repeated sequences (Ward, et aI, 

1981), mitochondrial volume (Bendich and Gauriloff, 1984), or the number of 

detectable translation products (Stern and Newton, 1985). Most plant mitochondrial 

genomes have tripartite structures, i.e., a large master circle that recombines through 

a set of direct repeats to form two subgenomic circles (Palmer and Shields, 1984; 

Palmer and Herbon, 1986; Stern and Palmer, 1986). 

Organizational complexity of the mitochondrial genome varies among different 

plant species. While the wheat mitochondrial genome contains a minimum of ten 

repeats (Quetier, et aI, 1985), the cytoplasm of a fertile maize strain mitochondrial 

genome contains five direct and one inverted repeats (Lonsdale, et aI, 1984). The 

mitochondrial genome of the species Brassica hirta has no recombination repeats and 
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is organized as a single circular molecule (Palmer and Herbon, 1987). The 

mitochondrial DNA of a maternally inherited male sterile cytoplasm of maize also 

contains two linear plasmids (Pring, et aI, 1977). 

Recombination events appear to occur frequently in mitochondrial DNA 

(Palmer and Herbon, 1986). Although this might result in diverse genomic 

organization, mitochondrial genomes appear to be relatively stable, and individuals 

of a specific line seem to have the same mitochondrial DNA restriction fragment 

patterns. These patterns are conserved during maternal transmission to progeny 

plants (Oro, et aI, 1985). 

In a range of higher plants the density of mitochondrial DNA is constant at 

1.706-1.707 g cm -3, whereas the nuclear DNA from the same species varies in density 

between 1.691-1.702 g cm -3. The contour length of mitochondrial DNA from higher 

plants is 30 JLM compared to 5 JLM contour length of mitochondrial DNA in animals 

(Ellis, 1977). The G+C content of mitochondria DNA is relatively high (46-48%) 

(Pring and Lonsdale, 1985). Linear and circular DNA plasmid-like molecules and 

double stranded RNAs were reported in many higher plant mitochondria (Pring and 

Lonsdale, 1985). While the size of these plasmids seems to vary considerably, 

characteristic-sized plasmids were reported in some cytoplasmic male-sterile 

cytoplasms and in some Brassica species (Pring, et aI, 1977; Palmer, et aI, 1983). 

These plasmids replicate autonomously from the large and complex mitochondrial 

genome (Palmer, 1985b). Apart from their possible involvement in cytoplasmic male 
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sterility, no other phenotypic effects seems to be associated with these plasmids 

(Palmer, 1985b; Newton, 1988). 

Plant mitochondrial DNA codes for a 26S, 18S as well as a 5S ribosomal RNAs 

(Bonen and Gray, 1980; Chao, et aI, 1983; Leaver and Harmey, 1976). The spatial 

arrangement and the relative orientation of the two (26S and 18S) ribosomal RNA 

genes depend on the genome organization in different plant species. In maize, for 

example, they are 16 kbp apart and transcribed in opposite orientations (lams and 

Sinclair, 1982; Stern, et aI, 1982; Dawson, et aI, 1986). The gene encoding the 5S 

ribosomal RNA is closely linked and is located 3'- to the 18S gene (Stern, et aI, 

1982). The intergenic spacer region between the 3'- end of the 18S ribosomal RNA 

and the 5'- end of the 5S ribosomal RNA ranges from 108 bp in maize (Chao, et aI, 

1983) to 582 bp in Oellotlzera berterialla and contains a pseudo-tRNA gene 

(Brennicke, et aI, 1985). The mitochondrial genome presumably codes for a 

complete set of tRNAs. Potential tRNA coding sequences have been located on the 

mitochondrial genome of maize (Lonsdale, 1987) and wheat (Bonen and Gray, 1980). 

Several genes encoding polypeptides have been identified in mitochondria of 

higher plants. These include genes coding for subunits I, II and III of the cytochrome 

oxidase complex, the apocytochrome b subunit of cytochrome bCl complex, subunits 

Fo-Fl of the ATPase complex, subunits 1, 3 and 5 of the NAD:Ql complex and the 

homo logs to E. coli small subunit ribosomal proteins S12, S13 and S14 (Lonsdale, 

1989). While the potential for mitochondrial DNA to code for more proteins is still 
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under investigation, the majority of the mitochondrial proteins are encoded by the 

nuclear genome (Newton, 1988). 

Plant mitochondria also use the universal code. Mitochondrial mRNAs 

presumably initiates at AVG using tRNAfMet
• Termination of translation appears to 

occur at the universal co dons VAA, VGA and VAG (Lonsdale, 1989). RNA editing, 

broadly defined as any process that changes the nucleotide sequence of an RNA 

molecule from the DNA molecule encoding it, is found in plant mitochondrial DNA 

(Covello and Gray, 1989). Most RNA editing in plants involves the conversion of a 

C to a V residue. These base substitutions originally lead to the suggestion that plant 

mitochondria use CGG to code for tryptophan rather than for arginine (Fox and 

Leaver, 1981). 

4. Relationships Between Nuclear, Chloroplast and Mitochondrial DNA 

As mentioned above, higher plants contain DNA in three different 

compartments: nucleus, chloroplast and mitochondria. While the nuclear DNA codes 

for the majority of the genes needed for the plant, the chloroplast and mitochondrial 

DNA contains a limited number of genes insufficient to code for all their functions. 

Accordingly, the majority of the chloroplast and mitochondrial genes must be coded 

for by the nuclear genome. 

Nucleotide sequence transfer has been postulated to have occurred between 

chloroplasts and mitochondria and nucleus (Timmis and Scott, 1983). Sequences of 

high homology to chloroplast DNA are present in the mitochondrial genome of many 
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species. In maize, a 12 kbp portion of the chloroplast inverted repeat, containing the 

whole chloroplast 16S ribosomal RNA gene and two chloroplast tRNA genes, was 

identified in the mitochondrial genome (Stern and Lonsdale, 1982). A sequence 

homologous to the chloroplast DNA encoding RuBisCO large subunit gene including 

both 5'-and 3'-flanking sequences was also found in mitochondrial DNA of maize 

(Lonsdale, et aI, 1983). The fact that these chloroplast and mitochondrial DNA 

sequences share more than 90% homology, suggests recent transfer events from the 

chloroplasts to the mitochondria. However, it is unlikely that the chloroplast DNA 

sequences are expressed correctly in mitochondria (Lonsdale, et aI, 1983). Numerous 

sequence homologies also exist between chloroplast DNA from mung bean or spinach 

and mitochondrial DNAs from mung bean, spinach ,corn and pea (Stern and Palmer, 

1984). Several of these chloroplast DNA-homologous mitochondrial DNA sequences 

were shown to be more closely related to chloroplast DNA from the same species 

than of a distantly related species (Stern and Palmer, 1984). Hybridization between 

spinach mitochondrial DNA and cloned segments of spinach chloroplast DNA 

revealed at least 12 dispersed regions of interorganellar sequence homology (Stern 

and Palmer, 1986). These studies suggested that DNA transfer from chloroplasts to 

mitochondria is common in higher plants, and that transposition between the two 

genomes is an ongoing process. 

In Oellothera, part of the chloroplast ribosomal RNA cistron is present in the 

mitochondrial genome (Schuster and Brennicke, 1987). This sequence includes the 
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3'- half of the chloroplast 23S ribosomal RNA, the adjacent intergenic region and the 

4.5S ribosomal RNA. Intramolecular rearrangement events involved this region of 

chloroplast origin and the gene encoding the mitochondrial ribosomal protein S13. 

The chloroplast DNA sequences found in the Oenothera mitochondrial genome are 

more homologous to tobacco chloroplast DNA than to DNA from Oenothera itself. 

Sequence comparison suggests that the interorganellar transfer event occurred a long 

time ago (Lonsdale, 1989). 

DNA transfer between organelles and nuclei may also occur in plants. For 

instance, nuclear DNA homologous to chloroplast and mitochondrial DNA has been 

observed in maize and spinach (Kemble, et aI, 1983; Timmis and Scott, 1983). The 

spinach nucleus contains integrated sequences that are homologous to chloroplast 

sequences (Timmis and Scott, 1983). Chloroplast DNA-nuclear DNA homologies are 

apparent with chloroplast DNA probes covering about 25% of the plastome. The 

amount of chloroplast DNA in nuclear DNA was estimated to be about 3-6 copies 

of the plastome per haploid genome. The number of homologous bands in the 

nuclear DNA restriction pattern suggests that a particular chloroplast DNA sequence 

has homology with DNA of small number of different nuclear DNA locations. 

Whether those homologies represent results of an ancient or continuing evolutionary 

process of chloroplast-nuclear DNA transfer, the direction and mechanism of 

transfer, and whether the homologies represent a redistribution of genetic functions 

between cellular compartments is not known. 
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Sequence homology common to chloroplast, mitochondria and nuclear DNA was 

reported from spinach (Whisson and Scott, 1985). The sequence of chloroplast DNA 

containing a gene for the P700 chlorophyll a apoprotein (Westhoff, et aI, 1983) has 

homology to a 2.9 kbp fragment of mitochondrial DNA and both, in turn, share 

homology with a number of fragments in the nuclear DNA. The mitochondrial DNA, 

however, does not contain the entire gene for the photosystem 1 protein and is 

unlikely to produce a functionally similar product. The presence of a sequence 

coding for a functional protein in the chloroplast having homology to both the nuclear 

and mitochondrial genomes provides further support for the view that transfer of 

genetic material has occurred between all organelles. The possibility that the 

chloroplast sequence for P700 chlorophyll a apoprotein arose in the nucleus was not 

ruled out. However, the presence of multiple homologies in nuclear DNA and the 

presence in chloroplasts of the functional gene itself suggested that the gene 

originates in the chloroplast. It appeared that, then, several DNA transposition 

events may have occurred during evolution which resulted in the integration of either 

all or part of the chloroplast P700 chlorophyll a apoprotein gene into chromosomal 

DNA. 

5. Evidence that Some Chloroplast Proteins are Nuclear Encoded 

Chloroplasts, like mitochondria, contain their own DNA and a complete, 

functional protein synthesizing apparatus. However, the genomic size of the 

chloroplast DNA is insufficient to code for all chloroplast proteins (Ellis, 1981; 
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Bottomley and Bohnert, 1982). The majority of chloroplast proteins are encoded by 

nuclear DNA whose transcripts are translated on cytoplasmic (80S) ribosomes and 

the protein products are post-translationally transported into chloroplasts (Chua and 

Schmidt, 1978). These proteins are synthesized as precursors containing 

amino-terminal extensions (transit peptides) which are removed during or after 

transport into chloroplasts (Chua and Schmidt, 1978; Smith and Ellis, 1979; Broglie, 

et aI, 1981; Schmidt, et aI, 1984; Smeekens, 1985). Almost all chloroplast 

multi subunit complex proteins whose genes have been identified contain both nuclear 

and chloroplast encoded subunits (Bottomley and Bohnert, 1982). Two major 
... . 

products of leaf cytoplasmic protein synthesis are polypeptide components of 

chloroplast proteins (Cashmore, 1976). These polypeptides are the small subunit of 

RuBisCO and the constituent polypeptide of the light-harvesting chlorophyll alb 

protein complex (CAB). 

The first evidence that a chloroplast polypeptide is synthesized as a precursor 

on free cytoplasmic ribosomes came from cell-free translation studies with poly(A)+ 

mRNA from Chlamydomonas (Dobberstein, et aI, 1977) and higher plants 

(Cashmore, et aI, 1978; Highfield and Ellis, 1978). The major translation product was 

the precursor polypeptide for the small subunit of RuBisCO, as demonstrated by both 

immunological evidence (Dobberstein, et aI, 1977; Cashmore, et aI, 1978; Highfield 

and Ellis, 1978) and peptide mapping (Cashmore, et aI, 1978). This precursor 

polypeptide was imported and correctly processed to its mature form by isolated 
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chloroplasts (Highfield and Ellis, 1978; Chua and Schmidt, 1978). This was a direct 

proof that the import of polypeptides into chloroplasts is a post-translational event. 

Subsequent studies showed that the CAB polypeptides are synthesized as 

precursors (Apel and Kloppstech, 1978), which are post-translationally transported 

into chloroplasts (Schmidt, et aI, 1981). The import of many other polypeptides into 

chloroplasts has since been demonstrated. These include, among others, 

plastocyanin, fructose-I, 6-bisphosphatase, ferridoxin-NADP+ oxireductase 

(Grossman, et aI, 1982) and polypeptides associated with photosystem II (Westhoff, 

et aI, 1985). 

All of these nuclear-encoded chloroplast proteins are synthesized as precursors 

with a transit peptide located at the amino terminus. DNA sequencing was used to 

elucidate the sequence of the transit peptide for RuBisCO small subunit and the 

CAB precursors from several plants. These include pea (Coruzzi, et aI, 1983; 

Cashmore, 1983; Coruzzi, et aI, 1984; Cashmore, 1984), wheat (Broglie, et aI, 1983; 

Lampa, et aI, 1985), Lemna (Stiekema, et aI, 1983; Karlin-Neuman, et aI, 1985), 

petunia (Dunsmuir, 1985), soybean (Berry-Lowe, et aI, 1982), and tobacco (Mazur 

and Chui, 1985). The sequence of the transit peptide for many other 

nuclear-encoded chloroplast proteins is now known. Some characteristic features of 

the transit peptide could be deduced from these sequences. Among these features 

is that transit peptides have a net positive charge (Schmidt and Mishkind, 1986), lack 

clusters of hydrophobic residues that characterize the signal sequences of many of the 
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co-translationally translocated secretory proteins (Walter, et aI, 1981; von Heijne, 

1984), and are rich in serine and threonine (10%-40%). However, apart from these 

features, transit peptides lack similarity in their primary sequence, possibly indicating 

the existence of distinct import mechanisms for different polypeptides (Schmidt and 

Mishkind, 1986). 

The transport of precursor polypeptides into chloroplasts is stimulated by light 

(Grossman, et aI, 1980) which provides the energy required for transport across the 

chloroplast membranes. Import of polypeptides in the dark in the presence of ATP 

occurs at approximately the same rate as import in the light without added ATP 

(Grossman, et aI, 1982). The fact that protein assembly as well as processing can 

take place in isolated chloroplasts show that some chloroplast proteins are coded by 

nuclear genes. The holoenzyme RuBisCO which consists of 8 small and 8 large 

subunits, sediments at 18S. When translation products derived from pea poly(At 

mRNA were imported in vitro into pea chloroplasts, the majority of newly-synthesized 

RuBisCO small subunit was associated with the holoenzyme judging from the 

co-sedimentation through sucrose gradients and co-electrophoresis through 

non-denaturing polyacrylamide gels (Chua and Schmidt, 1978). The association of 

the small subunit with the large subunit indicates that in vitro translocation of pre 

RuBisCO small subunit across the chloroplast membrane took place, followed by 

assembly of the holoenzyme. Assembly of the CAB polypeptides also occurs after 

their uptake by isolated chloroplasts (Schmidt, et aI, 1981). Transit peptides have 
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been used to mediate the import of foreign polypeptides into chloroplasts (Vanden 

Broeck, et aI, 1985; Schreier, et aI, 1985). 

The three published chloroplast genome sequences of tobacco (Shinozaki, et aI, 

1986), Liverwort (Ohyama, et aI, 1986) and rice (Hiratsuka, et aI, 1989) show that a 

limited number of chloroplast protein-coding sequences are found on the chloroplast 

genome. So far, 55 identified and 43 putative protein open reading frames (ORFs) 

have been found in the chloroplast genome (Sugiura, 1989; Yokoi, et al,1990). 

Coding sequences for the remaining chloroplast proteins must be nuclear located. 

These sequences must be transcribed into the nucleus, translated on cytoplasmic 

ribosomes and their protein products imported into chloroplasts. 

B. Ribosomes 

Ribosomes are ribonucleoprotein particles made of two subunits, one being 

about twice as large as the other. Each subunit contains different numbers of 

ribosomal proteins and at least one ribosomal RNA molecule. The established 

function of ribosomes in a living cell is translation of mRNA with the speed and 

accuracy acceptable to the organism (Chambliss, et al,1980; Hardesty and Kramer, 

1986; Hill, et aI, 1990). 
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1. Algal Ribosomes 

a. Euglena Ribosomes 

i. Properties 

Euglena contains three distinct types of translation systems , localized in the 

cytoplasm, the chloroplast and the mitochondria. All three types of ribosomes 

contain two non-identical subunits and ribosomal RNAs as in the case for all other 

prokaryotic and eUkaryotic ribosomes (reviewed in Avadhani and Freyssinet, 1989). 

The cytoplasmic ribosomes consist of (86S-89S) particles. Under low magnesium 

conditions (2 mM) these particles dissociate into two subunits: a large subunit of 

64S-68S and a small subunit of 41S-46S. The chloroplast ribosomes consist of 65-70S 

monomers which dissociates under low magnesium conditions « 10 mM) to yield a 

large subunit of 48-50S and a small subunit of 29-30S. The mitochondrial ribosomes 

contain 71S monomers which dissociate in low magnesium (0.2 mM) buffers to yield 

a 50S large subunit and a 32S small subunit. The cytoplasmic ribosomes contain a 

25S ribosomal RNA in the large subunit and a 20S ribosomal RNA in the small 

subunit. The large subunit also contains small RNA molecules in the size range of 

5.0-5.8S. Chloroplast ribosomes contain three types of ribosomal RNA: 23S and 5S 

ribosomal RNAs associated with the large subunit and a 16S ribosomal RNA which 

is associated with the small subunit. Finally, mitochondrial ribosomes contain two 

ribosomal RNAs, the 21-23S ribosomal RNA in the large subunit and the 16S 
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ribosomal RNA in the small subunit. The 5S ribosomal RNA was not detected in 

mitochondrial ribosomes. 

Ribosomes from chloroplast and mitochondria of Euglena resemble bacterial 

ribosomes with respect to sedimentation value and sensitivity to antibiotics 

(Gilham, 1978). The cytoplasmic, mitochondrial and chloroplast ribosomal RNAs are 

encoded by nuclear, mitochondrial and chloroplast DNAs, respectively. The three 

ribosomal RNAs: 25S, 20S and 5S (contain both 5.8S and 5S ribosomal RNAs are 

encoded by nuclear DNA. The number of nuclear 25S and 20S ribosomal RNA 

genes per cell has been estimated to range from 400 to 2000 copies. There is one 

mitochondrial ribosomal DNA cistron per mitochondrial DNA molecule. However, 

The number of chloroplast ribosomal DNA cistrons varies among different strains. 

Strains were reported which have only one, two, three, and five complete ribosomal 

RNA operons. Physical mapping of ribosomal RNA genes in Euglena chloroplasts 

showed an ordered sequence organization consisting of 5'-16S ribosomal 

RNA-tRNAs-23S ribosomal RNA-5S ribosomal RNA-3'-(Hallick, et aI, 1978). Each 

gene set appears to represent a single operon, is transcribed as a precursor which is 

processed into ribosomal RNAs and tRNAs. Such an organization is similar to that 

of E. coli ribosomal RNA operon organization (Morgan, et aI, 1978). 
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ii. Identification of Ribosomal Protein Genes 

Cytoplasmic small subunit of Euglena ribosome contains about 30-35 different 

proteins while the large subunit contains 35-39 different proteins. Some proteins 

associated with the monosomes are lost during subunit preparation. The chloroplast 

small subunit contains 22-26 ribosomal proteins, while the large subunit contains 

30-34 ribosomal proteins. The chloroplast ribosomal monosomes contain 56-68 

proteins, at least four of which are not detected in the subunits (Avadhani and 

Freyssinet, 1989). The overall distribution of the ribosomal proteins on two

dimensional (2-D) gels indicates that chloroplast ribosomes contain more acidic 

proteins than do cytoplasmic ribosomes. Euglena cytoplasmic ribosomes are similar 

to eukaryotic ribosomes with respect to the total number and molecular weight 

distribution of the constituent proteins, while the chloroplast ribosomes appear to be 

related more closely to those of prokaryotic ribosomes (Avadhani and Freyssinet, 

1989). From one dimensional gel electrophoretic analysis in the presence of SDS, the 

molecular weight of cytoplasmic ribosomal proteins were estimated to range from 

8900 to 49000 and the molecular weight of chloroplast ribosomal proteins to range 

from 9700 to 58000. 

Seventeen ribosomal protein genes have been located on the Euglena chloroplast 

genome. These include rps7-rps12 (Montandon and Stutz, 1984), rps3-rps19 

(Christopher, et aI, 1988), rps8 (Christopher and Hallick, 1989), rps14 (Nickoloff, et 

aI, 1989) rps2, rps4 and rps11 (Hallick, et aI, 1990) of the small subunit, and rpl20 
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(Manzara and Hallick, 1987), rpl2, rpl22 and rpl23 (Christopher, et aI, 1988), rpl5, 

rp114, rp116 and rpl36 (Christopher and Hallick, 1989) of the large subunit of the 

ribosome. The rps7 and rps12 genes are clustered with the TufA but unlike TufA, 

rps7 and rps12 coding sequences are not split by introns. The gene arrangement is 

5'-rps12 - 80 bp spacer - rps7 - 174 bp spacer-TufA-3'-(Hallick and Buetow, 1989). 

This arrangement is similar to that of the str operon of E. coli (Post and Nomura, 

1980), except that the elongation factor-G (EF-G) protein gene is not present. The 

rps7 and rps12 genes are transcribed together into a dicistronic mRNA. The rp123, 

rpl2, rps19, rpl22 and rps3 protein genes are organized in a cluster resembling the S10 

ribosomal protein operon of E. coli. The rest of the ribosomal protein genes are 

organized in three operons (Hallick, et aI, 1990). These are: (i) rpI23-rpI2-rps19-rpI22-

rps3-0rf516-rp116-rp114-rp115-rps8-rpI36-tmI-rps14 (ii) rps4-rpsll (iii) rps2-atpI-atpH

atpF-atpA. 

The cluster of the ribosomal protein genes from rpl23 to rps3 resembles the S-10 

ribosomal protein operon of E. coli in gene organization, and follows the linear order 

of analogous genes found in tobacco (Shinozaki, et aI, 1986) and LivelWort (Ohyama, 

et aI, 1986) chloroplast DNA. The Euglena rp123, rps19 and rps3 loci contain three, 

two and two introns (Christopher, et aI, 1988). Downstream to orf 516, is a second 

cluster of the five genes rp116-rp114-rpI5-rps8-rpI36. The gene organization resembles 

that of the spc and the 3'-end of the S-lO ribosomal protein operons of E. coli 

(Christopher and Hallick, 1989). The rp116, rp114 and rps8 loci are interrupted by 3, 
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1 and 3 introns, respectively. The rps14 has a single intron. The introns in these 

genes are either group II or group III introns (Christopher et aI, 1988; Christopher 

and Hallick, 1989). The rps4-rpsll operon contains two group III introns within 

rpsll, flanking a 13 nucleotide exon. A third group III intron is located between the 

rpsll ribosome binding site and the ATG initiator codon. Ribosomal protein rps2, 

on the other hand, has 3 group III and 1 group II introns (Hallick, et aI, 1990). 

The 11 ribosomal protein genes (referred to above as operon i), a tRNAlle gene 

(the locus between rpl36 and rps14) and the locus for orf 516 (lies between rps3 and 

rp116) are expressed as a single (8.3 Kb) transcription unit (Christopher and Hallick, 

1990). The primary transcript also contains at least 15 group II and group III introns. 

After the splicing of these introns a pre-mRNA of the right size to code for all the 

ribosomal proteins plus the tRNAlle and the orf 516 was produced. This was 

confirmed by hybridization with gene specific probes. Stepwise processing of this pre 

mRNA resulted into the accumulation of spliced hepta-, hexa-, penta-, tetra-, tri-, and 

dicistronic mRNAs. 

b. Chlamydomonas Ribosomes 

The eukaryotic green alga Chlamydomonas reinhardtii has three distinct 

ribosomes located, respectively, in the nucleus, chloroplast and mitochondria (Harris, 

1989). The cytoplasmic ribosomes have an apparent sedimentation coefficient of 80-

83S and are separable into subunits of 57-60S and 37-40S. They contain ribosomal 

RNAs of 18S, 25S, 5.8S and 5S (Hoober and Blobel, 1969; Bourque, et aI, 1971). 
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Genes for the 25S, 18S and 5.8S RNAs are organized in tandem array repeats 

occurring about 400 times on the nuclear genome (Marco and Rochaix, 1980). The 

5S cytoplasmic RNA, which is not transcribed as part of the rDNA unit, is present 

in two distinct species of 121 and 122 nucleotides that differ in 17 bases (Darlix and 

Rochaix, 1981). The large subunit of the cytoplasmic ribosome of Chlamydomonas 

reinhardtii has 48 proteins while the small subunit has 45 proteins (Fleming, et aI, 

1987a). Cytoplasmic ribosomal proteins from Chlamydomonas reinlzardtii are similar 

to tobacco cytoplasmic ribosomal proteins in size and electrophoretic mobility (Capel 

and Bourque, 1982). However, using immunological techniques (Fleming, et aI, 

1987b), a greater degree of similarity was found to exist between Chlamydomonas 

reinhardtii cytoplasmic ribosomal proteins and the cytoplasmic ribosomal proteins of 

yeast than with ribosomal proteins from E. coli or from Chlamydomonas reinhardtii 

chloroplasts. 

The chloroplast ribosomes sediments at 66-70S and the monomers are separable 

into subunits of 50-54S and 33-41S (Bourque, et aI, 1971; Chua, et aI, 1973). The 

small subunit has 31 ribosomal proteins of which 14 are synthesized in the chloroplast 

and 17 in the cytoplasm (Schmidt, et al 1983); while the large subunit has 33 

ribosomal proteins, 5-6 of them synthesized in the chloroplast and 26-27 of them 

made in the cytoplasm. Chlamydomonas chloroplast ribosomal proteins are similar 

to tobacco chloroplast ribosomal proteins in size and electrophoretic mobility (Capel 

and Bourque, 1982). Immunologically, antibodies to selected Chlamydomonas 
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chloroplast ribosomal proteins cross-react to varying extent with ribosomal proteins 

from E. coli, spinach and the cyanobacterium Anabena (Randolph-Anderson, et aI, 

1989; 8chmidt, et aI, 1984). 

The rRNAs (238, 168, 78, 58 and 38) of Chlamydomonas chloroplasts are 

encoded by chloroplast DNA genes present in the order 5'-168-23S-58-3' in each of 

the two inverted repeats on opposite sides on the chloroplast genome (Rochaix and 

Malnoe, 1978). The orientation of transcription is from the 16S to 58 sequence 

(8urzycki and Rochaix, 1971). The gene for the 168 ribosomal RNA (1475 bp) and 

its 5'- flanking sequence has a high degree of similarity with the chloroplast 168 

ribosomal RNA gene from higher plants (Dron, et aI, 1982). The spacer region 

between the 168 and 238 contains tRNAIIe and tRNAAla (8chneider and Rochaix, 

1986) as is the case for higher plants and Euglena. The chloroplast DNA also carries 

the genes for a 38 and a 78 ribosomal RNAs (located between the genes for the 238 

and 168 rRNAs) which are homologous to the 5'- end of prokaryotic 238 ribosomal 

RNA (Rochaix and Darlix, 1982). The 78 ribosomal RNA is 282 bp long and is 

separated from the 47 bp long 38 ribosomal RNA by a 23 bp AT rich spacer. The 

38 ribosomal RNA, in turn, is separated from the start of the 23S ribosomal RNA 

sequence by 80 bp (Harris, et ai, 1989a and b). The gene for Chlamydomonas 

reinhardtii chloroplast 238 ribosomal RNA has an 888-bp intron (Rochaix and Darlix, 

1982). 
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Mitochondrial ribosomes from Chlamydomonas reinhardtii have not been fully 

characterized, although ribosomal particles were seen within the mitochondrial 

membranes (Bourque, et aI, 1971). The mitochondrial genome appears to encode 

ribosomal RNAs (Boer, et aI, 1985). Polypeptides related to chloroplast ribosomal 

proteins L-6, L-18, L-21 and L-29 (nomenclature of position on 2-D gels, i.e. no 

relation to E. coli gene numbers) were identified among in vitro synthesized protein 

products of translated poly(A)+ mRNA from Chlamydomonas reinhardtii (Schmidt, 

et aI, 1984). The calculated sizes of the transit peptides for the four cytoplasmically 

synthesized proteins ranged from 800 to 5700 daltons. One protein, L21, was seen 

in two precursor forms having transit peptide sizes of 2900 and 1600 daltons. Both 

precursor proteins were converted to the mature form upon addition of 

Chlamydomonas reinhardtii post-ribosomal supernatant. The precursor to ribosomal 

protein L18 is processed to its mature form in two steps (Schmidt, et aI, 1985a). The 

product of the first processing step, which can only be seen in vitro, appears with the 

rapid processing kinetics seen for other imported chloroplast proteins and is likely 

involved with the transport of ribosomal protein L18 into chloroplasts. The second 

step can be followed in vivo and is kinetically slower than the first step. The 

intermediate produced after the first step associates with a ribosomal complex which 

migrates with the chloroplast ribosome large subunit peak in sucrose gradients before 

being processed to its mature form (Liu, et aI, 1988). The second processing step 

depends on one or more non ribosomal proteins made in the chloroplast. The amino 
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terminal first 18 amino acids of mature L18 were sequenced and shown to have 56% 

identity with ribosomal protein L27 of E. coli (Liu, et aI, 1988). No other sequence 

is available for any nuclear-encoded Chlamydomonas protein. 

Some ribosomal protein genes were located on Chlamydomonas reinhardtii 

chloroplast DNA. They include homologs to E. coli ribosomal proteins Ll (Schmidt 

et aI, 1985b), L14 (Lou, et aI, 1989) and L16 (Lou, et aI, 1987) of the large subunit; 

and S3 (Opperman, et aI, 1989), S7 (Schmidt, et aI, 1985; Robertson, et aI, 1990), S12 

(Schmidt, et aI, 1985; Liu, et aI, 1989a) and S19 (O'Brien, 1990) of the small subunit. 

As in E. coli and Euglena, the gene encoding Chlamydomonas reinhardtii 

ribosomal protein S12 is continuous (Liu, et aI, 1989a). This is in contrast to its 

trans-spliced homolog from higher plants (Hildebrand, 1987; Koller, et aI, 1987; 

Zaita, et aI, 1987). Ribosomal protein S12 of Chlamydomonas reinlzardtii is not 

positioned immediately upstream to rps7 gene encoding ribosomal protein S7 as in 

other organisms. In Chlamydomonas reinlzardtii, the rps7 gene is split and the 3'- half 

of it is co-transcribed with the atpE gene encoding the CF1/CFo epsilon subunit of the 

ATP synthase complex (Robertson et aI, 1990). The 5'-half of the rps7 gene was 

reported to be located adjacent to the psbD gene encoding the D-2 protein of 

photosystem II as determined by heterologous hybridization (Schmidt, et aI, 1985). 

However, direct sequence analysis showed that this was an artifact. The presence of 

a Shine-Dalgarno sequence upstream of the 3'- half of rps7 suggested that the S7 
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protein gene maybe transcribed as two separate entities (and therefore spliced) 

(Gillham, et aI, 1990). 

The mRNA for the Chlamydomonas reinhardtii rpl2 gene encoding ribosomal 

protein L1 (and for RuBis CO large subunit and the alpha subunit of the ATP 

synthase complex) accumulates in large amounts in cells having reduced numbers of 

chloroplast genomes (Hosler, et aI, 1989), while the level of translatable mRNA and 

rates of synthesis of the protein were largely unaffected. These results indicated the 

ability of Chlamydomonas to compensate for reductions in the number of chloroplast 

genomes at several different translational levels. On the other hand, when 

chloroplast protein synthesis is reduced in Chlamydomonas reinhardtii mutants, 

accumulation of apparently normal ribosomes was noticed (Liu, et aI, 1989b). The 

synthesis of two large subunit ribosomal proteins (L1 and L13) at a level of about 

60% of the wild-type rate far exceeds the level of synthesis of RuBisCO large subunit 

and the alpha subunit of the ATP synthase complex which were made at 4 to 8% of 

the wild-type rate. The difference in the level of synthesis of these proteins was not 

a result of a decrease in the relative level of the mRNA suggesting that 

Chlamydomonas reinlzardtii preferentially synthesizes ribosomal proteins and not 

proteins involved in photosynthesis under reduced protein synthesis conditions. 
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c. Cyanelle Ribosomal Proteins 

Cyanelles are the photosynthetic organelles found in the biflagellated protist 

Cyanophora paradoxa. Cyanelles possess some characteristics of chloroplasts. They 

have a circular genome of about 130 kbp which encodes tRNAs (Kuntz, et aI, 1984; 

Janssen, et aI, 1987), two sets of ribosomal RNAs located on inverted-repeats 

(Bohnert, et aI, 1985) and a number of protein genes (Bohnert, et aI, 1985; Janssen, 

et aI, 1989; Bryant and Stirewalt, 1990). Noticeably, the cyanelle genome contains 

the gene coding the small subunit of RuBisCO (Heinhorst and Shively, 1983) which 

is nuclear encoded in higher plants and green algae. Cyanelles, also, possess 

unstacked thylakoid membrane structures and chlorophyll a, but not chlorophyll b. 

The molecular structure of the DNA on the cyanelle genome from Cynophora 

paradoxa is the most characterized among the chlorophyll b-Iacking algae 

(Michalowski, et aI, 1990; Evrard, et aI, 1990 a and b; Bryant and Stirewalt, 1990; 

Janssen, et aI, 1987; Wasmann, et aI, 1987). 

Eighteen ribosomal protein genes have been identified on the cyanelles genome 

(Michalowski, et aI, 1990; Evrard, et aI, 1990a and b; Neumann-Spallert, et aI, 1990; 

Kraus, et aI, 1990; Loffelhardt, et al,1990a and b; Bryant and Stirewalt, 1990). Nine 

of these code for ribosomal proteins with identity to E. coli small subunit ribosomal 

proteins S3, S5, S8, S17 (Michalowski, et aI, 1990; Bryant Stirewalt, 1990) S7, S12 

(Kraus, et aI, 1990), S10 (Newmann-Spallert, et aI, 1990; Loffelhardt, et aI, 1990b) 

and S18, S19 (Evrard, et aI, 1990a). The other nine codes for ribosomal proteins with 
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identity to E. coli large subunit ribosomal proteins LS, L6, L14, L16, L18, L22 

(Michalowski, et aI, 1990; Evrard, et aI, 1990; Bryant and Stirewalt, 1990), L3 

(Evrard, et aI, 1990a), L2 and L33 (Evrard, et aI, 1990b). 

The cyanelle genes for ribosomal proteins S12, S7 and tufA are arranged as in 

Euglena gracilis genome but lacks introns (Kraus, et aI, 1990; Loffelhardt, et aI, 

1990a). A large cluster of cyanelle ribosomal protein genes having the arrangements 

(rpI3-rpI2-rps19-rp122-rps3-rpI16-rps17-rp114-rpI5-rpsS-rp16-rpl1S and rps5) corresponds 

to the E. coli SlO/spc operons. Another cluster located upstream of the first cluster 

and oriented divergently contain the rpI33 and rpsiS genes. The rpsiO gene has been 

identified about 2.S kbp upstream of the S10-spc operon equivalent cluster at the 3'

end of the str equivalent operon (Neumann-Spallert, et aI, 1990). The genes rpsll, 

rp123 and rpl36 detected in plant chloroplast genomes (Ohto, et aI, 1988) were not 

found on the cyanelle genome. The genes rps5, rpsiO, rpl3, rpl5, rpI6 and rplJS 

detected in cyanelle DNA do not occur yet in higher plants. The gene for the small 

subunit ribosomal protein S17 found on cyanelle DNA (Michalowski, et aI, 1990), is 

nuclear encoded in higher plants (Gantt and Thompson, 1990). 

The large cluster genes (rpsiO to rps5) of the cyanelle DNA are transcribed as 

a primary transcript of about 7.S kilobase (Michalowski, et aI, 1990). The 

transcription of this mUlti-operon terminates 3'- of rps5 where a 40 base pair long 

sequence can form a hairpin-loop termination-like structure. The presence of 

transcripts from within the large ribosomal protein gene cluster was detected by 
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Southern hybridization using specific gene probes. The transcripts probably include 

all ribosomal protein genes from rpl3 to rps5 (Michalowski, et aI, 1990). 

2. Plant Ribosomes 

Plant cells contain three distinct types of ribosomes, one in the cytoplasm, one 

in the chloroplast and one in the mitochondria, all of which are active in translating 

mRNA. Each of these three different ribosomes has its own unique characteristics. 

a. Cytoplasmic Ribosomes 

Plant cytoplasmic ribosomes sediments at 80-83S. Some typical values are 83S 

in Brassica pekillens (Clark, et aI, 1964) and 80S in tobacco (Capel and Bourque, 

1982; Boardman, et aI, 1965), spinach (Spencer, 1965), pea (Svetailo, et aI, 1967), 

wheat (Jones, et aI, 1973) and Chlamydomonas reinhardtii (Hoober and BIobel, 1969). 

Upon centrifugation in sucrose gradients, cytoplasmic ribosomes dissociates into 

subunits of about 40S and 60S (Bourque and Capel, 1982; Capel and Bourque, 1982; 

Svetailo et aI, 1967). Cytoplasmic ribosomes have a molecular weight of 4.0 x 106 

and are 260Ao long and 190-200 AO wide (Kirk and Tilney-Basset, 1978). 

Like other ribosomes, cytoplasmic ribosomes contain both ribosomal RNA and 

ribosomal proteins. The RNNprotein ratio is 0.99-1.04 (Kirk and Tilney-Basset, 

1978). The large subunit of the ribosome contains RNAs of 25S (1.3 x 106 mol.wt.) 

5.8S (50.4 x 103 mol.wt.) and 5S (40 x 103 mol.wt.) (Kirk and Tilney-Basset, 1978). 

The small subunit of the cytoplasmic ribosome contains an 18S RNA which has a 

mol. wt. of 0.7 x 106• The large subunit of the ribosome has approximately 45-51 
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basic proteins and some few acidic proteins (Bourque, 1977; Capel and Bourque, 

1982; Gantt and Key, 1983). These proteins range in molecular weight from 

approximately 9 x 103 to 55 X 103 (Capel and Bourque, 1982). The small subunit has 

about 25-40 basic proteins ranging in molecular weight from about 7 x 103 to 37 X 103 

(Capel and Bourque, 1982; Gantt and Key, 1983). The precise number of these 

proteins in the ribosome has not been definitively established. The number given 

indicates only the approximate range reported in the literature. However, considering 

the number, the distribution of molecular weights, the mass and the pattern of 

mobility on 2-D gels, these proteins seem closely related to Chlamydomonas 

reinhardtii cytoplasmic ribosomal proteins (Hanson, et aI, 1974) and to cytoplasmic 

proteins from other eukaryotes (Wool, 1979; Chooi, et aI, 1980; Warner, 1989). 

b. Chloroplast Ribosomes 

The existence of a unique type of ribosome in chloroplasts was first discovered 

in spinach chloroplast (Lyttleton, 1962). Ribosomes from higher plant chloroplasts 

sediments at approximately 67-70S (Clark, et aI, 1964; Boardman, et aI, 1966; Kirk 

and Tilney-Basset, 1978) and dissociate into two subunits (30S and 50S) at low 

magnesium ion concentration (Bourque and Wildman, 1973; Capel and Bourque, 

1982). The difference in sedimentation coefficients made it possible to separate 

chloroplast ribosomes (70S) and ribosomal subunits (30S and 50S) from cytoplasmic 

ribosomes (80S) using sucrose gradients (Bourque and Wildman, 1973; Capel and 

Bourque, 1982). Chloroplast ribosomes have a molecular weight of 3.0-3.1 x 106 (E. 
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coli ribosome is 2.5 x 106
) and are 220 A long and 170 A wide (Kirk and 

Tilney-Basset, 1978). The chloroplast ribosomes are made of RNA and proteins. The 

RNA/protein ratio is 1.13-1.19 (Kirk and Tilney-Basset, 1978). 

Chloroplast ribosomes are more similar to prokaryotic ribosomes than to 

cytoplasmic ribosomes found in the same cell (Boynton, et aI, 1980; Capel and 

Bourque, 1982). Similarity is evident when considering the mass and density of the 

subunits, the number of the component proteins and their electrophoretic patterns 

and molecular weight distribution (Capel and Bourque, 1982), as well as the size and 

degree of sequence similarity between the component ribosomal RNA species 

(Boynton, et aI, 1980). The 30S subunit of chloroplast ribosomes has between 22 and 

24 proteins, while the 50S subunit has between 32 to 35 proteins (Bourque,1976; 

Capel, et aI, 1979; Mache, et aI, 1980; Eneas-Filho, et aI, 1981; Capel and Bourque, 

1982). Ribosomal subunits from a higher plant, spinach, were successfully 

interchanged with those from E. coli ribosomal subunits to produce a hybrid ribosome 

that could translate poly-V in vitro (Grivell and Walg, 1972). Similarity between 

chloroplast and E. coli ribosomes extends to their sensitivity to antibiotics which 

inhibit protein synthesis. These antibiotics include streptomycin (Chua, et aI, 1973; 

Schwartzbach and Schiff, 1974), lincomycin and spectinomycin (Ellis, 1970) and 

D-threo-chloramphenicol (Spencer and Wildman, 1964; Ellis, 1969). These antibiotics 

do not affect protein synthesis by 80S ribosomes. 



53 

The chloroplast 50S subunit contains three ribosomal RNA species of 23S, 5S 

and 4.5S, while the 30S subunit contains the 16S ribosomal RNA (Spencer and 

Whitfeld, 1966; Loening and Ingle, 1967; Boynton, et aI, 1980). Genes encoding 

chloroplast 16S and 23S ribosomal RNAs have 74-79% and 67-71% sequence 

similarity to E. coli 16S and 23S ribosomal RNA genes, respectively (Schwarz and 

Kossel, 1980; Edwards and Kossel, 1981; Tohdoh and Sugiura, 1982; Takaiwa and 

Sugiura, 1982, Kochi, et aI, 1988). Chloroplast 16S ribosomal RNA and E. coli 16S 

ribosomal RNA have a similar sequence at the 5'-end (Schwarz and Kossel, 1980; 

Todoh and Sugiura, 1982). The 3'-terminus of chloroplast 16S ribosomal RNA gene 

has a sequence complementary to chloroplast mRNAs. This sequence is located a 

few nucleotides upstream to the AUG initiation codon and is termed the Shine

Dalgarno sequence or the ribosome binding site (Shine and Dalgarno, 1975; Kochi, 

et aI, 1988). The presence of a sequence complementary to the Shine-Dalgarno 

sequence is a feature of prokaryotes. In E. coli, for example, the 5'-end of the 16S 

ribosomal RNA base pairs with the Shine-Dalgarno sequence upstream of the 

methionine initiation codon of mRNAs. This base-pairing was found to influence the 

translation efficiency of E. coli mRNAs (Shine and Dalgarno, 1975), and a similar 

mechanism is likely to hold for translation of mRNA by chloroplast ribosomes 

(Bonham-Smith and Bourque, 1989a and b). 

The core secondary structure is highly conserved in both plant chloroplast and 

E. coli 16S ribosomal RNA (Gray, et aI, 1984). Also, conserved in chloroplast 
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ribosomal RNA are the regions with similarity to those which are thought to playa 

role in the binding of certain ribosomal proteins to the E. coli 16S and 23S ribosomal 

RNAs (Tohdoh and Sugiura, 1982; Takaiwa and Sugiura, 1982), and sequences with 

possible secondary structure related to that of the peptidyltransferase region in E. coli 

23S ribosomal RNA (Takaiwa and Sugiura, 1982). 

c. Mitochondrial Ribosomes 

Plant mitochondria contain ribosomes which could be distinguished from 

cytosolic ribosomes by gel electrophoresis and sedimentation through sucrose 

gradients (Leaver, 1975; Leaver and Gray, 1982). Depending on the plant species, 

mitochondrial ribosomes sediment at 77-78S and contain ribosomal RNA as well as 

ribosomal proteins. They contain a 5S (Leaver and Harmey, 1976), 18S (Chao, et aI, 

1984) and 26S ribosomal RNAs (Dale, et aI, 1984). Plant mitochondrial ribosomal 

RNAs are more similar to bacterial and chloroplast ribosomal RNAs in their primary 

and secondary structure (Spencer, et aI, 1981 and 1984) than they are to cytoplasmic 

80S ribosomes. As in the case of ribosomal RNA genes in bacteria and chloroplasts, 

higher plant mitochondrial ribosomal RNA genes are closely linked on the 

mitochondrial genome. The 5S and 18S genes are 108 bp apart in maize (Chao, et 

aI, 1983) and 582 bp apart in Oellotlzera (Brennicke, et aI, 1985). However, the 26S 

ribosomal RNA gene is located approximately 16 Kbp from the 18S ribosomal 

sequence in the maize mitochondrial genome (lams and Sinclair, 1982; Stern, et aI, 

1982). Mitochondria from maize synthesizes a 44 Kd protein that co-purifies with 
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mitochondrial ribosomes and is probably homologous with the var-1 ribosomal 

protein described in yeast (Buetow, et aI, 1985) and the 5S protein described in 

Neurospora mitochondria (Lambowitz, et aI, 1979). A potential ribosomal protein 

coding sequence has been identified in tobacco mitochondrial DNA. The predicted 

amino acid sequence of its open reading frame shares partial similarity with E. coli 

small subunit ribosomal protein S13 (Bland, et aI, 1986). The tobacco rpsI3 sequence 

hybridizes to maize and wheat mitochondrial DNAs, but not to pea and bean 

mitochondrial DNAs. Northern analysis suggested that the rpsI3 is transcribed in 

tobacco and maize (Bland, et aI, 1986), wheat (Bonen, 1987) and Oenothera 

berteriana (Schuster and Brennicke, 1987). It has been suggested that rpsI3 might 

function as a plant mitochondrial ribosomal protein because the predicted amino acid 

sequence indicates a hydrophilic, highly basic protein characteristic of ribosomal 

proteins associated with nucleic acids. Other potential ribosomal protein coding 

sequences identified on higher plant mitochondrial DNA include rpsI2 from maize 

and wheat (Gualberto, et aI, 1988) and rps14 from broadbean (Wahleithner and 

Wolstenholme, 1988). 
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Expression of the chloroplast genome is dependent on chloroplast specific 

transcription and translation systems which bear more resemblance to that of 

prokaryotes than to those found in the cytoplasm of eukaryotes. Chloroplast 

ribosomes co-sediment with those of E. coli at 70S and contain about 50-60 ribosomal 

proteins. The genes coding for some of these proteins are located in the chloroplast 

genome while others are found in the nuclear genome. Different methods have been 

used to show that some chloroplast ribosomal protein genes are located on the 

chloroplast genome. These include: 1) Demonstration of maternal inheritance of 

altered chloroplast ribosomal proteins, or defective chloroplast ribosome assembly in 

mutants of Chlamydomonas reinhardtii resistant to bacterial protein synthesis 

inhibitors (reviewed by Boynton, et aI, 1980); 2) Identification of ribosomal proteins 

among products of in vitro transcription-translation systems programmed with cloned 

fragments of chloroplast DNA (Dome, et aI, 1985; Posno, et aI, 1985); 3) 

Identification of ribosomal proteins as biosynthesis products in isolated chloroplasts 

undergoing light driven protein synthesis (Eneas-Filho, 1981; Dome, et aI, 1984; 

Posno, et aI, 1984; and Hachtel, 1985); 4) Using inhibitors of cytoplasmic protein 

synthesis, chloroplasts were shown to synthesize a distinct set of chloroplast ribosomal 

proteins (Schmidt, et aI, 1983; Freyssinet, 1978); and 5) Identification of open 
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reading frames on chloroplast DNA with predicted amino acid sequence having 

identity to E. coli ribosomal proteins (Subramanian, et aI, 1983; Sugita and Sugiura, 

1983; Watson and Surzycki, 1983; Montandon and Stutz, 1984; Zurawski, et aI, 1984; 

Sijben-Muller, et aI, 1986; Tanaka, et aI, 1986; Shin ozaki, et aI, 1986b; Hildebrand, 

1987; Markmann-Mulisch, 1987; Christopher and Hallick, 1989). Genes for 

chloroplast ribosomal proteins have been identified in tobacco (Shinozaki, et aI, 

1986), spinach (Tahar, et aI, 1986; Sijben-MulIer, et aI, 1986; Zurawski, et aI, 1984), 

maize (Giese, et aI, 1987; Markmann-Mulisch, et aI, 1987; McLaughlin and Larrinua, 

1987a,b,c and d; Srinivasa and Subramanian, 1987); soybean (von Allmen and Stutz, 

1987), wheat (Hoglund and Gray, 1987), pea (Purton and Gray, 1987a and b), 

Marchantia (Ohyama, et ai, 1986), rice (Hiratsuka, et ai, 1989), Chlamydomonas 

reinhardtii (Schmidt, et aI, 1983), Euglena (Montandon and Stutz, 1984; Manzara and 

Hallick, 1987; Christopher and Hallick, 1989), and Spirodela (Posno, et ai, 1986). All 

of these genes share different degrees (25%-66%) of translated amino acid sequence 

identity with the corresponding E. coli ribosomal protein. In light of these results, the 

generally accepted nomenclature used for chloroplast ribosomal protein genes was 

derived from their homology to the corresponding E. coli ribosomal protein genes 

(Hallick and Bottomley, 1983). 

The rest of this discussion will concentrate on tobacco ribosomal protein genes. 

Table 1 lists the putative chloroplast ribosomal protein genes mapped on the 

chloroplast DNA of tobacco and their percent identity to E. coli ribosomal protein 
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genes. The location of the different ribosomal protein genes on the tobacco 

chloroplast genome is shown in Figure 1. 

The organization of ribosomal protein genes on the tobacco chloroplast genome 

shares many characteristics with the corresponding organization of E. coli ribosomal 

protein genes (Figure 2). These include: 

1. Many tobacco chloroplast ribosomal protein genes are organized in the 

same order and polarity on the chloroplast genome as in some of the E. coli operons, 

i.e., E. coli SID operon (rpI23-rpI2-rpsi9-rpI22-rps3-rp116), spc operon (rp114-rpsB-L36) 

and str operon (rpsi2-rps7). 

2. Other genes are scattered throughout the chloroplast genome. These 

include: rpsi4 (on E. coli spc operon), rpsll and rps4 (on E. coli a operon), rp120, 

rp132, rp133, rps2, rpsi5, rpsi6 and rpsiB. 

3. Ribosomal protein L36 in E. coli is a product of the SecX gene (Wada 

and Sako, 1987). A sequence homologous to the SecX gene has been identified in 

tobacco (Shinozaki, et aI, 1986) and other plants (Markmann-Mulisch, et aI, 1987; 

Purton and Gray 1987a; Ohyama, et aI, 1986). The identity between the deduced 

amino acid content of tobacco rp/36 and E. coli rpl36 is 62%. 

4. The remaining chloroplast ribosomal protein genes are not found on 

the chloroplast genome and are assumed to be on the nuclear genome. 

Some of the chloroplast ribosomal protein genes on the chloroplast genome 

contain introns. These introns are of the group II type first observed in yeast 
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mitochondrial genes (Michel and Dujon, 1983). The rps12 gene consists of three 

exons. While the C-terminal exons 2 and 3 are located in the inverted repeat region 

of the chloroplast DNA, exon 1 of rps12 is 29 kbp downstream of the nearest copy 

of exons 2 and 3. Exons 2 and 3 are transcribed as identical RNA species, while 

exon 1 is transcribed as a second RNA species. These two different transcripts are 

joined, by yet unknown mechanisms, during the maturation of the rps12 mRNA 

(Hildebrand, 1987; Koller, et aI, 1987; Zaita, et aI, 1987). 

Data from 196 protein coding chloroplast DNA sequences (Bonham-Smith and 

Bourque, 1989) demonstrated the preference for AUG codon for initiation of 

translation. At every nucleotide position from -25 to +25 (A in AUG is + 1) an A 

or U is predominant except for C at +5 and G at +22. A Shine-Dalgarno (SD) 

sequence (GGAGG or tri -or tetranucleotide variant) was found within 100 base pairs 

5'- to the AUG codon in 92% of the genes. In 46% of these cases, the SD sequence 

is located -12 to -7 base pairs 5'- to the AUG initiation codon. Plant genes also seem 

to prefer the use of the sequence UAA for termination of translation (Bonham-Smith 

and Bourque, 1989). For 25 nuc1eotides 5'- and 3'- to the termination codon an A 

or U is predominant except for C at + 5 and G at + 22. 



Table 1. 

Putative tobacco chloroplast DNA genes for ribosomal proteins and amino acid 
homologies between the tobacco nbosomal proteins and their E. coli counterparts. 

a. Chloroplast data is from Ohto, et aI, 1988 except for rpl 32 which is 
from Yokoi, et al, 1991. E. coli data is from Wittmann-Liebold, 1986. 

b. fMet initiator tRNA is included. 
c. Number of identical residues are divided by the number of tobacco 

chloroplast protein residues to give percent identity. 
d. rps, rpl: denotes ribosomal proteins of the 30S and 50S subunits of the 

chloroplast ribosome respectively. 
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Gene Intron (bp) Homologous E. coli Number of re~idues' Change In length Identity to 
Protein Tobacco E. coli relative to E. coli(%}c 

Chloroplastb E.coli 

rps2d S2 236 211 ·5 41 

rps3 S3 218 233 ·15 39 

rps4 S4 201 206 ·5 37 

rps7 S7 155 178 ·23 43 

rps8 S8 134 130 +4 42 

rpsll S11 138 129 +5 50 

rps12 536 S12 123 124 ·1 72 

rps14 S14 100 99 +1 41 

rps15 SIS 87 89 ·2 34 

rps16 S16 85 82 +3 32 

rps18 S18 101 75 +28 2S 

rps19 S19 92 92 0 57 

rpl2 666 1..2 274 273 +1 49 . 

rpl14 L14 123 123 0 54 

rpl16 1020 L16 134 136 ·2 56 

rpl20 1..20 128 118 +10 36 

rpl22 1..22 155 110 +45 26 

rpl23 1..23 93 100 ·7 22 

rpl32 1.32 55 57 ·2 20 

rpl33 1.33 66 55 +11 38 

rpl36 1.36 37 38 ·1 62 



Figure 1. 

Circular map of the tobacco chloroplast genome showing the location of ribosomal 
protein genes. 

Genes shown inside the circle are transcribed clockwise and genes shown outside the 
circle are transcribed counter clockwise. Asterisks indicate split genes. 
This figure is modified from that of Bonham-Smith and Bourque, 1989, except for 
ribosomal protein L32 which is from Yokoi, et aI, 1991. 



rpsl1 
secX(rpI36) 

rps8 
rpl14 

• rpl16 

rps3 
rpl22 
rps19 

• rpl2 
rpl23 

rpJ33 
rps18 

rpJ20 
5'-rps12 

rps7 
3'-rps12. 

rps4 rps14 

rps2 

lIE-rps16 

rpl2. 
rpl23 

rps7 
3'-rps12. 

0\ 
~ 



Figure 2. 

Operon organization of the chloroplast encoded ribosomal protein genes in tobacco 
and the homologous genes in E. coli. 

The chloroplast encoded genes common to both are boxed. The broken boxes 
indicate two E. coli genes (on spc and a operons) whose homologs in the chloroplast 
genome are not linked in an operon with other nbosomal protein genes. P: 
Promoter. Horizontal arrows indicate the direction of transcription from the different 
promoters. Shading indicates those proteins in E. coli (and their chloroplast 
homologs) which function as regulators of expression of these genes. Vertical arrows 
indicate binding sites of these proteins to their mRNA in 
E. coli. In E. coli, ribosomal proteins Ll and LlO (dotted boxes) regulate the Lll 
and LlO operons, respectvely. Their homologs in tobacco were not detected on the 
chloroplast genome and are assumed to be encoded on the nuclear genome. 
This figure is modified from that of Subramanian, et aI, 1990a. 
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a. Regulation of Expression 

Regulation of expression of chloroplast encoded ribosomal protein genes could 

occur at different levels, i.e., transcription, mRNA processing, translation and 

post-translational control. The precise mechanisms which govern this regulation are 

not known. Several models could be suggested: 

i. Transcriptional Regulation 

This is suggested to occur by utilizing regulatory protein systems such as those 

which operate in the lactose operon of the E. coli (Miller and Reznikoff, 1978). This 

is supported by the fact that in E. coli the transcription (Freedman, et aI, 1987) and 

translation (Yates and Nomura, 1980) of the SlO operon is modulated by ribosomal 

protein L4, the product of the third gene of the operon, which binds about 150 bases 

upstream of the most proximal structural gene of the operon (Zengel and Lindahl, 

1990). The transcriptional and translational control by ribosomal protein L4 seems 

to require different sequence specificities on the SlO operon leader (Lindahl and 

Zengel, 1990). Site-directed mutagenesis of the 5'-leader sequence of the SlO 

polycistronic message has shown that the transcriptional regulation by ribosomal 

protein L4 results from the premature transcription termination (attenuation) within 

the leader sequence. This is further supported by the fact that a stem-loop structure 

could be drawn immediately upstream of the attenuation site and was found essential 

for the L4 mediated control. Such a system might operate to regulate chloroplast 

ribosomal protein synthesis. However, in plants, although some of the SlO operon 
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genes are chloroplast encoded, a homolog to ribosomal protein L4 is not. L4 must 

be nuclear-encoded and its potential for binding to and regulating nuclear genes is 

unknown. 

ii. Autoregulation of Translation 

Translational feedback control as in E. coli ribosomal protein operons (Nomura, 

et aI, 1984), might occur in chloroplasts. This hypothesis is supported by the fact that 

some of the chloroplast ribosomal protein genes are organized in operon like 

structures (Figure 2). One ribosomal protein might regulate the translation of several 

adjacent ribosomal protein genes by binding to a particular nearby sequence, as in 

the case of E. coli SlO operons (Yates and Nomura, 1980). However, some of the 

proposed ribosomal protein regulators are not coded for by chloroplast DNA and are 

likely to be nuclear encoded. The E. coli spc, str, Ct, S2 and S15 operons code for 

their own autogenous regulator proteins (rps8, rps7, rps4, rps2 and rps15, respectively) 

(Lindahl and Zengel, 1986). Homologs for these regulator proteins are found on 

tobacco chloroplast DNA (Shinozaki, et aI, 1986). However, ribosomal protein 

products homologous to E. coli ribosomal proteins L1, LlO, L4, S1 and S20 which 

regulates the translation of message from E. coli L11, LlO, S10, S1 and S20 operons, 

respectively, are not coded for by the chloroplast DNA and are likely to be nuclear 

encoded. Assuming that chloroplast ribosomal proteins which regulate translation are 

the same as the ones found in homologous E. coli operons, another level of 
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intracellular regulation might be introduced by the nuclear location of genes for some 

of these proteins. 

Mechanistically, feedback regulation of ribosomal protein operons in E. coli 

occurs by the binding of the regulator protein to the mRNA of the operon. These 

same proteins are known to have higher affinity for binding to ribosomal RNA. 

Therefore, if ribosomal RNA is in excess, these proteins bind to it and become part 

of the assembled ribosome; but if the mRNA is in excess they bind to it and regulate 

its translation (Gourse, et aI, 1986). This hypothesis is supported by the fact that the 

presumed binding sites for a number of regulator ribosomal proteins, including 

ribosomal protein S4 and ribosomal protein S7 (Nomura, et aI, 1980) and ribosomal 

protein S8 (Glins and Nomura, 1981) on the mRNA are homologous in their 

secondary structure to their presumed respective binding sites on the 16 ribosomal 

RNA. Because of the high sequence similarity between tobacco and E. coli 16S 

ribosomal RNA genes, computer assisted analysis revealed potential stem-loop 

structures on tobacco chloroplast 16S ribosomal RNA similar to those required for 

ribosomal proteins S4, S7 and S8 binding in E. coli (Bonham-Smith and Bourque, 

1990). Additionally, two possible binding sites for the tobacco ribosomal protein S7 

were located on exon 1 of rps12 mRNA, and, as in E. coli (Nomura, et aI, 1980) 

another respective binding site for ribosomal protein S7 was located in the 

intracistronic region between the rps12 and rps7 genes (Bourque, et al,1991). 
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iii. Regulation by Gene Introns and Transcript Splicing 

The interruption of genes by intervening sequences is observed in eukaryotic 

nuclear genomes. Intervening sequences were also found in genes for some 

chloroplast DNA-encoded proteins, including those coding some ribosomal proteins. 

These introns are of the class III type (Shinozaki, et aI, 1986a). They have conserved 

nucleotide sequences at the 5'- and 3'- splice junctions (Sugiura, 1987) and each of 

the intron sequences could be folded into a characteristic secondary structure motif 

(Ohto, et aI, 1988). It is thought that this secondary structure is necessary for excision 

of this type of intron through the formation of lariat structures. All chloroplast intron 

sequences are correctly removed, since precursor RNA molecules from most intron

containing genes do not accumulate. The exact mechanism and conditions required 

for splicing of the different chloroplast introns is not known. Further experiments are 

needed to distinguish self-splicing from splicing reactions requiring specific enzymes. 

A remarkable feature of chloroplast encoded ribosomal proteins is the 

requirement for trans-splicing discovered for rps12 in livelWort (Fukuzawa, et aI, 1986) 

and tobacco (Hildebrand, 1987; Koller, et aI, 1987; Zaita, et aI, 1987). In rps12, exons 

II and III are separated by an intron of 536 pb. These exons are located in the 

inverted repeat regions and therefore are present in duplicate. Exon 1 is located in 

the single-copy region at a distance of 90 kbp and 126 kbp from the two copies of 

exons II and III in the inverted repeats. Northern analysis has shown that exon 1 is 

transcribed separately from exons II-III (Hildebrand, 1987; Koller, et aI, 1987). 
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Mter transcription of both message precursors is completed, they are processed and 

ligated in trans to form the mature ribosomal protein S12 transcript. Thus, the 

mature mRNA for ribosomal protein S12 is formed by the cis-splicing of exons 2 and 

3 and the unusual trans-splicing involving exon 1. It is obvious that processes such 

as cis and trans-splicing are complex and might involve many steps before the mature 

transcript is obtained. Although information is available on the possible mechanisms 

of cis-splicing, factors involved in trans-splicing or its regulation are lacking. It is also 

not known whether the mechanism of splicing of mRNA plays a role in gene 

regulation. However, the presence of introns in some chloroplast protein coding 

genes and the subsequent production of mature mRNA indicates the correct and 

efficient removal of the intervening sequences. This process might playa role in the 

regulation of ribosomal protein gene expression in chloroplasts. 

A protein factor probably involved in plastid transcript processing in developing 

maize mutants was proposed when differences in the level of processing of certain 

chloroplast transcripts was observed (Barkan, et aI, 1986). This factor could be rate 

limiting for the expression of the affected genes during biogenesis. 

Another feature of gene regulation in chloroplasts genes is that the 3'- ends of 

chloroplast transcripts are not the result of transcription termination but rather 

represent end points of processing activities (Stern and Gruissem, 1987). Another 

way to control gene expression is by controlling the decay rate of specific transcripts. 

This was observed for several chloroplast genes in spinach (Stern and Gruissem, 
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1987; Deng and Gruissem, 1987) and maize (Barkan, et aI, 1986). These processes 

could affect expression of chloroplast encoded ribosomal proteins. 

2. Nuclear Encoded Chloroplast Ribosomal Proteins 

Several methods have provided evidence that some chloroplast ribosomal protein 

genes are located in the nucleus. One study showed that the nuclear ery-M1 gene 

codes for the large subunit ribosomal protein LC6 of Chlamydomonas (Davidson, et 

aI, 1974). When this gene is mutated in some erythromycin resistant cells, a protein 

with altered electrophoretic mobility resulted, providing evidence that a specific 

ribosomal protein is encoded by a given antibiotic resistance locus on the nuclear 

genome. Using inhibitors of chloroplast ribosomal protein synthesis, the synthesis of 

many chloroplast ribosomal proteins was shown to continue, indicating that they are 

not synthesized in the chloroplast (Freyssinet, 1978; Schmidt, et aI, 1983). These 

ribosomal proteins were thought to be translated on cytoplasmic ribosomes from 

nuclear-encoded mRNA. 

The site of synthesis of ribosomal proteins was also investigated using isolated 

chloroplasts. Protein synthesis in isolated pea chloroplasts was carried out using a 

light-driven system (Eneas-Filho, et aI, 1981). The results showed that six out of 24 

small subunit and five out of 32 large subunit proteins were made in the chloroplast. 

By the nature of the design of these in vitro experiments, it was only possible to 

establish which proteins are made within the chloroplast. There was no way of 

ascertaining which chloroplast ribosomal proteins were made in the cytoplasm. Thus, 
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the proteins not made in isolated chloroplasts are either synthesized in the cytoplasm 

or made in the chloroplasts but not assembled into ribosomal particles. 

Chlamydomonas reinlzardtii cells were pulse-labelled in vivo in the presence of 

inhibitors of cytoplasmic or chloroplast protein synthesis (Schmidt, et aI, 1983). 

Fluorographs of the labeled proteins, resolved on 2-D gels, showed that five to six of 

the large subunit proteins are made in the chloroplast, while 26 to 27 of the large 

subunit proteins are synthesized on cytoplasmic ribosomes. Similarly, 14 out of 31 

small subunit proteins are made in the chloroplasts, while the remainder are 

synthesized in the cytoplasm. 

The complete nucleotide sequence of the chloroplast DNA from tobacco 

(Shinozaki, et aI, 1986; Yokoi, et aI, 1991), liverwort (Ohyama, et aI, 1986) and rice 

(Hiratsuka, et aI, 1989) lead to the conclusion that 21 open reading frames on the 

chloroplast DNA code for ribosomal proteins with high identity to E. coli ribosomal 

proteins (Table 1). This represents about one-third of the total chloroplast ribosomal 

proteins (Capel and Bourque, 1982). The remaining chloroplast ribosomal proteins 

are likely to be nuclear encoded. 

All chloroplast proteins that are synthesized by cytoplasmic ribosomes are made 

as precursors and are post-translationally transported into chloroplasts where they are 

processed to their mature size (reviewed by Schmidt and Mishkind, 1986). The first 

identified nuclear-encoded chloroplast ribosomal proteins were from the alga 

Chlamydomonas. Polyadenylated mRNA was translated in a cell-free rabbit 
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reticulocyte system and antibodies made to four chloroplast ribosomal proteins (L6, 

L18, L21 and L29 of the large subunit of the ribosome) were used to immuno

precipitate these proteins from the labelled translation products (Schmidt, et aI, 

1984). These cytoplasmically synthesized chloroplast ribosomal proteins were made 

as precursors with apparent molecular weights of 1-6 kd greater than their respective 

mature forms. Processing of the ribosomal protein precursors to mature proteins was 

effected by adding a post-ribosomal supernatant that had been extracted from 

Chlamydomonas reinhardtii cells. In contrast to the chloroplast ribosomal proteins 

synthesized in the cytoplasm, two proteins made within the chloroplast were found 

to be synthesized in mature form in cell-free wheat germ translation systems 

programmed with non-polyadenylated mRNA. When log-phase cells of 

Chlamydomonas were labelled in vivo for 5 minutes, immuno-precipitates from whole 

cell extracts showed that chloroplast ribosomal proteins L2, L6, L18, L21 and L29, 

which are made in the cytosol and imported, are in their mature forms (Schmidt, et 

aI, 1984). 

In higher plants, nuclear encoded chloroplast ribosomal proteins have been 

identified in pea, Arabidopsis thaliana, spinach and tobacco. In pea, six cDNAs 

coding for chloroplast ribosomal proteins have been identified in a cDNA library 

using immunological procedures (Gantt and Key, 1986). Five of these cDNAs were 

sequenced and their deduced amino acid sequence determined (Gantt, 1988; Gantt 

and Thompson, 1990). While three of them encode proteins with significant identity 
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to E. coli ribosomal proteins L9 (33%), L24 (33%) and S17 (40%), two of them 

encode proteins (referred to as PsCL18 and PsCL25) with no sequence similarities 

to any of the E. coli ribosomal proteins (Table 2). In Arabidopsis thaliana, a plastid 

ribosomal protein with high identity (45%) to E. coli S17 ribosomal protein has been 

isolated and sequenced (Gantt and Thompson, 1990). 

In spinach, eight cDNAs encoding chloroplast ribosomal proteins have been 

identified and sequenced (Giese and Subramanian, 1989; Phua, et aI, 1989; Johnson, 

et aI, 1990; Smooker, et aI, 1990a and b; Subramanian, et aI, 1990a and b; Zhou 

and Mache, 1989; Carol, et aI, 1990; Lagrange, et aI, 1990). Five of these cDNAs 

encode proteins with deduced amino acid sequences homologous to the amino acid 

sequence of E. coli ribosomal proteins L12 (48%), L13 (56%), L21 (32%), L35 (41 %) 

and Lll (>40%). Three of the cDNAs encode ribosomal proteins whose deduced 

amino acid sequence does not match any of the E. coli ribosomal proteins. These 

proteins are referred to as CS-C5 (Zhou and Mache, 1989), CS-LA (Carol, et aI, 

1990) and PSrp-l (Johnson, et aI, 1990). 

In tobacco, three cDNAs encoding chloroplast ribosomal proteins have been 

identified and sequenced (this dissertation). They encode proteins with high identity 

to E. coli ribosomal proteins L27 (61 %), L12 (51 %) and L24 (29%). Another cDNA 

coding tobacco ribosomal protein L12 was identified and sequenced (Sugiura, 1990) 

though the similarity between its deduced amino acid sequence and that of E. coli is 

not yet published. 
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As in chloroplast encoded proteins, nuclear encoded proteins are named after 

their E. coli homologs, otherwise other names are given (Table 2). General 

characteristics of cDNAs include (from -5' to -3'), a 5'- non-translated sequence, a 

sequence coding for the transit peptide, the sequence coding for the mature protein, 

a 3'-non-coding sequence and finally the poly(At tail. The 5'- non-coding sequence 

ranges in length from 5 base pairs as in the cDNA for the spinach ribosomal protein 

CS-S5 (Zhou and Mache, 1989) to 102 base pairs as in the cDNA coding for tobacco 

ribosomal protein L27 (this dissertation). The cDNA for pea small subunit ribosomal 

protein S17 is truncated at the 5'- end and shows no 5'- non-coding sequence. The 

3'- non-coding sequence, on the other hand, ranges in length from 95 base pairs as 

in the cDNA encoding pea ribosomal protein L24 to 296 base pairs as in the cDNA 

encoding pea ribosomal protein L9. The poly(A)+ tail length varies from 9 base pairs 

as in the cDNA encoding the spinach ribosomal protein L21 to 79 base pairs as in 

the cDNA encoding the pea ribosomal protein PsCL18. The cDNA coding the 

spinach ribosomal protein L13 is truncated at its 3'- end and no poly(A)+ tail is 

reported. However, a poly(A)+ tail is reported to exist in another shorter (5'

truncated) cDNA encoding the same protein (Phua, et aI, 1989). 

The precursor proteins coded by the different cDNAs vary in length and they 

consist of the transit peptide plus the mature protein. Transit peptide sequences 

have been identified in all proteins (Table 2) except ribosomal proteins S17 

(Arabidopsis tizaliana) and S17 (pea). However, the exact lengths of the transit 
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peptide is only known in ribosomal proteins L12, L21, L35 and PSrp-1 from spinach 

(Giese and Subramanian, 1989; Smooker, et aI, 1990a; Smooker, et aI, 1990b; and 

Johnson, et aI, 1990) and L12 from tobacco (this dissertation). In these cases the N

terminal sequences of the mature protein have been determined. In the case of the 

pea ribosomal proteins, L9, L24, PsCL18, PsCL25 (Gantt, 1988), spinach ribosomal 

proteins L13 (Phua, et aI, 1989) and CS-55 (Zhou and Mache, 1989) and tobacco 

ribosomal proteins L24 and L27 (this dissertation), the lengths of the transit sequence 

have only been estimated. The length of the transit sequences of spinach ribosomal 

proteins (55-86 residues) appear to be larger than the length of those of tobacco 

ribosomal protein transit peptides (30 -53 residues) and pea ribosomal protein transit 

peptides (30-49, Table 2). Whether this is a general feature remains to be 

determined. Generally, the transit sequence is significantly smaller than the mature 

protein whose transport it directs, except in the case of spinach ribosomal protein 

L35 where the transit sequence is longer than its mature protein (Smooker, et aI, 

1990b). The amino acid sequence of the ribosomal protein transit peptides do not 

show obvious similarity. However, they generally share a similar amino acid 

composition, being rich in serine and threonine (between 20% to 40% of total 

residues), devoid of tryptophan and tyrosine, having low or no content of acidic 

amino acids and a general amphophilic nature. 

While about two-thirds of the identified nuclear-encoded chloroplast ribosomal 

proteins have identity with known E. coli proteins, the other third shows no obvious 
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identity (Table 2). The range of identity varies between 32% to 64% in the 

overlapping amino acid sequence between the respective homologous proteins. A 

common feature of the nuclear encoded chloroplast ribosomal proteins is that they 

are generally larger than their E. coli homologs. This might represent an evolutionary 

trend or adaptation to the nuclear locations of the genes for these proteins. 

The only chloroplast ribosomal protein which is completely sequenced is the L12 

protein from spinach (Bartsch, et aI, 1982). Amino-terminal sequencing was also 

done for the L12 protein from tobacco (this dissertation) and proteins L21, L35 and 

PSrp-1 from spinach (Smooker, et aI, 1990a and b; and Johnson, et aI, 1990). These 

data confirm the correct site of transit sequences removal. 

The L12 type proteins are acidic in nature because they contain more acidic 

than basic residues and so carry a net negative charge (Bartsch, et aI, 1982). The 

other ribosomal proteins listed in Table 2 are generally basic in nature, carry more 

basic than acidic amino acids and have a net positive charge. While there appear to 

be one cDNA coding for the majority of the different identified ribosomal proteins, 

those from tobacco (LI2, L24, L27) are coded by two or more cDNAs, each of which 

are identical in the coding sequence but have differences in the 3'- noncoding 

sequence and the poly(A)+ tails (this dissertation). Two of the pea proteins (L9 and 

L24) and one spinach protein (L13) are coded each by two cDNAs which are 

identical except that the location of the 3'- poly(At sequences were different (Gantt, 

1988; Phua, et aI, 1989). In the case of tobacco L27 ribosomal protein, however, two 
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genes were isolated that were different judging from different restriction enzymes 

pattern and mobility on agarose gels (this dissertation). The genes for two other 

nuclear encoded chloroplast ribosomal proteins have been isolated and sequenced. 

These are the genes for spinach ribosomal protein L21 (Lagrange, et aI, 1990) and 

pea ribosomal protein L22 (Gantt, et aI, 1990). 

Ribosomal protein L21 is of particular interest because it is encoded in the 

chloroplast genome in the lower plant Marchantia polymorpha (Ohyama, et aI, 1988) 

and in the nuclear genome in the higher plant spinach (Smooker, et aI, 1990). The 

nuclear gene corresponding to the spinach L21 ribosomal protein has been isolated 

from a spinach genomic library (Lagrange, et aI, 1990). The total sequence is 3,000 

base pair long and contains the coding sequence plus four introns. The four introns 

map towards the middle of the gene. Their intron junctions follow the consensus 

sequences of nuclear introns of dicot plants. 

In the case of pea ribosomal protein L22, evolutionary gene transfer seems to 

have occurred between the plastid and the nucleus (Gantt, et aI, 1990). The gene for 

ribosomal protein L22 which is located on the chloroplast genome in tobacco 

(Shinozaki, et aI, 1986) is located on the nuclear genome in pea (Gantt, et aI, 1990). 

A cDNA coding for ribosomal protein L22 was also isolated from a pea cDNA library 

and sequenced. The 875 base pair cDNA encodes the entire 22.8 Kd protein, and 

has a 14 base pair long poly (At tail at the 3'- end (Gantt, et aI, 1990). The 

sequence of the cDNA is exactly the same as the genomic sequence except that the 
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genomic clone contained a 305 base pair intron and lacks the poly(At tail (Gantt, 

et aI, 1990). The intron divides the gene into two exons. The 5'- exon encodes almost 

all the putative transit peptide while the 3'- exon encodes all of the evolutionary 

conserved ribosomal protein L22. 



Table 2. 

Characteristics of the nuclear-encoded higher plant chloroplast ribosomal proteins 
identified at the cDNA levela• 

a. All of the coding cDNAs were identified from libraries constructed in 
the expression vector 19t11. 

b. The site of removal of the transit peptide from ribosomal proteins S17 
(pea and Arabidopsis tlzaliana) is not known. 

c. . Ribosomal proteins PsCL18: PsCL25, PSrpl, CS-S5 and CS-LA have 
no E. coli ribosomal protein homologs. 

d. Indicate difference in amino acids content between the mature 
chloroplast protein and its bacterial homolog. 

e. Number of identical residues are divided by number of plant chloroplast 
protein residues in the overlapping homlogous region (Amino and 
carboxyl extensions are not included). 

N.A.: Not Available. 



Ribosomal Plant Total Length Mature polypeptides Transit Peptide C-terminal extension Change in Protein-Chemical Identity to Reference /: 
Protein (amino acids) Chain Length length rdative [0 W!ili chain length" Sequence W!ili(%)' 

I (amino acids) (amino acids) (amino acids) (amino acids) (amino acids) 
Chloroplast L!Q!i ~ 

L9 Pu 19-4 160 14a 34 None +12 NO 33 Gantt, 1988 i 
L24 Pu 194 ISS 103 39 21 +46 NO 33 Gantt, 1988 I 
S17" 

! 
Po. 134 134 83 notkno\m 18 +SI NO 40 Gmn and Thompson. 

1990 

p,ala' Pu 145 96 None 49 None None NO None Gantt, 1988 

p,Q.2S Pu 104 74 None 30 None None NO None Gantt, 1988 

SI7 AnbidoDlis 149 149 83 not known 20 +66 NO 45 Gmtt and Thomp:;on, 
thali3na 1990 

LII Spinach NA NA NA NA NA NA NA NA Subramutian. ct d. 1990 

LI2 Spmilch 189 133 120 56 None +13 complc[c 48 Giese and Subramanian, 
1989 

LI3 Spinach 250 190 142 60 9 +48 NO 56 Phua, .. &I, 1989 

L21 Spinach 256 201 103 55 30 +98 20 NH,-Tormin&l 32 Smook..-, 0' &I 1990 

Ll5 Spinach 159 73 65 86 6 +8 58 NH,-Tennin&l 41 Smook..-, 0' &I, 1990 

PSrpl Spinach 302 236 None 66 None None 20 NH,-Tumin&l None Joluuon, ot ai, 1990 

cs-ss Spinach 302 237 None 6S None None NO None Zhou and Macho, 1989 

CS-U Spinach NA NA None NA None None None None Carol, .. &I, 1990 

LI2 Tobacco 186 133 120 53 None +13 12 NH,-Tumin&l 44 Thil DissuaDon 

L24 Tobacco 187 157 103 30 24 +54 NO 35 This DissuaDon 

L27 TobiCCO 179 128 84 51 40 +44 NO 61 This Dissertation 

-.l 
-.l 



D. Other Prokaryotic and Eukaryotic Ribosomes 

1. E. coli Ribosomes 

a. Properties 

78 

The ribosome of E. coli has been studied more extensively than that of any other 

organism. Each E. coli ribosome consists of two subunits (30S and 50S) of different 

size and shape. The smaller 30S subunit consists of the 16S RNA molecule, which 

is 1542 nuc1eotides long and one each of 21 different proteins (nomura, et aI, 1984). 

The ribosomal RNA and the proteins interact to form the smaller 30S particle. 

The larger 50S subunit has two ribosomal RNAs (23S and 5S, which are 2904 

nuc1eotides and 120 nuc1eotides long, respectively) and 34 protein molecules. The 

protein and the two ribosomal RNAs are joined in a flattened spheroid that has 

several irregular protrusions on its upper surface. The large subunit has a molecular 

weight of 1.6 million (Nomura, 1984). The 30S and the 50S subunits attach together 

to form the functional ribosome, which has a sedimentation coefficient of 70S and a 

molecular weight of 2.5 million. 

In E. coli, ribosome synthesis is regulated to meet the protein synthesis 

requirements of the cell. The appropriate amounts of both the ribosomal 

components (ribosomal proteins and ribosomal RNAs) are made such that the 

bacterial cells can thrive under different growth conditions. The genes for the protein 

synthesizing components are scattered all over the E. coli genome, yet the different 
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components are synthesized in a balanced and coordinated manner to meet the cell 

needs. 

There are seven operons for the ribosomal RNA in E. coli (Kiss, et aI, 1977; 

Kenerley, et aI, 1977). Each operon encodes a precursor transcript which upon 

processing yields 16S, 23S and 5S ribosomal RNAs as well as several other tRNAs 

(Ellwood and Nomura, 1982). The gene order is 5'- 16S- spacer- tRNA- 23S- 5S

(distal tRNA)- 3'. There are two functional promoters, PI and P210cated 5'- to the 

16S rRNA, in each of the seven ribosomal RNA operons (de Boer and Nomura, 

1979; Gilbert, et aI, 1979; Li, et aI, 1984). The ribosomal RNA operons are 

characterized by the presence of almost identical leader sequences beginning about 

30 bases downstream of the P2 transcription start site. The sequences in and around 

the -10 region of the PI promoter and the -10 and -35 regions of the P2 promoter 

in all the seven ribosomal RNA operons are identical. The sequences upstream of 

both the PI and P2 promoters are very AT-rich (Lindahl and Zengel, 1986). The PI 

promoter is under both growth rate-dependent and stringent control while the P2 

promoter is under constitutive control (Sarmientos and Cashel, 1983; Sarmientos, et 

aI, 1983; Gourse, et aI, 1986). Under medium to fast growth conditions, ribosomal 

RNA synthesis is mostly from the major PI promoter and is subject to feedback 

regulation. In slow growing cells the minor P2 promoter, which escapes feedback 

repression, continues to function (Nomura, 1990). Over-production of intact 

ribosomal RNA alone is not enough for successful feedback regulation. It is rather 
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the over-production of intact ribosomes which is necessary (Nomura, 1990). Excess 

ribosomes exert their feedback on ribosomal RNA synthesis through their 

translational activity by causing a small excess in translation or translation initiation 

which generates a signal leading to an eventual decrease in ribosomal RNA synthesis 

(Cole, et aI, 1987; Yamagishi, et aI, 1987). Therefore, cells monitor the concentration 

of ribosomes through their translational activity. 

b. Regulation of Ribosomal Protein Gene Expression 

The genetic organization of ribosomal protein operons in E. coli is complex 

(Gourse, et aI, 1986). Many operons contain genes for non-ribosomal proteins 

(Figure 2). Some of the operons have two promoters and some have internal 

promoters located within the structural genes (An, et aI, 1982; Burton, et aI, 1983, 

Zengel and Lindahl, 1982). Several of the ribosomal protein operons are partially 

co-transcribed with an upstream operon. Transcription of the LID operon, for 

example, is initiated both at the LlO promoter and at the promoter for the upstream 

Lll operon (Bruckner and Matzura, 1981). The a operon is expressed both from its 

promoter and from the promoter for the upstream spc operon (Cerretti, et aI, 1983). 

Since all ribosomal proteins, except L 7/L12, are synthesized in equi-molar 

amounts and are co-regulated, one expects to find related promoter sequences in the 

various ribosomal protein operons. However, the ribosomal protein promoters are 

more homologous to each other in the region immediately downstream of the -10 

sequence than they are with any standard E. coli promoter (Travers, 1984; Lindahl 
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and Zengel, 1986). Terminator structures with dyad symmetry have been identified 

at the 3'- ends of many of the ribosomal protein operons. Like the standard E. coli 

terminators, these terminators are characterized by being GC-rich at the top of the 

stem and AU-rich at the bottom and by having a run of adenine preceding the 

GC-rich region (Liebke and Hatfull, 1985; Platt, 1986). Some of the ribosomal 

protein operons have internal transcription terminators that allow partial 

read-through into downstream genes. For the SlO operon (Lindahl, et aI, 1983), L10 

operon (Blumenthal and Dennis, 1980) and the L20 operon (Fayat, et aI, 1983), the 

efficiency of these internal terminators is regulated and so they are classified as 

attenuators. Ribosomal protein messages are assumed to be translated very 

efficiently, although no measurement of the number of translations per transcript 

have been accurately made (Bjork, 1985). 

Almost all the ribosomal protein operons studied are under operon-specific 

autogenous control, i.e., one of the ribosomal proteins encoded by the operon binds 

to the mRNA and inhibits translation resulting in the repression of most or all genes 

in the operon (Nomura, et aI, 1984; Gourse, et aI, 1986). Besides translation, the 

binding of the regulatory proteins could also inhibit transcription. 

In the autogenous regulation model of ribosomal protein synthesis (Nomura, et 

aI, 1984), the regulatory protein interacts with the ribosomal RNA in the ribosome 

as well as the mRNA. There are similarities between the sequence of the region of 

ribosomal RNA to which a given regulatory ribosomal protein binds and the sequence 
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of the mRNA from the operon regulated by the protein. A newly synthesized 

ribosomal protein binds, preferentially to ribosomal RNA if a newly synthesized 

ribosomal RNA molecule is available. If not, the protein binds to its own mRNA, 

thereby repressing its own operon at the translational level. The mRNA binding sites 

for the regulatory proteins are in the leader sequence of the operons. In the case 

whereby the proximal genes are not regulated by the operon-specific autogenous 

regulators (as in the str and spc operons), the binding sites for the regulatory 

proteins, are in the inter-cistronic region upstream of the first regulated gene 

(Lindahl and Zengel, 1986). 

The SlO ribosomal protein operon in E. coli is autogenously regulated by 

ribosomal protein L4, the product of the third gene of the operon (Yates and 

Nomura, 1980). Site-directed mutagenesis was used to prove that L4 regulates both 

transcription and translation (Freedman, et aI, 1987). While some mutations abolish 

both levels of L4 controls, others eliminate either transcriptional or translational 

control with little or no effect on the other mode of regulation. Further studies 

demonstrated that L4 stimulates termination about 140 bases from the transcription 

start site or more than 30 bases upstream of the most proximal structural gene of the 

SlO operon (Zengel and Lindahl, 1990). Ribosomal protein L4 regulates transcription 

by a mechanism that is independent of its inhibition of translation. However the 

combined L4-mediated autogenous controls of transcription and translation are not 

sufficient to obtain the steady-state growth medium-dependent regulation of the SlO 
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operon (Lindahl and Zengel, 1990). Additional regulatory processes are required to 

coordinate the synthesis of the ribosomal proteins with cell growth rate. 

The L11 operon, coding for ribosomal proteins Lll and L1, is regulated by 

ribosomal protein L1 (Dean and Nomura, 1980). The mRNA target site for 

repression has been localized to a region near to or at the translation initiation site 

of the Lll cistron (Baughman and Nomura, 1983). This translational control is fully 

responsible for the correct growth rate dependent control and stringent control in the 

Lll operon (Cole and Nomura, 1986). Using random mutations, the region for 

translational regulation was defined upstream of the Lll Shine-Dalgarno sequence 

(Thomas and Nomura, 1987). The secondary structure of the autoregulatory mRNA 

binding site of ribosomal protein L1 was studied using enzymatic methods (Kearney 

and Nomura, 1987). The common features are stem-loop structures spanning the 

whole length of the leader sequence (110 base pairs). The region involved in the 

coupling of translation of L1 with Lll was defined by mutational analysis (Sor et aI, 

1987). Results indicated that the L1 initiation site carried all elements required for 

recognition by free ribosomes and is potentially an active initiation site. There seem 

to be mRNA regions with special features interfering with independent translation 

initiation by free ribosomes and so masking translation initiation at the L1 Shine

Dalgarno site. These regions lie almost immediately upstream of the Shine-Dalgarno 

sequence for the L1 cistron. 



84 

The a operon of E. coli contains the genes for ribosomal proteins S13, Sll, S4, 

RNA polymerase subunit a and ribosomal protein L17 in this order. The translation 

of all ribosomal proteins in this operon is regulated by ribosomal protein S4 which 

binds to the mRNA at the start site for ribosomal protein S13 (Dean and Nomura, 

1980). The a subunit gene is regulated independently. The region of the leader of 

the a operon mRNA required for protein S4 binding was identified to be between 

nucleotides 19-22 of the leader sequence (Thomas, et aI, 1987). The site of binding 

of ribosomal protein S4 to the mRNA is folded in a pseudoknot structure where the 

loop of a hairpin is base paired to sequences downstream of the hairpin (Tang and 

Draper, 1989; Draper, 1990). Using site directed mutations, the pseudoknot folding 

and additional base pairing within its secondary structure was confirmed. This 

additional base pairing creates a double pseudoknot folding pattern bringing together 

hairpin sequences 5'- to ribosome binding site with sequences about 6 to 30 

nucleotides 3'- to the initiation codon. The S4 ribosomal protein stabilizes this 

structure and so repress translation of the alpha operon. 

The spc operon of E. coli encodes 10 ribosomal proteins in the order L14, L24, 

L5, S14, S8, L6, L18, S5, L30 and L15. The operon is feedback regulated by protein 

S8, which binds near the translation start site of protein L5 and inhibits translation 

of protein L5 directly and that of the distal genes indirectly (Mattheakis and Nomura, 

1988). Alteration of the AUG start codon of protein L5 to UAG decreased synthesis 

of protein L5 and the distal proteins by 20% without affecting rates of mRNA 
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synthesis indicating the coupling of distal cistrons translation with that of protein L5 

(Cerretti, et aI, 1988). The target binding site of protein S8 on the mRNA lies 

between nucleotides 950 to 1040 which maps inside the coding sequence of protein 

L5. This region is capable of making a stem-loop structure. Despite earlier reports 

(Mattheakis and Nomura, 1988; Cerreti, et aI, 1988) which indicated otherwise, 

protein S8 also regulates the synthesis of the first and second gene products (L4 and 

L24) of the spc operon by acting at the same mRNA site located for regulation of 

the rest of the spc operon genes (Mattheakis, et aI, 1989). It is suggested that the 

repression of the distal protein synthesis by protein S8 triggers nucleolytic cleavage 

of spc operon mRNA, followed by mRNA degradation by 3'- to 5'- exonucleases, 

thereby indirectly inhibiting the synthesis of ribosomal proteins L14 and L24. 

2. Yeast Ribosomes 

a. Properties 

The yeast cytoplasmic ribosome has a sedimentation coefficient of 80S which 

dissociates into a large subunit of 60S and a small subunit of 40S (Warner, 1982). 

The ribosome has four different ribosomal RNAs and about 80 ribosomal proteins. 

The ribosomal RNAs are 25S, 5.8S and 5S in the 60S subunit and 18S in the 40S 

subunit (Philippsen, et aI, 1978). The 60S subunit contains about 45 ribosomal 

proteins while the 40S subunit contains about 35 ribosomal proteins (Kruiswijk and 

Planta, 1974; Kruiswijk, et aI, 1978). Like ribosomal proteins from other organisms, 

most of the yeast proteins are small and basic with a PI > 8.6. There are few acidic 
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proteins (Otaka and Kobata, 1978). Several yeast ribosomal proteins are 

phosphorylated and the degree of phosphorylation seems to depend on the growth 

conditions (Zinker and Warner, 1976). Several proteins of the 60S subunit are 

methylated (Kruiswijk, et aI, 1978; Hernandez, et aI, 1978). While the stoichiometry 

of ribosomal proteins is difficult to determine experimentally, it has been suggested 

that the majority of the proteins on yeast ribosome are present in equi-molar 

amounts (Warner, 1989). 

In yeast, mature ribosomes are distributed between polyribosomes and free 

ribosomes as a function of the growth conditions. Stationary cells have only a 

fraction of their ribosomes in polyribosomes, while rapidly growing cells have more 

than 90% as polysomes, 5-8% as monosomes, and the remainder as subunits 

(Hartwell and McLaughlin, 1969). There are about 100-120 ribosomal RNA genes 

per cell (Warner, 1989). These genes form a single tandem array of 9.1 kbp on 

chromosome XII (Petes and Botstein, 1977). The arrangement of the ribosomal 

DNA repeat unit on the chromosome is 5'-18S, 5.8S and 25S-3'-. The 5S gene lies in 

the spacer between the repeats on the other strand 5'- to the 18S gene and is 

transcribed in the opposite orientation to the other three ribosomal DNAs 

(Philippsen, et aI, 1978). The 5S ribosomal RNA appears to undergo no post

transcriptional modifications (Segall, 1986), while the 18S, 5.8S and 25S ribosomal 

RNAs are products of a single transcript (35S ribosomal RNA) which undergoes a 

series of intermediate modifications and processing steps until the mature ribosomal 
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RNA genes are produced (Warner, 1989). Processing occurs in the nucleus except 

for the final steps in the maturation of the 18S ribosomal RNA which takes place in 

the cytoplasm. 

b. Regulation of the Ribosomal Protein Genes 

Ribosomal proteins are made in the cytoplasm and immediately transported to 

the nucleolus to associate with the precursor ribosomal RNA (Planta, et aI, 1984). 

The genes for a large number of ribosomal proteins of S. cerevisiae have been cloned 

(Bollen, et aI, 1981; Fried and Warner, 1981; Fried, et aI, 1981; Fried and Warner, 

1982; Woolford, et aI, 1979) and the sequence of 26 of them are now available 

(Wool, et aI, 1990; Warner, 1989; Planta, et aI, 1986). Unlike the E. coli operons 

(Nomura, et aI, 1984), yeast genes are scattered over various chromosomes (Planta, 

et aI, 1986). Few of these genes are linked. These include the two copies of the 

head-to-tail pair RP28 and S16A (Molenaar, 1984), the pairs S24 and L46 (Leer, et 

aI, 1985b) and RP29 and L32 (Dabeva and Warner, 1987; Mitra and Warner, 1984) 

which are transcribed divergently. Most yeast ribosomal proteins contain a single 

intron (Rosbash, et aI, 1981) usually located near the initiation codon and in two 

cases upstream of it (Mitra and Warner, 1984; Nieuwint, 1985). Most yeast 

ribosomal protein genes are duplicated (Fried, et aI, 1981), with both copies being 

functional though not at the same level (Abovich and Rosbash, 1984; Leer, et aI, 

1985c; Rotenberg, et aI, 1988). The open reading frames of the duplicated gene are 

highly conserved although the proteins differ in a few conservative replacements 
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(Leer, et aI, 1985c). Sequences within introns and in the leader have diverged 

substantially (Planta, et aI, 1984). 

Transcription of ribosomal protein genes appears to be coordinately regulated 

resulting in approximately equal levels of mRNA with similar half-lives (Kim and 

Warner, 1983a). Starvation of cells for an amino acid resulted in an inhibition of 

transcription of ribosomal RNA (Shulman, et aI, 1977) accompanied by a decrease 

in the amount of mRNA for most ribosomal proteins (Warner and Gorenstein, 1977). 

When glucose was added to a yeast culture growing on ethanol, a rapid increase in 

transcription of ribosomal RNA resulted (Kief and Warner, 1981), which was 

accompanied by a rapid increase in transcription of mRNA for the ribosomal proteins 

(Donovan and Pearson, 1986). Transcription of ribosomal protein genes was also 

inhibited by mild high temperatures (Kim and Warner, 1983b). These results lead 

to the identification of potential upstream sequences that might be involved in 

regulation of transcription (Teem, et aI, 1984). Three such sequences were identified 

(Rotenberg and Woolford, 1986). One is a poly (dA-dT) region commonly found 

upstream of many active yeast genes and which acts as a general promoter region 

(Struhl, 1985). The other two regions originally referred to as HOMOL1 (Teem, et 

aI, 1984) and RPG boxes (Leer, et aI, 1985a) are now known as UASrpgregions (Mager, 

1988) and have the common sequence A{f ACAT/C CCNG T NG CAT TIC T/A. 

Many ribosomal protein genes have two adjacent copies of UASrpg (Planta, et aI, 



89 

1986) which act additively. A protein termed TUF (Huet, et aI, 1985) binds to both 

UASrpg and probably has a regulatory function (Vignais, et aI, 1987 ). 

Transcription of yeast ribosomal protein genes starts at about 30 bases upstream 

from the translation initiation codon and probably occurs at multiple sites (Leer, et 

aI, 1984). Capping sites on yeast ribosomal protein mRNAs are located close to the 

transcription initiation sites (Burke, et aI, 1983). Transcription termination sites are 

located about 100 nucleotides downstream from the stop codons. Other conserved 

sequence elements which occur in the 3'- region include the polyadenylation signal 

and potential transcription stop signals. 

Deletion experiments have shown that the presence of at least one upstream 

sequence is both sufficient and necessary for expression of a ribosomal protein gene 

(Rotenberg, and Woolford, et aI, 1986; Woudt, et aI, 1986; Schwindinger and Warner, 

1987). It was proposed that the upstream sequences might represent activation sites 

which act as enhancer-like elements to regulate transcription of ribosomal protein 

genes in response to environmental changes. This type of regulation is probably 

responsible for the balance between protein synthesis and ribosomal RNA synthesis. 

However, the balance between ribosomal RNA synthesis and ribosomal protein 

synthesis might also be regulated at the level of ribosome assembly (Planta, et aI, 

1986). 

Yeast cells synthesize ribosomal proteins in equi-molar amounts under different 

growth conditions. The mechanisms which control this balance are thought to be 
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post-transcriptional. Gene dosage experiments were performed by introducing extra 

copies of ribosomal protein genes on autonomously replicating multicopy plasmids 

(EI-Baradi, et aI, 1986; Pearson, et aI, 1982, Tsay, et aI, 1988; Warner, et aI, 1986). 

While the level of transcription was increased, the rate of synthesis of the respective 

protein was only marginally increased indicating a post-transcriptional compensatory 

control mechanism which takes place in the form of rapid degradation of the excess 

protein that is synthesized. Other post-transcriptional control mechanisms might 

include processing, nucleocytoplasmic transport of pre-mRNA, increasing the 

turnover of the respective pre-mRNAs or by influencing translation initiation 

(Warner, et aI, 1985). 

Since the 5'- untranslated leaders of the yeast ribosomal protein mRNAs are 

relatively short and have no secondary structures, the autogenous control models of 

E. coli are likely not to apply. An alternative is that ribosomal proteins interact in 

a different way with their pre or mature mRNA and so prevent processing of pre 

mRNA or the transport of mature mRNA from the nucleus into the cytoplasm 

(Dabeva, et aI, 1986). Candidates for this type of regulation are ribosomal proteins 

which bind individually and specifically to ribosomal RNAs. In this model, precursor 

mRNA and pre-ribosomal RNA in the nucleus will compete for the ribosomal 

protein. One candidate for such regulation is yeast ribosomal protein L25 (EI-Baradi, 

et aI, 1984). This protein binds to the yeast 26S rRNA in a region which has a large 

degree of identity with the region of E. coli 23S rRNA which is a binding site for E. 
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coli ribosomal protein L23 (EI-Baradi, et aI, 1985; Vester and Garrett, 1984). The 

two binding sites are closely similar both in primary and secondary structure. Yeast 

ribosomal protein L25 was shown to bind to E. coli 23S ribosomal RNA at the same 

site recognized by L23 (EI-Baradi, et aI, 1985). Structural features similar to the 

binding site for ribosomal protein L25 on yeast 26S ribosomal RNA were found on 

the precursor mRNA transcribed from the ribosomal protein L25 gene. Similarities 

both at the primary and secondary structural levels were observed in the intron as 

well as the coding region of the precursor mRNA. The latter region, especially, has 

some striking homologies with the L25 binding site on the 26S ribosomal RNA. This 

suggests the possibility that ribosomal protein L25 might bind to the precursor mRNA 

and so influence the availability of its own message for translation in a manner 

analogous to that of E. coli autogenous control model (Nomura, et aI, 1984). 

Another phenomenon analogous to the autogenous regulation in E. coli is the 

autogenous regulation of splicing by ribosomal protein L32 coded by the gene RPL32 

in yeast (Dab eva and Warner, 1987). Excess copies of RPL32 lead to excess of 

unspliced transcripts with only a marginal excess of mRNA. This is because the 

product of the gene, ribosomal protein L32, inhibits the splicing of the transcript 

(Dabeva, et aI, 1986). Deletion analysis has shown that the first 75 nucleotides of 

RPL32 transcript are sufficient to support the regulation of splicing (Warner et aI, 

1990). Splicing seems to be initiated by the interaction of the small nuclear RNA Ul 

with sequences just downstream from the 5'- splice site (Siliciano and Gutherie, 1988; 
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Woolford, 1989). Ribosomal protein L32 is postulated to bind with the same 

sequence to stabilize and prevent the VI binding. 

3. Mammalian Ribosomes 

Mammalian ribosomes (rat) are larger than prokaryotic ribosomes because they 

have larger rRNAs, larger number of ribosomal proteins (about 80 rather than 53) 

and an additional molecule of ribosomal RNA. The mammalian ribosomes are made 

up of two subunits. The small 40S subunit contains an 18S ribosomal RNA and 30 

proteins while the large 60S subunit contains one molecule each of S5, 5.8S and 28S 

ribosomal RNAs and about 45-50 ribosomal proteins. The undissociated ribosome 

has a sedimentation coefficient of about 80S (Wool, 1979). Ribosomal proteins are 

synthesized in the cytoplasm and then transported to the nucleus where they are 

assembled into subunits. The proteins are characterized by being relatively small, 

highly basic (many have isoelectric points > 11) and insoluble in ordinary buffers. It 

is unlikely that there is more than one molecule of each ribosomal protein in the 

active ribosome, although there could be more than one copy of a few. 

The amino acid sequence of about half of the rat ribosomal proteins has been 

determined (Wool, et aI, 1990). For each ribosomal protein and its eDNA, the 

identity as a coding sequence was confirmed by protein sequencing of part of the 

protein. An AATAAA polyadenylation signal which directs post-transcriptional 

cleavage and polyadenylation of pre-mRNA has been identified in the 3'- non-coding 

sequences. A pyrimidine sequence with the consensus CfTTCC has been identified 
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at the start of the 5'- non-coding region in most ribosomal protein mRNAs and may 

playa role in the regulation of their translation (Dudov and Perry, 1984; Wiedemann 

and Perry, 1984; Wagner and Perry, 1985; Chan, et aI, 1987). 

Mammals have multiple genes for individual ribosomal proteins (Monk, et aI, 

1981; Chan and Wool, 1988). The multiplicity of these genes in higher mammals vary 

from 7 to 20 and they are organized in gene families (D'Eustachio, et aI, 1981; Monk, 

et aI, 1981; Chan and Wool, 1987; Wool, et aI, 1990). The chromosomal distributions 

of five of these families were studied in mouse cells (D'Eustachio, et aI, 1981). 

Members of a particular family are found distributed on different chromosomes 

rather than being clustered on few chromosomes. There seems to be no linkage of 

ribosomal protein genes and ribosomal RNA genes. 

Although there are families of genes for individual ribosomal proteins, only one 

gene is usually expressed. The other copies are assumed to be nonfunctional 

pseudogenes (Dudov and Perry, 1984; Wiedemann and Perry, 1984; Wagner and 

Perry, 1985). In mouse cells, for example, the ribosomal protein L32 coding family 

is composed of 16 genes (Dudov and Perry, 1984). A single gene is expressed and 

it contains introns. Most of the others are processed pseudogenes, some of which are 

identical or very similar to the coding gene except that they lack the introns. A 

similar situation is found with the mouse ribosomal protein L30 (Wiedeman and 

Perry, 1984). Out of 5 genes only one-intron containing gene is expressed; the others 

are inactive processed pseudogenes. The 5'- portion of the mouse ribosomal protein 
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L30 gene shares some features with mouse ribosomal protein L32 gene. These 

include the presence of homologous sequences in the -60 to -340 region, the absence 

of a good TAT A consensus sequence and the presence of a palindromic pyrimidine 

sequence in the cap site. The major site of transcriptional initiation is located at a 

cytosine embedded in this pyrimidine tract. The pyrimidine tract is flanked by blocks 

of high G+C content. These features are shared by the gene encoding the mouse 

ribosomal protein S16 of the small subunit of the ribosome (Wagner and Perry, 

1985). The three mouse ribosomal proteins (L32, L30, S16) promoters have similar 

features. They contain multiple (five or six) cis-acting elements distributed over an 

185 ± 25 bp region spanning the cap site. Genes lacking these elements are 

transcriptionally inactive, while those lacking the 5'· distal elements function at about 

30% to 40% of the maximum efficiency. The elements contain binding sites for 

different nuclear factors which are proposed to interact with these and other 

ribosomal protein genes and with genes in the housekeeping category. It is suggested 

that the design of these ribosomal protein promoters is well suited for a set of genes 

that require a relatively high level of expression in a variety of cell types (Hariharan 

and Perry, 1989; Perry, et aI, 1988; Moura-Neto, et aI, 1989; Atchison, et aI, 1989). 

Introns seem to play important roles in the expression of mammals ribosomal 

protein genes (Chung and Perry, 1989). The expressed mouse ribosomal protein L32 

has three introns. Removal of these three introns renders the gene completely 

inactive. The presence of intron one alone or with the other two introns restored the 
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expression of the gene at the level of normal intact ribosomal protein L32 gene. 

However, the absence of intron one, even in the presence of other introns, decreased 

the level of expression of ribosomal protein L32 to about 10-20% of the maximum 

level. Intron 1 was found to contain an element at its 5'- end that increases the 

transcriptional level 5 to lO-fold. The element was inactive if translocated upstream 

of the transcription start site or to a position within intron 3. This indicates that 

besides their role to insure an efficient yield of RNA transcripts, introns play specific 

roles by containing transcriptional regulatory elements important in gene expression. 

Besides ribosomal proteins, mammalian ribosomes contain four different RNA 

molecules with sedimentation values of 5S, 5.8S, 18S and 28S. Ribosomal DNA is 

composed of a repeating unit that includes the pre-ribosomal RNA genes and a 

spacer. Pre-ribosomal RNA is processed into mature 5.8S, 18S and 28S RNA 

molecules. The 5S ribosomal RNA is synthesized as a primary transcript from genes 

that are found at different chromosomal locations than the other ribosomal RNA 

genes. Pre-ribosomal RNA is synthesized by RNA polymerase I, then processed in 

several steps to yield mature ribosomal RNA. The polarity of transcription always 

proceeds from the 5'- end-nonconserved region-18S RNA-nonconserved region-28S

RNA-3'- end. The 5S ribosomal RNA is synthesized separately by RNA polymerase 

III, while ribosomal protein genes are transcribed by RNA polymerase II (Wool, 

1986; Plant a and Meyerink, 1980). 
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Ribosome synthesis and assembly in mammals involve: (1) the transcription of 

ribosomal precursor RNA, its assembly with ribosomal proteins and its processing to 

mature ribosomal RNA which occurs within the nucleus, and (2) the transcription 

and processing of the mRNA for the ribosomal proteins in the nucleus and its 

translation on cytoplasmic polyribosomes. These two processes involve massive 

transfer of material across the nuclear envelope, i.e., ribosomal proteins from 

cytoplasm to nucleus and both mRNA and finished ribosomal subunits from the 

nucleus to the cytoplasm (Ware and Khana-Gupta, 1990). The regulation of 

ribosome biosynthesis requires the coordinate regulation of both ribosomal RNA and 

protein production. However, synthesis of the ribosomal RNA and ribosomal 

proteins are not always coupled. Ribosome synthesis can also be regulated at the 

level of the efficiency of RNA processing to determine the proportions of transcripts 

which eventually enter mature ribosomes. Although the assembly of the ribosome 

involves the migration of newly formed ribosomal proteins to the nucleolus where 

they assemble onto precursor ribosomal RNA, little is known about the mechanism 

by which ribosomal proteins migrate to the nucleus. 

4. Xenopus Ribosomes 

a. Properties 

Like other eukaryotic ribosomes, the Xenopus ribosome is composed of four 

different RNA molecules with sedimentation values of SS, S.8S, 18S and 28S as well 

as about 70 different ribosomal proteins. The genes for ribosomal RNA are arranged 
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in tandemly repeated units. Each repeating unit consists of a transcribed region 

containing the 18S, 5.8S and 28S ribosomal RNA genes (in that order of 

transcription) and a non-transcribed spacer. The transcribed regions are constant in 

length and are exactly the same in sequence while the non-transcribed spacers differ 

strongly in length in different repeating units (Planta and Meyerink, 1980). The gene 

for the 5S ribosomal RNA is not linked to the tandemly repeated ribosomal RNA 

units. 

The tandemly repeated rRNA genes have been shown to contain three types of 

transcription regulatory elements: promoters, enhancers and at least one terminator 

(Reeder, 1984; Pape, et aI, 1989; Labhart and Reeder, 1989). These elements are 

positioned in the spacer region. On the 5' -end, the spacer is bounded by the gene 

promoter. On the 3'-end, the spacer is bounded by a transcription termination signal 

at the 3'- end of each gene. Each spacer has between two to seven or more 

imperfect duplications of the gene promoter. Separating these spacer promoters 

from each other and from the gene promotor are regions of intermingled repeating 

enhancers which stimulate transcription from promoters in cis. They function in both 

orientations (Pape, et aI, 1989), contrary to the previous believe (Reeder, 1984; 

Pikard and Reeder, 1988), they are position dependent. The gene promoter directs 

transcription of the 40S pre-ribosomal RNA and is essentially active in all cells of the 

organism. The duplicated spacer promoters are active in many cells, including 

several lines of cultured cells but inactive in oocytes (Labhart and Reeder, 1989). 
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The model for ribosomal RNA transcription in Xenopus is that RNA polymerase I 

is "handed over" in a conservative fashion from the terminator at the end of the 

spacer to the adjacent promoter (DeWinter and Moss, 1986; Moss,1983). However, 

recent studies (Labhart and Reeder, 1989) concluded that high rates of transcription 

initiation at the gene promotor do not depend upon polymerase passing from one 

repeat to the next or on polymerase initiating at the spacer promoters. 

b. Regulation of Ribosomal Protein Genes 

In Xenopus laevis, there are two gene copies for each ribosomal protein. The 

genes for the various ribosomal proteins are not clustered but rather dispersed 

throughout the genome and contain several introns. The 5'- ends are characterized 

by the presence of transcription start sites within a stretch of 12-20 pyrimidines 

preceded by a non-canonical TAT A box (Loreni, et aI, 1985; Beccari, et aI, 1986). 

This type of organization has been noticed in mammalian ribosomal protein genes 

(Dudov and Perry, 1984). 

Regulation of ribosome synthesis can be studied when it is very high during 

oogenesis and in embryogenesis during the period of reestablishment of somatic 

regulation. It is possible to study the control of gene expression by micro-injection 

of DNA, RNA, proteins or antibodies into oocytes and fertilized eggs. The 

availability of anucleolate homozygous mutants which lack ribosomal RNA gene 

clusters makes it possible to study the synthesis of ribosomal proteins in the absence 
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of ribosomal RNA production. These mutants can survive up to the tadpole stage 

using maternal ribosomes (Wormington and Baum, 1986). 

During oogenesis, a single cell might produce approximately 1012 ribosomes 

which are sufficient to support the needs of about one million daughter somatic cells 

(Wormington and Baum, 1986). During this massive ribosome synthesis, the genes 

for ribosomal RNA which are present in about 500 copies in the genome undergo 

amplification. Also the 5S ribosomal RNA genes (about 2500 copies) become 

activated in the oocytes. After fertilization and during the first hours of 

embryogenesis, there is rapid cell division but without detectable transcription. At 

the blastula stage, the transcription of many genes (by the three polymerases), 

including those of ribosomal RNA and the 5S RNA genes resumes by showing some 

activity. However, the real accumulation of new ribosomes begins at the tailbud stage 

about 24 hours later. 

Synthesis of ribosomal proteins in Xenopus might be controlled by two types of 

regulation: (1) Translational regulation which controls the efficiency of utilization of 

ribosomal protein mRNA in response to the need of the cell for new ribosomes and 

(2) post-transcriptional regulation by feedback of the ribosomal protein itself, which 

controls the processing and stability of ribosomal protein transcripts and thus their 

amount in the cell. 

The first hypothesis is supported by data which shows that during oogenesis and 

embryogenesis, the production and accumulation of ribosomal protein mRNA does 
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not correspond to its utilization (Baum and Wormington, 1985; Cardinali et aI, 1987). 

This mRNA is accumulated and is kept as mRNP until mRNA is mobilized onto 

polysomes for the production of new ribosomes. When ribosome synthesis ceases, 

as in oocyte maturation, the mRNA is dissociated and deadenylated (Hyman and 

Wormington, 1988). Thus, it appears that the ribosomal protein mRNA is under 

translational control. However, this control is not analogous to E. coli feedback 

control (Nomura, et aI, 1984) because the presence of excess free ribosomal proteins 

has no effect on translation of their own mRNA (Pierandrei-Amaldi, et aI, 1985a). 

Sequences in the 5 untranslated leader region of mRNA for the ribosomal proteins 

seem to be involved in this translational regulation during Xenopus development 

(Mariottini and Amaldi, 1990). It has been suggested that the translational efficiency 

of the ribosomal protein mRNA is affected by the cellular needs for new ribosomes 

(Amaldi, et aI, 1989). The post transcriptional regulation hypothesis stems from the 

fact that in anuc1eolate Xenopus mutants, the ribosomal protein mRNA accumulated 

normally during early embryogenesis. When the need comes, the accumulated 

message is translated efficiently and its level decreased markedly compared to normal 

embryos. This decrease is specific for ribosomal protein mRNA and is not due to 

reduced transcription, i.e., it is a post-transcriptional event (Pierandrei-Amaldi, et aI, 

1985b). 

The level of ribosomal protein mRNA begins to decrease at the stage when it 

is loaded on polysomes and ribosomal proteins started to be synthesized. This 
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correlation of onset of protein synthesis and decrease of mRNA suggested ribosomal 

proteins as effectors of regulation of transcript stability (Amaldi, et aI, 1989). 

Another piece of evidence supporting this level of regulation resulted from 

experiments in which a large number of copies of the gene coding ribosomal protein 

Ll were injected into the Xenopus oocytes (Bozzoni, et aI, et ai, 1984). This 

alteration of gene dosage for one ribosomal protein does not result in an over 

production of the Ll protein, indicating that the amount of protein produced is under 

control. While the injected genes were transcribed efficiently, mature Ll mRNA is 

not accumulated due to incomplete processing. The unspliced intron regions were 

cleaved by endonucleases to produce truncated products (Caffarelli, et aI, 1987). It 

was suggested that the effectors of these post-transcriptional regulation events could 

be the ribosomal proteins which thus exert autogenous control on themselves 

(Amaldi, et aI, 1989). 

Under certain conditions, ribosomal proteins could be synthesized in excess of 

the amount needed for ribosome assembly. In these cases they are degraded 

(Pierandrei-Amaldi, et aI, 1985a and b; Baum, et aI, 1988). 

5. Drosophila Ribosomes 

a. Properties 

Drosophila ribosomes sediment at 80S and are made up of a large 60S subunit 

and a small 40S subunit (Chooi, et aI, 1980). The embryo 80S ribosome has a total 

of 78 ribosomal proteins, 35 ribosomal proteins associated with the 60S subunit, and 
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31 ribosomal proteins associated with the 40S subunit. The majority of the 80S 

ribosomal proteins are basic with isoelectric points above 8.6 while 15 ribosomal 

proteins of the 80S subunit are acidic, with isoelectric points between 4.6 and 8.6. 

The ribosomal proteins of the 40S subunit range in molecular weight from about 

10,000 to 50,000 and those from the 60S subunit range from about 11,000 to 50,000. 

The electrophoresed proteins from embryonic ribosomes show both qualitative and 

quantitative differences from those of the larvae, pupae and adults (Chooi, et aI, . 

1980). 

Newly synthesized ribosomal proteins associate with the ribosomal subunits 

immediately after fertilization of Drosophila melanogaster embryos, and before the 

beginning of synthesis of ribosomal RNA (Santon and Pellegrini, 1980). At this stage 

many and possibly all of the ribosomal proteins are synthesized, although only a small 

fraction is incorporated into ribosomes. After new ribosomal RNA is synthesized, it 

is incorporated along with the newly synthesized ribosomal proteins into ribosomal 

subunits. 

b. Characteristics of the ribosomal components 

The translation of many ribosomal protein mRNAs appears to be temporally 

related to the synthesis of ribosomal RNA during Drosophila melallogaster 

development (Fruscoloni, et aI, 1983; Kay and Jacobs-Lorena, 1985). These mRNA 

sequences are represented on polysomes during oogenesis but are selectively excluded 

from polysomes during early embryogenesis, i.e., when ribosomal RNA transcription 
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is low. They are again found associated with polysomes in late embryogenesis when 

ribosomal RNA transcription has increased. However, when the transcription of 

ribosomal RNA was reduced genetically by using mutants deficient in ribosomal RNA 

synthesis, neither ribosomal protein mRNA abundance nor translation were altered. 

This indicates that coordination between ribosomal RNA synthesis and ribosomal 

protein production is not regulated through translational modification of the 

ribosomal protein mRNA. 

Genes coding for ribosomal proteins were found at different locations on 

Drosophila genome (Kongsuwan, et aI, 1985; Rafti, et aI, 1988; Vaslet, et aI, 1980; 

Burns, et aI, 1984; O'Connell and Rosbash, 1984; Brown, et aI, 1988 and Maki, et aI, 

1989). While some ribosomal proteins are encoded by single genes, others are 

encoded by multiple genes (Burns, et aI, 1984; Brown, et aI, 1988). Some genes are 

intronless (Qian, et aI, 1987), while others are interrupted by the presence of one 

(O'Connell and Rosbach, 1984) to three introns (Rafti, et aI, 1988; Maki, et aI, 1989). 

These genes are characterized by the presence of CAA T box and TAT A box RNA 

polymerase II promoter motifs (Maki, et aI, 1989). Ribosomal protein gene 

transcripts are generally present at all stages of development as judged by Northern 

blot analysis (Rafti, et aI, 1988; Brown, et aI, 1988). 

There is high identity between Drosophila ribosomal protein genes and their 

respective counterparts from other eukaryotes. Clones of these homologous genes 

from other eukaryotes were used on different occasions as probes to identify 
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ribosomal protein gene clones from Drosophila libraries (Brown, et aI, 1988; Rafti, 

et aI, 1988; Maki, et aI, 1989). The gene coding for Drosophila ribosomal protein 

S14, for example, is nearly identical to human ribosomal protein S14 and yeast 

ribosomal protein 59 (Brown, et aI, 1988). However, despite their remarkably similar 

exons, the locations and sizes of introns differ markedly among the Drosophila, human 

and yeast (S. cerevisiae) ribosomal protein genes. Drosophila ribosomal protein genes 

appear to be transcribed as monocistronic messages in adult tissue (Brown, et aI, 

1988). The fact that some of the genes are intronless (Qian, et aI, 1987) seems to 

exclude pre mRNA processing as a general rule in the regulation of coordinated 

expression of such genes. However, other specific mechanisms operating at the 

splicing level could exist for some members of the ribosomal protein gene families. 

The intron termini in Drosophila ribosomal protein genes conform to the conventional 

eukaryotic splice donor and acceptor motifs (Brown, et aI, 1988). 

The intronless rpAl gene codes for an acidic ribosomal protein with significant 

identity with the "A" family of eukaryotic acidic ribosomal proteins (Qian, et aI, 1987). 

These proteins are characterized by a net negative charge and characteristic amino 

acid composition rich in alanine and charged residues. This class of ribosomal 

proteins are known to play a key role in the initiation and elongation of protein 

synthesis. 

In Drosophila meiallogasler, the genes coding for the 18S and 28S ribosomal 

RNAs are located on the X chromosome near the centromere and on the short arm 
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of the Y chromosome (Long and Dawid, 1980). They are encoded by a single 

transcription unit and are distributed into two cytologically distinct clusters known as 

the nucleolus organizers (NOS) (Ritossa and Spiegelman, 1965; Glover, 1981). 

Each NO in the wild type contains 150-250 tandemly arranged repeat units. Partial 

deficiency of ribosomal DNA lead to the bobbed phenotype which is characterized 

by delayed development, abdominal etching and thin short bristles. If the copy 

number falls below about 15% of the wild-type number, embryonic lethality occurs 

(Long and Dawid, 1980). The sequence of the complete ribosomal DNA repeat 

shows a structure with an intergenic sequence of about 3.6 kbp, an external 

transcribed spacer (864 bp), the 18S unit (1995 bp) and the 28S unit (3945 bp) (Taut, 

et aI, 1988). Between the 18S and 28S genes is an internal transcribed spacer that 

encodes a 5.8S ribosomal RNA and a 2S ribosomal RNA. A large number of 

ribosomal genes are interrupted in the 28S coding region by non-ribosomal DNA 

insertions of two types, INS I and INS II, that do not cross hybridize (Glover and 

Hogness, 1977; Pellegrini, et aI, 1977; Wellauer and Dawid, 1977; White and 

Hogness, 1977; Glover, 1981). These insertions are located at different positions and 

are 51 bp apart within the gene (Roiha and Glover, 1980; Rioha, et aI, 1981). 

INSI type ribosomal genes occur only on the X chromosome with inserts ranging 

from 0.5 kbp to 6.5 kbp and with a major size class of 5.5 kbp. A 0.5 kbp sequence 

similarity is found at the right end of all of these insertions (Wellauer, et aI, 1978). 

The type I insertions could also be found outside the ribosomal DNA (Long and 
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Dawid, 1980) and are probably derived by transposition. INSII sequences occur 

exclusively in ribosomal DNA and on both the X and Y chromosome. They range 

in size from 1.5 to 4.0 kbp, with a major size class of 3.4 kbp. Both types of INS 

genes are transcribed at a very low level and little, if any, ribosomal RNA is produced 

by a splicing mechanism (Jolly and Thomas, 1980; Long, et aI, 1981; Long and Dawid, 

1979). The genes without insertions are transcribed in a 38S precursor (about 8 kb) 

which undergoes a series of modifications and processing giving rise to the 2S, 5.8S, 

18S and 28S mature ribosomal RNAs. In wild type embryos, there is less than one 

copy per nucleus of INSI insertion transcripts type compared to about 1300 copies 

of the 8 kb ribosomal RNA precursor. There is approximately 400 fold more 

molecules of the 8 kb primary transcripts than the INS II type transcripts in the cell 

nucleus (Long and Dawid, 1979; Jolly and Thomas, 1980). 
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E. Goals of Dissertation 

The primary goal of this dissertation was to identify cDNAs for nuclear encoded 

chloroplast ribosomal proteins from N. tabacum. The ultimate goal is to identify and 

determine the structure of nuclear genes for these ribosomal proteins in N. tabacum. 

The identification of these genes and the study of their organization and regulation 

of expression is important to the understanding of the sequence and intracellular 

coordination of events which lead, in vivo, to chloroplast ribosomes biosynthesis and 

assembly from components synthesized both in the chloroplast and in the cytoplasm. 

The specific objectives were: 

1. To obtain a representative cloned cDNA library of tobacco poly(At mRNA and 

to isolate cDNA clones for some nuclear-encoded chloroplast ribosomal proteins. 

2. To identify the proteins coded by the respective cDNAs using the translated 

amino acid identity to E. coli, monospecific antibodies, protein sequence analysis or 

resolution on 2-D polyacrylamide gel electrophoresis. 

3. To examine expression of the genes identified, using in vitro translation of the 

poly(At mRNA, Northern and Southern analysis. 

4. To obtain some insight into the complexity of the gene families for the identified 

cDNAs and to attempt to isolate genomic clones for some of these cDNAs. 

The study of cDNAs and genomic clones for nuclear encoded chloroplast 

ribosomal proteins is particularly interesting for several reasons. 
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First, their mRNAs are expected to be monocistronic and polyadenylated. The 

regulation mechanism for their transcription may differ markedly from that of the 

prokaryotic, polycistronic-type message of some chloroplast-encoded ribosomal 

proteins. Secondly, proteins synthesized on cytoplasmic 80S ribosomes are made as 

precursors with transit peptides necessary to guide the proteins into chloroplasts. 

Isolation and sequencing of the nuclear encoded ribosomal protein genes renders 

available more transit sequences for analysis aimed at better understanding of the 

process of protein transport across organelle membranes. 

According to one evolutionary mechanism, genes for nuclear-encoded chloroplast 

ribosomal proteins might represent a distinct class of genes which had been 

transferred to and incorporated in the nucleus from an originally endosymbiotic 

procaryote. This gene transfer may have occurred at a late stage, following the 

divergence of prokaryotes and eukaryotes. Thus, ribosomal protein genes might 

represent an intermediate set of genes with characteristics pertinent to both 

prokaryotic and eukaryotic genes. Accordingly, their structure, transcriptional 

signals, exon-intron arrangements, complexity and chromosomal location, are of 

particular interest. 

Finally, some ribosomal proteins are known to play certain functions in the 

ribosome, i.e., in prokaryotes, ribosomal proteins L 7/L12 and L27 are important in 

GTP hydrolysis and GTPase activity. The genes for these proteins and others are not 

found on chloroplast DNA and are presumed to be nuclear. Isolation of the genes 
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for these and other important proteins would aid in the understanding of the 

mechanisms which govern the functions of individual ribosomal proteins in the 

process of protein synthesis in the chloroplast. 
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CHAPTER 2 

Experimental Procedures 

A. General Procedures 

1. Routine Precautions 

All solutions were made with distilled, deionized water, and they were sterilized 

by autoclaving at 15 psi for 20 minutes. When autoclaving was not feasible, solutions 

were filter sterilized by passing through a 22 or 45 JLM disposable filter (Schleicher 

and Schuell). All glassware was baked (250°C) for at least four hours. Solutions 

which were to contain RNA were made 0.1% diethylpyrocarbonate (DEPC), left 

overnight at room temperature and then autoclaved. Glassware and other containers 

for RNA work were treated with DEPC prior to baking at 250°C. Gloves were used 

when working with RNA to minimize RNase contamination from fingers. Details of 

the commonly used solutions, buffers and media is found in Appendix 1. A list of 

materials and chemicals used is given in Table 5, Appendix 1. 

2. Ethanol Precipitation of Nucleic Acids 

This term refers to the process of adding 1/10 volume of 3M sodium acetate 

solution, pH 5.2, to a solution containing nucleic acids, mixing and then adding 2 

volumes of cold (-20°C) absolute ethanol and mixing. The tubes containing the 

nucleic acids were either kept on ice for 15 minutes or at -20°C overnight and then 

centrifuged for 15 minutes at 4°C in a bench microfuge at full speed. The pellet was 

washed with ethanol (70% in water) by dispersing and mixing gently. 
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Recentrifugation was done at room temperature for five minutes and the pellet dried 

in vacuum for 2-3 minutes and dissolved in water. Microfuge tubes used throughout 

this study were 1.5 ml volume. 

3. Phenol Extraction 

This term refers to the addition of an equal volume of TE buffer (#1, 

Appendix 1 )-saturated phenol to a solution containing nucleic acids, mixing 

thoroughly and separating the two phases by centrifugation for five minutes in an 

angle-head microfuge. The upper aqueous phase was transferred to a new tube and 

an equal volume of a solution of phenol-chloroform (1:1) was added, mixed well and 

centrifuged as above. The upper aqueous phase was removed to a new tube, and an 

equal volume of a solution of chloroform-isoamyl alcohol (24:1) added, mixed gently 

and centrifuged as above. The aqueous phase was collected and nucleic acids ethanol 

precipitated as above. 

4. Estimation of Nucleic Acids 

DNA and/or RNA were estimated spectrophotometricaIIy at 260 nm and 280 

nm. The absorbance reading at 260 nm allowed the estimation of the concentration 

of nucleic acids in the sample. An Az60 of 1 corresponds to approximately 50 J1.g/ml 

for double-stranded DNA, 40 J1.g/ml for single-stranded DNA or RNA and 30 J1.g/ml 

for oligonucleotides. The ratio between the readings at 260 nm and 280 nm 

(Az601Azgo) was used to estimate the purity of nucleic acids. Pure DNA and RNA 
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preparations have an A26ofA28o of 1.8 and 2.0; respectively, while contamination with 

protein or phenol leads to lower values (Maniatis, et aI, 1982). 

5. Concentration of Nucleic Acid Solutions with Butanol 

DNA solutions can be concentrated by extracting with butyl alcohol (2-butanol). 

This is achieved by the addition of an equal volume of 2-butanol to the DNA sample 

and mixing well. After centrifugation in a microfuge for one minute, the upper phase 

(2-butanol, now saturated with water) was discarded. This process was repeated 

several times until the desired reduction in sample volume was achieved. The sample 

was then similarly extracted twice with water-saturated ether to remove the 2-butanol. 

Ether (upper phase) was removed from the aqueous phase by evaporation passively 

in the hood. 

6. Trichloroacetic Acid (TCA) Precipitation of Nucleic Acids and 

Measurement of Incorporated Radioactivity 

A known volume of sample (1-10 ttl) was spotted onto the center of a Whatman 

GF/C glass fibre disc (2-4 cm diameter). An equal volume of the sample was added 

to a tube containing 100 ttl of a solution of salmon sperm DNA (500 ttg/ml in 20 mM 

EDTA). Five ml of ice cold 10% TCA were added to the tube containing the salmon 

sperm DNA. The tube contents were mixed and chilled for 15 minutes on ice. The 

precipitate was collected by filtering the solution through another GF/C glass fibre 

disc. The filter was washed six times with 5 ml of ice cold 10% TCA, followed by six 

washes with 5 ml of ice cold 95% ethanol. Both filters were dried in the hood at 
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room temperature and were put into scintillation vials. To each vial was added 8 ml 

of scintillation fluid (CytoScint from ICN) and the radioactivity determined by 

scintillation counting on a Beckman model LS7000 counter using a window optimized 

for 32p. The first filter measures the total radioactivity in the sample; the second 

filter measures the radioactivity incorporated into nucleic acids. 

7. Sephadex G-50 Chromatography to Desalt Nucleic Acids. 

This technique was user: to separate high molecular weight DNA from smaller 

molecules, i.e., labelled DNA probes from non-incorporated dNTPs. Sephadex was 

prepared by the addition of about 30 g of Sephadex G-50 (fine) to 500 ml of TE 

buffer (#1, Appendix 1) and autoclaving for 15 minutes at 15 Ib/in2• Two column 

procedures were used: 

a) Column Chromatography: A disposable 1 ml pipette was plugged with 

sterile glasswool and packed up with the TE (#1, Appendix 1)

hydrated Sephadex G-50 (0.9 ml bed volume). The column was 

washed with several column volumes of TE buffer. The DNA sample 

(total volume up to 200 1.£1) was applied to the column and eluted with 

TE buffer. Fractions (0.5 ml each) were collected and A260 or 

radioactivity measured. The peak fractions were pooled and 

precipitated with ethanol (Section II-A-2). 

b) Spun Column Procedure: A sterile glasswool- plugged 1 ml disposable 

syringe was filled with hydrated Sephadex G-50 (fine), and inserted into 
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an empty 15 ml conical plastic tube fitted with a 1.5 ml microfuge tube 

at the bottom such that the end of the syringe drained into the 

microfuge tube. This setup was placed in a bench centrifuge (Model 

CH, International Chemical Centrifuge Company) rotor and spun at 

1600 g for 60 sec. Addition of Sephadex was continued until the 

packed column volume was about 0.9 ml. Centrifugation continued at 

exactly the same time and speed until the liquid volume (200 JLI) 

passed through the column was equal to the volume added. The 

sample DNA (200 JLI) was then added and after centrifugation at the 

same time and speed, the DNA sample (200 JLI) was collected and 

used. 

8. Removal of Ethidium Bromide from DNA Solutions 

An equal volume of isoamyl alcohol was added to the DNA solution. The two 

phases were mixed by pipetting vigorously and centrifuged at 1500 g for 3 minutes at 

room temperature. The upper layer was discarded and the lower phase re-extracted 

similarly until all the pink color disappeared from the aqueous solution. DNA was 

precipitated with ethanol (Section II-A-2). 

9. Restriction Endonuclease Cleavage of DNA 

Water (15 JLI minus the DNA sample volume) was added to a microfuge tube. 

2 JLI of lOx restriction enzyme buffer (Table 1, Appendix 1) was added followed by 

1 JLg of DNA in 2 JLI of TE buffer. Two units of restriction enzyme (1 JLI) were added 
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per J..Lg of DNA. (In general, 1 unit of enzyme cleaves 1 J..Lg of DNA in 60 minutes 

at the specified temperature.) The contents of the tube were mixed well and 

incubated at the specified temperature for 60 minutes. The reaction mixture was 

then heated to 70°C for 5 minutes to inactivate the restriction enzyme. 

10. Dephosphorylation of DNA Prior to DNA Ligation Reactions 

Restriction-enzyme cut DNA (Section II-A-9) was extracted with phenol (Section 

II-A-3) and precipitated with ethanol (Section II-A-2). The DNA was taken in a 

volume of 43 ILl of water to which was added 5 J..LI of lOx ClAP buffer (#2, Appendix 

1) and 0.01 U (1 J..LI) per ILg DNA of calf intestinal alkaline phosphatase (ClAP, 

Stratagene). The reaction was incubated at 37°C for 30 minutes. An additional 

aliquot of ClAP (0.01 U/J..Lg DNA) was added and the reaction incubated for another 

30 minutes at 37°C. The reaction was extracted with phenol (Section II-A-3) and 

precipitated with ethanol (Section II-A-2). 

11. Ligation Conditions 

DNA to be ligated was made salt free by washing two times with 70% ethanol 

in water, dried in vacuum and resuspended in distilled, deionized water. DNA 

concentration in the ligation reaction was between 10-30 ILg/ml in a total volume of 

20 J..L1. The insert to vector ratio was between 3:1 to 5:1 (w/w). However, most 

ligations were successfully performed under suboptimal conditions due to limiting 

amounts of DNA inserts. DNA (insert plus vector) was added to a 0.5 ml microfuge 

tube, followed by addition of 1/10 final volume of lOx ligation buffer (#3, 
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Appendix 1) and enough water to bring the final volume to 20 J.t.l. T4 DNA ligase 

(one Weiss unit) was added, contents mixed, quickly spun and incubated at 15°C 

overnight. The reaction was stopped by the addition of 1 J.l.1 of a 0.5 M Na EDTA. 

12. Storage of Bacterial Strains and Phage Stocks 

Strains of bacteria (Appendix 2) were maintained for up to 4 weeks on the 

surface of agar or agarose plates (#26, Appendix 1), tightly wrapped in parafilm and 

stored inverted at 4°C. For long term storage, the bacteria was maintained in a media 

containing 15% glycerol at -70°C. This was done by inoculating 2 ml of sterile liquid 

media in a 15 ml tube with a single bacterial colony and growing the culture overnight 

at the proper temp (normally 30-37°C). 0.85 ml of this culture was transferred to a 

sterile vial containing 0.15 ml of sterile glycerol. The vial was capped and the contents 

thoroughly mixed by vortexing. The vials were stor::d at -70°C. 

For short term storage (up to 8 weeks) of bacteriophage, liquid stocks and 

libraries, chloroform was added to 0.3% and the stocks kept at 4°C. For long term 

storage, dimethylsulfoxide (DMSO) was added to 7% (v/v), mixed well and the phage 

stocks stored at -70°C. 

B. Isolation of Tobacco Nucleic Acids 

1. Preparation of Plant Material 

Greenhouse grown Nicotiana tabacum cv "Petite havana" was used for all nucleic 

acid isolation. Young leaves (2-3 cm long) were harvested from 1-2 month old plants 
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or from the shoot apex of older plants. The leaves were rinsed thoroughly in tap 

water, blotted dry with paper towels, placed in plastic bags and frozen rapidly under 

dry ice until transported to the lab, where they were used immediately for DNA or 

RNA isolation. 

2. Isolation of Tobacco Genomic DNA 

This method is according to Bedbrook (1981). Young leaves (20 g) were 

collected from 1-2 month old tobacco plants and were ground at 4°C in 60 ml of 

homogenization buffer (#4, Appendix 1) in a mortar and pestle. The slurry volume 

was brought to 100 ml with the same buffer and filtered through 2 layers of 

cheesecloth and 4 layers of Miracloth (Calbiochem). The filtrate was centrifuged at 

1000 g (Sorvall SS34 rotor) for 5 minutes at 4°C. The pellet was resuspended in 100 

ml of homogenization buffer containing 2% Triton-X-100, incubated at 4°C for 10 

minutes and centrifuged at 1000 g (Sorvall SS34 rotor) for 5 minutes to pellet nuclei. 

The pellet was washed with 100 ml of homogenization buffer containing 2% Triton

X-100 and recentrifuged. After draining the tube and removing excess liquid with a 

paper towel, the pellet was resuspended in 16 ml of suspension buffer (#5, 

Appendix 1) and transferred to a 100 ml flask. Two ml of 10% (w/v) sarkosyl were 

added along with 2 ml of 5 mg/ml Pronase. The mixture was heated at 60°C for 5 

minutes and incubated (with gentle shaking) at 37°C for 5-10 hours. This solution 

was highly viscous and contained, among other things, starch grains and nuclear 

debris. The total volume of the lysates was brought to 20 ml with the suspension 
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buffer. Twenty g of CsCI were added and dissolved completely by gentle mixing over 

a period of about two hours at 4°C. The mixture was brought to room temperature 

and 2 ml of ethidium bromide (10 mg/ml) solution were added and mixed gently and 

thoroughly. The lysates were dispensed into centrifuge tubes (13.2 ml capacity) and 

centrifuged to equilibrium at 35000 rpm (Peckman SW 41 rotor) for 30 hours at 

15°C. The DNA band observed under ultraviolet light was collected by piercing the 

side of the tube with a needle just below the fluorescent band. The DNA was 

recentrifuged briefly and ethidium bromide extracted with isoamyl alcohol (Section 

II-A-8). The DNA solution was dialyzed against the dialysis buffer (#6, 

Appendix 1) and precipitated with ethanol (Section II-A-2). 

3. Isolation of Tobacco Leaf RNA 

Intact, total leaf RNA was isolated from young expanding tobacco leaves 

essentially according to Chirgwin et al (1979). Generally, 50 g (fresh weight) leaf 

material were used per preparation. All solution and apparati were at 4°C except 

where otherwise noted. Frozen leaf material was added to three volumes (per g leaf 

material) of guanidine hydrochloride solution (#7, Appendix 1) and blended by six 

5 sec bursts at maximum speed in a 4°C cooled Waring blender. The brei was 

filtered through 2 layers of cheesecloth and 2 layers of Miracloth (Calbiochem) into 

a glass beaker placed in ice. Using gloved hands, the filtered material was squeezed 

to maximize recovery of leaf homogenate. The filtrate was poured into 50 ml sterile 

plastic tubes and centrifuged in an SS34 rotor (Sorvall Instruments) at 6000 g (4000 
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rpm) for 30 minutes. The pellet was discarded and the supernatant was layered on 

top of 4 ml of cesium chloride solution (#8, Appendix 1) in 13.2 ml SW40 Peckman 

rotor tubes. A total of six tubes were used in each preparation. The tubes were 

centrifuged at 35000 rpm for 15 hours at 20°C in an L8 Beckman Ultracentrifuge. 

During centrifugation, the RNA pelleted, the DNA formed a discrete band within 

the cesium chloride solution and the proteins (RNases), starch and lipids floated 

above the cesium chloride cushion in the location of the origin of lysate. These 

lysates were removed carefully using one baked Pasteur pipette and another Pasteur 

pipette was used to remove the discrete band of DNA from the cesium chloride 

solution into a baked glass tube. This DNA was precipitated with ethanol (Section 

II-A-2) and stored at -70°C. Then the remaining cesium chloride solution was poured 

off and the tube drained by inverting over a fresh Kimwipe. The bottom of the 

centrifuge tube containing the RNA pellet was carefully cut out with a razor blade. 

The RNA pellet was suspended in 2 ml of the guanidine isothiocyanate solution (#9, 

Appendix 1) by sucking up and down gently using a baked pasteur pipette. The 

RNA was precipitated by the addition of 1/20 volume glacial acetic acid and 0.7 

volume ice cold absolute ethanol at -20°C for three hours. The precipitated RNA 

was collected by centrifugation at 6000 g (4000 rpm) for 30 minutes at 4°C in an SS34 

rotor, washed with 70% ethanol and dried in vacuum. The quantity of the recovered 

RNA was estimated as described in section II-A-4, and was in the range of 0.05-0.1 

mg RNA per g leaf tissue. 
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Poly(At mRNA. 
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This method was according to that of Aviv and Leder (1972). Two hundred mg 

of oligo( dT)-cellulose were hydrated in DEPC-treated water. The cellulose was 

poured in a disposable poly-prep column and regenerated by washing sequentially 

with 5 ml DEPC water, 10 ml 0.1 NaOH, 10 ml DEPC water, and 10 ml Ix binding 

buffer [Made by diluting 2x binding buffer (# 10, Appendix 1)] 1: 1 with DEPC-treated 

water. The ethanol-precipitated and washed RNA (Section II-B-3) was dried and 

dissolved in mRNA elution buffer (#11, Appendix 1) at a concentration of 25 

AZ6ofml. The sample (2 ml total volume) was heated at 60°C for 3 minutes, diluted 

with an equal volume of 2x binding buffer (#10, Appendix 1) and immediately loaded 

on the column. The column was allowed to drip slowly until almost dry. The "flow 

through" was passed through the column two more times for a total of three passes. 

The "flow through" was labeled poly(At RNA and was precipitated with ethanol 

(Section II-A-2). The column was washed three times with 5 ml Ix binding buffer. 

The poly(At mRNA was then eluted by washing the column 5 times with 1.0 ml 

elution buffer. The five fractions were pooled. The column was then washed with 

10 ml1x binding buffer to prepare for the next round of poly(A)+ mRNA selection. 

The poly(At mRNA was heated at 60°C for 3 minutes, an equal volume of 2x 

binding buffer added and the sample immediately loaded on the column. The "flow 

through" was passed through the column two more times for a total of three passes. 
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The column was again washed three times with 5.0 ml Ix binding buffer. The 

poly(A)+ mRNA was collected by washing the column 5 times with 1.0 ml elution 

buffer. The fractions were pooled and the poly(At mRNA was precipitated with 

ethanol (Section II-A-2). 

C. In vitro Translation 

1. Preparation of Wheat Germ Extract 

This method was according to Roberts and Paterson, (1973). Six g of wheat 

germ were frozen in liquid nitrogen and ground with a mortar and pestle to a fine 

powder which was transferred to a 15 ml Corex tube and mixed by swirling with 10 

ml of cold extraction buffer (#12, Appendix 1). The homogenate was centrifuged at 

23000 g (4°C) for 10 minutes. The resulting supernatant was passed through a 

Sephadex G-25 (fine) column (25 x 1.5 cm) which was equilibrated and eluted with 

Ix wheat germ elution buffer (#13, Appendix 1). The turbid fractions (about 10 ml) 

were collected, pooled and centrifuged at 23000 g (4°C) for 10 minutes. The final 

supernatant had an average absorbance of 120 A260 units/ml and was frozen and kept 

in liquid N2 until used. 

2. Preparation of the Protein Biosynthesis Reaction Mix for 

Wheat Germ III vitro Translation System 

Reaction Mix: The reaction mixture (1 ml) was made by combining the 

following components: Hepes (1 M, pH 7.5 with KOH), 0.2 ml; potassium acetate 
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(3 M), 0.1 ml; magnesium acetate (0.1 M), 10 JLI; ATP (0.12 M), 0.1 ml; GTP (10 

Mm), 0.1 ml; creatine phosphate (0.55 M), 0.1 ml; creatine kinase (20 mg/ml), 0.1 ml; 

spermidine phosphate (8 mM), 0.1 ml; and 10 JLI each of 50 mM solutions of the 19 

amino acids (isoleucine, histidine-HCI, asparagine, glycine, arginine, valine, glutamic 

acid, threonine, glutamine, proline, serine, leucine, tyrosine, cysteine, phenylalanine, 

aspartic acid, lysine, tryptophan and alanine. The reaction mix was stable for one 

year when kept frozen in liquid nitrogen. 

3. In vitro Translation Reaction 

This method was according to Belham and Jackson, (1976). To a sterile 

microfuge tube (1.5 ml) containing 10 JLI of the wheat germ extract (Section II-C-1) 

on ice was added the following components in the order given: potassium acetate 

(500 mM, pH 7.5), 2.0 JLI; magnesium acetate (20 mM, pH 7.5), 0.9 ml; reaction mix 

(Section II-C-2), 3.0 JLI;esS]methionine (5 JLCi/JLI), 1 JLI; sterile water, 13.1 JLI and 

poly(At mRNA (Section II-B-4), 0.1-0.5 JLg in 0.1-0.5 JLI volume. The contents of 

the tube were mixed gently and incubated at 25°C for 60 minutes. The reaction was 

stopped by placing on ice and the proteins were precipitated by the addition of 1 ml 

cold (-20°C) acetone, vortexing and leaving at -20°C for 15 minutes. The precipitate 

was collected by centrifugation at 13000 rpm for 2 minutes at 4°C in a refrigerated 

table-top bench centrifuge. The pellet was washed twice with 1 ml of cold 80% 

acetone, the proteins dried in vacuum for 5 minutes and dissolved in the appropriate 

gel electrophoresis buffer. 
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D. cDNA Synthesis 

In the present protocol, based on that of Gubler and Hoffman (1983), the 

poly(A)+ mRNA (Section II-B-4) is copied into a complementary DNA (cDNA) using 

reverse transcriptase primed with oligo ( dT). The mRNNcDNA hybrid is used as a 

substrate for treatment with RNase H, E. coli DNA polymerase I and T4 DNA 

polymerase in the presence of deoxyribonucleotides. RNase H introduces nicks in 

the RNNONA hybrid to provide Okazaki fragment-like primers, which are used as 

a substrate for the replacement of the RNA by DNA (mediated by Pol I). The cDNA 

was ligated to either EeoRI linkers or Smal/EeoRI adaptors and was cloned into 

vectors designed for screening with either antibody or nucleic acid probes. 

1. First Strand Synthesis 

Ten J1.g of Poly(At mRNA in water were heated for 5 minutes at 65°C and 

immediately chilled on ice. The poly(At mRNA was transferred to a tube 

containing the residue from 5 J1.1 of actinomycin D solution (#14, Appendix 1) which 

had been left to evaporate in the hood. The following components were then added 

in the order given: 20 J1.l of 5x first strand buffer (#15, Appendix 1), 5 J1.l of 5 mM 

stock solution of the 4 dNTP (#16, Appendix 1), 10 J1.l of 200 mg/ml oligo(dT)12_1S' 

1 J1.l of 1 M DTT (#17, Appendix 1), 60 units RNasin and water to bring the reaction 

volume to 100 J1.1. In order to monitor cDNA synthesis, a pilot reaction was done in 

parallel. Before the addition of reverse transcriptase, 10 J1.1 of the above reaction 

mixture were withdrawn and mixed with 10 J1.Ci (1 /-Ll) of [a_32P]dCTP (3000 Ci/mmol) 
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followed by the addition of 10 units of reverse transcriptase. To the original (90 ,.,.1) 

reaction mix, 90 units of reverse transcriptase were added. The reaction mixture was 

kept at 42°C for 1 hour and was stopped by the addition of 5 J.d of 0.5 M EDT A, pH 

8.0 and 2.5 ,.,.1 of 10% SDS. The reaction mixture was extracted with phenol (Section 

II-A-3) and precipitated with ethanol (Section II-A-2). Two,.,.l were withdrawn from 

the tube containing the 32P-label to measure the total incorporated radioactivity by 

TCA precipitation (Section II-A-6). 

2. Second Strand Synthesis 

The ethanol-precipitated first strand cDNA (from the original 90 ,.,.1 tube) was 

dissolved in 30,.,.1 of TE buffer (#1, Appendix 1). The following components were 

added: 25 ,.,.1 of the second strand buffer (#18, Appendix 1), 2.5 ,.,.1 of 5 mM dNTP 

mix (#16, Appendix 1), 1 unit of RNase H, and water to 100,.,.1. To monitor the 

second strand synthesis (pilot reaction), 10 J.d of this reaction cocktail were withdrawn 

into another microfuge tube and 1 ,.,.1 (10 ,.,.Ci) of [a_32P]dCTP and 3 units of E. coli 

DNA polymerase I (holoenzyme) were added. Twenty-seven units of the E. coli 

polymerase I (holoenzyme) were added to the original (90 J.Ll) tube. The reaction 

was incubated for 1 hour at 14°C followed by 1 hour at room temperature. A 2 ,.,.1 

aliquot was withdrawn from the tube containing the radioactivity to determine TCA 

precipitable counts incorporated into DNA. The reaction was stopped by the 

addition of 5 ,.,.1 of 0.5 M EDT A, 2 ,.,.1 of 10% SDS and was extracted with phenol 

(Section II-A-3) and precipitated with ethanol (Section II-A-2). 
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3. cDNA Size Estimation 

To analyze the size of the synthesized cDNA, the precipitated first and second 

cDNA strands (labelled) were run on an alkaline agarose gel (Section II-L-2) using 

.A. DNA cut with Hind III as molecular weight markers. To radioactively label .A. 

DNA cut with Hind III, 2 J..I.I of [a-32P]dATP, along with 1 unit of E. coli DNA 

polymerase Klenow fragment were added to 1 J..I.g of .A. DNA cut with Hind III. The 

reaction was incubated for 10 minutes at room temperature. The unincorporated 

dNTPs were removed by passing the reaction mixture through a spun column 

(Section II-A-7) and the i.. DNA markers precipitated with ethanol (Section II-A-2). 

4. cDNA End Filling Reaction 

The eDNA pellet was resuspended in 25 J..I.I of water. The following components 

were added to the cDNA in the sequence given: 1 J..I.I of 5 mM dNTPs (#16, 

Appendix 1), 1 J..I.I of 25 mg/ml BSA, 3 J..I.I of lOx T4 DNA polymerase enzyme buffer 

(#19, Appendix 1) and 9 units of T4 DNA polymerase to a final volume of 30 J..I.l. 

The reaction mixture was incubated at 37°C for 30 minutes, extracted with phenol 

(Section II-A-3) and precipitated with ethanol (Section II-A-2). 

5. cDNA Synthesis Using a Commercial Kit 

The method described above was used early in this work to synthesize cDNA. 

Upon the availability of commercial kits, eDNA was synthesized using Amersham 

cDNA Synthesis System Plus (code RPN 1256). The basis of this system, also, is that 

of Gubler and Hoffman, 1983. Briefly, the first strand cDNA was primed with oligo 
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(dT) and synthesized using reverse transcriptase. The second strand synthesis was 

performed using the mRNNcDNA hybrid as substrate. This was accomplished by 

using RNase H to produce nicks and gaps in the mRNA strand to provide efficient 

primers with 3'-OH ends for E. eali DNA polymerase I to use as substrates to replace 

the mRNA strand with second strand cDNA by a nick translation type reaction. 

T4 DNA polymerase was used to fill the 3' termini on the first stand cDNA and the 

size of the synthesized first and second strands was verified on alkaline gels as above. 

6. Methylation of EeaRI Sites 

The double stranded cDNA was treated with EeaRI methylase and S-adenosyl

methionine (SAM) to methylate adenines thereby protecting EeaRI cleavage sites 

within the cDNA from subsequent digestion with EeaR!. As a control, wild-type i.. 

DNA was also methylated. 

Method: To 0.5 ttl of cDNA (or 0.5 ttg i.. DNA control) was added 4 ttl of SAM 

solution (#20, Appendix 1) and 0.4 ttl EeaRI methylase. The reaction was incubated 

at 37°C for 20 minutes. DNA was extracted with phenol (Section II-A-3) and 

precipitated with ethanol (Section II-A-2). 

To test for successful methylation, untreated and methylated i.. DNA were 

digested with EeaRI (Section II-A-9). These samples were loaded on an agarose gel 

(Section II-L-1) along with intact i.. DNA and HindIII fragments of i.. DNA as 

molecular weight markers. 
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7. Phosphorylation of 5'-ends of EcoRI Linkers and Ligation to cDNA 

Double-stranded EcoRI linker oligonucleotides 5'-d(CCGGAATTCCGG) were 

linked to the blunt-ended cDNA in order to prepare it for ligation to EcoRI-cut 

bacteriophage A arms. Most linkers are commercially supplied with free 5' -OH ends. 

Because T4 DNA ligase requires a terminal 5' -phosphate ends, it was essential to 

phosphorylate the linkers before they could be joined to the cDNA. 

Method: To 10 J.l.1 (5 J.l.g) of dephosphorylated EcoRI linkers were added 5 J.l.1 

of freshly prepared lOx T4 polynucleotide kinase buffer (#21, Appendix 1), 1 J.l.1 [y-

32p]ATP (10 J.l.Ci) and 3 J.l.1 T4 polynucleotide kinase (15 units). The reaction was 

incubated for 1 hour at 37°C and 5 J.l.1 aliquots were frozen at -20°C. To monitor the 

kinase reaction, linkers were ligated and cut as follows: 1 J.l.1 of kinased linkers was 

added to 4 J.l.1 of ligase buffer (#3, Appendix 1), 0.5 J.l.lligase (200 units) were added 

and the reaction incubated overnight at 15°C. The ligated linkers were digested with 

EcoRI (Section II-A-9) and electrophoresed on a 10% acrylamide gel (Section II-L-4) 

along with non-treated linkers, kinased (only) linkers, and non-kinased,but ligated 

linkers 

The pellet from the precipitated cDNA (Section II-D-6) was resuspended in 10 

J.l.1 of 1x kinase buffer and 10 J.l.1 of kinased linkers plus 0.4 J.l.1 of 22 mM ATP were 

added. The reaction was started by the addition of 0.5 J.l.1 (200 units) of T4 DNA 

ligase and was incubated overnight at 15°C. 
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8. Size Fractionation of cDNA. Digestion and Removal of Excess Linkers 

The ligated cDNA-linkers were heated at 65°C for 10 minutes to dis aggregate 

DNA and then cooled to room temperature. To the cooled CDNA was added 3 JLI 

of 1 M Tris, pH 7.5, 2 JLI 1 M NaCl, 11.2 JLI water and 40 units EeoRI enzyme. The 

reaction mixture was incubated for 4 hours at 37°C, extracted with phenol (Section 

II-A-3) and precipitated with ethanol (Section II-A-2). Removal of excess linkers and 

size fractionation of cDNA was done by gel filtration. A siliconized 1 ml pipette was 

plugged at the bottom with siliconized glasswool and was packed up with pre-swollen 

Bio-Gel A-50 m (100-200 mesh, Bio Rad). The column was calibrated and eluted 

with STE buffer (#22, Appendix 1). The sample (dissolved in 200 JLI STE buffer) 

was loaded and 100 JLI fractions were collected. The radioactivity in each fraction 

was determined by capping the tubes, placing them inside scintillation vials and 

Cerenkov radiation of the entire sample was measured using a 3H-optimized window 

in a scintillation counter. Five JLI of each fraction were run on an alkaline gel 

(Section II-L-2). The cDNA in the fractions of interest (0.5 kbp and larger) was 

pooled and precipitated with ethanol (Section II-A-2). 

E. Construction and Amplification of cDNA Libraries 

1. Ligation of cDNA to Bacteriophage A DNA Arms 

The EeoRI linker-modified cDNA was ligated either to Agtll, AgtlO or AZap 

arms. EeoRI predigested and dephosphoryJated Agtl1 and AZap arms were from 
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Stratagene Cloning Systems. EcoRI predigested and dephosphorylated AgtlO arms 

were from Promega. The ligation conditions were as follows: To 1 J.l.1 (lJ.1.g) of 

predigested arms was added 1 J.l.1 of cDNA (0.1 J.l.g DNA) followed by 0.5 J.l.1 

lOx ligation buffer (#3, Appendix 1), 0.5 J.l.1 T4 DNA ligase (200 units) and 1.5 J.l.l 

water. The reaction was placed at room temperature for 1 hour and incubated at 

4°C overnight. 

2. Ligation of cDNA to EcoRI-SmaI Adaptors 

To avoid EcoRI methylation, the cDNA was ligated to EcoRI-SmaI duplexes. 

Duplexes were created by annealing EcoRI-SmaI unphosphorylated adaptors [have 

the sequence 5'-d(AATTCCCGGG)-3'] to SmaI phosphorylated hexamers [have the 

sequence 5-d(pCCCGGG)-3']. To anneal, each adaptor and/or hexamer strand was 

dissolved in water to a concentration of 50 mM (0.2 J.l.g/J.l.I, assuming that 10D26o =30 

J.l.g) and 20 ttl of each were combined with 5ttl of lOx annealing buffer (#23, 

Appendix 1) and 5 ttl water. This mixture was heated in a 95°C water bath for 5 

minutes, then slowly cooled to room temperature over a period of 30 minutes to 

anneal the oligonucleotides. The annealed mixture was divided into several aliquots 

and stored at -20°C. Blunt-ended cDNA (Section II-D-4, Ittg) was ethanol

precipitated and the dried pellet dissolved in the preannealed 20 J.l.M adaptor solution 

such that the molar ratio of adaptor to cDNA is 1: 1. Five J.l.1 of lOx ligation buffer 

(#3, Appendix 1) were added followed by 5 J.l.1 of T4 DNA ligase (2000 units) and 

water to 45 ttl. The reaction mixture was incubated at 14°C overnight and was 
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extracted once with phenol:chloroform:isoamyl alcohol (24:23:1, Section II-A-3) and 

once with chloroform:isoamyl alcohol (4:1). Excess adaptors were removed by 

adding 100 ILl polyethylene glycol (PEG) solution (#24, Appendix 1) and cooling on 

ice for 60 minutes. The tube was centrifuged for 10 minutes in a bench microfuge. 

The DNA pellet was redissolved in 50 ILl TE buffer. An equal volume of PEG 

solution was added and the precipitation and centrifugation repeated again. The 

pellet was washed twice with 70% ethanol. The adaptor-modified cDNA was then 

kinased (Section II-D-7) before ligation with 19t1l arms. Accordingly, it was 

dissolved in 40 J.1.1 of water and 5 J.1.1 cf lOx kinase buffer (#21, Appendix 1) was 

added followed by 2.5 J.1.1 of 1 mM ATP and 0.5 J.1.1 (lOU) ofT4 polynucleotide kinase. 

Water was added to 50 J.1.l. The reaction mixture was incubated at 37°C for 30 

minutes, extracted with phenol (Section II-A-3) and the DNA precipitated with 

ethanol (Section II-A-2). 

The kinased, adaptor-modified cDNA was ligated to the EeoRI predigested and 

dephosphorylated 19t11 arms as follows: to the cDNA-adaptor pellet was added 1 J.1.1 

(1 J.1.g) of 19t11 predigested arms, 0.5 J.1.11Ox ligation buffer (#3, Appendix 1), 0.2 J.1.1 

T4 DNA ligase (200U) and 3.3 J.1.1 water. The pellet was suspended carefully, and the 

reaction incubated at room temperature for one hour and then overnight at 4°C. 

3. lIZ vitro Packaging of Bacteriophage A. cDNA Libraries 

Bacteriophage A. packaging extracts were obtained from Stratagene Cloning 

Systems and were kept at -70°C. To package, the appropriate number of sets of 
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extracts (freeze/thaw extracts) were placed on ice. At the same time another tube 

containing the Sonic extract (head and tail components of phage) was started to thaw. 

The freeze/thaw extract was quickly rolled between fingers until just beginning to 

thaw. DNA (2.5 ILl containing 0.5-0.6 J.l.g) was added to the freeze/thaw extract on 

ice and followed immediately with 15 J.l.I of the Sonic extract. The contents were 

stirred gently to mix and the tubes kept at room temperature (22°C) for 2 hours. 500 

J.l.I of phage dilution buffer (#25, Appendix 1) were added followed by 20 J.l.I 

chloroform. 

4. Size Determination of cDNA Clones 

To test the efficiency of the cDNA cloning, two consecutive 10-2 dilutions of the 

supernatant of the in vitro packaged cDNA (Section II-E-3) were made in phage 

dilution buffer [#25, Appendix 1 (The final was a 10-4 dilution)]. 10 J.l.I of each 

dilution were plated on the host strain Y1088 (Appendix 2) which had been grown 

in LB (#26, Appendix 1) in the presence of 10 mM MgS04 and 0.2% maltose. To 

determine the percentage of recombinants, the gt11 library was plated on the 

bacterial strain Y1088 onto ampicillin/agar plates (#26, Appendix 1) containing 50 

J.l.g/ml Xgal: (5-bromo-4-chloro-3-indolyl-,8-D-galactoside) and 5 mM 

IPTG:(isopropylthio-B-D-galactoside). The plates were incubated at 37°C for 6-18 

hours and plaques were counted. Non-recombinant plaques were blue, while 

recombinant plaques were clear and colorless. The efficiency of packaging of a 
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cDNA library [plaques forming units (pfu)/JLg DNA packaged] was calculated using 

the following formula: 

(# of plaques) x (dilution factor) x (total packaging volume, i.e., 500 gl) 

(# of micrograms packaged) x (# of microliters plated) 

To investigate the size of the cDNA fragments carried into the phage, DNA was 

prepared (Section II-H-5) from 20 randomly chosen clear plaques, digested with 

EcoRI (Section II-A-9), and the insert fragment sizes estimated by gel 

electrophoresis. All plaques contained EcoRI fragment inserts. The average length 

of the inserted cDNA was 700 base pairs. 

5. Amplification of Phage cDNA Libraries 

10-100 JLI (about 106 pfu) of the packaged cDNA mixture (Section II-D-3) were 

mixed with 3 ml plating bacteria (Appendix 2), incubated at 37°C for 15 minutes and 

30 ml of 0.7% top layer Bacto-agar (Appendix 1) were added. The library was plated 

on four 150 mm LB plates which were incubated at 37°C for 8 hours until the 

plaques were pinpoints. To collect the amplified cDNA library, the top agar 

containing the recombinant phage was scraped from all the plates and placed into a 

sterile beaker. Thirty ml of SM buffer (#25, Appendix 1) and 0.3 ml chloroform 

were added and contents stirred gently at room temperature for 20 minutes. The 

mixture was centrifuged at 4000 g for 10 minutes and the supernatant stored in a 

sterile plastic tube at 4°C. 



133 

6. Construction of a Blunt-ended cDNA Library in Plasmid Vectors 

A cDNA library was also made with blunt-ended cDNA (Section II-D-4) which 

was ligated to the plasmid Bluescript KS + (Stratagene). The plasmid DNA (1 J.Lg) 

was digested to completion (Section II-A-9) with SmaI which has a unique site within 

the polylinker and which generates blunt ended linear plasmid DNA. The SmaI cut 

DNA was extracted with phenol (Section II-A-3) and precipitated with ethanol 

(Section II-A-2). The pellet was dissolved in 44 J.LI of water and the S'-phosphates 

removed with calf intestinal alkaline phosphatase (Section II-A-10). The reaction 

mixture was extracted with phenol (Section II-A-3) and precipitated with ethanol 

(Section II-A-2). The dried pellet was dissolved in 100 J.LI of water and ligated to the 

blunt-ended cDNA. The ligation reaction mixture (20 J.LI) contained 2 J.LI of lOx ligase 

buffer (#3, Appendix 1), 200 ng dephosphorylated Sma I-cleaved Bluescript vector, 

20 ng of cDNA and O.S J.LI (200 units) of T4 DNA ligase in a sterile O.S ml 

polypropylene microfuge tube. The components were mixed briefly, centrifuged for 

S seconds then incubated at room temperature (23-2S0C) for 4 hours. Another 1 J.LI 

of T4 DNA ligase plus O.OS J.LI of 10 mM ATP were added, mixed, centrifuged briefly 

and the tubes incubated at ISoC overnight. One J.LI of O.S M Na2 EDT A (pH 8.0) was 

added, the reaction mixed and used to transform XLI Blue competent cells (Section 

II-J-2). 



134 

7. Plasmid eDNA LibraI)' Construction by d(C)-Tailing of eDNA and 

Annealing of d(C)-Tailed cDNA to d(G)-tailed pUC9 Plasmid DNA 

Another plasmid eDNA library was constructed after tailing the 3' -ends of eDNA 

with poly d(C)n using a T4 DNA terminal transferase reaction. This C-tailed cDNA 

was then cloned in a d(G)-tailed pUC9 plasmid DNA vector. 

For cloning purposes, the optimum number of 3'-terminal C residues is about 

30. The number of C residues added can be controlled by the amount of terminal 

transferase used or by the reaction time. In the present protocol, the reaction time 

was varied. The blunt-ended cDNA pellet (Section II-D-4) was dissolved at a 

concentration of 4 ng//d in 0.01 M Tris, pH 7.5. A tailing reaction was carried out 

by combining the following components: cDNA, 12.5 ILl (50 ng); lOx terminal 

transferase buffer (#27, Appendix 1),5 ILl; 0.1 mM dCfP, 1 ILl; [a_32P]dCfP, 0.5 ILl 

(5 ILCi); Terminal transferase, 2 ILl (10 units) and water, 29 ILL The reaction mixture 

was preheated for 10 minutes at 37°C before enzyme addition, after which the 

reaction was allowed to proceed for 10 minutes at 37°C. 10 ILl aliquots were removed 

before enzyme addition and at 2.5, 5, 7.S and 10 minutes. A 4 ILl sub-aliquot in each 

case was used for TCA precipitation and counting (Section II-A-6). The poly d(C)

tailed cDNA was extracted with phenol (Section II-A-3) and the non-incorporated 

dCfPs removed with a Sephadex G-SO (fine) spun column (Section II-A-7-b). The 

cDNA was precipitated with ethanol (Section II-A-2) and the dried pellet dissolved 
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in 8 JLl of water. The d(C)-tailed cDNA in the aliquots from different time points 

was annealed to the d(G)-tailed pUC9 by combining, in a 1.5 ml microfuge tube: 

d(C)-tailed cDNA, 5 JLI (5 ng); d(G)-tailed pUC9, 2.5 JLl (25 ng): lOx annealing 

buffer (#23, Appendix 1), 2 JLl and water to 20 JLI. The tubes were placed in a small 

water bath at 65°C, The water bath was covered and turned off. When cooled to 

about 50°C, the cover was removed and the water bath allowed to cool further to 

40°C. At this time the tubes were embedded in holes in a piece of styrofoam which 

was then floated in a 250 ml beaker which was filled with water from the water bath 

and placed on the lab bench. The water in the beaker was allowed to cool to about 

30°C. The cDNA was extracted with phenol, precipitated and used to transform 

bacterial strain XLI Blue (Section 11-1-2). 

8. Amplification of Plasmid cDNA Libraries 

The method used for cDNa library amplification was essentially as described by 

Vogeli and Kaytes (1987). When initial transformants are plated in soft agarose, the 

colony sizes are less variable. Thus amplification does not alter the distribution of 

recombinant plasmids in the library. The transformed bacteria from above (lOOJLI, 

2000 colonies) was mixed with 2.5 ml 0.7% top agarose in LB broth (#26, Appendix 

1) at 50°C and poured on 85 mm LB agar plates supplemented with 50 JLg/ml 

ampicillin. The plates were incubated overnight, inverted at 37°C, The soft agarose 

layer containing the bacterial colonies (usually 20-25 plates) was scraped and 

combined with that from other plates. The combined agarose layers were made into 
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a paste by adding 1 volume of LB broth (#26, Appendix 1) and passing the agarose 

successively through 18,21 and 22 gauge needles, respectively. The paste was mixed 

with 0.5 volume of Sephadex G-50 (fine) slurry (autoclaved in LB broth) and the 

slurry loaded in a 10 ml disposable syringe fitted with a silated glasswool plug at the 

bottom. The syringe was placed in a 30 ml tube and centrifuged in a swing-out rotor 

(1000 rpm,S minutes, 23°C) to collect the cells. The cell pellet was resuspended in 

a small volume of LB broth, made 12% in glycerol and stored in aliquots at -70°C. 

F. Screening of cDNA Libraries for Clones Containing Sequences for 

Chloroplast Ribosomal Proteins 

1. Plating and Screening of "'gtll cDNA Library for 

Plaques Expressing Chloroplast Ribosomal Proteins 

Libraries in "'gt11 were initially screened with antibody probes. The library was 

amplified in the host strain Y1088 (Appendix 2) which is restriction negative but 

methylation positive. All recombinant phage was passed through Y1088 before 

screening plaques in YI090. Screening of non-amplified "'gtll libraries was done 

using E. coli strain Y1090 R (Appendix 2). 

E. coli Y1090 or YI090 R was streaked on LB plates containing 50 J,Lg/ml 

ampicillin. Plates were incubated at 37°C overnight. Starting with a single colony, 

liquid cultures (50 ml) of bacteria were grown to saturation in LB media containing 

50 J,Lg/ml ampicillin, 0.2% maltose and 10 mM MgS04• The cells were centrifuged 
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(3000 rpm for 10 minutes) and suspended to A;oo=0.5 in a solution of sterile 10 mM 

MgS04• Aliquots of the i.. phage library suspension containing about 50,000 plaque 

forming units (pfu) were mixed with 600 Jl.l of host cells in sterile disposable culture 

tubes. The tubes were incubated for 15 minutes at 37°C. To each tube was added 

6.5 ml of melted top agar. The tube contents were mixed well and spread evenly onto 

a dry, prewarmed 150 mm plate of bottom agar. A total of 20 plates (equivalent to 

1 x 106 pfu) were plated. Plates were incubated at 42°C for 4 hours until the plaques 

appeared as pinpoints (0.05 mm). The plates were immediately removed to a 37°C 

incubator and each plate overlaid with a dry nitrocellulose filter which had been 

saturated previously in 10 mM IPTG in water. The filters were incubated on the 

plates for 2-3 hours at 37°C. Each filter was identified by a #1 carbon pencil and 

marked with a needle for orientation. Filters were removed and non-specific binding 

sites blocked by soaking each filter in 20 ml of MNT A solution (#28, Appendix 1) 

for 4 hours at room temperature. Another set of filters was placed on the same 

plates and incubated for another 3 hours. After blocking in MNT A, both sets of 

filters were incubated with 10 ml/filter of 1:100 dilution of E. coli column washed 

antibodies (Section II-F-2), for 4 hours at room temperature in MNTA. The filters 

were then washed 3 times, 30 minutes each, in MNT A containing 0.1 % triton X-100 

(20 ml/filter) at room temperature. Filters were then incubated with 125I-protein A 

(1 Jl.Ci/150 mM diameter filter) in MNTA (10 ml/filter) for 2 hours at room 

temperature. The filters were then washed 3 times (30 minutes each) in 20 ml/filter 
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MNTA (containing 0.1% triton X-100 and 0.05% SDS) at room temperature and 

then allowed to dry at room temperature. Each filter was marked with 14C-Iabelled 

ink for orientation before placing them on X-ray film (Section II-M). Using the 

orientation marks, the areas of agar plates containing positive plaques were identified. 

Positive signals were those which mapped at the same site on both filters. Using the 

wide end of a sterile Pasteur pipette, the area of the top agar containing the positive 

plaque was removed and placed in 1 ml of SM buffer (#25, Appendix 1). A drop of 

chloroform was added and the tubes kept at 4°C overnight to allow the phage to 

diffuse into the SM buffer. The phage was diluted 1:1000 with SM buffer and 10 JLI 

were incubated with 100 JLI of Y1090 cells at 37°C as before and plated on 85 mm 

plates. Rescreening was done as above, and well isolated plaques were picked with 

Pasteur pipettes, suspended in SM buffer and rescreened. Rescreening was repeated 

until all the plaques gave positive signals. 

2. Removal of Coliform Proteins from Ribosomal Protein 

Antibodies Used for Screening Agtll Libraries 

Polyvalent antibodies and antisera often contain components that could bind to 

antigens produced by E. coli during its normal growth. This might result in high 

background and false signals during cDNA library screening. Accordingly, steps were 

taken to remove cross reacting antibodies before the antisera were used for 

screening. This was done by immobilizing an E. coli lysate on a Sepharose resin and 

incubating the antisera with the bound bacteriallysates. The E. coli strains used were 
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Y1090 (To provide the bacteriallysates), and E. coli BNN97 ( A 19t1l lysogen used 

for providing 19t11Iysates). The procedure followed here was essentially as described 

by Kemp and Cowman (1981). 

a. Growth and Treatment of Bacteria 

Two separate 25 ml starter cultures of E. coli Y1090 and E. coli BNN97 

(Appendix 2) were grown overnight at 37°C and 32°C, respectively. Two separate 

500 ml cultures in LB media in 2 liter flasks were inoculated with the 25ml starter 

cultures (E. coli Y1090 and/or E. coli BNN97) to give an approximate ~oo of 0.05. 

The 500 ml, cultures were grown at the respective temperatures until E. coli Y1090 

reached an A600 of 1.5-2 and E. coli BNN97 an ~oo of 1.0. The E. coli BNN97 was 

shifted to 42°C for 15 minutes followed by 1 hour at 37°C and the A600 was measured 

until an endpoint of A6oo=2 was reached. 

To prepare the Y1090-BNN97Iysates, 400 ml of E. coli Y1090 cells were mixed 

with a volume of E. coli BNN97 containing a similar number of cells. The mixed cells 

were collected by spinning down in a GSA rotor (6000 rpm, 5 min, 4°C). The pellet 

was resuspended in 80 ml 0.1 M sodium borate, 1 M NaCl and distributed in four 20 

ml aliquots in 30 ml corex tubes. To each tube was added 200 J..I.I of 50 mg/ml 

lysozyme (#29, Appendix 1), 80 J..I.I of 50% (v/v) triton X-100 in water, to a final 

concentration of 0.2% and 10 J..I.I DNase I solution (#30, Appendix 1) plus 20 J..I.l1 M 

MgClz to give a final concentration of 1 mM. The tubes were left to sit at room 

temperature for 1 hour or until the viscosity was reduced. They were then 
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centrifuged at 8000 g for 20 minutes in the SS34 rotor and the supernatant collected. 

20 ml of lysates and 1 g swollen CNBr-activated sepharose 4B (#31, Appendix 1)) 

were combined and mixed gently in an end-over-end shaker for 16 hours at 4°C. 

Sepharose 4B was collected by centrifugation at 2000 g for 10 minutes. 25 ml of 0.2 

M glycine, pH 8.0 was added and the mixing continued as above for at least 1 hour. 

The CNBr-sepharose 4B was collected on sintered glass and was washed sequentially 

with 25 ml each of coupling buffer (#32, Appendix 1), 0.1 M acetic acid, pH 4.0,0.5 

M NaCI, coupling buffer and TBS (#33, appendix 1). The resin was stored at 4°C 

in TBS and 0.2% sodium azide. 

b. Removal of Coliform Antibodies 

The antisera to purified chloroplast ribosomal proteins was diluted to an Azgo 

of <2.0 using TBS and passed over a 1 ml column of Sepharose 4B coliform in TBS. 

1 ml fractions were collected and the column washed with TBS. Absorbance of a 

1:20 dilution of the different fractions was measured at 280nm. The fractions which 

absorbed at 280nm were pooled and used for screening and preparation of 

monospecific antibodies. 

3. Filter Affinity Purification of Monospecific Antibodies 

The appropriate recombinant}. clone was plated on strain Y1090 to yield 

1.5 x 104 pfu per 85 mm plate. The plate was incubated at 42°C until the plaques 

appeared as pinpoints (0.05 mm diameter). Dry nitrocellulose filters which had been 

soaked in 10 mM IPTG solution were placed on the plates and left overnight at 37°C. 
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Filters were removed and treated with antibody (from which E. coli cross-reacting 

antibodies had been removed) exactly as was done during the screening procedure 

(Section F-l). After washing the unbound antibody, each filter was placed (antibody 

side facing up) into a sterile 50 ml screw cap plastic tube (Falcon 2070, Becton 

Dickinson) such that the filter was in contact with the inner walls of the tube. Bound 

antibody was eluted by adding 3.5 ml 0.2 M glycine-HCI (pH 2.5) and hand-rolling 

the tube for 2 minutes such that the glycine-HCI solution covered most of the filter. 

The filter was removed and the antibody solution neutralized with 1.75 ml of 1.0 M 

potassium phosphate buffer pH 9.0 containing 3% (w/v) nonfat dry skim milk. 

4. Plating and Screening of i.. Libraries for Recombinants 

Containing Chloroplast Ribosomal Protein cDNAs Using 

Nucleic Acid Probes 

Plating of the eDNA libraries was done as detailed in Section F-1. After the 

plaques were evident (6-8 hours at 37°C), the plates were chilled at 4°C for 1 hour 

to allow the top agar to harden. A nitrocellulose filter was placed on each plate, 

numbered, marked in 3 asymmetric locations by stabbing through it and into the agar 

with an 18 gauge needle and peeled off after 60 seconds. Filters were immersed, 

DNA side up, in a tray containing DNA denaturing solution (#34, Appendix 1) for 

15 minutes. They were then removed and placed for 15 minutes in another tray 

containing the neutralizing solution (#35, Appendix 1). The filters were then washed 

for 5 minutes in 3x SSC [made by diluting 20x SSC (#37, Appendix 1) 1:6.7] and 
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placed on Whatman 3 MM paper to dry. A second set of dry filters were placed on 

the same plates and marked similarly. They were allowed to sit on the plates for 3 

minutes, peeled off and treated similarly. Both sets of filters were baked for 20 

minutes at 80°C in a vacuum oven to fix the DNA to the filters. Recently, a 

Stratalinker (Stratagene), was used to cross-link the DNA to filters by ultraviolet 

irradiation (1.2 x 105 microjoules). The filters were then soaked in 10 ml 

prehybridization solution (#36, Appendix 1) and incubated in a sealed Seal-A-Meal 

(Sears) bag at 42°C for 4 hours with agitation. For hybridization, the 32P-Iabelled 

probe (Section II-N-2) was denatured by boiling for 5 minutes and quick chilling in 

ice water. The sealed bag was opened by cutting at one corner, the denatured probe 

added to the prehybridization solution in the bag, the bag sealed again, and the 

incubation continued overnight at 42°C. The hybridization solution was then 

discarded and the filters washed twice at room temperature in a large volume of 

2x sse [made by diluting 20x sse (#37, Appendix 1) 1:10] plus 0.1% SDS for 30 

minutes each. They were then sealed in Seal-A-Meal bags and exposed to X-ray film 

at room temperature overnight. After development, the film was aligned with the 

filter and agar plugs in the area containing positive plaques removed and placed each 

in 1 ml of sterile SM buffer (#25, Appendix 1). Replating and rescreening was done 

on 85 mm plates. A single, well-isolated plaque was picked and used to prepare 

plate-lysate phage stocks (Section II-H-1). 
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To screen a plasmid eDNA library, a frozen aliquot (SJ.£l) of the transformed 

bacterial cells was thawed and diluted in LB broth to a concentration of around 3000 

colony forming units/ml (cfu/ml). A nitrocellulose filter was marked asymmetrically 

by piercing with a needle at 3 different locations, numbered with a #1 carbon pencil 

and laid on an LB agar plate supplemented with the proper antibiotic. 1 ml of the 

above diluted library was plated on the filter on the plate by rotating the agar plate. 

The filter (master filter) was incubated, colony side up, on its agar plate at 37°C in 

an inverted position until the colonies were visible (around 8-10 hours at 37°C, colony 

size around 1 mm). Another nitrocellulose filter was then overlaid on the master filter 

marked, lifted and placed (colony side up) on another LB agar plate. A second 

nitrocellulose filter was placed on the master filter, marked, lifted and placed on 

another LB agar plate with the proper antibiotic with the colony side up. The plates 

were inverted and incubated at 37°C until colonies were visible as above. The plate 

with the master filter was sealed with parafilm and kept inverted at 4°C. 

In order to hybridize these filters, the colonies were to be lysed, cellular debris, 

protein and RNA removed and the plasmid DNA denatured and immobilized. The 

idea was to expose the colonies on the nitrocellulose filters to the appropriate 

solutions through the nitrocellulose and not by wetting the colonies through 
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submersion. This was done by setting up four trays, each big enough to accommodate 

six 150 mm filters. Each tray was fitted with a piece of Whatman 3MM paper at the 

bottom. Tray #1 contained 10% SDS to lyse the bacteria and also as a prewash for 

removing debris. Tray #2 contained alkali (the denaturing solution for lysing bacteria 

and denaturing DNA, #34, Appendix 1)). Tray #3 contained a neutralizing solution 

(#35, Appendix 1). Tray #4 contained 2x SSe. In each case the Whatman 3 MM 

paper was wetted thoroughly with the appropriate solution. 

The filters were treated, colony side up, as follows: Tray #1: 5 minutes; trays 

#2 and #3: 15 minutes each; and tray #4: 5 minutes. The filters were then dried by 

placing them, colony side up, on dry Whatman 3 MM paper for about one hour and 

then baked at 80°C for 20 minutes in vacuum, or irradiated while wet at 1.2 x 105 

J,Ljoules in the Stratalinker (Stratagene). Because of the large amount of debris 

associated with the filters, the baked filters were incubated for 2 hours at 42°C in 

wash solution (#38, Appendix 1). Loose material was gently removed with gloved 

hands. Prehybridization, hybridization and washing were done as described in Section 

II-F-4. 

G. Plating and Screening of Tobacco Genomic Library for Genes for 

Ribosomal Proteins 

The plating and screening of the library was done as described in Section II-F-4 

except that E. coli strain NM538 (Appendix 2) was used. 



145 

H. Bacteriophage A Methods 

1. Preparation of Phage Plate Lysates 

To prepare plate lysates of individual phage isolates, 5 ml of TB media (#43, 

Appendix 1) in a sterile culture tube were inoculated with a single colony of the 

appropriate host strain. The tube was rotated at 30°C overnight. Single plaques of 

the desired phage were prepared by plating out dilutions of phage isolates in soft 

agar overlays (Section II-F-4). The 5 ml overnight culture was centrifuged at 

1500 g for 10 minutes and the cell pellet resuspended in 2.5 ml of 10 mM MgS04• 

Five well-isolated plaques were picked as agar plugs using the narrow end of a 

Pasteur pipette and suspended directly into 0.1 ml of cells. The agar plaque plugs 

were mixed well with the cells by vortexing briefly and incubating for 5 minutes at 

room temperature. To the plaqueslbacteria mixture was added 2.5 ml of LB medium 

(#26, Appendix 1) and 2.5 ml of molten (50°C) top agarose. The tube contents were 

mixed and poured over one-day old LB plates which were incubated upside-down 

at 37°C. The plaques were allowed to grow until just confluent ( 8-10 hours), then 

the plates placed at 4°C. When cold, they were overlaid each with 5 ml of ice-cold 

SM buffer and stored at 4°C overnight. The liquid overlay was removed to a 

centrifuge tube, 0.1 ml of chloroform added and vortexed briefly. The debris in the 

overlay fluid was removed by centrifugation at 4500 g for 10 minutes. 
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2. Preparation of High-Titer A Lysates from Small Liquid Cultures 

A sterile tube with 5 ml of TB medium was inoculated with a single colony of 

an appropriate host strain and rotated at 37°C overnight. A single plaque of the 

desired phage was prepared by infecting the proper bacteria and plating (Section lI

F-1). The 5 ml overnight culture was centrifuged at 1500 g for 10 minutes and the 

cell pellet resuspended in 2.5 ml of 10 mM MgS04. A well-isolated plaque was 

removed as agar plug by using the narrow end of a sterile Pasteur pipette and added 

to a culture tube containing 50 JLI of the cells in MgS04. The tube was vortexed to 

mix the phage and the cells and incubated at room temperature for 5 minutes. Two 

ml of LB medium containing 10 roM MgS04 were added and the tube rotated at 37°C 

for 4-6 hours or until lysis occurred (Color of media in tube became clear). 

Chloroform (0.1 ml) was added, the tube contents mixed well by vortexing and the 

tube placed in ice. The lysates were transferred to a sterile centrifuge tube and 

centrifuged at 4500 g for 10 minutes. The phage titer was determined by plating a 

series of dilutions on the proper bacterial strain and counting the plaques. Typically 

1 x 1011 pfu/ml were obtained. 

3. Rapid Method for Purifying Phage from Plate or Small Liquid Lysates 

Phage could be purified quickly by pelleting through a glycerol step gradient (3 

ml 40% glycerol in water overlaid with 3 ml 5% glycerol in water) in an 

ultracentrifuge tube using the SW40 rotor (tube capacity = 13.2 ml). The rest of the 

tube (7.2 ml) was filled with the phage lysates (Sections II-H-1 or 2). The tubes were 
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centrifuged at 35,000 rpm for 60 minutes at 4°c' The supernatant was poured off 

and discarded. The phage pellet was resuspended in 1 ml of SM buffer (#25, 

Appendix 1) and used for the isolation of DNA (Section II-H-5). This method yields 

an average of 25 J.£g of DNA per prep. 

4. Preparation of A Lysates from Large Liquid Cultures 

40 ml of TB medium (#43, Appendix 1) containing 10 mM MgS04 were added 

to a sterile flask and inoculated with a single colony of the appropriate host strain. 

The flask was shaken overnight at 30°C, Twenty ml of the culture (no centrifugation) 

were transferred to a 4-liter flask and mixed with approximately 5 x 108 pfu phage. 

The flask was incubated for 5 minutes at room temperature for phage to adsorb. 

One liter ofLB medium (#26, Appendix 1) containing 10 mM MgS04 was prewarmed 

at 37°C and then added to the flask. The flask was shaken vigorously at 37°C until 

lysis was evident (5-8 hours). Mter lysis was complete, sodium chloride was added 

to 0.5 M (2.9 g/100 ml) followed by 1 ml of chloroform. Shaking continued for an 

additional 5 minutes. The lysates were centrifuged at 6000 g for 10 minutes to 

remove the cell debris. The supernatant was stored at 4°C in the dark until use 

(Section II-H-6). 

5. Rapid Isolation of Small Amounts of A DNA 

E. coli celllysates (0.6 ml) from 2 ml culture (Section II-H-2) containing a phage 

titer (1 x 1011 pfu/ml) were taken in a microfuge tube to which 0.6 ml of DEAE

cellulose slurry equilibrated in LB medium (see below) was added. The tube was 
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shaken gently back and forth 20-30 times, centrifuged (12,000 g, 5 min) to pellet the 

DEAE-cellulose, and the supernatant transferred to a new microfuge tube. The 

centrifugation was repeated again to removed any remaining resin. To 0.8 ml of 

supernatant, was added 100 J.£l of 5M NaCl followed by 540 J.£l of isopropanol and the 

tube chilled at -20°C for 20 min. The tube was then centrifuged for 5 min in a 

microfuge, the supernatant discarded and 1 ml of 70% ethanol added and mixed by 

inverting the tube several times. The tube was centrifuged for 5 min, the supernatant 

discarded and the pellet resuspended in 200 J.£l of TE buffer. The pellet was 

extracted with phenol (Section II-A-3), precipitated with ethanol (Section II-A-2) and 

resuspended into 100 J.£l of TE buffer (#3, Appendix 1). Typically, 0.3-2J.£g of phage 

DNA was obtained from 0.6 ml of lysates. 

Preparation of DEAE-Cellulose 

DEAE-cellulose (DE52) was mixed with several volumes of 0.05 N HCl (pH < 

4.5). Concentrated NaOH was added, with stirring, until the pH approached that of 

the LB medium (pH 6.8). The resin was allowed to settle slowly, the supernatant 

decanted and several volumes of LB medium (pH 6.8) added, mixed, and decanted. 

The LB rinse was repeated until the pH of the supernatant was identical to the LB 

medium (pH 6.8). The final volume of the slurry was adjusted to approximately 75% 

resin and 25% LB medium. Sodium azide was added to 0.1% to prevent 

contamination. 
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6. Large Scale Isolation of A DNA 

The 11iter A lysates (Section II-H-4) were used for the large scale isolation of 

A DNA. Polyethylene glycol (PEG 6000) powder was added to 10% w/v and stirred 

slowly until completely dissolved. The flask was put in ice water for 60 minutes and 

the phage collected by centrifugation at 6000 g for 10 min at 4°C. The pellet was 

resuspended in 10 ml TM buffer (#44, Appendix 1). The phage suspension was 

extracted with an equal volume of chloroform in a 30 ml screw-capped tube by 

inverting the tube up and down for 1 minute at room temperature. Tubes were 

centrifuged at 2000 g for 10 minutes and the aqueous upper layer containing the 

phage particles was pipetted into a sterile tube. The PEG-chloroform and interface 

layer were re-extracted with an equal volume of fresh TM buffer and the upper layer 

collected by centrifugation. The two aqueous layers were pooled. A step gradient 

(Section II-H-3) was made in Peckman SW40 rotor tubes and the lysates spun at 

35,000 rpm for 60 minutes at 4°C. The supernatant was discarded and the phage 

pellet resuspended in 1 ml of TM buffer. RNase A and DNase I were added to a 

final concentration of 10 JLg/ml and 1 JLg/ml, respectively and the tubes incubated at 

37°C for 30 minutes. STEP buffer (#45, Appendix 1) was added to 0.2 final volume 

and the tubes heated at 50°C for 15 minutes. Contents were transferred to sterile 30 

ml polypropylene tubes and extracted with phenol (Section II-A-3) and precipitated 

with ethanol (Section II-A-2). 
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DNA from positive plaques was prepared (Sections II-H-6) and used for 

restriction enzymes digestion. DNA was cut with the restriction enzyme EcoRI 

(Section II-A-9). The reaction mixture was extracted with phenol (Section II-A-3) 

and precipitated with ethanol (Section II-A-2). The DNA pellet was dissolved in 

water and a shotgun ligation reaction of EcoRI-digested DNA was made with 

Bluescribe or Bluescript plasmid DNA (Section II-I-3) cut with EcoRI. The ligation 

reaction mixture (20 I.Ll) contained 2 J.Ll of lOx ligation buffer (#3, Appendix 1), 170 

ng of the dephosphorylated EcoRI-cleaved vector, 15 ng of the EcoRI cut 

recombinant A DNA, 1 J..Ll of T4 DNA ligase and water to 20 J..Ll in a 0.5 ml 

polypropylene microfuge tube. The components were mixed, centrifuged briefly then 

incubated at 15°C overnight. One J..£l of 0.5 M EDT A (pH 8.0) was added, the 

reaction mixed and stored at 4°C. A 2 J..£l aliquot was removed from the reaction mix, 

diluted to 10 J..£l with water and used for transformation (Section II-J). 

The DNA purified from positive plaques obtained from the SmaIlEcoRI 

modified adapters library was also subjected to restriction enzyme digestion to free 

the inserts. The DNA was cut with the restriction enzyme Sp/l exactly as described 

in section II-A-9 except that the tubes were incubated at 55°C immersed under water 

(to prevent evaporation of liquid in the cube during the course of reaction) for 4 

hours. This DNA was extracted with phenol (Section II-A-3) and precipitated with 
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ethanol (Section II-A-2). The DNA pellet was taken in water and ligated to a 

Bluescript vector DNA (Section II-I-3) which was digested with the unique restriction 

enzyme Asp718 (Boehringer). The ligation conditions were the same as above. The 

reaction was stopped by the addition of 1 1£1 of 0.5 M EDT A (pH 8.0) and stored at 

4°C. A 2 1£1 aliquot was diluted to 10 1£1 with water and used for transformation 

(Section II-J). 

1. Plasmid DNA preparations 

1. Rapid Isolation of Plasmid DNA from Small Liquid Cultures 

Three ml of LB media in a sterile culture tube was inoculated with a single colony 

of the selected plasmid-containing bacterium and grown overnight at 37°C on a roller 

drum. The cells were centrifuged at 3000 rpm for 5 minutes and resuspended into 

0.3 ml of solution PI (#46, Appendix 1). The contents of the culture tube were 

transferred to a microfuge tube and 0.3 ml of solution PII (#47, Appendix 1) were 

added, mixed and tubes incubated at room temperature for 5 minutes. Potassium 

acetate, pH 4.8 ( 0.3 ml) was added, the tube contents mixed gently and centrifuged 

at 4°C for 15 minutes. To 0.8 ml of the supernatant wa~; added 0.64 ml of 

isopropanol, contents mixed well at room temperature, and centrifuged at 4°C for 15 

minutes. The pelleted DNA was washed twice with 70% ethanol, briefly dried and 

redissolved in 30 1£1 of water. 1 1£1 of this DNA was used for restriction digestion of 
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DNA and gel electrophoretic analysis. Typical yields were about 15 ug DNN3 ml 

culture. 

2. Large Scale Isolation of Plasmid DNA 

A 500 ml flask containing 100 ml of TB media (#43, Appendix 1) was inoculated 

with a single bacterial colony and incubated overnight at 300 e with shaking. The cells 

were collected by centrifugation at 2000 g for 20 minutes, resuspended in 5 ml of 

resuspension buffer (#48, Appendix 1) and the cell suspension frozen at -20°C. A 

fresh lysozyme solution (#49, Appendix 1) was made and 0.5 ml of it added to the 

frozen cells. The cells were thawed with mixing in a water bath at room temperature. 

When just thawed they were put on ice for 45 minutes. One ml of STEP buffer 

(#45, Appendix 1) was added and mixed well. The tube contents were heated at 

500e for 60 minutes with occasional, gentle mixing. Six ml of TE buffer-saturated 

phenol (Section II-A-3) were added and mixed gently to emulsify (no vortexing), then 

centrifuged at 1000 g for 15 minutes to separate the layers. The aqueous layer, which 

contained the DNA, was transferred to a clean tube and the nucleic acids 

precipitated with ethanol (Section II-A-2). The precipitate was collected by 

centrifugation at 4000 g (6000 rpm) for 5 minutes at 4°e and the pellet dried in 

vacuum. The pellet was resuspended in 5 ml of solution PI (#46, Appendix 1). To 

dissolve the precipitate, the tube was rocked gently at 4°e overnight. An equal 

volume of chloroform was added, tubes inverted several times and centrifuged at 

3000 g for 5 minutes to separate the layers. The top aqueous phase was transferred 
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to a new tube and precipitated with ethanol (Section II-A-2). The DNA was 

precipitated by centrifugation at 3000 g for 5 minutes, washed twice with 70% 

ethanol, dried and measured (Section II-A-4). This protocol was scaled up or down, 

depending on the preparation, but typical yields were 40-50 J.Lg DNN100 ml culture. 

3. Preparation of Vectors for Cloning 

Plasmid DNA prepared as above (Section 11-1-1,2) was digested with the selected 

restriction enzyme (Section II-A-9) and the 5'-terminal phosphates removed (Section 

II-A-lO). The ethanol-precipitated, linearized vector was washed twice with 70% 

ethanol, dried in vacuum and the DNA resuspended in water at a concentration of 

0.5 J.Lg/J.Ll. To assess complete digestion, 1 J.LI (0.5 J.Lg) of this DNA was run on a 1% 

agarose gel (Section II-L-l). The gel was stained in ethidium bromide in water (1 

J.Lg/ml) for 15 minutes and the DNA visualized by UV light and photography. 

Control ligations were done with every vector after digestion and dephosphorylation 

treatment. An aliquot of the digested vector was not phosphatased and used as a 

control. A ligation reaction was done by incubating 100 ng each of vector DNA (cut 

by restriction enzyme but not phosphatased) as well as with cut and phosphatased 

plasmid DNA either, with or without T4 DNA ligase. The number of colonies 

obtained upon transformation (Section II-J-2) with the intact vector incubated without 

ligase gave an estimate of the efficiency of transformation, while the number of 

colonies obtained under the same conditions in the presence of ligase gave an idea 

of whether the ligation components could interfere with the efficiency of 
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transformation. The number of colonies obtained upon transformation of the 

restriction enzyme cut, but not-phosphatased, or ligated vector gave an estimate of 

the background arising from the incomplete plasmid digestion, while the number of 

colonies obtained from the same treatment in the presence of ligase gave an estimate 

of the effectiveness of the ligation reaction and the quality of intactness of the DNA 

ends. This was a rough estimate since linear DNA molecules could be taken up by 

a host cell and be circularized by host cell DNA ligase. Transformation by the cut 

phosphatased and ligated vector gave an estimate of the efficiency of the phosphatase 

treatment of the vector, while the same treatment in the absence of ligase gave an 

indication of whether the phosphatase components could affect the efficiency of 

transformation. It should be mentioned that phosphatased linear DNA molecules 

could be taken by host cells and get phosphorylated and ligated by host endogenous 

enzymes. Transformatioll with the cut, phosphatased and ligated vector typically 

yielded less than 3% of the number of colonies obtained by transformation of the cut, 

ligated and non-phosphatased vector. 

J. DNA Transformation Techniques 

1. Transformation of Calcium Chloride Treated Competent Cells 

Transformation with plasmid vectors and recombinant plasmids was done 

essentially as described by Dagert and Ehrlich (1974), using calcium chloride-treated 

competent cells. A fresh overnight culture of cells was grown by inoculating 4 ml of 
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LB broth (#26, Appendix 1) with a single colony of the selected E. coli strain and 

rotating the tube at 37°C. The cells were diluted 40-fold into 1 liter of fresh LB 

medium and incubated at 37°C with shaking and good aeration until the absorbance 

at 600 nm was 0.5. The culture was immediately chilled by swirling in an ice-water 

bath. When the cells were completely chilled (about 10 minutes), they were 

transferred to chilled bottles and centrifuged at 4°C at 5000 rpm for 10 minutes. The 

supernatant was decanted, the pellets placed in ice and then resuspended in 500 ml 

ice-cold 100 mM CaCl2 by sucking up and down with a 25 ml pipet. Once the cells 

were resuspended they were incubated in ice for 30 minutes with occasional swirling. 

They were then pelleted once again at 3000 rpm for 10 minutes at 4°C and 

resuspended in 40 ml of ice-cold 100 mM CaCI2, 15% glycerol solution. Aliquots of 

0.2 ml of cells were distributed into sterile Eppendorf tubes in ice. The tubes were 

immediately frozen in an ethanol-dry ice bath and placed at -70°C. The cells retained 

their competency for months when stored in this manner. Transformation was done 

by thawing a tube of frozen competent cells on ice and adding DNA (1-10 ng) in a 

total volume of 10 1.£1 of water. The transformed cells were incubated on ice for 30 

minutes and heat shocked by incubating in a 42°C water bath for 90 se;conds without 

shaking. The tubes were then placed on ice for 1 minute, and 0.8 ml of LB broth 

(room temperature) was added to each tube and tubes rotated at 37°C for 1 hour. 

The cells were spread on agar plates containing the appropriate antibiotic and the 
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plates were incubated inverted overnight at 37°C. Typical transformation efficiencies 

are in the range of 5 x 105 transformants per ug DNA. 

2. Transformation of Rubidium Chloride Treated Competent Cells 

Hanahan's rubidium chloride method (Hanahan, 1983) was used to prepare 

competent cells when high efficiency transformation yielding greater than 107 

transformants per J.£g of plasmid DNA was required as in the case of transformation 

with plasmid cDNA libraries. Using this method, cells were prepared fresh every day. 

Although possible, no attempt was made to prepare frozen competent cells following 

this method. 

Standard Transformation 

A freshly poured LB plate was streaked with cells from a frozen stock and 

incubated overnight at 37°C. Colonies were picked and dispersed in 50 ml of SOB 

medium (#50, Appendix 1) in a 250 ml flask. The culture was incubated at 37°C 

with shaking until absorbance at 600 nm was 0.55. The cells were transferred to 

chilled 50 ml polypropylene tubes, placed on ice for 12 minutes, and pelleted at 2500 

rpm for 12 minutes at 4°C. The pellet was resuspended in 17 ml of TFB solution 

(#51, Appendix 1) by gentle vortexing, placed in ice for 12 minutes and pelleted 

again at 2500 rpm for 10 minutes at 4°C. The pellet was resuspended in 4 ml of TFB 

and fresh DMSO was added to 3.5% (0.14 ml), swirled and left on ice for 5 min. 

DIT solution (#52, Appendix 1)) was added to 75 mM (0.14 ml), swirled, and left 

on ice for 10 minutes. Another 0.14 ml portion of DMSO was added, and the cells 
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incubated on ice for 5 min. Then aliquots (210 JLI) of competent cells were placed 

into chilled sterile culture tubes (Falcon #2059) and DNA (10 ng in 10 JLI volume), 

was added. The mixture was swirled and incubated on ice for 30 minutes, heat

pulsed without agitation at 42°C for 90 seconds and placed on ice for 2 minutes. 800 

JLI of SOC medium (#53, Appendix 1) at room temperature were added and the 

tubes rotated at 37°C for 60 min. An appropriate fraction of the culture (300 JLI) was 

spread gently on LB plates using a bent (L-shaped) Pasteur pipette. The plates were 

incubated at 37°C overnight. 

K. Nucleic Acid Sequencing 

The sequencing reaction performed first in this dissertation involved the use of 

DNA polymerase Klenow fragment as the choice enzyme to perform the chain 

termination protocol of single stranded DNA sequencing. Details of this procedure 

are found in Hildebrand dissertation (1987). 

1. Helper Phage Stock Preparation and Storage 

A helper phage is specifically designed for the production of single-stranded 

plasmid DNA from vectors carrying the intergenic f1 origin from an M13 plasmid. 

The E. coli bacterial strain (XLI Blue) was streaked on an LB agar plate (#26, 

Appendix 1) containing 12.5 JLg/ml tetracycline. The plate was incubated upside 

down at 37°C overnight to let the bacteria grow. A single colony was picked and 

used to inoculate 25 ml of LB media in a 250 ml flask. The flask containing the 
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media was incubated at 37°C with vigorous shaking for 4 hours or until the bacterial 

growth was evident. 50-100 ml of helper phage (M13K07) at a concentration of 

1x1011 pfu/ml were added and the shaking continued for another 1 hour. Seventy J..t.l 

of kanamycin (12.5 J,Lg/J,LI) were added and shaking continued overnight. The cells 

were pelleted at 12000 rpm for 20 minutes in a Sorvall SS34 rotor. Twenty ml of the 

supernatant (contains the helper phage) was taken in a sterile tube and 20 J,LI of 

chloroform were added. The tubes were incubated at 4°C overnight and the phage 

tittered by incubating a series of dilutions of the phage with the proper bacterial 

strain and plating on LB plates. The titer of the helper phage prepared by this 

method is normally > 1 x 1012 pfu/ml. The helper phage was stored at 4°C without 

evident loss of titer for more than a year. 

2. Single Strand Template Preparation 

The E. coli strain XL1 Blue harboring the Bluescribe or Bluescript plasmid 

containing the DNA insert of interest was streaked on an LB agar plate containing 

tetracycline (12.5 J,Lg/ml). The plates were incubated at 37°C overnight for the cells 

to grow. Individual colonies were picked and used to inoculate 25 ml LB media 

containing ampicillin (50 J,Lg/ml) into 250 ml flasks. The flasks were incubated at 

37°C with vigorous shaking and good aeration. After 4 hours or when the bacterial 

growth was evident, 100 J,LI (1 x 1011) of helper phage (M13K07) were added and 

shaking continued for one more hour. Seventy J,LI of kanamycin (12.5 J,Lg/ml) were 

added and incubation continued overnight at 37°C. The cells were precipitated by 



159 

centrifugation at 12000 rpm for 20 minutes at 4°C. The supernatant was transferred 

to another centrifuge tube and 5 ml of a solution containing 20% polyethylene glycol 

6000 (PEG 6000), 3.5 M ammonium acetate was added. The solution was mixed well 

and incubated for 60 minutes in ice water. The tubes were centrifuged at 12000 rpm 

(SS34 rotor) for 20 minutes, the supernatant discarded and the tubes placed upside 

down to drain. The phage pellet was resuspended into 0.4 ml of TE buffer (#1, 

Appendix 1), transferred to a 1.5 ml microfuge tube and centrifuged again at 14000 

rpm in a microfuge centrifuge. The pellet was discarded and the supernatant which 

contain the phage particles was transferred to another microfuge tube. Five J..t.l of a 

10% SDS solution were added, mixed and the tubes incubated at room temperature 

for 10 minutes. The tube contents were extracted with phenol (Section II-A-3) and 

precipitated with ethanol (Section II-A-2). The single stranded phage DNA was 

dried in vacuum and resuspended in 30-100 J..t.l water. 1 JLI was electrophoresed on 

an agarose gel (1%) while the rest of the single strand template was kept at -20°C. 

This allows direct observation of the size of the preferentially-packaged recombinant 

plasmid single-stranded DNA. 

3. Sequencing Single Stranded DNA 

Single stranded DNA sequencing was performed using Sequenase (U.S. 

Biochemical Corporation). The sequencing reaction protocol was performed in small 

plastic centrifuge tubes (1.5 ml). Additions were made using disposable pipet man 

tips and with mixing and quick spinning to bring all reaction components together. 
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The concentration and composition of the different components of the sequencing 

reaction are given in the sequenase kit. Annealing the template to the primer, was 

done by adding the following to a microfuge tube: 

Primer 

Sequenase buffer( #54, Appendix 1) 

DNA template 

1 JLl (5 ng) 

2 JLl 

up to 7 1-'1 (1-2 I-'g) 

Besides primers synthesized locally (section II-L-4), commercially available primers 

were used during the course of this work. These include Agtll, Agt11 reverse, T3, 

T7, M13, M13 reverse, SK and KS sequencing primers. (#55 to #62, Appendix 1). 

The total volume was 10 1-'1. If a smaller volume of DNA was used, the balance was 

made with distilled, deionized water. The contents of the tube were mixed briefly, 

spun down quickly, capped and incubated at 65°C for 2 min. The tube was placed 

in a scintillation vial filled with water at 65°C and allowed to cool slowly to room 

temperature (30 min.). In the meantime, the labelling mix (#63, Appendix 1) was 

diluted 5-fold in water and placed on ice. The sequenase enzyme was diluted 1:8 in 

cold TE buffer and placed on ice for not more than 60 minutes. To the above 

annealed template-primer mixture (10 1-'1) was added the following: 

DTT solution (#64, Appendix 1) 1 1-'1 

diluted labelling mix (1:5) 2 1-'1 

[a-35S]dATP 0.5 1-'1 

diluted sequenase (1:8) 2 1-'1 
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The components were mixed thoroughly, spun down quickly and incubated for 

5 minutes at room temperature. While the labelling reaction was taking place, 4 

microfuge tubes were labelled A, T,C,G and to each tube was added 2.5 J.d of the 

dideoxy nucleotide termination mix (#65 to #68, Appendix 1) containing ddATP, 

ddTTP, ddCTP or ddGTP, respectively. The 4 tubes were warmed at 37°C for 2 

minutes and to each tube was added 3.5 1 .. £1 more of the labeling reaction mix. The 

contents of each tube were mixed quickly and the tubes incubated at 37°C for 

another 5 minutes in a water bath. 4 I.d of stop solution (#69, Appendix 1) were 

added to each tube, mixed, spun down briefly and stored at _20°C until used (not 

more than one week). 

4. Preparation and Sequencing Double Stranded DNA 

The DNA used for double strand sequencing was prepared as detailed in Section 

II-I-I. The sequencing reaction was performed as follows: DNA (3 J..Lg) was 

denatured by adding NaOH to 0.2 M and EDT A to 0.2 mM in a total volume of 20 

J..L1. The DNA was incubated at room temperature for 5 min. To neutralize the 

solution, 2 J..LI of 2 M ammonium acetate (pH 4.6) were added, mixed quickly, then 

60 J..LI of 100% ethanol (-20°C) were added and mixed well on ice to precipitate the 

DNA. The DNA was collected by microfuge centrifugation for 20 minutes at 4°C, 

washed twice with 75% ethanol (-20°C) and centrifuged each time for 5 minutes. The 

supernatant was discarded and the pellet dried in vacuum and used immediately for 

sequencing. The sequencing reaction was done exactly as described for the 
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sequencing of single stranded DNA using Sequenase (above) except that the 

template-primer annealing mix was incubated at 65°C for 5 minutes rather than 2 

minutes and that 1 ,.,.1 rather than 0.5,.,.1 of [a-35S]dATP (1300 Ci/mmol) was used per 

reaction. 

5. Preparation and Sequencing Recombinant Bacteriophage A DNA 

Bacteriophage A DNA was prepared as detailed in sections II-H-5,6. The 

sequencing primer was 5'-end labelled by mixing the following components in order: 

2 ,.,.1 of primer (11.0 picomoles) 

2,.,.1 of lOx T4 kinase buffer (#21, Appendix 1) 

5 ,.,.1 of [y_32p]ATP (6000 Ci/mmol) 

1 ,.,.1 T4 kinase (10 units) 

10 ,.,.1 distilled water 

The reaction was incubated at 37°C for 30 minutes and inactivated by heating at 90°C 

for 5 minutes. The specific activity of the resulting 5'_32p_ primer was 101lcpm/,.,.g 

DNA 

To prepare A DNA for sequencing, the DNA was first denatured and 

neutralized as follows: To 1 ,.,.g of A DNA dissolved in 18 ,.,.1 of 10 mM Tris-HCI 

buffer, pH 7.5 was added 2 ,.,.1 2M NaOH, 1 mM EDTA. The solution was mixed and 

incubated at room temperature for 6 min. The mixture was then placed on ice and 

neutralized by adding 10 ,.,.1 ice-cold 2 M sodium acetate (pH 5.0) followed by 80 ,.,.1 

of absolute ethanol. DNA was pelleted in a microcentrifuge at full speed for 20 
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minutes. The pellet was washed 3 times with 75% ethanol and dried in vacuum. The 

annealing of the A DNA to the primer was done as follows: The pellet was dissolved 

in 17 1-£1 of distilled water and 2 1-£1 of lOx sequenase buffer (#54, Appendix 1) were 

added. One 1-£1 of the above kinased primer mixture (0.55 picomole or approximately 

10 primers per template molecule) was added, mixed well and quickly spun down. 

This annealing mixture was incubated at 37°C for 30 minutes. To sequence, 4 p.l of 

the annealing mixture were added to 4 1-£1 of the deoxy/dideoxy mixtures (Table 2, 

Appendix 1) followed by 2 p.l of Sequenase (diluted 1:8) to each reaction tube. 

Tubes were incubated at 37°C for 15 minutes and 1 p.l of dNTP chase solution (0.3 

mM each of the 4 dNTPs) was added. Incubation at 37°C continued for another 15 

minutes, the reaction stopped by the addition of 4 p.l of stop solution (#69, Appendix 

1) and stored at -20°C overnight. 

L. Gel Electrophoresis 

1. Non-denaturing Horizontal Agarose Gel Electrophoresis 

Electrophoresis on agarose gels was routinely used to analyze DNA and RNA. 

Gels consisting of 0.7-2.0% agarose were used depending on the range of molecular 

weights to be analyzed. The electrophoresis buffer was either 1x TBE [made by 

diluting lOx TBE (#70, Appendix 1) 1:10] or TAE (#71, appendix 1). To make the 

gel, agarose powder was placed in a flask with buffer, and the agarose melted in a 

microwave oven. The agarose was poured in a tray fitted with a comb of the right 
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size, allowed to gel and the comb removed. The gels were run in commercially 

available apparati (BRL, Bio Rad or homemade), in a horizontal mode, with the gel 

submerged under a thin layer of buffer and at room temperature or 4°C. 

Electrophoresis was generally at 10 volts/em gel length, or at 2.5 volts/em when 

precise determination of molecular weight of DNA fragments was intended. Nucleic 

acid samples were dissolved in water or TE buffer and 1/10 volume of sample buffer 

(#72, Appendix 1) was added to samples prior to electrophoresis. DNA samples 

were heated to 65°C for 5 minutes, loaded on the gel and electrophoresed until the 

bromophenol blue dye front migrated to about 75% of the length of the gel. The gel 

was then removed from the apparatus and stained for 1 hour in ethidium bromide 

(1 JLg/ml) in water. The gel was rinsed with water and photographed (Section II-M). 

2. Denaturing Alkaline Gel Electrophoresis 

The correct amount of agarose powder was added to a measured volume of 

alkaline gel running buffer (#73, Appendix 1) and contents melted in the microwave 

oven. The solution was cooled to 50°C and poured into a horizontal gel tray fitted 

with a comb. After polymerization, the comb was removed and the gel immersed in 

the running buffer in the gel apparatus. The DNA sample was precipitated with 

ethanol (Section II-A-2) and dissolved in 10 JLI of alkaline loading buffer (#74, 

Appendix 1). Electrophoresis was carried out at low voltage (7.5 v/cm). The gel was 

removed from the tank and soaked for 30 minutes in 7% TCA. The gel was then 
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dried by placing it under several layers of Whatmann 3MM paper. After drying, the 

gel was covered with Saran wrap prior to autoradiography (see section II-M). 

3. Electrophoresis of RNA in Denaturing Formaldehyde Gels 

Formaldehyde-agarose gels were used for fractionation of RNA prior to transfer 

to hybridization membranes. Agarose was melted in water and cooled to about 50°C. 

Formaldehyde (37% in water, 12.3 M) and 5x running buffer (#75, Appendix 1) were 

added to the desired percentage of molten agarose to give final concentrations of 

Ix buffer and 2.2 M formaldehyde. The gel was set up, poured and allowed to 

polymerize in the hood. RNA samples (up to 20 JLg in 5 JLl) were incubated at 65°C 

for 5 minutes in RNA denaturing solution (#76, Appendix 1). Two JLl of sterile 

loading buffer (#77, Appendix 1) was added. RNA markers were treated similarly. 

Ethidium bromide (0.1 JLg/ml) was added to each RNA sample before 

electrophoresis. The gel was immersed in Ix running buffer [made by diluting 5x 

Running buffer (#75) 1:5] and allowed to soak for 2 hours before running. Samples 

were applied and the gel was run slowly (less than 5 volts/cm) until the bromophenol 

blue dye ran to about 75% of the length of the gel. (6 hours for a 1.5 mm thick by 

25 cm long gel). The gel was removed, the bands visualized under UV light and the 

gel photographed (Section II- M). 
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Oligonucleotide Primers 
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Besides the commercially available primers (Appendix 1), the following 

oligonucleotide primers were used during the course of this research: 

1) L12-1 primer: 5'-GGCGGCGAGAGGGCGGAG-3' 

2) L12-2 primer: 5'-TTATCTIGGGAAAATIGTTGT-3' 

3) L24-1 primer: 5'-ACTGGCAACCTICTGCTC-3' 

4) L24-2 primer: 5'-CCTICTTTCATIGTTATAGTA-3' 

5) L27-1 primer: 5'-ACGGAAACGAGACCGAGAACT-3' 

6) L27-2 primer: 5'-AGAGACTIGGTGTCAAGATTT-3' 

Primers were synthesized by personnel in David Mount's laboratory, Department 

of Molecular and Cellular Biology, University of Arizona, or at the Biotechnology 

Macromolecular Structure Facility, University of Arizona, using an Applied 

Biosystems 380A synthesizer by the phosphoramidite method (McBride and 

Caruthers, 1983). In some cases, primers were made by Research Genetics, 2130 

Memorial Parkway S.W., Huntsville, Alabama 35801. Primers were obtained in 

powder form and were either purified (by a Nensorb DuPont chromatography Prep 

column) or unpurified. When necessary, they were also purified by resuspending 1 

mg of the primer in 400 J.Ll water. Two J.Ll were used to determine the actual 

concentration of the primer spectrophotometrically (1 A260 nm=30 J.l.g/ml). 500 J.l.g 

of primer were ethanol-precipitated, pelleted, washed twice with 70% ethanol in 
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water, vacuum dried and resuspended in 12.5 JLI of 95% deionized formamide (#39, 

Appendix 1), 10 mM Na2 EDTA. 1.5 JLI aliquots were loaded per lane on a 20% 

acrylamide gel. The gel mixture (75 ml total volume) has 31.53 g urea, 3.75 ml lOx 

TBE buffer (#70, Appendix 1), 14.25 g acrylamide, 0.75 g bisacrylamide and water 

to 75.0 ml. The mixture was heated at 65°C until all chemicals dissolved, and then 

filtered through #1 Whatman paper and made back to 75 ml with distilled, deionized 

water. 30 JLI TEMED and 150 JLllO% ammonium persulfate were added, completely 

mixed, and the mixture poured into a vertical gel. The comb was fitted on top of the 

gel and the gel was allowed to polymerize. After 2 hours, the comb was removed and 

the polymerization continued overnight. The gel was pre-run at 400 V for 60 

minutes. The samples were loaded on the central lanes while the tracking dye (#78, 

Appendix 1) was loaded on the adjacent lanes to monitor electrophoresis. The 

running buffer was 0.5x TBE and the gel was run for 5-6 hours at 400 volts until the 

bromophenol blue dye migrated 75% of the length of the gel. The gel plates were 

separated and the gel soaked in ethidium bromide (1 JLg/ml) for 15 minutes. The gel 

was removed and the primer detected in the gel by ethidium bromide fluorescence 

under UV illumination. The gel fragment containing the highest molecular weight 

band was excised and the primer eluted by adding 400 JLI elution buffer (#79, 

Appendix 1) to the excised gel slice in a microfuge tube which was placed inside a 

test tube and rotated on a drum wheel at 37°C overnight. The eluant was extracted 

twice with water saturated with isoamyl alcohol to remove ethidium bromide and the 
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oligonucleotide was precipitated with ethanol (Section II-A-2), washed with 70% 

ethanol in water, dried in vacuum, resuspended in water and its concentration 

measured (Section II-A-4). 

5. SDS Polyacrylamide Protein Gels 

This type of gel was used to resolve proteins to determine their molecular 

weights. A guideline for choosing gel concentrations to resolve different molecular 

weight classes of proteins is presented in Table 3, Appendix 1. Recipes used for a 30 

ml volume running gel at different percent acrylamide are shown in Table 4, 

Appendix 1. 

To prepare the gel, the apparatus (homemade) was assembled and 1 % agarose 

was poured at the bottom and on the sides as a plug. The recipe of the right gel 

percentage (Table 4, Appendix 1) was made, mixed and poured into the apparatus. 

A space of about 1" at the top was left for the stacking gel. Isopropanol was layered 

on top of the acrylamide mix and the gel allowed to polymerize for 2 hours. After 

polymerization, isopropanol was discarded and the stacking gel components (Table 

4, Appendix 1) were mixed, poured on top of the polymerized running gel and the 

comb inserted into the stacking gel. The comb was removed after 1 hour when the 

polymerization of the stacking gel was complete. The gel was put in the apparatus 

and the upper and lower tanks filled with the running buffer (#80, Appendix 1). The 

sample was taken into 50 1-£1 of sample buffer (#72, Appendix 1) and heated for 15 

minutes in a 60°C heating block. The samples were loaded onto the gel, which was 
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run at constant current of 20-25 milliamps for a small gel (13 x 16 cm, 1.5 mm thick) 

and 30-35 milliamps for a large gel (20 x 23 cm, 1.5 mm thick). The gel was then 

soaked in the fixing solution (#81, Appendix 1) overnight. This removes the SDS 

and fix the proteins into the gel. The gel was soaked in the stain solution (#82, 

Appendix 1) for 2-3 hours and destained in the destain solution (#83, Appendix 1). 

SDS-acrylamide gels were also used to resolve the proteins products of ill vitro 

translation systems. After the completion of in vitro translation (Section II-C-3), 1 ml 

of cold acetone (-20%) was added to the translation products, contents vortexed and 

left at _20DC for 30 minutes. Tubes were spun at 13000 rpm for 2 minutes in a 

microfuge and the pellet washed two times with 1 ml 80% acetone, left at _20DC for 

15 minutes and spun down as before. The pellet was dried in vacuum, dissolved in 

35 Jl.I of sample buffer and loaded on a 12.5% gel (Table 4, Appendix 1). After the 

completion of electrophoresis, the gel was treated as follows: 

i. The gel was fixed in a solution containing 10% TCA, 

10% glacial acetic acid and 30% methanol for 1 hour. 

ii. The gel was then soaked in glacial acetic acid for 1 hour. 

iii. The gel was removed from acetic acid and placed for 1-

1/2 hours in PPO solution (10-15% 2,5 diphenyloxazole 

in glacial acetic acid) with gentle shaking. 

iv. The gel was then placed in water for 1 hour with gentle 

shaking. 



v. The water was discarded and the gel wrapped in a 

wetted dialysis sheet and dried for 3 hours at 60°C in a 

vacuum gel dryer. 

vi. Two sheets of X-ray film were taped to the gel (above 

and below) and the gel exposed at -80°C. The first X

ray film was developed after 48 hours. The intensity of 

the signal on the first film was used to decide on the 

time to develop the second film. 

6. Acid Urea Gels 
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The majority of ribosomal proteins are small and basic. This means that they 

are positively charged at low pH. Electrophoretic analysis at low pH separates these 

proteins on the basis of charge, molecular weight and shape. Polyacrylamide gel 

electrophoresis in the presence of urea and acetic acid has the advantage of resolving 

complex basic protein mixtures and eliminating aggregation of protein complexes. 

The method used here was based on that of Zweidler (1982) and Hardison and 

Chalkley (1982). 

To make the gel (60 ml total volume), the following components were mixed: 

60% acrylamide-O.4% bisacrylamide (#84, Appendix 1), 42 ml; 10 M urea-6.7% 

acetic acid (#85, Appendix 1), 15.8 ml; water, 1.7 ml; Temed, 0.1 ml and 4% 

ammonium persulfate, 0.4 ml. The mixture was deaerated under vacuum for a few 

minutes before the addition of ammonium persulfate. The gel was poured, comb 
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fitted in its place and the gel allowed to polymerize for 4 hours. The comb was 

removed, the electrophoresis apparatus assembled and the electrode chambers filled 

with 5% acetic acid. The gel was pre-run for 12 hours at 5 milliamps at room 

temperature and then overlaid with a 5 mm high layer of fresh 5% acetic acid 

containing urea as in the gel plus 0.5 M cysteamine-HCl. Electrophoresis continued 

for another 30 minutes and then the electrode buffer was replaced. The protein 

sample was dissolved in acid-urea sample buffer (#86, Appendix 1) at a 

concentration of 1 mg/ml. This sample was applied directly on top of the gel, 1-5 JLI 

of sample/mm2 of gel surface. Electrophoresis was at 4 mNcm2 gel surface area until 

the pyronin Y dye reached about 2 cm from the bottom of the gel. The gel was fixed 

and handled as above. 

7. Two-Dimensional Gels 

This technique combines both acid urea gels in one dimension and SDS

polyacrylamide gels in the second dimension. While the first technique affords a 

separation on the basis of charge, molecular weight and shape, electrophoresis in the 

presence of SDS at high pH provides a separation predominantly on the basis of size. 

Since the order of mobility of the ribosomal proteins is different in the two systems, 

the result is a good separation of the different proteins. The proteins were first 

prepared and run on an acid-urea gel (Section II-L-6). Mter the completion of 

electrophoresis, the gel was taken and the lane of interest sliced and the slice 

incubated for 2 hours in half strength of the buffer used for the SDS-polyacrylamide 
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gel (#80, Appendix 1)). An SDS-polyacrylamide gel (Section II-L-5) was prepared 

and poured. The stacking gel was poured to a 1 cm height and immediately the slice 

from the acid urea gel placed flat on the top of the SDS gel embedded in the 

stacking gel. The rest of the space was filled with the stacking gel. After 

polymerization the gel was run and treated as before (Section II-L-5). 

8. Denaturing Polyacrylamide Gels for DNA Sequencing 

The denaturing polyacrylamide gels used for resolving products of the nucleic 

acid sequencing reactions were ultra-thin (0.4 mm) and were run under denaturing 

conditions (high temperatures in the presence of 7 M urea). 6% gels were used 

almost exclusively throughout the course of this research and were run in the BRL 

model S2 and model SO electrophoresis apparati. To make the 6% gel mix, the 

following components were dissolved in 600 ml of distilled, deionized water: urea 

(ultra pure grade, 420 g); acrylamide (ultra pure, 57 g), bisacrylamide (ultra pure, 3 

g), lOx TBE buffer (# 70, Appendix 1, 50 ml). The volume was made to 1 liter with 

water and the mixture filtered through a Whatman #42 paper and stored in the dark 

in amber bottles at 4°C for up to 6 months. This stock was used for making the 6% 

sequencing gels. 

Before pouring the gel, the glass plates were washed thoroughly with soap 

(Ivory) and dried. They were then cleaned by spraying with a mist of 95% ethanol 

and wiping with paper towels. They were then wiped with 5% diemthyldichlorosilane 

in chloroform and dried. The spacers, which were cleaned by wiping with a paper 
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towel wet with 95% ethanol, were set between the plates and clamped. The clamped 

plates were set on the bench held at an angle created by supporting the lower glass 

plate with a rubber stopper. Fifteen J1.1 of TEMED were pipetted between the glass 

plates (by capillary action) from the outside at the junction of the spacer at the lower 

corners of the glass plates. 60 ml of the acrylamide urea mixture prepared above 

were placed in a Erlenmeyer flask on ice and 24 J1.1 of TEMED plus 240 J1.1 of 10% 

freshly prepared ammonium persulfate were added and mixed by swirling the flask 

gently without introducing air bubbles. The gel solution was immediately poured by 

pipetting 10 ml volumes using a pipette and a pipette-aid (Drummond Scientific). 

The clamped glass plates were held at about 70° angle from horizontal and the gel 

solution pipetted in between the plates smoothly and carefully without introducing air 

bubbles. As the gel space was filled, the plates were lowered down until they settled 

down on the rubber stopper. Once the space between the plates was filled with the 

gel solution, the comb was inserted (upside down, teeth up) at the top, taking care 

not to trap air bubbles. The comb was overlaid with gel solution and the top of the 

gel covered with Saran wrap. The gel was left to polymerize for two hours to 

overnight before electrophoresis started. 

After polymerization the bottom spacer was removed, the top of the gel rinsed 

with water and the comb gently removed. Silicone vacuum grease was applied to the 

junction of the rubber ears and the glass plates, and the plates were clamped in the 

electrophoresis apparatus. The upper and lower chambers of the gel apparatus were 



174 

filled with the running buffer (0.5x TBE). The comb was fitted in between the plates 

such that the teeth were just touching the top of the gel. 

The gel was pre-electrophoresed at 1600-2000 volts until the temperature, 

measured by a surface thermometer (Bio Rad) taped on the outer glass plate, was 

45-50°. Towards the end of the pre-electrophoresis period, samples (Section II-K-3) 

were placed for 2 minutes in a heating block maintained at 70°C. The 

electrophoresis power supply was turned off and the upper electrode (negative) was 

disconnected for loading. Immediately prior to loading, the wells for placing the 

samples were rinsed with electrophoresis buffer to remove any residual urea which 

had defused out of the gel. Two Jl.I from each reaction (ATCG) were added per lane 

using a pipetman. After loading all the samples, the electrode was connected and 

power was applied. The samples were electrophoresed until the xylene cyanol dye 

just entered the gel, at which time the power was stopped and the wells rinsed 

thoroughly with the electrophoresis buffer. This treatment was intended to reduce 

the background smear in each lane. The gel was connected again and 

electrophoresed at a voltage (2500-3000 volts) that maintained the temperature of the 

outer glass plate between 45-50°C. The gel was run until the xylene cyanol dye has 

migrated to the bottom. Multiple loadings were run (maximum of 3 loadings) to 

extend the length of the readable sequences. This was done by loading a set of 

samples for a given template and running the gel until the xylene cyanol dye is 3/4's 

of the way to the bottom of the gel. Another set of samples for the same template 
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was loaded in another set of lanes, and run until the xylene cyanol dye is 3/4s of the 

way to the bottom of the gel. A third set of samples for the same template was run 

in another set of lanes until the xylene cyanol dye is 3/4s of the way to the bottom of 

the gel. This combination of loadings allows reading of sequences up to 500 bases. 

At the end of the electrophoresis, the glass plates were pried apart with a 

spatula, and the gel remained stuck to one of the plates. If 32p was the label used 

in sequencing, the gel was wetted with a fine mist of 95% ethanol and a piece of 

Whatman 3MM paper (34 x 44 cm) was firmly pressed on the gel. The paper with 

the gel sticking to it was peeled off the plate by pulling on the paper. The gel, stuck 

to the paper, was wrapped in Saran wrap and autoradiographed (Section II-M). If 

35S was used as the label in sequencing, the gel and the plate to which it was stuck 

were placed in a tray and 4 liters of gel fix (#87, Appendix 1)) were added slowly so 

as not to disturb the position of the gel on the plate. The gel was allowed to soak 

for 15 minutes with occasional shaking to remove urea. The gel fix solution was 

removed by aspiration and a piece of 3MM Whatman paper (34 x 44 cm) was firmly 

pressed on the gel against the glass plate. The paper/gel/glass plate sandwich was 

inverted and the gel peeled from the plate by pulling on the paper. The gel was 

covered with Saran wrap and it was dried at 80°C in a pre-warmed gel dryer (Bio 

Rad, model 1125B) for 30 minutes. The Saran wrap was removed and the gel was 

autoradiographed (Section II-M). 
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M. Photography and Autoradiography 

Gels stained with ethidium bromide were placed on a UV transilluminator 

(Ultraviolet Products, TM-40) and photographed using a Polaroid camera stand with 

Polaroid type 107C film. Exposure was for 1 second at f 4.5 using a Wratten G 

(yellow) filter. Photographs of protein gels were obtained using Kodak Panatomic-X 

film and a 50 mm macro lens with a Nikon F2 camera mounted on a camera stand. 

Exposure was for 10-15 seconds at f 4.5, using a 25Ayellow filter. The Panatomic-X 

film was developed using Microdol-X (Kodak) developer. For drawings and figures, 

a Kodalith ortho type 3 film was used. The Nikon camera was set to ASA 6 and f 

5.6 Development was in Kodalith developer. 

Gels and blots containing 32P-Iabelled material were covered with Saran wrap 

or sealed in Seal-A-Meal bags and exposed to Kodak XAR-5 film using an 

intensifying screen (DuPont Cronex Lighting Plus) in a cassette at -80°C. Gels that 

contained 35S-labelled material were exposed to a Kodak XAR-5 film without an 

intensifying screen, at room temperature. Exposed X-ray film was developed using 

an automated film processor (Fisher Industries, model au 155 or a Konica OX 130A 

Plus). 
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N. Purification of Probes and Labelling of Nucleic Acids 

1. DNA Fragment Isolation 

DNA was run on agarose gels to separate fragments by size. The gel was 

stained with ethidium bromide and the fragment of interest cut out of the gel and 

placed in a tube. Two methods were used to purify the fragment from agarose. 

a. Electroelution 

In this technique the agarose slice containing the DNA fragment was placed in 

a dialysis bag filled with electrophoresis buffer, sealed and placed back in the 

electrophoresis apparatus and electrophoresed for two hours at 150 volts or overnight 

at 25 volts. At the end, the two electrodes were reversed and the electrophoresis 

continued for an additional 60 seconds to free the DNA from the inner surface of the 

dialysis bag. The agarose slice was discarded and the solution containing the eluted 

DNA centrifuged for 10 minutes in a microfuge to pellet any residual agarose. The 

DNA was precipitated with ethanol (Section II-A-2), washed and dissolved in water. 

b. Gene Clean Procedure 

The Gene Clean kit was obtained from the manufacturer and it contained: 

(i) NAI solution (saturated sodium iodide solution kept at 

4°C) 

(ii) NEW: a mixture of NaCl, Tris and EDTA salts. These 

salts were dissolved in 140 ml of distilled water by 

placing the tube containing the water and salts in a 65°C 
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waterbath for 10 minutes to help dissolve the EDT A. 

Mter the salts were completely dissolved, 160 ml of 

100% ethanol were added and mixed. The NEW 

solution was kept in an amber bottle at -20°C. 

(iii) Glassmilk: A suspension of silica matrix in water which 

was stored at 4°C. 

To use the Gene Clean kit to purify DNA fragments from agarose gels, the gel 

slice having the fragment of interest was cut out and placed in a preweighed 

microfuge tube. NaI solution was added (2.5 times the weight of gel slice) to the 

tube and the tube placed in a rack floating in a 50°C waterbath for 5 minutes with 

occasional mixing to dissolve the agarose. If the DNA was in solution (not in 

agarose) then 2.5 volumes of NaI were added and mixed. Glassmilk was then added 

(5 ILl to a solution containing 5 JLg DNA and 1 JLI in addition for each 0.5 JLg of DNA 

above 5 JLg), mixed and placed on ice or at room temperature for 5 minutes to allow 

binding of DNA. The glassmilk was pelleted for 5 seconds (let centrifuge reach 

maximum speed, count 5 and stop). NaI solution was discarded (originally this 

solution contained the DNA fragment; sometimes it was kept until sure that the DNA 

fragment was recovered). The glassmilk pellet was washed three times with 500 JLI 

of NEW solution by suspending the pellet and spinning for 5 seconds. The DNA was 

eluted from the pellet by adding 10 JLI of water or TE buffer, suspending the pellet 

in solution, incubating in a 55°C waterbath for 2-3 minutes and spinning for 30 
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seconds. The supernatant, containing the DNA was removed and the elution was 

repeated as above. 

2. Random Priming of Restriction Fragments 

In this technique the DNA fragments are denatured and labelled with the 

klenow fragment of DNA polymerase I, using random oligonucleotides as primers in 

the presence of dNTPs, according to Feinberg and Vogel stein (1983). The 

"oligolabelled" DNA fragments serve as efficient probes in hybridization experiments. 

Specific activities of over 109 cpmfJ,Lg DNA can be obtained using relatively small 

amounts of template DNA (50-100 ng). 

Method: The DNA fragment template (50-100 ng) in 5 J.LI of H20 in a microfuge 

tube was boiled for 5 minutes and placed on ice. In another test tube 1 J.LI of BSA 

(10 mg/ml) and 12.6 J.LI of water were added to 11.4 J.LI LS solution (#91, Appendix 

1). The DNA fragment solution was then added to the LS tube followed by 5 J.LI of 

[a_32p]dCTP (50 J.LCi) and 1 J.LI (2 units) of the klenow fragment. The components 

were mixed and left at room temperature for several hours to overnight. At the end 

of the labelling period the unincorporated DNTPS were separated from the labelled 

DNA fragment on a spun column (Section II-A-7). 

3. End Labelling of Synthetic Oligodeoxyribonucleotides 

Synthetic oligodeoxyribonucleotides (primers) were sometimes end-labelled and 

electrophoresed (Section II-L-4) to check their size and integrity. These primers 

were 5'-end labelled for 30 minutes at 37°C in a reaction consisting of 15 pmoles of 
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primer (1 JLI), 40 pmoles (12 JLI) of [y_32p]ATP (NEN, 6000 Ci/mmol), 6 units (0.5 JLI) 

of T4 polynucleotide kinase and 2.5 JLI of lOx kinase buffer and water to 25 JLI. The 

reaction was terminated by the addition of Na2 EDTA to 20 mM. Transfer RNA (5 

JLg) was added as a carrier and the nucleic acids precipitated with ethanol (Section 

II-A-2), washed twice with 70% ethanol in water and dried in vacuum. The pellet 

was suspended in 30 JLI of water and a 2 JLI aliquot was removed for TCA counting 

(Section II-A-6). The specific activity was typically greater than 1 x 109 cpm/JLg of 

DNA. 

O. Nucleic Acids Transfer and Hybridization Conditions 

1. Southern Blot Transfer of DNA and Hybridization of Southern Filters 

DNA transfers from agarose gels was done using two different methods: 

a. DNA transfer according to the method of Southern (1975): 

After the gel was photographed (Section II-M), the position of the molecular weight 

markers was marked by piercing the gel with a needle filled with India ink. The gel 

was soaked twice for 15 minutes each in 2.5 volumes of denaturing solution (#34, 

Appendix 1) followed by soaking twice for 15 minutes each in 2.5 volumes of 

neutralizing solution (#35, Appendix 1). A pyrex baking dish was filled with about 

2 liters of 20x SSC (#37, Appendix 1) and a glassplate placed over the baking dish 

such that the glass plate bridges the baking dish. A Whatman 3MM paper was cut 

and draped wetted over the plate, with its ends hanging into the buffer to act as a 
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wick. Two sheets of Whatman 3MM paper were cut slightly larger than the size of 

the gel, wetted and placed on the wick paper. The gel was carefully placed upside 

down (i.e., sample well openings down) over the Whatman sheets. A piece of 

nitrocellulose paper (S&S, BA 85) cut to the size of the gel and wetted in water was 

placed over the gel, taking care not to entrap any air bubbles. The nitrocellulose 

paper was covered with 3 sheets of Whatman 3MM paper cut to the size of the gel. 

On top of this was placed several layers (4 inches thick) of paper towels. A glass 

plate was placed on top of the towels and a small weight (approximately 1 Kg) was 

placed on top. The transfer was allowed to proceed overnight. The transfer-setup 

was disassembled and the location of the wells and the molecular weight markers 

marked on the nitrocellulose paper with a #1 carbon pencil. The nitrocellulose 

paper was baked at 80°C for 2 hours in vacuum or cross-linked to the filter in the 

Stratalinker (Stratagene) at 1.2 x 105 J.1. joules. The blot was either sealed in an air 

tight Seal-A-Meal bag (Sears) and stored at 4°C for up to several months or used 

directly for prehybridizations and hybridizations. 

To hybridize, the filter was floated on the surface of 6x sse until it was wetted 

from beneath and then immersed in the same solution for 2 minutes. The wet filter 

was slipped into a heat-sealable plastic bag (Sears Seal-A-Meal bag) and the 

prehybridization solution (#36, Appendix 1) added (0.2 ml/cm2) of nitrocellulose 

filter. Air was squeezed out as much as possible and the open end of the bag heat

sealed. The bag was immersed in a waterbath at 65°C (42°C or 37°C when using 
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50% formamide) for 2-4 hours. The bag was removed from the waterbath, cut open 

and the prehybridization solution squeezed out. Using a glass pipette, the 

hybridization solution (prehybridization solution containing the probe) was added to 

the bag. The amount of solution used was just enough to keep the filter wet (50 

J.iJ/cm2 of filter). The air bubbles were squeezed out, the bag heat sealed and 

submerged under water at the respective temperature for 24 hours with gentle 

shaking. The bag was then opened and the filters removed into a wash solution (2x 

SSC, 0.1% SDS) for two 30 minute periods at room temperature. While wet, the 

filters were placed in a new Seal-A-Meal bag wetted with the same wash solution, 

sealed and applied to X-ray film overnight at room temperature. Depending on the 

X-ray exposure, the filters were either washed again as above but at 60°C or if the 

background was low enough, exposed for a longer time for better resolution. 

b. Alkaline Transfer 

In this method, the transfer was done in 0.4 M NaOH after a short pre-treatment 

of the gel in acid following the method of Reed and Mann (1985). The DNA is 

depurinated during transfer while the alkaline solvent induces covalent fixation of 

DNA to the nylon membrane. Accordingly, baking of the membrane to fix DNA was 

unnecessary. 

The gel was photographed and the position of the molecular weight markers 

marked with India ink, as above. The gel was soaked in 2 volumes of 0.25 M HCI 

with gentle agitation until the bromophenol blue dye changed color (about 15 
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minutes). The gel was rinsed briefly in water and the nylon membrane (Gene Screen 

Plus from DuPont) was pre-wetted in water. The gel was set up for transfer as 

described in the Southern procedure above except that the Gene Screen Plus paper 

was used rather than BA 85 paper. The Gene Screen Plus paper was laid down on 

the gel with side B of the paper contacting the gel. The transfer was done in 0.4 M 

NaOH overnight as described above (Section 1I-0-1a). After the transfer was over, 

the membrane was first immersed in excess 0.4 M NaOH for 30-60 seconds followed 

by 0.2 M Tris-HCI, pH 7.5, 2x SSC for 10 minutes. The filter was placed on a 3MM 

Whatman paper (DNA side up) to dry. The prehybridization, hybridization and 

washing was done as in (a) above. 

2. Northern Blot Transfer of RNA and Hybridization of Northern Filters 

At the end of electrophoresis of RNA in formaldehyde gels (Section II-L-3), the 

gel was rinsed briefly in distilled water to remove excess formaldehyde. The Gene 

Screen Plus nylon membrane was cut to the size of the gel, side B marked and the 

membrane wetted in distilled water. The Gene Screen Plus membrane was then laid 

down (side B up) on a glass dish filled with lOx SSC solution and soaked for 

approximately 15 minutes. A sponge was placed into a pyrex baking dish filled with 

lOx sse solution such that the level of the solution was below the top surface of the 

sponge. The surface of the sponge, when wet, was larger than the gel. Two pieces 

of filter paper (Whatman 3MM) were cut to the size of the sponge and wetted in lOx 

SSe. The filter paper (two thicknesses) was placed on the sponge and the gel was 
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placed on the filter paper. Gene Screen Plus paper was laid down carefully on the 

gel with side B of the paper contacting the gel. Whatman 3MM paper was cut to the 

same size of the gel and 5-6 pieces placed on top of the membrane. Stacks of paper 

towels (4 inches high) were placed on top of the filter paper followed by a glass plate 

and a small weight. The transfer was allowed to continue for 24 hours. The paper 

towels and filter papers were removed without disturbing the nitrocellulose 

membrane. Using gloved hands, the position of the wells and molecular weight 

markers was marked on the membrane using #1 carbon pencil. After removal from 

the gel, the membrane was rinsed in 2x sse to remove the residual agarose and 

placed with the transferred RNA (face up) on a piece of 3MM paper and allowed 

to dry at room temperature. To reverse the formaldehyde reaction, the membrane 

was baked for 2 hours at 500e in vacuum. Prehybridization, hybridization and 

washing were done as in Section II -0-1 above. 

P. Protein Transfer and Antibody Reactions 

1. Western Blot Transfer of Proteins 

Proteins were resolved either on SDS-polyacrylamide gels, acid-urea gels and/or 

two-dimensional gels (Section II-L-5 to 7). At the end of electrophoresis, the gel was 

removed from the apparatus and equilibrated briefly (20-30 minutes) in transfer 

buffer (#92, Appendix 1). The nitrocellulose paper and Whatman 3MM paper were 

cut to the appropriate size and prewet in the transfer buffer. A gel sandwich was set 
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up by placing the wetted nitrocellulose paper on top of two 3MM Whatman sheets 

and placing the gel on top of the nitrocellulose paper. Two additional sheets of 

Whatman 3MM paper were placed on the gel and the gel sandwich placed in the 

trans-blot cell such that the proteins are transferred from the gel to the nitrocellulose 

paper. Transfer was carried at 400 rnA for 12 hours at 4°C with continuous gentle 

stirring of the transfer buffer. At the end of the run, the nitrocellulose paper was 

removed, properly labelled and used for antibody treatment. 

2. Antibody-Iodinated Protein A Detection of Protein Antigens 

In order to detect 12sI-Iabelled protein A-antibody complexes, the Western blot 

filters were treated exactly the same way described for detection of plaques carrying 

fusion protein expressing chloroplast ribosomal protein antigen (Section II-F-1). 

Q. Computer Analysis 

Sequence data was analyzed on an IBM PS2 Model 80 personal computer. 

Nucleotide sequences were translated to the corresponding amino acids using 

programs of Mount and Conrad, 1986. Related ribosomal proteins were identified 

and aligned by searching the NBRF (National Biomedical Research Foundation) 

protein sequence bank using the computer program "GAP" of the Wisconsin GCG 

Package. GAP makes an optimal alignment between two complete sequences by 

inserting gaps to maximize the number of matches. GAP uses the algorithm of 

Needleman and Wunsch, 1970. 
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The hydropathy analysis of the different proteins was generated using the Kyte 

and Doolittle "hydropathy" measure (Kyte and Doolittle, 1982). The curve is the 

average of a residue specific hydrophilicity index over a period of seven residues. The 

computer program "Peptide Structure" of the Wisconsin GCG Package was used to 

generate the plot. When the line is in the upper half of the frame, it indicates a 

hydrophobic region, and when it is in the lower half, a hydrophilic region. 

RNA secondary structure was generated using the Zuker's "Fold" and the 

"Squiggles" computer programs of the Wisconsin GCG Package. The Zuker's "Fold" 

program (Zuker and Stiegler, 1981; Freier, et aI, 1986), finds an RNA secondary 

structure of minimum free energy based on published values of stacking and loop 

destabilizing energies. The graphic program "Squiggles" (Osterberg and Sommer, 

1981) uses an output file from "Fold" to make a plot of an RNA secondary structure. 
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A. cDNA Synthesis and Screening of 19t11 LibraI)' for Clones Expressing 

Chloroplast Ribosomal Proteins 

1. Poly(A)+ mRNA Isolation and in vitro Translation 

Intact RNA was isolated from seedlings and young expanding leaves of N. 

tabacum cv. Petite Havana. Poly(At mRNA was obtained after fractionation by 

oligo(dT)-cellulose chromatography. To determine its size distribution, the poly(A)+ 

mRNA was resolved on agarose gels (Figure 3). A wide range of molecular weight 

sizes ranging from less than 0.5 kb to greater than 3 kb size message was obtained. 

This range of mRNA sizes was thought appropriate to contain mRNA for all sizes 

(6-50 kd, Capel and Bourque, 1982) of chloroplast ribosomal proteins. 

The poly(At mRNA was translated in vitro using a home-made wheat germ 

system, and the translation products resolved using polyacrylamide gel electrophoresis 

(PAGE) in the presence of SDS as well as on acid-urea gels. A diverse pattern of 

in vitro synthesized proteins, ranging in size from less than 6 kd to greater than 43 kd, 

was observed (Figure 4A). When the translation products were resolved on acid-urea 

gels at low pH, a broad spectrum of basic proteins which might include many basic 

ribosomal proteins was observed (Figure 4B). Therefore, it was concluded that 
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mRNAs for ribosomal proteins were present. These mRNAs should be of full length 

and should code for complete proteins. 

2. cDNA Synthesis, Ligation to Agtll Arms, and in vitra Packaging of cDNA 

Library 

cDNA was synthesized from tobacco poly(At mRNA templates as outlined by 

Gubler and Hoffman, 1983. The size of the synthesized first and second strands was 

monitored on alkaline gels (Figure 5). The size of the synthesized second strand 

ranges from about 0.13 kbp to about 7 kbp. The double stranded cDNA was blunt

ended with T4 DNA polymerase, methylated with EeaRI methylase, ligated to EeaRI 

linkers, digested with EeaRI to remove excess linkers and ligated to EeaRI-digested 

bacteriophage Agtll arms (Figure 6). The resulting recombinant cDNA was 

packaged to produce a library (1.6 X 106 pfu/JLg DNA) of infective phage stocks. 

Part of this library was amplified (Section II-E-5), while the rest was kept as a 

primary library. 

3. Screening of the Agtll Library for Clones Expressing Chloroplast Ribosomal 

Protein Antigens 

In order to reduce background reactions, coliform-reactive antibodies were 

removed (Kemp and Cowman, 1981) from antiserum to tobacco chloroplast 50S 

ribosomal subunit proteins as indicated in Figure 7. The amplified eDNA library was 
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screened for i..gtll recombinants which expressed chloroplast ribosomal proteins. 

Positive plaques were replated and rescreened until all the plaques on the plate 

produced positive signals (Figure 8). Usually, three rounds of screening were 

sufficient. The positive phage identified by screening was used to infect E. coli strain 

Y1090. Growth of infected cells was carried out until confluent lysis occurred. Phage 

DNA was isolated and digested with EcaRI. The cDNA inserts were cloned in the 

unique EcaRI site of pBS-MI3 (Bluescribe, Stratagene Cloning Systems) and the 

recombinant plasmids amplified in transformed cells of E. coli strain XLI Blue. 

Clones with inserts in opposite orientations were identified by picking five different 

bacterial colonies from an LB bacterial plate, preparing the plasmid DNA and cutting 

with different restriction enzymes. The single-stranded template DNA was prepared 

and sequenced from those clones which had different restriction fragment pattern 

upon resolution of DNA on agarose gels. Partial length cDNA clones encoding three 

nuclear-encoded chloroplast ribosomal proteins with high identity to E. coli ribosomal 

proteins L12, L24 and L27 were obtained. Figure 9 shows the arrangement and map 

position of E. coli ribosomal protein homologs to tobacco ribosomal proteins L12, 

L24 and L27. 



190 

<C 
Z 
a: 

<C <C ..- Z Z en 
ctl a: a: 

-:0 0. E <C E 
~ 0 +<C Z +<C .... 
Q) 0 >- a: >-
N .!: 0 0 0 

Cf) () a.. z a.. 

Figure 3. Analysis of poly(A)+ mRNA on a 1% agarose-formaldehyde gel. 

Chloroplast RNA was used as a standard and for molecular weight estimation. The 
lanes labelled Poly A + mRNA each contain 2 J..Lg of different poly(A)+ mRNA 
preparations. 
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Figure 4. Gel electrophoretic resolution of the translation products of tobacco 
poly(A)+ mRNA by wheat germ extract. 

Proteins derived from the translation products of the two preparations of poly(A)+ 
mRNA shown in Figure 1 were fractionated according to size (Panel A, lanes a and 
b) using an 8-20% linear acrylamide-SDS gradient gel containing 8M urea. The scale 
on the right side of panel A shows apparent molecular weight x 10-3 based on 
migration of molecular weight standards. The same samples used in (A) were 
separated according to charge on acid urea gels (Panel B, a and b). Only basic 
proteins (including ribosomal proteins) are resolved on these gels. 
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Figure 5. Alkaline gel electrophoresis of first and second cDNA strands. 
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The first and second cDNA strands were electrophoresed on a 1.4% alkaline agarose 
gel. The molecular weight markers are )'DNA cut with HindIII and labelled using 
[a-32p]dATP and Klenow fragment of E. coli DNA polymerase I. 
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A) 
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C) 

Figure 8. Screening of Agt11 library for clones expressing chloroplast ribosomal 
proteins. 

A putative positive was rescreened successively until all the plaques on the plate were 
positive (C). This example shows typical results of three rounds of screening (A-C) 
in the isolation of the phage isolate L24-4 (Figure 24) which contains a cDNA 
fragment coding for tobacco chloroplast ribosomal protein L24. 



Figure 9. Arrangement and map position of E. coli nbosomal protein homologs of 
tobacco LI2, L24 and L27. 
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B. Identification of cDNA Clones Coding for Chloroplast Ribosomal Proteins 

1. cDNA Coding for Chloroplast Ribosomal Protein L12 

In E. coli, ribosomal protein L12 is part of the f3 operon (Figure 9). It is the only 

ribosomal protein present in multiple copies in the ribosome (Subramanian, 1975). 

The total number of copies of protein L12 and its a-N-acetylated form (L7) in the 

E. coli ribosome is four. Dimeric units of the protein forms a thin protuberance in 

the morphologically distinct "stalk" on the 50S subunit of the ribosome (Lake, 1980). 

Demonstrated functions of the L12 ribosomal protein in prokaryotes include the 

involvement in the biding to tRNA during ribosome assembly (Nierhaus, 1980), 

maintenance of ribosome structure and function (Nierhaus, 1980) and the possible 

involvement in the steering of tRNA between the P and A sites in the ribosome 

during the elongation cycle of translation (Moller, 1990). The L12 protein, also, plays 

an important role in the elongation factor-G-dependent GTP hydrolysis reactions of 

protein synthesis in E. coli (Matheson, et aI, 1980). In higher plants, ribosomal 

protein L12 is not encoded in any of the three published chloroplast genome 

sequences, i.e., tobacco, rice and liverwort. Therefore, it is likely to be a product of 

a nuclear gene. Using antibody probes, a partial cDNA was identified which codes 

for the mature L12 protein, part of the transit peptide and some 3'- non-translated 

sequence. This cDNA is referred to as L12-2 in Figure 14-A. It consists of 

nucleotides 198 to 744. 
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In order to isolate full length clones, this partial cDNA was used as a probe to 

screen the primary unamplified library. 

2. Obtaining a Full Length L12 Clone: 

a. Development of a Novel Method to Clone and Reisolate 

cDNA from the EcoRI Site of Agtll 

Intolerable frustration followed several additional rounds of screening which 

resulted in constantly reisolating the same cDNA. A total of four new libraries were 

constructed following the protocol described on pages 112-118. The first library was 

cloned into Agtll and screened as before. The insert identified was the same as the 

probe. The second and third libraries were cloned into Agtl1 and/or lZap and 

screened as before. The insert isolated was the same size as before. To avoid 

several steps involved in isolating the insert from A by EcoRI cleavage and recloning, 

the fourth library was cloned directly into a Bluescript vector. The result of screening 

of this new library was unbelievable-yet more isolates of the same length cDNA were 

obtained. 

The conclusions reached from repeatedly screening of all of the above libraries 

are that: 

1. Tobacco L12 cDNA probably contains two internal EcoRI sites- one within the 

transit peptide sequence and the other within the 3'-non-coding sequence. This is 

because the isolated partial cDNA does not code for the full length transit peptide 

and has no poly(At tail. 
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2. The EeaRI methylation step which should protect internal EeaRI sites from 

subsequent EeaRI digestion was not successful for L12 sequences in any of the cDNA 

libraries, though it was always very successful with control DNA. 

3. A new approach for making and cloning the cDNA would be necessary which 

avoids methylation and/or the subsequent use of EeaRI to isolate full-length cloned 

L12 cDNA inserts. 

The new approach developed for cloning cDNA with internal EeaRI sites is 

outlined in Figure 10. The first and second strands of cDNA were synthesized as 

before. However the cDNA which was blunt-ended with T4 DNA polymerase was 

not methylated and EeaRI linkers were not ligated to the cDNA. Instead, two 

adaptors (EeaRI-SmaI adaptor and a SmaI hexamer) were denatured and annealed 

to each other (Figure 10). The duplex of oligonucleotides formed through this 

annealing has an EeaRI site as well as a SmaI site. The resulting duplex was ligated 

to the cDNA in a 10 to 1 ratio of adaptor to template ends. While the blunt ends 

of the small duplexes could ligate to themselves and to the blunt-ended cDNA, the 

nonphosphorylated cohesive ends could not. After separating the adaptor modified 

cDNA from non-incorporated adaptors on a spun column (Section II-A-7), a kinase 

reaction was performed to add phosphate groups to the 5'-cohesive ends of the 

adaptors which are now ligated to the cDNA. The adaptor-modified cDNA was then 

ligated to to EeaRI digested i..gtll arms. The resulting cDNA was packaged ill vitra 

(Section II-E-3) and a library of about 5 x 105 pfu/j.Lg of i.. DNA was produced. 



Figure 10. Strategy for cloning cDNA into the EeoRI site of the expression vector 
).gtll using the EeoRI-SmaI adaptor system. Figures 10-13 were drawn using the 
computer graphic program Freelance. 
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Complementary DNA inserts in this Agtl1 library can be isolated after cutting 

with either EeaR! or Sma!. But the enzyme EeaR! is not suitable when faced with 

the problem of the insert of interest having internal EeaR! sites. Recognition sites 

for Sma! occur within the Agtl1 left and right arms, thus cleavage with Sma! will 

generate other fragments in addition to the insert which could interfere with shotgun 

ligation of A products into a plasmid vector. We searched for a suitable enzyme 

which would satisfy the criteria of being an infrequent cutter, of cleaving A DNA only 

at two convenient sites flanking the insert, and of generating suitable ends for direct 

cloning without further modification into a unique site in a commercially available 

plasmid vector. One such enzyme is SplI which recognizes the sequence ClGTACG 

and cuts optimally at 55°C. A unique recognition site for SplI exits both in A and 

lacZ DNA, cleaving Agtl1 at position 19.323 kbp and position 19.834 kbp. Since the 

unique EeaR! cloning site of Agtl1 which is used in constructing cDNA libraries is 

located at position 19.600 kbp (Figure 11), these SplI cleavage sites flank an insert 

by 234 bp on one side and 277 bp on the other side. Unfortunately, there is no SplI 

recognition site in any of the common cloning vectors. However, the recloning of SplI 

fragments was solved using another enzyme, Asp718, which recognizes the sequence 

GlGTACC (cutting as indicated by the arrow) and generates cohesive ends 

complementary to those given by the enzyme SplI. Thus, inserts generated with SplI 

can be cloned into plasmid vectors cleaved by Asp718. Conveniently, there is a 

unique Asp718 recognition site in the multiple cloning site of almost all the 



202 

commercially available cloning vectors. As a matter of fact, the sequence recognized 

by Asp718 is isoschizomeric to that recognized by the restriction enzyme KpnI, except 

that KpnI cuts the sequence (GGTAC1C) towards the 3' side of the sequence while 

Asp718 cuts towards the 5'- side of the sequence. However, KpnI could not be used 

instead of Asp 718 because the ends generated are not complementary to the ends 

generated by the enzyme Spll. The sequences recognized by SplI and Asp718, the 5'

overhangs they generated, as well as the product of their ligation is shown in Figure 

lla. Also shown is a map of bacteriophage Agt11 indicating the recognition sites for 

SplI (Figure llb). The maps and cleavage sites for Asp718 in the Bluescribe and 

Bluescript vectors are shown in Figure 12. Although Bluescribe and Bluescript 

plasmids were used in these cloning experiment, other plasmids could be used as well. 

Details of the construction created by this cloning strategy is shown in Figure 13. 

As shown in Figure 13, the resulting insert has two short A DNA fragments 

flanking the insert. The restriction map of these two regions is shown in A and B. 

Once cloned into the plasmid, the insert could be freed from the A sequences using 

any of the indicated restriction enzymes. The insert could also be sequenced directly 

using any of the commercial primers listed in the legend for Figure 13 (# 55-62, 

Appendix 1). However, considering the presence of the A sequences, the nearest 

plasmid primer sequence to the insert is about 300 bp away. To overcome this 

problem, the two commercially available primers, gtll and gtll reverse, can be used, 

being 13 bp and 12 bp away from the insert, respectively. 



Figure 11. The SpIl/Asp718 system of eDNA insert excision and recloning. 

A. Sequences recognized by SplI and Asp718, 5' -overhangs produced by cleavage 
with these enzymes and the sequence created by ligation of fragments derived 
from cleavage by these enzymes. 

B. Location of SpIl, EcoR!, and other common enzyme sites on the map of 
bacteriophage 19t1l. Restriction endonuclease cleavage sites are shown in 
kbp from the left end. The two recognition sites for the enzyme SpIl are 
indicated by shaded boxes. The unique EcoR! site used for cloning cDNAs 
in 19t1l is indicated. The horizontal arrow indicates the transcriptional 
orientation of the LacZ gene. 
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Figure 12. Bluescribe (pBS) and Bluescript plasmid maps indicating multiple cloning 
sites. 

A. The unique recognition site for Asp718 within the multiple cloning site 
(MCS) in each plasmid is shown (indicated by an arrow). 

B. The sequence of each plasmid, corresponding to the shaded area in (A), 
showing the location of the Asp718 (boxed) and other restriction sites. 
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Figure 13. Cloning of SplI fragments excised from ).,gtll in a Bluescript vector. 

Shown is the vector multiple cloning site (MCS) and other features of the plasmid. 
The insertion point for cloning SplI fragments (isolated from lambda gtll) into the 
Asp718 site of the vector is indicated by the solid black line in the MCS. This portion 
is enlarged to show the eDNA insert and the flanking sequences, A and B (234 and 
277 bp, respectively), from ).,gtll which are included in the SplI-exised fragment. A 
map of restriction enzyme recognition sites located within A and B are shown in the 
box on the right. The relative position of several sequencing primers which are 
available commercially are indicated. These primers are the M13 universal primer 
(M13), T7 primer (T7), SK primer (SK), KS primer (KS), the T3 primer (T3), 
reverse primer (RP), gtll primer (gtll) and gtll reverse primer (gtll Rev). 



5' 
19600 T Ei:ofU 

TspEJ 
AU 
DdeI 

5' HhaJ 
19834 .. Spa PvUI 

MaeII HaeII 
~ HhaJ 
Mbol HpaU 
A~ a..t 
BtM HpaU 
FIVIIiI 
HhaI 

Nial/l 

FinI 
o.;JI 

ThaI 
BtM 

FntDII Fnu4H1 

ThaI HpalI 

HgaI VspI 

AsU MseI 

SaUl6I HgaI 

HaelU XcaI 

a..t N:d 

BsIXI I.IniI 

HhaI BspMJ 
ThaI Odel 

pBluescript ilKS (+/-) I~~r=; I~ I / _roa"IA~ EcoRI-Smal 

I I~ 
Fnu4H1 
Fn 

adapter sites CviJI SsaU 

Fnu4HI BsINI 

HindI EalRU 
1JwU Uba26I 
BtM XmaJ 
CviJI SmaI 
Fnu4HI SerA 
ThaI Neil 
MboU HpaJl 
NiaJg Ava! 
CviJI RsaI 
TaqI CviOI 
NdeI Hpall 
PIeI Sau96I 
Hrd Avail 
EcoRII egu 
!laB! HpaU 
BopI2B6 HaelU 

~. 
GsI,j RsaI 

19600..1 E1::oRI 19523 Spa 
3' 3' 

A 8 
(234 bp) (znbp) tv 

0 
Ut 



206 

b. Isolation and Sequence of a Full-Length cDNA for Chloroplast 

Ribosomal Protein L12 

Following the above cloning strategy and using the partial L12 cDNA as a probe, 

it was possible to isolate a full length cDNA (referred to as L12-1 in Figure 14A) 

coding for the chloroplast L12 ribosomal protein. This cDNA consists of 773 

nucleotides, has a 5'- leader sequence of 96 nucleotides, a coding sequence of 558 

nucleotides and a 3'- non coding sequence of 119 nucleotides. As expected, there are 

two internal EeaRI site~. The first EeaRI site lies within the sequence coding the 

transit peptide (nucleotide 193-198, Figure 15), while the second EeaRI site lies 

within the 3'- non-coding sequence (nucleotides 743-747, Figure 15), only 25 

nucleotides away from the 3'- end of the cDNA. The sequence data around these 

two internal EeaRI sites is shown in Figure 16. The coding sequence which extends 

from nucleotide number 97 to nucleotide 654 encodes a transit peptide and the 

mature protein. The transit peptide is 53 amino acids (-1 to -53) long. The mature 

protein sequence, beginning with the first boxed Ala (+ 1) and ending at Ala (+ 133) 

is 133 amino acids long. The amino terminus of the mature protein was confirmed 

by protein sequencing (Elhag, et aI, 1991) of the first 12 amino acids (boxed). The 

transit peptide has an estimated molecular weight of 5.8 x 103, and contains no 

cysteine, glutamine, asparagine, glycine, tyrosine, valine, aspartic acid or tryptophan 

(Table 3). Its content of serine and threonine (28.3%), proline (13.2%), alanine 

(11.3%) and leucine (11.3%) are high. The content of the basic amino acids 
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(arginine, lysine and histidine) is high (20.8%) compared to the acidic amino acids 

(Glu, 1.9%) which gave the presequence a strong positive character. These 

characteristics are, in general, similar to those of chloroplast transit peptides which 

show a common amino acid composition but no significant amino acid sequence 

similarity (Schmidt and Mischkind, 1986). 

The mature L12 protein is rich in alanine (21 %), valine (10%), and leucine (9%) 

(Table 3). Unlike the transit peptide, the mature protein contains more acidic amino 

acids (aspartic acid and glutamic acid, 18%) than basic amino acids (lysine and 

arginine, 12%). The mature protein has no histidine. The higher content of acidic 

amino acids gives the protein its characteristic as a member of the L12 acidic 

ribosomal protein family (Matheson, et aI, 1980). 

The codon usage of tobacco chloroplast ribosomal protein L12 (Table 4) shows 

preference for co dons ending in T for isoleucine, valine, asparagine, proline, 

threonine, alanine and serine; A for glutamic acid; C for phenylalanine, leucine, 

histidine and arginine and G for glutamine. The termination codon is UAA. 

Although all three termination codons occur in plant-encoded mRNAs, UAA is the 

most frequently used termination codon in nuclear-encoded plant genes (50% of 323 

sequences, Bonham-Smith and Bourque, 1989). 
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Figure 14. Maps and sequencing strategy for cDNA clones of tobacco chloroplast 
ribosomal protein L12. 

A. Size and coding regions of three different length cDNA clones encoding the L12 
protein are shown. The scale at the top designates the nucleotide position in 
bases from the 5'- terminus of the L12-1 cDNA. The two EcoRI sites and one 
HindIII site used for sequencing are indicated. 

B. Sequencing strategy. Horizontal arrows indicate polarity of DNA restriction 
enzyme fragments sequenced. Some regions were sequenced using synthetic 
oligonucleotide primers (L12-1 and LI2-2, Section II-L-4) which are indicated as 
open rectangles. 



Figure 15. Nucleotide sequence and deduced amino acid sequence of tobacco 
chloroplast ribosomal protein LIZ. 

The deduced amino acid sequence was generated using computer programs of Mount 
and Conrad, 1986. The first 12 amino acids of the mature protein confirmed by 
protein sequencing, are boxed. The initiation codon, the termination codon as well 
as the two internal EeaRI sites are underlined. 
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CCCCACCCCCCCCCACCCCCCTTATCCCGTTTTCTCTCATT 41 
TGCTGTATCACACTCTCTTCTCCTCTCCTCTCATTCTCTTCAACTCTCTGCTACA 96 

ATG GCT TCC ACT TTA TCC ACA ATT ACT CTT CGC TCT CCT TCT 138 
-53 ~ Ala Ser Thr Leu Ser Thr Ile Thr Leu Arg Ser Pro Ser 

CCT TC'f ACC GCT TCC TCA ACA CAC GCC TCA ATT CCA TTC CCC 180 
-39 Pro Ser Thr Ala Ser Ser Thr His Ala Ser Ile Pro Phe Pro 

AM AM GCC CTA GAA TTC CCC ATT CGC ACT CCC AM CTC CAC 222 
-25 Lys Lys Ala Leu Glu Phe Pro Ile Arg Thr Pro Lys Leu His 

CAC CGC CGA GCC ACT TTC CTC CGC CCT CTC GCC GCC GTT GAA 264 
-11 His Arg Arg Ala Thr Phe Leu Arg Pro Leu AlalAla Val Glu 

GCA CCT GAG AAG GTA GTC CAG CTC GGA GAT GAA ATC TCC AAT 306 
4 Ala Pro Glu Lys Val Val GIn Leu GlylAsp Glu Ile Ser Asn 

TTA ACT CTC GCT GAC GCT CAG AM CTC GTC GAG TAC CTT CAG 348 
18 Leu Thr Leu Ala Asp Ala Gln Lys Leu Val Glu Tyr Leu Gln 

GAT AAG CTT GGT GTT ACC GCC GCA TCC TTC GCT CCG GCC GCC '. 390 
32 Asp Lys Leu Gly Val Thr Ala Ala Ser Phe Ala Pro Ala Ala 

GTC GCC GCC GCA CCT GGC GCC GCC GCC GAA GCT CCT GCT GTG 432 
46 Val Ala Ala Ala Pro Gly Ala Ala Ala Glu Ala Pro Ala Val 

GTG GAG GAG AAG ACT GAA TTT GAC GTT GTT ATT GAC GAA GTT 474 
60 Val Glu Glu Lys Thr Glu Phe Asp Val Val Ile Asp Glu Val 

CCG AGT AAT GCG AGA ATT GCT ACG ATT AAG GCT GTT AGG GCT 516 
74 Pro Ser Asn Ala Arg Ile Ala Thr Ile Lys Ala Val Arg Ala 

TTA ACT AGT TTG GCT TTG AM GAG GCA AAG GAA TTG ATT GAA 558 
88 Leu Thr Ser Leu Ala Leu Lys Glu Ala Lys Glu Leu Ile Glu 

GGA TTG CCT AAG AM TTT AAG GAA GGT GTG TCT AAG GAT GAG 600 
102 Gly Leu Pro Lys Lys Phe Lys Glu Gly Val Ser Lys Asp Glu 

GCT GAA GAT GCT AAG AAA CAG CTT GAA GAA GCT GGT GCT AM 642 
116 Ala Glu Asp Ala Lys Lys GIn Leu Glu Glu Ala Gly Ala Lys 

GTT TCT ATT GCT TAACTTGAATTTGTGGTAAATGTTTAATTCTTATTTTGT 692 
130 Val Ser Ile Ala TER 

TTTTGATTATCTTGGGAAAATTGTTGTACTTTTTTGTGTTTTTGTAAGAGAATTC 747 
AGTTGTTAGATAAAAAAAAAAAAAA 773 
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A. cDNA sequence coding for part of the transit peptide including the EeaRI site 
(The 5'-3'- sequence shown is complementary to nucleotides 158-221, Figure 15). 
The small arrow indicates the 5' -G quoted in the sequence listed in A. 

B. cDNA sequence flanking the EeaRI site in the 3'- non-coding sequence (the 5'-
3'- sequence shown is complementary to nucleotides 684-774, Figure 15). The 
small arrow points to the 5' -G listed on the right side of panel B. 
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Table 3. Amino acid composition (Mole %) of tobacco L12 transit peptide and 
mature protein. 

Amino acid Transit peptide Mature protein 

Ala 11.3 21.1 
Arg 9.4 1.5 
Asp/Asn 0.0/0.0 5.3/1.5 
Glu/Gln 1.9/0.0 12.8/3.0 
Gly 0.0 4.5 
His 5.7 0.0 
Iso 5.7 4.5 
Leu 11.3 9.0 
Lys 5.7 10.5 
Met 1.9 0.0 
Phe 5.7 2.3 
Pro 13.2 4.5 
Ser 15.1 4.5 
Thr 13.2 3.8 
Cys 0.0 0.0 
Trp 0.0 0.0 
Tyr 0.0 0.8 
Val 0.0 10.5 
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Table 4. Codon usage in the nuclear-located gene for tobacco chloroplast ribosomal 

protein L12. 

Phe TTT 2 Ser TCT 5 Tyr TAT 0 Cys TGT 0 
TTC 4 TCC 5 TAC 1 TGC 0 

Leu TTA 3 TCA 2 TAA 1 TGA 0 
TTG 4 TCG 0 TAG 0 Trp TGG 0 

CTT 4 Pro CCT 7 His CAT 0 Arg CGT 0 
CTC 6 CCC 3 CAC 3 CGC 4 
CTA 1 CCA 1 Gln CAA 0 CGA 1 
CTG 0 CCG 2 CAG 4 CGG 0 

Ile ATT 8 Thr ACT 7 Asn AAT 2 Ser AGT 2 
ATC 1 ACC 2 AAC 0 AGC 0 
ATA 0 ACA 2 Lys AAA 8 Arg AGA 1 

Met ATG 1 ACG 1 AAG 9 AGG 1 

Val GTT 7 Ala GCT 16 Asp GAT 4 Gly GGT 3 
GTC 3 GCC 13 GAC 3 GGC 1 
GTA 1 GCA 4 Glu GAA 12 GGA 2 
GTG 3 GCG 1 GAG 6 GGG 0 
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Tobacco ribosomal protein L12 has 24 acidic (Glu and Asp) and 16 basic (Lys 

and Arg) amino acids, similar to the charged amino acid composition of spinach 

chloroplast L12 (Bartsch, et aI, 1982). The distribution of these charged amino acids 

from the higher plant chloroplast ribosomal protein L12 as well as the E. coli L12 

ribosomal protein is shown in Figure 17. Charged amino acids appear to be clustered 

more at the middle and towards the carboxyl termini of the proteins than at the 

amino termini. 

Evolutionarily there seems to be very high conservation between the chloroplastic 

L12 proteins (Figure 18). The percent identity between tobacco and spinach L12 is 

70% when the entire sequences are compared and 78% identity for the mature L12 

proteins of both plant species. Sequence identity is well conserved between the 

chloroplastic L12 proteins from higher plants and bacterial L12 proteins, ranging 

from 33% to more than 51% identity. Considering the conservative replacements, 

many positions are held by identical or similar amino acids in all classes of L12 

chloroplastic and prokaryotic type proteins. The amino acid conservation is rather 

high towards the middle and the carboxyl terminus of these proteins, where charged 

amino acids are observed to be localized. The high degree of conservation suggested 

that a similar role must be played by the L12 proteins in all types of prokaryotic 

organisms. Comparing the amino acid sequence of tobacco L12 protein (and spinach 

L12) with eukaryotic L12 ribosomal proteins (Figure 19) shows that conservative 

amino acid replacements occur and that similarities permit alignment of these 
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sequences. Relative to the high conservation between chloroplastic and bacterial L12 

proteins (Figure 18), the primary sequence of eukaryotic L12 proteins seems to have 

diverged significantly. 

The hydropathicity patterns (Figure 20) and distribution of acidic and basic 

amino acids (Figure 17) show that the location of hydrophobic and charged amino 

acids in the L12 proteins of tobacco, spinach and E. coli are well conserved. The 

hydropathicity plots of tobacco and spinach L12 type proteins are almost 

superimposable except for some divergences within the transit peptide amino acids 

in the two proteins. The E. coli L12 protein, although closely related, diverges from 

the chloroplast L12 sequences in some major features. Generally, the three proteins 

are more hydrophobic towards their amino terminus and carboxyl terminus halves 

and more hydrophilic towards their central parts. On the other hand, the region of 

the transit peptide in both tobacco and spinach L12 ribosomal proteins is 

hydrophobic towards its amino terminus and hydrophilic towards its carboxyl terminus 

(Figure 20). 



Figure 17. Location of basic and acidic amino acids along the L12 ribosomal proteins 
from tobacco (This work), spinach (Bartsch, et aI, 1982) and E. coli (Terhorst, et aI, 
1973). 

The L12 ribosomal proteins were aligned as explained in the legend to Figure 18. 
The location of basic (Arginine, lysine, histidine) and acidic (Aspartic acid and 
glutamic acid) amino acids along the three different proteins was detected by visual 
inspection of the alignments shown in Figure 18. The amino terminus (NH2) as well 
as the carboxyl terminus (COOH) of the tobacco L12 ribosomal protein are 
indicated. Closed diamonds in between represent tobacco L12 amino acid sequence. 
The numbering at the bottom of the Figure refers to tobacco ribosomal protein L12 
amino acids starting at the amino terminus of the protein. Basic amino acid locations 
are indicated on top, while acidic amino acid locations are indicated at the bottom 
relative to tobacco L12 amino acid sequence. 
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Figure 18. Alignment of tobacco chloroplast and prokaryotic L12 ribosomal proteins. 

The chloroplast L12 sequences are those of tobacco (This work) and spinach 
(Bartsch, et aI, 1982). Prokaryotic L12 sequences are those of Escherichia coli 
(Terhorst, et aI, 1973), Desulfovibrio vulgaris (!toh and Otaka, 1984), Micrococcus 
Luteus (!toh, 1981), Streptomyces griseLls (Itoh, et aI, 1982), Bacillus stearothermoplzilus 
(Visentin, et aI, 1979), Rhodopseudomollas sp/zaeroides (!toh, 1983), Halophilic 
eubacterium NRC41227 (NBRF database) and Bacillus subtills (!toh and Wittmann
Liebold, 1978). Symbols indicate (+) identical amino acids, (.) conservative 
replacements (Leu/IleNal, Asp/Glu, Lys/Arg, Ser/Thr) and (-) gaps relative to the 
tobacco L12 sequence. Non-related amino acids are indicated by blank spaces. The 
terminal amino acids are indicated explicitly for each protein. Numbers above the 
amino acids refer to the tobacco L12 protein. 
Initially, the amino acid sequence of each individual protein was aligned separately 
with the amino acid sequence of tobacco L12 ribosomal protein using the computer 
program "Gap" (Experimental Procedures). Sequence similarities were then detected 
visually and edited using a text editor. 
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Figure 19. Alignment of tobacco chloroplast and eukaryotic L12 ribosomal proteins. 

Comparison is with L12 ribosomal proteins of spinach chloroplast (Bartsch, 1982), rat 
liver protein RLP2 (Lin, et aI, 1982), brine shrimp protein ASL1 (Amos, et aI, 1979), 
and yeast (Saccharomyces cerevisiae) protein YL44C ( !toh, 1980). Symbols indicate 
( + ) i~entical amino acids, (.) conservative replacements and (-) gaps relative to the 
tobacco L12 sequence. Non-related amino acids are indicated by blank spaces. The 
terminal amino acids are given explicitly for each protein. Numbers above the amino 
acids refer to the tobacco L12 protein. 
The alignments are generated as explained in the legend to Figure 18. 
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Figure 20. Kyte-Doolittle hydropathicity plots for the L12 proteins from tobacco 
(This w~rk), spinach (Bartsch, et aI, 1982) and E. coli (Terhorst, et aI, 1973). 

To generate the individual plots, each amino acid in a protein is assigned a numerical 
. value (hydrophilicity value) and then repetitively averaging these values along the 
peptide chain generating a series of local hydrophilicity values. The number of 
hydrophilicity values that are averaged at each repetition is arbitrary. The number 
used here is seven (Kyte and Doolittle, 1982). These averaged hydrophilicity values 
are plotted versus position along the amino acid sequence. The x axis represents the 
number of amino acids in the different proteins; while the y axis represents the range 
of hydrophilicity values (from 3 to -4). 
The vertical arrow points to the site of attachment of the putative transit peptide to 
the mature protein. 
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c. Northern Blot Analysis of the L12 mRNA Size 

Total leaf RNA as well as the poly(At mRNA from tobacco leaves were 

electrophoresed on formaldehyde denaturing agarose gels and probed with the L12-1 

cDNA. A broad band at about 0.75-0.8 kb was seen both in the poly(A)+ mRNA as 

well as the total leaf RNA (Figure 21). The size of this band agrees well with the size 

of the 773 bp cDNA indicating that a full length cDNA clone has been isolated. The 

uniqueness of the band in both the poly(A)+ mRNA as well as the total leaf RNA 

suggested the poly(At mRNA was not degraded during the oligo d(T)-cellulose 

chromatography. 

d. Southern Blot Analysis of Tobacco Genomic DNA to Detect 

L12 Ribosomal Protein Coding Sequences 

Tobacco genomic DNA was digested to completion with either EeaRI or BamHI 

and resolved on a 0.8% agarose gel. The transferred DNA was hybridized to the 

L12-1 cDNA probe (Figure 22). Using the restriction enzyme EeaRI, there is a 

major band at about 0.6 kbp and two minor bands of about 2.5 kbp and 3.0 kbp 

respectively. The 0.6 kbp band probably corresponds to the L12-2 cDNA shown in 

Figure 13. Using Bam HI, there were about four major bands, two at about 3.5 to 4.0 

kbp and two at about 2.5 to 3.0 kbp. BamHI has no recognition site in the L12 

cDNA. The presence of more than one band on the Southern blot indicates either 

the presence of internal sequence (introns) in the L12 gene which harbors BamHI 
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sites; or the presence of more than one gene for the L12 gene protein in the plant 

genome. Both of these assumptions is probably true. 

e. Complexity of L12 Gene Family as Deduced from cDNA 

Complexity 

While searching for the full size tobacco L12 cDNA, we identified another cDNA 

clone (L12-la, Figure 23) coding for the same protein. This cDNA is identical to 

L12-l (Figure 14) except, in the 3'-non-coding region, it has a T instead of a G at 

position 667 and it is 52 bp longer (Figure 23). The 3'-noncoding sequences of these 

two L12 cDNAs starting at the termination codon could be folded into potential 

stem-loop structures. The hairpin loops are important structural elements, useful in 

predicting the three dimensional structure of the RNA and provide potential RNA 

folding patterns which might be important for the interaction with other nucleic acids 

and proteins. While there may be more than one loop formed by the shorter L12 

cDNA coding for tobacco L12, the longer cDNA seems to have only one stem loop 

structure. However, the two secondary structures do not seem to be very different 

from each other. It should be mentioned that no consensus poly(A)+ addition signal 

(Heidecker and Messing, 1986) is evident in any of the two 3'-non coding sequences, 

though both possess the same length Poly(At tail. This indicates that plants 

probably use other criteria than the consensus sequence AA T AAA (Heidecker and 

Messing, 1986) as a signal for 3'-end polyadenylation. 
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Figure 21. Northern blot analysis of the L12 mRNA. 

The left lane contains poly(A)+ mRNA while the right lane contains total leaf RNA. 
The molecular weights are indicated in kilobases. The arrow indicates the site of the 
L12 message. The blot was probed with the L12-1 cDNA. 
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Figure 22. Southern blot hybridization of tobacco LI2-I cDNA to tobacco genomic 
DNA digested with either EeaRI or BamHI and resolved on 0.8% agarose gels. 

The lanes labelled EeaRI and/or BamHI indicate that the DNA in each of these 
lanes is digested by the respective enzyme before electrophoresis. The molecular 
weight markers are indicated in kbp. Arrows point to the different size bands having 
sequences for the LI2 ribosomal protein. 



Figure 23. Computer generated folding patterns of the 3'-non coding sequences of 
the tobacco L12 ribosomal protein mRNAs. 

A. The 3'-non-coding sequence of the two cDNAs (L12-1 and L12-1a) was folded 
using the-Fold and Squiggles graphic programs of the Wisconsin GCG package. 

B. Predicted secondary structures. 
The numbering of nuc1eotides in A is the same as in Figure 13. 

The secondary structure was generated using the computer program "Fold" (Zuker 
and Steigler, 1981; Freier, et aI, 1986). This program finds an RNA secondary 
structure of minimum free energy based on predetermined published values of 
stacking and loop destabilizing energies. The graphic plot was generated using the 
computer program "Squiggles" (Osterberg and Sommer, 1981). 
Two horizontal lines are two components of double-stranded region. Lines joining 
strands are base pairs (AU,GC,GU). Bulges and loops are unpaired sequences; and 
hanging ends are single stranded sequences. 
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3. cDNA Coding for Chloroplast Ribosomal Protein L24 

In E. coli, ribosomal protein L24, a component of the 50S subunit, is a primary 

RNA binding protein important early in the assembly of the ribosomal particles 

(Wittmann-Liebold, 1986). It binds to the 23S ribosomal RNA stoichiometrically 

(Stoffler, et aI, 1971). An E. coli mutant missing protein L24 had a severe defect in 

the large subunit assembly and a temperature-sensitive phenotype (Dabbs, 1982). 

The gene for L24 is part of the spc operon and is located between genes for 

ribosomal proteins L14 and L5 (Figure 9). 

a. cDNA Isolation and Sequence Analysis 

Using antibodies to chloroplast ribosomal proteins, a partial cDNA (referred to 

as L24-4, Figure 24A) coding for L24 was identified and sequenced. This partial 

cDNA was labelled and used as a probe for further screening of the primary i.,gt11 

library in order to obtain a full-length cDNA. Three more cDNAs were identified 

and sequenced. The longest cDNA is 862 bp long (referred to as L24-1, Figure 24A). 

The cDNA contains a 5'-leader sequence of 14 nucleotides followed by the protein 

coding sequence of 561 nucleotides and a 3'-non-coding sequence of 287 nucleotides. 

The polypeptide coded by this cDNA is 187 amino acids long from the initiator 

methionine and ending with Ser 187 (Figure 25). This polypeptide should consist of 

an N-terminal transit peptide sequence as well as the mature tobacco ribosomal 

protein L24 sequence (Schmidt and Mishkind, 1986). The cleavage site of the L24 
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transit peptide is not known. However, an approximate cleavage site of the transit 

peptide for the L24 protein from pea chloroplasts has been suggested depending on 

the shift in electrophoretic mobility upon the in vitro transport of the precursor 

protein into chloroplasts (Gantt and Key, 1986). Using amino acid identity between 

the pea and the tobacco proteins, the approximate location of the mature tobacco 

protein amino terminus is at lysine 31 (Figure 25). The tobacco L24 putative transit 

peptide has an estimated molecular weight of 3 x 103
, and has a high content of 

Ser+Thr (23.3%), Leu (16.7%), Pro and Phe (13.3% each) and Ala (10%, Table 5). 

It has no Trp or Tyr, no acidic amino acids and a net positive charge. These are 

generally the characteristics noticed for other transit peptides which generally have 

a high content of Ser and Thr, absence of Trp and Tyr, little or no acidic amino 

acids, relatively high content of Pro and a net positive charge (Schmidt and Mishkind, 

1986). The mature tobacco L24 ribosomal protein, on the other hand, has an 

estimated molecular weight of 17.5 x 103, and has a high content of Lys (17.2%) and 

relatively high content of Val (10.2%), Glu (8.9%), and Ser and Iso each at 7.6% 

(Table 5). The number of basic amino acids (Lys + Arg + His = 40) is double the 

number of acidic amino acids (Glu + Asp = 20). This gives the protein a net 

positive charge, characteristic of basic ribosomal proteins. However, it should be 

mentioned here that the distribution of the charged amino acids along the protein 

seems to be even with no obvious clustering at any particular region (Figure 26). The 

amber termination codon (UAG) is used in the L24 gene. This codon is used by 21 % 
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of 323 nuclear-encoded plant genes (Bonham-Smith and Bourque, 1989). The 3'-

noncoding sequence contain a plant polyadenylation signal, AT AAA (Heidecker and 

Messing, 1986) 248 nucleotides downstream from the stop codon (Figure 26) and 19 

bases upstream from the poly(A)+ sequence. 

The codon usage of ribosomal protein L24 precursor is shown in Table 6. Most 

co dons are used, including almost all wobble codons. However, some codon 

preferences could be detected, including A at the third position for Val, Thr; T for 

His, Asp, Cys, Gly; C for Phe, Ser, Tyr, Asn and G for Glu. 

Comparisons of the translated protein sequence with sequences in the NBRF 

(National Biomedical Research Foundation) protein library, using the computer 

program GAP (Needleman and Wunsch, 1970) successfully aligned the tobacco L24 

protein with its counterparts from pea, B. subtilis, B. stearothermophilus and E. coli 

(Figure 27). The percent identity (number of identical residues divided by the 

number of tobacco L24 residues) between the tobacco and pea L24 precursor 

proteins is 73%. When conservative amino acid replacements are considered, the 

similarity between the two proteins rises to 84%. The percent identity between the 

tobacco L24 ribosomal protein and its prokaryotic counterparts in the overlapping 

region (The region which extends between residues 61 to 166 of the tobacco L24 

protein, Figure 27) is 45%, 44% and 35% between tobacco ribosomal protein L24 

and the prokaryotic L24 from Bacillus SUblilis, Bacillus stearotlzermophilus and E. coli 

respectively. The similarity ratio rises to 59%, 57% and 62% between the tobacco 
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L24 ribosomal protein and its L24 counterparts from B. subtilis, B. stearothermophilus 

and E. coli respectively. Identical amino acids occupying the same position are found 

comparing the 5 different proteins, and the identity extends almost over the full 

length of the 5 different proteins. This suggests that these L24 ribosomal proteins 

probably possess conservative functions in both chloroplast ribosomes and bacterial 

ribosomes. The chloroplast L24 precursor proteins, however, have both an amino 

terminal part which includes the transit peptide as well as a carboxyl terminal 

extension, relative to the other three prokaryotic L24 proteins. The length of the 

carboxyl extension is 23 amino acids for tobacco ribosomal protein L24 and 21 amino 

acids for pea ribosomal protein L24. This C-terminal region has an equal number of 

acidic (Asp + Glu) and basic (Lys) amino acids and an unusual high content of Ala 

(25%). The charged amino acid sequence "Lys-Glu-Lys-Glu-Lys" lies exactly in the 

center of this carboxyl terminal extension and may be important in the structure 

and/or function of L24. The exact function of this C-terminal extension is not known. 

Whether it is present in the mature chloroplast L24 protein is unknown; if present, 

it will be of interest to determine its importance in the structure and function of L24. 
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Figure 24. Different size clones and sequencing strategy for cDNAs encoding tobacco 
chloroplast ribosomal protein L24. 

The size and coding regions of four eDNA clones of chloroplast ribosomal protein 
L24 are shown. The scale at the top designates the nucleotide position in bases from 
the 5'-end of the L24-1 eDNA. Arrows indicate polarity of DNA sequencing. 
Rectangles indicate location of synthetic oligonucleotide primers (L24-1 and L24-2, 
Section II-L-4) used for sequencing. 



Figure 25. Nucleotide sequence and deduced amino acid sequence of tobacco 
chloroplast ribosomal L24. 

The deduced amino acid sequence was generated using computer programs of Mount 
and Conrad, 1986. The sequence of the complete precursor protein is shown. The 
initiation codon, termination codon, the putative polyadenylation signal as well as the 
first amino acid (lysine 31) of the mature protein are underlined. 
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Val Ala Ala Ala Ser TER 

56 

98 

140 

182 

224 
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308 

350 

392 

434 

476 

518 

560 

609 

CTAATTGTGAACCTTCTTTCATTGTTATAGTATTATTCTGTTATCACCTTAACCT 665 
TCTTAAAATCAGTAACAGAAGAATTTATATTAATGAGCAGAAACCAGCATTAAGA 720 
TATTGGTGGGAGATTACAAAATTTGTGCCTGATGAGCTGTAGTGACGTCAATTAG 775 
AGTATGTATTTCTTAAACATTCTTGAGATTGCACCGCATGGCTAGTTGTTATAAA 830 
TACCTATATATTTCAGATT~ 862 



Figllre 26. Location of basic and acidic amino acids along the L24 ribosomal proteins 
from tobacco (This work), pea (Gantt, 1988) and E. coli (Wittmann-Liebold, 1979). 

This Figure is drawn as explained in the legend to Figure 17 using protein alignment 
shown in Figure 27. The numbering at the bottom of the Figure refers to tobacco 
nbosomal protein L24 amino acid sequence starting at the amino terminus of the 
protein. 
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Table 5. Amino acid composition (Mole %) of the putative transit peptide and 
proposed mature tobacco chloroplast ribosomal protein L24. 

Amino acid Transit peptide Mature protein 

Ala 10.0 5.7 
Arg 3.3 3.8 
Asp/Asn 0.0/0.0 3.8/3.8 
Glu/Gln 0.0/6.7 8.9/1.9 
Gly 6.7 5.7 
His 0.0 4.5 
Iso 0.0 7.6 
Leu 16.7 5.7 
Lys 0.0 17.2 
Met 3.3 1.3 
Phe 13.3 0.0 
Pro 13.3 3.2 
Ser 20.0 7.6 
Thr 3.3 5.1 
Cys 0.0 1.3 
Trp 0.0 1.3 
Tyr 0.0 1.3 
Val 3.3 10.2 
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Table 6. Codon usage in the nuclear-located gene for tobacco chloroplast ribosomal 

protein L24. 

Phe TTT 1 Ser TCT 2 Tyr TAT 0 Cys TGT 2 
TTC 3 TCC 5 TAC 2 TGC 0 

Leu TTA 0 TCA 2 TAA 0 TGA 0 
TTG 2 TCG 1 TAG 1 Trp TGG 2 

CTT 4 Pro CCT 5 His CAT 5 Arg CGT 0 
CTC 3 CCC 0 CAC 2 CGC 2 
CTA 2 CCA 4 Gln CAA 2 CGA 1 
CTG 3 CCG 0 CAG 3 CGG 2 

Ile ATT 3 Thr ACT 1 Asn AAT 1 Ser AGT 4 
ATC 5 ACC 3 AAC 5 AGC 4 
ATA 4 ACA 5 Lys AAA 14 Arg AGA 0 

Met ATG 3 ACG 0 AAG 13 AGG 2 

Val GTT 3 Ala GCT 6 Asp GAT 4 Gly GGT 5 
GTC 4 GCC 1 GAC 2 GGC 2 
GTA 7 GCA 5 Glu GAA 6 GGA 2 
GTG 3 GCG 0 GAG 8 GGG 2 
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Figure 27. Alignment of-chloroplast and prokaryotic L24 ribosomal proteins. 

The chloroplast L24 sequences are those of tobacco (This work) and pea (Gantt, 
1988). Prokaryotic L24 ribosomal proteins are those of Bacillus sub/ilis (Henkin, et 
aI, 1989), Bacillus s/earorizermopizillls (Kimura, et al,1985) and Eschedchia coli 
(Wittmann-Lie bold, 1979). Symbols indicate (+) identical amino acids, (.) 
conservative replacements and (-) gaps, relative to the tobacco L24 sequence. Non
related amino acids are indicated by blank spaces. The terminal amino acids are 
indicated explicitly for each prOtein. Numbers above the amino acids refer to the 
tobacco L24 protein. 
The alignment was generated as explained in the legend to Figure 18. 
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The hydropathicity patterns of L24 ribosomal proteins from tobacco, pea, B. 

subtilis and E. coli are shown in Figure 28. While the amino terminal region of the 

transit peptide in the two chloroplast proteins is hydrophilic, the carboxyl region of 

it is more hydrophobic. All the mature proteins of these four organisms have similar 

patterns of hydropathicity with the hydrophobicity index increasing towards the 

carboxyl terminus of the proteins. 

b. Northern Blot Analysis of L24 mRNA Size 

To examine the complexity of L24 mRNA and to confirm that a full-length 

cDNA has been isolated, the longest insert (L24-1, Figure 24A) was labelled with 32p 

and used as a probe to hybridize with mRNA in a poly(A)+ RNA fraction as well as 

with total leaf RNA. The result is shown in Figure 29. A broad band at about 0.85-

0.9 kb is seen both with poly(A)+ as well as the total leaf RNA. The poly(At 

mRNA appears more intact than the total leaf RNA which shows some evidence of 

degradation. The size of the hybridizing RNA is as expected for the longest cDNA 

(862 bp) isolated for the L24 ribosomal protein. The broad nature of the banding 

pattern seen both with the poly(At as well as the total RNA might indicate the 

presence of multiple, different length mRNAs that code for the L24 protein. 
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Figure 28. Hydropathicity analysis of the deduced amino acid sequence of tobacco 
L24 ribosomal protein (This work) compared to the hydropathicity analysis of the L24 
proteins from pea (Gant, 1988), B. subtilis (Henkin, et aI, 1989) and E. coli 
(Wittmann-Liebold, 1979). 

The amino acid sequence of the four proteins was analyzed for hydropathicity 
according to Kyte and Doolittle (1982) using a window of seven residues exactly as 
explained in the legend to Figure 20. The vertical arrow indicates the site of 
attachment of putative transit peptide to the mature protein 
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Figure 29. Northern blot analysis of poly(A)+ mRNA and total leaf RNA for 
chloroplast ribosomal protein L24 message. 

Formaldehyde-denatured poly(At mRNA (2J.Lg) and total leaf RNA (5J.Lg) from 
tobacco seedlings was electrophoresed in a 1.5% agarose gel containing 2.2 M 
formaldehyde, transferred to nitrocellulose paper and hybridized with the 32P-Iabelled 
eDNA of clone L24-1. The left lane shows the location of RNA size markers 
electrophoresed in the same gel. The arrow points to the L24 message (0.85-0.9 kbp). 
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c. Southern Blot Analysis of Tobacco Genomic DNA to Detect 

L24 Ribosomal Protein Coding Sequences 

Tobacco genomic DNA isolated from young seedlings was digested to completion 

with either EcoRI or BamHI, and was probed in a Southern hybridization analysis 

with the L24-1 cDNA. The result of the Southern blot is shown in Figure 30. Three 

bands (Molecular weights of about 3.5, 4 and 5 kbp) were observed when DNA was 

digested with the restriction enzyme EcoRI. Four bands (Molecular weights of about 

3,4,4.4 and 5 kbp) were seen when the DNA was digested with BamHI. Since both 

of these enzymes do not have recognition sites in the L24 cDNA sequence, the 

presence of more than one band on this Southern blot indicates either the presence 

of more than one gene or the presence of introns in a single gene which has 

recognition sites for these two restriction enzymes. 

d. Complexity of cDNA Species Coding for Tobacco Ribosomal 

Protein L24 

In the course of searching for full sized cDNA clones coding for chloroplast 

ribosomal protein L24, another cDNA was identified which has identical coding 

sequence to the L24-1 cDNA but differs in the 3'- non-coding sequence (Figure 31A). 

The second cDNA (L24-2) is identical to the L24-1 cDNA except at nine different 

positions. The second cDNA (L24-2) is also 112 nucleotides shorter at the 3'-end 

and has a longer poly A + tail (A33) compared to the L24-1 cDNA (A14). It should 
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be noted here that L24-2 does not possess a consensus polyadenylation signal as does 

the L24-1 cDNA. The 3'-non-translated region of these two cDNAs could be folded 

into stem loop structures as shown in Figure 31B. The two structures are somewhat 

different with the shorter cDNA having more complex predicted secondary structure 

than the longer one. These stem loop structures might affect the rate of L24 gene 

expression at the level of L24 mRNA translation. 

e. Isolation of Monospecific Antibody and Identification of the L24 

Protein on 2-D Gels 

As mentioned before, the L24 cDNA codes for a precursor protein longer than 

the mature protein by virtue of the presence of the transit peptide sequence at the 

amino terminus of the protein. When the protein is imported in the chloroplast, the 

transit peptide is cleaved resulting in a mature protein. The amino terminus 

sequence of this mature protein is not yet known. One way to determine it is to 

sequence the mature protein after its identification among the purified tobacco 

chloroplast ribosomal proteins. This could be done by preparing a monospecific 

antibody to the protein and using it as a probe. The approach we used was to plate 

the recombinant phage containing the L24 cDNA and induce the lac promoter which 

results in synthesis of a lacZ-L24 fusion protein. This was carried out by using a dry 

nitrocellulose filter impregnated with IPTG. The filter was placed on the plate 

during lacZ induction, and was then lifted and incubated with antiserum to purified 
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chloroplast ribosomal proteins including L24. The filter was then washed from 

contaminating antibodies. The L24 monospecific antibody was eluted under low pH 

conditions, neutralized and used to detect by Western blotting the L24 ribosomal 

protein among the purified chloroplast ribosomal proteins. The identified 

monospecific antibody could also be used to identify the L24 protein among the 

peaks of HPLC resolved, purified chloroplast ribosomal proteins. 

A cartoon of the technique described above is shown in Figure 32. The results 

of probing of purified chloroplast ribosomal protein filter blots with the isolated 

monospecific antibody are shown in Figures 33 and 34. When the chloroplast 50S 

ribosomal proteins were run in one dimension on an SDS gel, a broad band 

corresponding to chloroplast ribosomal protein L24 was seen (Figure 33). When the 

resolution of the purified proteins was improved by using 2-D gels, a single protein 

(corresponding to protein L24) was seen (Figure 34). The next step of identification 

of L24 using this monospecific antibody to identify the L24 ribosomal protein peak 

on the HPLC column remains to be carried out. 

While the poly-specific antibody to the 50S subunit has reacted with 50S subunit 

ribosomal proteins, it cross reacted with none of the 30S subunit proteins. The 

monospecific antibody to ribosomal protein L24 on the other hand has recognized a 

broad band corresponding to ribosomal protein L24 in the 50 subunit proteins and 

none of the 30S subunit proteins. The specificity of the isolated monospecific 

antibody is evident when the proteins are resolved on 2-D gels (Figure 34). 
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Figure 30. Southern blot analysis of tobacco genomic DNA cut with the restriction 
enzymes EeaRI and/or BamHI and probed with the L24-1 eDNA. 

The digested DNA was electrophoresed on a 0.8% agarose gel, transferred to 
Genescreen plus nitrocellulose paper and probed with 32p randomly labelled L24-1 
cDNA. The mobility of molecular weight markers in kbp are indicated in the left 
lane. Arrows point to the different size bands having sequences for the L24 ribosomal 
protein. 



Figure 31. Sequence and computer generated folding patterns of the 3'-noncoding 
region of L24 mRNAs. 

A. The coding sequence of L24-1 is identical to that of L24-2 (cf., Figure 24) except 
for variations in the 3'-non-coding sequences as indicated. The termination codon 
is shaded for reference. 

B. Predicted folding pattern of mRNAs corresponding to these two cDNAs. The 
computer programs used to generate this pattern are the Fold and Squiggles of 
the Wisconsin GCG package. The numbering of nucleotides on the right of the 
sequences in A) is the same as in Figure 25. 

The secondary structure was generated as explained in the legend to Figure 23. 
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A) 3'·NONCODING SEQUENCE OF L24 cDNAs 
\ 

L24-2 ++++++++++++++++++++++++++++++++++++++++T++++T+++++++TG+A 
L24-1 TA~GAGACTGGCCTGTAAATTCTAGTTGATTTTGCTAATTGTGAACCTTCTTTCATT 632 

:~) .... ;.;.:),~ 

++++++++++G+++++++++++++A++++++++T+++++++++++++++++++++++ 
GTTATAGTATTATTCTGTTATCACCTTAACCTTCTTAAAATCAGTAACAGAAGAATT 689 

+G++++++++++++++++++++++++++++++++++++++++++++++-------
TATATTAATGAGCAGAAACCAGCATTAAGATATTGGTGGGAGATTACAAAATTTGTG 746 

CCTGATGAGCTGTAGTGACGTCAATTAGAGTATGTATTTCTTAAACATTCTTGAGAT 803 

---------------------------------------------A33 
TGCACCGCATGGCTAGTTGTTATAAATACCTATATATTTCAGATTA'4 862 

B) PROPOSED L24 mRNA 3'·END SECONDARY STRUCTURES 

L24-2 
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Figure 32. Plate purification of monospecific antibodies to chloroplast ribosomal 
protein L24. 

The recombinant phage carrying the L24 cDNA insert was used to infect E. coli cells 
as described before (Section I1-F-3). Antigen production was induced using dry 
IPTG impregnated nitrocellulose filters and allowed to grow to confluent plaques. 
The filters were incubated with antibody to chloroplast ribosomal proteins, washed 
and the monospecific antibody to the L24 ribosomal protein eluted, neutralized and 
used to detect, by Western blotting, the L24 ribosomal protein among the purified 
chloroplast ribosomal proteins. 
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Figure 33. Identification of chloroplast ribosomal proteins that share antigenic 
determinants with the L24 fusion protein. 

The left lane shows the size of protein molecular standards. The following two lanes 
represents a coomassie blue staining pattern of the 30S and 50S chloroplast subunit 
proteins resolved on a 12.5% SDS gel. The following two lanes labelled 30S and 50S 
respectively represent the 30S and 50S subunit proteins after transferring by Western 
blotting and probing with poly-specific anti-50S chloroplast ribosomal protein 
antiserum and treating with iodinated protein A. The last two lanes labelled 50S and 
30S respectively designate the 50S and 30S chloroplast subunit proteins probed by 
Western blotting using monospecific antibody to the tobacco L24 ribosomal protein. 
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Figure 34. Two dimensional gel characterization of a chloroplast ribosomal protein 
sharing antigenic determinants with the L24 fusion protein using phage plate purified 
monospecific antibody. 

Proteins from the 50S subunit of the chloroplast ribosome were purified and 
separated on two dimensional gels. The proteins were transferred to a nitrocellulose 
filters by Western blot analysis and treated with purified monospecific antibody to the 
ribosomal protein L24 positive A. clone. After washing, the bound antibody was 
reacted with iodinated protein A and the filter exposed to X-ray film. 
A. Stained pattern of the 50S ribosomal protein components. 
B. Autoradiogram showing that only one ribosomal protein has reacted with the 

purified L24 monospecific antibody. 
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4. cDNA Coding for Chloroplast Ribosomal Protein L27 

In E. coli ribosomal protein L27 was identified as being part of the 

peptidyltransferase center playing an important role in the elongation cycle of protein 

synthesis (Of eng and, et aI, 1986). E. coli mutants lacking ribosomal protein L27 were 

characterized by having a severe retarded growth (Dabbs, 1983). There is no report 

of a homologous protein from higher plant chloroplasts. 

a. cDNA Sequence Analysis for Tobacco Ribosomal Protein L27 

Using immunological procedures, we isolated a partial cDNA (referred to as L27-

4 in Figure 35A) which codes for portions of both the L27 transit peptide sequence 

and the mature L27 ribosomal protein. This partial cDNA was radioactively labelled 

and used to screen the primary library for full length cDNA clones coding for the L27 

chloroplast ribosomal protein. Three more cDNA clones were identified (Figure 35). 

The longest cDNA (designated as L27-1, Figure 35A) is 882 bp long, has a 5'-leader 

sequence of 104 bp, a putative transit peptide coding sequence of 153 bp, a mature 

protein coding sequence of 384 bp and a 3'-non-coding sequence of 241 bp. 

The putative transit peptide sequence (nucleotides 105 to 257, Figure 36) codes 

for 51 amino acids starting at the initiation methionine. Cleavage of the transit 

peptide probably occurs at the bond between Ser and Ala (indicated by an arrow in 

Figure 36). The site of this cleavage is selected after comparing it to the amino 

terminus sequences of a partially sequenced "L27" protein from spinach (Alap R. 

Subramanian, personal communication) and Chlamydomonas (Liu, et aI, 1988) and 
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to E. coli L27 sequences (Figure 37). The transit peptide has an estimated molecular 

weight of 5.2 x 103 and has a high content of Ser + Thr (23.6%), Phe (13.7%), Ala 

(11.8%) and Leu (11.8%, Table 7). The transit peptide has no Glu, Cys, Arg, Trp, 

Asn, Tyr or His. 

The mature tobacco L27 ribosomal protein has 128 amino acids and an estimated 

molecular weight of 14.4 x 103
. It has a high content of Arg (11.7%), Lys (10.9%) and 

Gly (10.9%) (Table 7). All amino acids (except Met and Trp) are present in the 

mature L27 ribosomal protein. Methionine is present only in the precursor protein. 

The mature protein content of basic amino acids (Arg + Lys + His = 25%) is more 

than double the content of acidic amino acids (Glu + Asp = 9.4%) giving the protein 

a net positive charge which is characteristic of basic ribosomal proteins. 

The basic amino acids are evenly distributed throughout the protein, except for 

a high concentration towards the carboxyl terminus of the protein (Figure 38). The 

acidic amino acids are evenly scattered all over the mature protein. The stop codon 

used in this protein is UGA. This stop codon was used by 29% of 323 nuclear

encoded plant genes (Bonham-Smith and Bourque, 1989). 

The codon usage of the L27 precursor protein is very broad (Table 8). This 

nuclear-encoded protein, however, shows preference for codons ending in T for Leu, 

Val, Ser, Ala, Asp and Gly; C for His, Asn and Cys; A for Arg; and G for GIn, Glu 

and Lys. Thus, it does not share the high overall preference for codons ending in A 
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or T displayed by ribosomal protein genes located in the chloroplast genome 

(Subramanian, et aI, 1983; Shinozaki, et aI, 1986). 

Comparisons of the translated protein sequence of the tobacco L27 ribosomal 

protein with sequences in the NBRF (National Biomedical Research Foundation) 

protein library using the computer program GAP (Needleman and Wunsch, 1970) 

revealed identity between the tobacco L27 ribosomal protein and that of prokaryotic 

ribosomal proteins from Bacillus subtilis, Escherichia coli and Bacillus 

stearothermophilus (Figure 37). The percent identity (Number of identical residues 

divided by number of tobacco ribosomal protein L27 residues) between the tobacco 

chloroplast ribosomal protein L27 and that of L27 ribosomal proteins from B. subtilis, 

E. coli and B. stearothermophilus in the overlapping region (The region between 

residues 53 and 140 of the tobacco protein, Figure 37) is 61 %, 64% and 56% 

respectively. When conservative amino acid replacements are considered, the ratio 

of similarity between the tobacco L27 protein and the three prokaryotic proteins rises 

to 75%, 77% and 72%, respectively. The conservation between the three proteins 

extends almost over their entire lengths. Compared to the prokaryotic proteins, the 

tobacco protein L27 is extended at the amino terminus and the carboxyl terminus. 

The amino terminal extension of 51 amino acids represent a putative transit peptide. 

The tentative placement of the site of the cleavage of the transit peptide is based on 

comparing the tobacco L27 amino acid sequence to the amino terminal sequence of 

a purified spinach protein (Alap R. Subramanian, personal communication) and a 



248 

Chlamydomonas protein (Liu, et aI, 1988). As shown in Figure 37, the N-terminal14 

amino acids of the purified spinach protein shows 86% identity with the proposed 

tobacco L27 amino terminus sequence. The identity with the N-terminal 18 amino 

acids of the Chlamydomonas protein is similarly high. The unidentified amino acids 

in the spinach and algal sequences can not be scored. 

The carboxyl terminus of the tobacco L27 protein, relative to its prokaryotic 

counterparts, is 40 amino acids longer. This carboxyl extension has twice as many 

basic amino acids [Arg + Lys = 11 (24.4%)] relative to acidic amino acids [Glu + 

Asp = 6 (13.3%)] in the carboxyl extension. All four cysteine residues present in the 

L27 protein are clustered in the last five amino acids of the protein sequence. The 

basic amino acids present in the carboxyl terminus extension are clustered near its 

center. The length of this carboxyl terminus extension is almost double that of the 

tobacco L24 ribosomal protein (Figure 27). The carboxyl terminus extension of 

tobacco ribosomal protein L27 relative to its bacterial counterparts, is probably the 

longest carboxyl terminus extension found to date in a nuclear encoded ribosomal 

protein over its prokaryotic counterparts. The function of this carboxyl extension is 

not known. It might be cleaved before or during the assembly of the protein in the 

ribosome; or might have a role in the process of assembly itself. The clustered 

cysteines and basic amino acids may also be functionally significant. 

Tobacco L27 ribosomal protein also has 36% identity with the first 156 amino 

acids (Figure 39) of the 371 amino acids MRP7 protein of the large subunit of the 
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yeast mitochondrial ribosome (Fearon and Mason, 1988). The similarity rises to 56% 

when conservative amino acid replacements are considered. Since MRP7 is nuclear 

encoded, it is translated as a precursor polypeptide with a cleavable amino-terminus 

leader sequence. This putative targeting sequence was assumed to contain the first 

27 amino acids of the MRP7 protein sequence judging from its alignment to that of 

the E. coli L27 ribosomal protein (Fearon and Mason, 1988). Out of these 27 amino 

acids, ten (37%) are either identical or conservative replacements amino acids in the 

tobacco L27 ribosomal protein transit peptide (Figure 39). This is the first report of 

such similarity between a chloroplast protein transit peptide and an amino-terminal 

leader sequence of an organelle (mitochondrial) protein from a higher eukaryote. 

Noticeably, the similarity between the tobacco protein and the yeast protein extends 

into the region (residues 140-179) of the tobacco protein which is considered a 

carboxyl overhang when the tobacco protein was aligned with its bacterial 

counterparts (Figure 37). This suggests that the carboxyl overhang in the tobacco 

protein is an integral part which is possibly retained during the ribosome assembly. 

A hydropathicity analysis of the deduced amino acid sequence of the tobacco L27 

ribosomal protein compared to that of the L27 ribosomal proteins from B. subtilis 

and E. coli is shown in Figure 40. The transit peptide sequence of tobacco L27 

protein as well as the last part of the carboxyl terminus are mostly hydrophilic in 

nature. The rest of the protein is predominantly hydrophobic. All the mature proteins 

of the three organisms have similar patterns of hydropathicity. 
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Figure 35. Size and sequencing strategy for cDNAs encoding tobacco ribosomal 
protein L27. 

Shown is the size and features of four cDNAs encoding the L27 ribosomal protein. 
The scale at the top designates the length in nuc1eotides starting at the 5'-end of the 
L27-1 eDNA. Arrows indicate polarity of DNA sequencing. Rectangles indicate 
location of synthetic oligonucleotide primers (L27-1 and L27-2, Section II-L-4) used 
in DNA sequencing. 



Figure 36. Nucleotide sequence and deduced amino acid sequence of the nuclear
encoded tobacco chloroplast ribosomal protein L27. 

The deduced amino acid sequence was generated using computer programs of Mount 
and Conrad, 1986. 
The vertical arrow indicates the proposed site of cleavage of the putative transit 
peptide (amino acids -1 to -51) and the mature protein. The initiation codon, the 
termination codon as well as a putative po\yadenylation signal are underlined. 
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CCCAACCAAAAAAACCAAAACCCCAAACCCCAATCTTCGACCTCCATTT 49 
ACGTACTGAACAATTTTATCTTCATTTGTTGTTTTTTCTTTTGCAGCGTGTAAAA 104 

ATG GCA GTG AGT' TTT AGT TTA GTT GGA GCA TTC AAA GGA CTC 146 
-51 MET Ala Val Ser Phe Ser Leu Val Gly Ala Phe Lys Gly Leu 

TCT TTA GCT TCT TCC TCT TCT TTC CTT AM GGT GAC TTT GGT 188 
-37 Ser Leu Ala Ser Ser Ser Ser Phe Leu Lys Gly Asp Phe Gly 

GCT GCT TTT CCC GTC GCT CCA AAG TTC TCG GTC TCC TTT CCG 230 
-23 Ala Ala Phe Pro Val Ala Pro Lys Phe Ser Val Ser Phe Pro 

.j. 

TTG AAA TCT CCG TTG ACA ATT GAG TCT GCT CAC AAG AAA GGA 272 
-9 Leu Lys Ser Pro Leu Thr Ile Glu Ser Ala His Lys Lys Gly 

GCT GGT AGC ACT AAG AAC GGT CGA GAT TCT CCT GGT CAG AGA 314 
6 Ala Gly Ser Thr Lys Asn Gly Arg Asp Ser Pro Gly GIn Arg 

CTT GGT GTT AAG ATT TTT GGT GAC CAA GTT GCA AAG CCC GGT 356 
20 Leu Gly Val Lys Ile Phe Gly Asp GIn Val Ala Lys Pro Gly 

TCT ATT ATC GTT CGT CAG CGT GGT ACC AAG TTT CAC CCA GGA 39?f 
34 Ser Ile Ile Val Arg GIn Arg Gly Thr Lys Phe His Pro Gly 

AAG AAT GTT GGA CTT GGC AAG GAT CAC ACA ATC TTT TCT TTG 440 
48 Lys Asn Val Gly Leu Gly Lys Asp His Thr Ile Phe Ser Leu 

ATT GAT GGA CTA GTC AAA TTC GAG AAG TTT GGG CCT GAT AGA 482 
62 Ile Asp G1y Leu Val Lys Phe Glu Lys Phe Gly Pro Asp Arg 

AAA AAG ATA AGT GTT TAT CCA CGT GAG GTG CAA CCT GAA AAC 524 
76 Lys Lys Ile Ser Val Tyr Pro Arg Glu Val GIn Pro Glu Asn 

CCC AAC AGT TAT AGA AAC CGA AAG AGA GAG TCC TTC AGA TTA 566 
90 Pro Asn Ser Tyr Arg Asn Arg Lys Arg Glu Ser Phe Arg Leu 

CAG CGT GAA CGC AGA AAG GCA CGA CGA GAG GGC GTC ATC CTT 608 
104 GIn Arg Glu Arg Arg Lys Ala Arg Arg Glu Gly Val Ile Leu 

CAG TCC TCA G':tT GAT ACT TGC TTC TGC TGC TGC TGA ATCCTCT 651 
118 GIn Ser Ser Val Asp Thr Cys Phe Cys Cys Cys TER 

GGGACAATGCAAGTCCTACTTGCTGATATTGGTCTTTTGATGTTTAACAATTCTG 706 
TTGTCATTTTGGTTATTTGTTAGCATTCACTTGGGAACATATGTAGGCCACGTTT 761 
CTCCCATTGTTCTTCTTCCATTGGTCTCTTTTGTTTGTAAATTGCATTACTATAA 816 
GCATGATAACAATTCTGTTGGTCTTTTGATGTTTAACAAAAAAAAAAAAAAA 871 
AAAAAAAAAAA 882 



Table 7. Amino acid composition (Mole %) of the transit peptide and proposed 
mature L27 tobacco chloroplast ribosomal protein 

Amino Acid Transit Peptide Mature Protein 

Ala 11.8 3.1 
Arg 0.0 11.7 
Asp/Asn 2.0/7.8 4.7/3.9 
Glu/Gln 2.0/0.0 4.7/4.7 
GI 7.8 10.9 
His 0.0 2.3 
Iso 2.0 5.5 
Leu 11.8 4.7 
Ls 7.8 10.9 
Met 2.0 0.0 
Phe 13.7 5.5 
Pro 7.8 5.5 
Ser 21.6 7.0 
Thr 2.0 3.1 
Cs 0.0 3.1 
Trp 0.0 0.0 
Tr 0.0 1.6 
Val 7.8 7.0 
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Table 8. Codon usage in the nuclear-located gene for tobacco chloroplast ribosomal 
protein L27. 

Phe TTT 7 Ser TCT 9 Tyr TAT 2 Cys TGT 0 
TTC 7 TeC 4 TAC 0 TGC 4 

Leu TTA 3 TCA 1 TAA 0 TGA 1 
TTG 3 TCG 1 TAG 0 Trp TGG 0 

CTT 4 Pro CCT 3 His CAT 0 Arg CGT 4 
CTC 1 CCC 3 CAC 3 CGC 1 
CTA 0 CCA 3 Gln CAA 2 CGA 4 
CTG 0 CCG 2 CAG 4 CGG 0 

Ile ATT 4 Thr ACT 2 Asn AAT 1 Ser AGT 4 
ATC 3 ACC 1 AAC 4 AGC 1 
ATA 1 ACA 2 Lys AM 6 Arg AGA 6 

Met ATG 1 ACG 0 AAG 12 AGG 0 

Val GTT 7 Ala GCT 6 Asp GAT 5 Gly GGT 9 
GTC 4 GCC 0 GAC 2 GGC 2 
GTA 0 GCA 4 Glu GAA 2 GGA 6 
GTG 2 GCG 0 GAG 5 GGG 1 



Figure 37. Alignment of chloroplast and prokaryotic L27 ribosomal proteins. 

The chloroplast L27 sequences are those of tobacco (This work), spinach (first 14 
amino acids, Alap Subramanian, personal communication) and Chlamydomonas (first 
18 amino acids, Liu, et aI, 1988). The prokaryotic L27 proteins are those of Bacillus 
subtilis (Ferrari, et aI, 1985), Escherichia coli (Chen, et aI, 1975) and Bacillus 
stearothermophilus (Kimura and Chow, 1984). Symbols indicate (+) identical amino 
acids, (.) conservative replacements, C-) gaps and C*) unidentified amino acids 
relative to the tobacco L27 sequence. Non-related amino acids are indicated by 
blank spaces. The terminal amino acids are explicitly indicated for each protein. 
Numbers above the amino acids refer to the tobacco L27 ribosomal protein. 
These alignments were made as explained in the legend to Figure 18. 
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Figure 38. Location of basic and acidic amino acids along the L27 ribosomal proteins 
from tobacco (This work), B. sLlbtilis (Ferrari, et aI, 1985) and E. coli (Chen, et aI, 
1975). This Figure was made as explained in the legend to Figure 17, using the 
alignments shown in Figure 37. 
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Figure 39. Alignment of tobacco L27 ribosomal protein sequence to that of the 
MRP7 ribosomal protein of the large subunit of yeast mitochondrial ribosome 
(Fearon and Mason, 1988) and the L27 ribosomal protein of E. coli (Chen, et aI, 
1975). 

The first 27 amino acids of the MRP7 protein represent the proposed cleavable 
amino-terminus leader sequence which targets the protein into the mitochondria. 
The proposed transit peptide of the tobacco L27 ribosomal protein which targets the 
protein into chloroplasts consists of the first 51 amino acids of the tobacco ribosomal 
precursor protein. Symbols indicate (+) identical amino acids, (.) conservative 
replacements and (-) gaps relative to the tobacco L27 sequence. Non-related amino 
acids are indicated by blank spaces. Numbers above the amino acids refer to the 
tobacco L27 protein amino acid sequence. Brackets indicate proposed mitochondrial 
targeting sequence of yeast MRP7. Arrow indicates the proposed site of cleavage of 
the putative transit peptide and the mature tobacco L27 ribosomal protein. 
Alignments were done as explained in the legend to Figure 18. 
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4 r-----------------------------------------~ 

Tobacco 127 U B. subtilus E. coli 

-3 

amino acid number 

Figure 40. Hydropathy analysis of the deduced amino acid sequence of tobacco 
chloroplast ribosomal protein L27 (This work), and that of L27 type proteins from 
B. subtilis (Ferrari, et aI, 1985) and E. coli (Chen, et aI, 1975). 

The amino acid sequences of the three proteins was analyzed for hydropathicity 
according to Kyte and Doolittle (1982) using a window of seven residues. The figure 
was reproduced as explained in the legend to Figure 20. 
The vertical arrow indicates the point of attachment of the putative transit peptide 
to the mature protein. 
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b. Northern Blot Analysis of L27 mRNA Size 

To examine the size of L27 mRNA, the L27-1 cDNA (coding for the full length 

tobacco ribosomal protein L27) was randomly labelled and used as a probe for 

hybridization to the poly(A)+ mRNA and total leaf RNA from young tobacco leaves. 

As shown in Figure 41, the cDNA hybridized to a broad band of about 0.85-0.9 kb 

both in the poly(At mRNA and total leaf RNA. This result suggests that the 

longest isolated cDNA for the L27 ribosomal protein is that of the full length mRNA. 

c. Southern Blot Analysis of Tobacco Genomic DNA to Detect 

L27 Ribosomal Protein Coding Sequences 

Tobacco genomic DNA was digested with restriction endonucleases and subjected 

to agarose gel electrophoresis. The location of genomic DNA sequences 

complementary to the nuclear-encoded chloroplast ribosomal protein L27 cDNA was 

determined by Southern blot analysis (Figure 42). When the tobacco genomic DNA 

was digested with the restriction enzyme EcoRI, three different bands (Sizes of 0.7, 

3.0 and 3.5 kbp) were detected. When the DNA was digested with the restriction 

enzyme BamHI, two major bands of about 4.0 kbp and 2.5 kbp and two minor bands 

of about 3.5 and 2.1 kbp are observed. Neither of the enzymes EcoRI or BamHI 

have an internal recognition site in the nucleotide sequence of the eDNA encoding 

the L27 protein. This suggests that the genes for the L27 ribosomal protein are 

present as more than one copy in the tobacco genome. The presence of several 

linked genes with or without introns could not be ruled out. 
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Figure 41. Northern blot analysis of poly(A)+ mRNA and total leaf RNA for the size 
of mRNA for chloroplast ribosomal protein L27. 

Poly(At mRNA (2J.Lg) and total leaf RNA (5J.Lg) from tobacco seedlings was 
denatured and electrophoresed in a 1.5% agarose gel containing 2.2 M formaldehyde. 
The RNA was transferred to nitrocellulose paper and probed with the L27-1 cDNA. 
The left lane indicates the mobility of RNA size markers electrophoresed in the same 
gel. The arrow points to the L27 message (882 bp). 
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1f.igure 42. Southern blot analysis of tobacco genomic DNA cut with EeaRI or 
BamHI and probed with the L27-1 cDNA. 

The DNA was digested to completion with either of the two enzymes, 
electrophoresed on 0.8% agarose gel, transferred to nitrocellulose filters, and probed 
with the 32p labelled L27-1 cDNA. The size and mobility of molecular weight 
markers are given in kbp on the left most lane. The lanes labelled EeaRI and 
BamHI indicate that the DNA in each of these lanes is digested with the respective 
restriction enzyme. Arrows point to the different size bands (0.7, 3.0, 3.5 kbp with 
EeaRI and 2.1, 2.5, 3.5 and 4.0 kbp with BamHI) having sequences for the L27 
ribosomal protein. 
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d. Complexity of L27 Gene Family as Deduced from cDNA 

Complexity 

While screening for the full size cDNA clone encoding the L27 protein, a second 

cDNA coding for the same protein was identified. This cDNA is similar to the L27-1 

cDNA except that it has a G instead of an A at position 652 and a poly (A)+ tail 

which is shorter by 15 nucleotides, relative to that of the L27-1 cDNA (Figure 43A). 

The 3'-non-coding sequence of both cDNAs could be folded into the stem loop 

structure shown in Figure 43B. Since the folding of the two sequences is identical, 

the base difference (G at position 652) is pointed out. The importance of these stem 

loop structures is not known at the moment, although they might play a role in 

stabilizing the mRNA and could affect the rate of gene expression at the translational 

level (Ingelbrecht, et aI, 1989; Jackson and Standart, 1990). 

e. Genes for the Nuclear Encoded Tobacco Ribosomal Protein L27 

The identification of at least two different cDNAs for each of the three nuclear 

encoded tobacco chloroplast ribosomal proteins (L12, L24 and L27) made it of 

interest to investigate and confirm the actual presence of more than one gene for 

these proteins. The L27 ribosomal protein is of particular interest because there 

seems to be no difference between its coding cDNAs except for one nucleotide. 

Accordingly, the L27-1 cDNA (Figure 35) was labelled and used to screen a primary 
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tobacco genomic DNA library in the vector EMBL3 for clones harboring ribosomal 

protein L27 genes. Two different positive plaques were identified and the DNA from 

each one of them prepared. The DNA from each plaque was digested, under the 

same conditions with each of the restriction endonucleases EeaRI, BamHI or 

HindUI. The digested DNA was electrophoresed in a 0.8% agarose gel, transferred 

to a nitrocellulose paper and probed with the L27-1 cDNA randomly labelled with 

32p. The result of this hybridization is shown in Figure 44. There is a clear signal 

resulting from the hybridization of the L27 cDNA to each of the restriction enzymes 

cut DNA. However, the hybridizing bands are different when each of the two clones 

is cut with the same enzyme indicating that a different sequence was recognized by 

the same enzyme in each of the two clones. The conclusion of this hybridization 

experiment is that there are two different genes coding for tobacco L27 ribosomal 

protein. This is in agreement with the fact that two different cDNAs were isolated 

for the tobacco L27 ribosomal protein. 



Figure 43. Sequence (A) and folding patterns (B) of the 3' -non-coding region of two 
tobacco L27 ribosomal protein cDNAs. 

The site of the G at position 652 in L27-2 is shown by the horizontal arrow in B. The 
numbering of nucleotides on the right of the sequences in A is as in Figure 36. The 
secondary structure was generated using the computer programs Fold and Squiggles 
of the Wisconsin GCG package exactly as explained in the legend to Figure 23. 
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A) 3'-NONCODING SEQUENCES OF L27 cDNAs 

L27-2 ++++++++++G++++++++++++++++++++++++++++++++++++++++++++ 
L27-1 TGAATCCTCTAGGACAATGCAAGTCCTACTTGCTGATATTGGTCTTTTGATGTTT 706 

::';:::;:::;:;:;:::::: 

+++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
AACAATTCTGTTGTCATTTTGGTTATTTGTTAGCATTCACTTGGGAACATATGTA 761 

+++++++-!-+++++++++++++++++++++++++++++++++++++++++++++++ 
GGCCACGTTTCTCCCATTGTTCTTCTTCCATTGGTCTCTTTTGTTTGTAAATTGC 816 

+++++++++++++++++++++++++++++++++++++++++++++---A14 
ATTACTATAAGCATGATAACAATTCTGTTGGTCTTTTTGATGTTTAACA29 871 

B) PROPOSED SECONDARY STRUcrURE OF L27 mRNA 3'END 
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Figure 44. Hybridization of tobacco ribosomal protein L27 genes to its cDNA. 
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The DNA from two EMBL3 clones carrying genes (referred to as I and II) for the 
L27 ribosomal protein was cut with either EeoRI, HindIII or BamHI and 
electrophoresed on a 0.8% agarose gel. The DNA was transferred to nitrocellulose 
filters and hybridized to the full length cDNA coding for the L27 tobacco ribosomal 
protein. The molecular weight markers are indicated in kbp on the left of the figure. 
E, Hand B designate the lanes containing the DNA digested with the restriction 
enzymes EeoRI, HilldIII and BamHI, respectively. 
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CHAPTER 4 

Discussion 

Full-length cDNAs coding for three different tobacco chloroplast ribosomal 

proteins (L12, L24 and L27) have been isolated and sequenced. Each of the 

cDNAs code for a mature protein and a transit peptide. When compared to their 

prokaryotic counterparts, tobacco ribosomal proteins L24 and L27, also have 

carboxyl terminal extensions. The size of the cytoplasmic message for each of the 

three tobacco proteins was confirmed by Northern blot analysis. Each of the three 

tobacco ribosomal proteins is coded by two cDNAs which are identical in their 

coding sequence but different in their 3' non-coding sequence. The presence of 

more than one gene for each of the three proteins was also suggested by Southern 

blot analysis of tobacco genomic DNA. Furthermore, genomic clones likely to 

represent two different genes were isolated for tobacco ribosomal protein L27. 

1. Presence of Multiple cDNAs Coding for the Same Protein 

Results presented in this dissertation show that there are at least two different 

cDNAs coding for each of the tobacco chloroplast ribosomal proteins L12, L24 

and L27. The two cDNAs characterized in each case are identical in their coding 

sequence with differences existing in the 3'-non-coding sequence. The presence of 

two different cDNAs was also reported for pea nuclear-encoded ribosomal 
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proteins L24 and PsCL18 (Gantt, 1988) and spinach ribosomal protein L13 (Phua, 

et aI, 1989). In these cases, however, the two cDNAs are identical except for the 

location of the 3'-poly (A) tails indicating differences in the polyadenylation site 

rather than different genetic loci. The multiple cDNAs coding for the tobacco 

ribosomal proteins, on the other hand, have differences in the nucleotide sequence 

within the 3'-non-coding region and, in most cases, different positions and length 

of the poly (A) tail. That there is more than one single gene coding for the same 

protein was confirmed in one case for tobacco ribosomal L27 (Figure 44, this 

work), where screening of a tobacco genomic library resulted in the isolation of 

two different genomic clones coding for the same protein. Since tobacco is an 

allotetraploid species, the nuclear-encoded ribosomal protein genes are likely to 

consist of more than one member. In Nicotiana tabacLlm, two distinct genes for 

the enzyme ace to lactate synthase were found. The two distinct gene classes could 

be traced back to the progenitor species (Lee, et aI, 1988). 

Multiple genes for individual ribosomal proteins occur in yeast (Fried, et aI, 

1981), Xenopus laevis (Bozzoni, et aI, 1981) and the mouse (Monk, et aI, 1981). 

Only one mouse gene for ribosomal protein L32 is expressed, the remainder (15 

genes) are processed pseudogenes (Dudov and Perry, 1984). However, both gene 

copies of yeast ribosomal proteins RP51 and L16 are functional, although they 

differ in level of expression (Abovich and Rosbach, 1984; Rotenberg, et aI, 1986; 

Leer, et aI, 1985c). No pseudogenes have been identified for yeast ribosomal 



proteins. At least two nuclear-encoded tobacco chloroplast ribosomal proteins 

may, in part, compensate for the lower gene copy number than that for 

chloroplast DNA-encoded ribosomal proteins. However, the two genes must 

possess features that make their expression very efficient to produce enough 

protein to match that produced by the many chloroplasts and chloroplast DNA 

gene dosage present in each individual cell. 

2. Presence of Transit Peptides in Nuclear-Encoded Chloroplast 

Ribosomal Proteins 
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The three ribosomal proteins we have analyzed all contain transit peptide 

sequences. The transit peptide is the amino terminal extension which leads the 

mature protein through the chloroplast membrane into the chloroplast. Transit 

peptides are characterized by generally having a common amino acid composition 

but no significant amino acid sequence similarity (Schmidt and Mishkind, 1986). 

They have a high content of serine and threonine, absence of tryptophane and 

tyrosine, little or no acidic amino acids, relatively high content of proline in the 

central part and a net positive charge. These characteristics are shared by the 

predicted transit peptides for tobacco ribosomal proteins L12, L24 and L27 

identified in this work. They have a high content of serine plus threonine 

(24-28%), no tryptophan or tyrosine, very low content of acidic amino acids 

(2-4%), a net positive charge and a general hydrophilic profile. The three transit 

peptides also have high contents of alanine, leucine and proline as noticed for 



other transit peptides (Schmidt and Mishkind, 1986). Despite these common 

characteristics, the sequences of the three transit peptides show no similarity to 

each other or to other ribosomal protein transit peptides. 

268 

The amino terminus of the tobacco chloroplast mature L12 protein has been 

confirmed by protein sequencing (Thomas, unpublished results). Thus, the 

cleavage site of the transit peptide is precisely known. The putative amino 

terminus of tobacco chloroplast ribosomal protein L27 was predicted after 

comparison (Figure 37 ) of its deduced amino acid sequence to that of three other 

ribosomal protein sequences from spinach, Chlamydomonas reinhardtii and E. coli. 

The putative amino terminal sequence of the tobacco L27 ribosomal protein is 

almost identical to the 14 terminal amino acids of a chloroplast ribosomal 

polypeptide purified from spinach chloroplast ribosomes (Alap R. Subramanian, 

personal communications), and the amino terminal 18 amino acids of chloroplast 

ribosomal protein L18 of the green alga Chlamydomonas reinhardtii (Liu et aI, 

1988). Since the nomenclature used with the Chlamydomonas protein is that of 

position of the protein upon mobility on two-dimensional gel systems (Schmidt et 

aI, 1983), it is evident that the Chlamydomonas protein is the homolog of the E. 

coli and higher plants L27 ribosomal proteins. 

The cleavage point of the transit peptide from the tobacco mature L12 

ribosomal protein is at the Ala(-l)-Ala( + 1) bond in the sequence Pro 
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(-4)-Leu-Ala-Ala-Val-Glu (+3). Arginine occurs at positions -9 and -10. In the 

tobacco L27 ribosomal protein, the predicted cleavage point from the mature 

protein is at the Ser(-l)-Ala(+l) bond in the sequence lIe(-3)-Glu-Ser-Ala-His-Lys 

(+3). As such, there is an Ala at position + 1 and lIe at position -3. The context 

of the cleavage sites for L12 and L27 agree with the conservative transit peptide 

cleavage motif of chloroplast transit peptides where analysis has shown an 

enrichment of Ala at positions -1 and + 1, lIe at position -3 and Arg at positions 

-10 to -6 (Gavel and von Heijne, 1990). 

Like its higher plant counterpart, the Chlamydomonas L27 protein is 

synthesized in the cytoplasm as a precursor and is imported into chloroplasts 

(Schmidt et aI, 1984). However, the processing of the Chlamydomonas protein to 

its mature form occurs in two steps rather than the one step observed for other 

chloroplast precursor proteins (Schmidt et aI, 1985a). The first L27 Processing 

step resembles the rapid processing step observed for other imported chloroplast 

proteins and is likely involved with the transport of the protein into the 

chloroplasts. The second processing step is slow and could be followed kinetically 

in vivo (Schmidt et aI, 1985a). It occurs during ribosome assembly, depends on 

one or more non-ribosomal chloroplast proteins and might be required for the 

maturation of the 50S ribosomal subunit. It is suggested that this slow processing 

kinetics step might involve some kind of carboxyl terminus processing (Liu, et aI, 

1988). It should be noted that the kinetics of the processing event involving the 
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maturation of the Chlamydomonas protein differs markedly from the two step 

processing mechanism proposed for a number of chloroplast imported proteins 

including the small subunit of RuBis Co from pea (Robinson and Ellis, 1984) and 

Chlamydomonas (Mishkind et aI, 1985) and of plastocyanin from pea (Hageman, 

et aI, 1990). These processing steps occur very quickly, do not require chloroplast 

protein synthesis and represent a two-step cleavage of the amino-terminus transit 

peptide. 

Besides the transit peptide, tobacco ribosomal proteins L24 and L27 have 

carboxyl-terminal extensions when compared to their E. coli counterparts. While 

the length of the carboxyl terminal extension in the L24 protein is 24 amino acids 

over its bacterial counterpart (Figure 27), that of the tobacco L27 protein is 40 

amino acids over its bacterial homolog (Figure 37). The carboxyl terminal region 

in tobacco L24 protein has an equal number of acidic (Asp + Glu) and basic 

(Lys) amino acids and an unusual high content of Ala (25%). The charged amino 

acid sequence "Lys-Glu-Lys-Glu-Lys" lies exactly in the center of this carboxyl 

terminal extension and may be important in the structure and/or function of L24. 

However, the exact function of this carboxyl terminal extension is not known. 

Whether it is present in the mature chloroplast L24 protein is not known; if 

present, it will be of interest to determine its importance in the structure and 

function of L24. 
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The role of the carboxyl terminal extension of tobacco ribosomal protein L27 

in regulating the rate of ribosome assembly is discussed in the following section. 

3. Presence of Carboxyl-Terminus Processing Sites in Chloroplast 

Ribosomal Proteins. A Hypothesis 

Two of the ribosomal proteins (L24 and L27) studied in this dissertation have 

carboxyl-terminus extensions when compared to their prokaryotic counterparts. 

The function of these extensions is not presently known. I suggest that these 

carboxyl-terminus extensions are involved in processing events during the assembly 

of the proteins into the ribosome. Slow processing events which could be followed 

kinetically in vivo are characteristics of the carboxyl-terminus extension cleavage. 

Processing of carboxyl-terminus extensions have been found in some proteins 

including glucagon (Tager and Steiner, 1975; Patzelt, et aI, 1979), procollagen 

(Fessler, et aI, 1975; Fessler, et aI, 1981) and the chloroplast encoded 32kd protein 

D1 of photosystem II (Marder, et aI, 1984). In procollagen, the carboxyl-terminus 

extension appears to play an assembly role by providing a disulfide bridge. The 

carboxyl-terminus processing in the 32kd chloroplast protein is necessary to ensure 

the correct sequence of events for assembly of the 32kd protein into the 

photosynthetic membrane (Marder, et aI, 1984). 

In light of data presented here, the two-step processing events described for 

the Chlamydomonas L27 (L18) protein might be interpreted as follows: Besides 

the amino terminal transit peptide, tobacco chloroplast ribosomal protein L27 



272 

possess a carboxyl-terminus amino acid extension of 40 amino acids when 

compared to its E. coli counterpart. Removal of the transit peptide during import 

of L27 into the chloroplast probably corresponds to the first processing step of the 

Chlamydomonas L27 protein. I suggest that the second kinetic slow step might 

involve the removal of part or all of the carboxyl-terminus extension of the protein 

in one or more steps. This proposed carboxyl-terminus processing could regulate 

the rate of ribosome assembly. Thus, a nuclear-encoded ribosomal protein may 

control chloroplast ribosome biogenesis. This mechanism, suggesting that the 

carboxyl-terminus extensions of chloroplast ribosomal proteins function as signals 

for processing, provides a rationale for a role of nuclear-encoded chloroplast 

ribosomal proteins in regulating chloroplast ribosome assembly. 

The carboxyl-terminus extension of tobacco L27 is highly hydrophilic, with 

80% polar amino acid residues. Almost half of these polar residues (47%) are 

charged amino acids with the center of the polypeptide having a cluster of basic 

amino acids (RERRKAAR). The carboxyl-terminus of L27 also possesses four 

cysteines, three of which are linked at the very end of the protein. These 

cysteines could provide disulfide bridges necessary for C-terminal processing. 

Whether this hypothesized C-terminal processing is true, remains to be seen. 

It should be noted, however, that the Chlamydomonas L27 protein has estimated 

molecular weights of 18,500, 17,000 and 15,000 for the precursor, processing 

intermediate and mature protein, respectively (Schmidt, et aI, 1985). As deduced 
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from sequence analysis, the tobacco L27 ribosomal protein has an estimated 

molecular weight of 19,641 for the precursor protein and 14,420 for the mature 

protein after the removal of the transit peptide. If the whole carboxyl-terminus 

extension of the protein is removed, a protein with a molecular weight of 9,562 

would result, which is far smaller than the mature Chlamydomonas L27 protein. 

However, a molecular weight of 9,562 is in good agreement with the molecular 

weight of E. coli L27 ribosomal protein of 8,993. It is also evident that none of 

the two peptides removed from the Chlamydomonas protein (each has an 

estimated molecular weight of 1,500) is comparable to the molecular weight of 

either the tobacco L27 transit peptide (estimated molecular weight of 5,221) or its 

proposed carboxyl-terminus extension (estimated molecular weight of 4,858). 

Therefore, compared to the Chlamydomonas protein, the tobacco L27 protein 

seems to have developed higher molecular weight extensions both at the amino 

and carboxyl-terminus extensions. 

4. Analysis of Translation Initiation Sequence Context and Codon 

Usage Including Termination Codons 

In the present results, the sequence flanking the proposed initiator codon in 

tobacco ribosomal proteins L12, L24 and L27 have an A at position -3 and a G at 

position +4 (The A of the ATG codon is + 1). This finding fulfils the consensus 

sequence commonly found in functional plant initiator codons (Lutcke et aI, 1987). 

In agreement with many nuclear genes encoding chloroplast proteins, the 
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dipeptide at the amino terminus of the three tobacco precursor ribosomal proteins 

is Met-Ala (von Heijne, et aI, 1989). 

The mature L12 ribosomal protein is an acidic protein having a high percent 

of acidic amino acids (18%) compared to basic amino acids (12%, Table 1). As 

such, it differs from the mature tobacco L27 ribosomal protein which has a high 

content of basic amino acids (25%) compared to acidic amino acids (9.4%, Table 

3). The tobacco L12 protein, also, has a high content of Ala (21%), Val (10.5%) 

and Leu (9%) compared to the tobacco L27 ribosomal protein which has lower 

content of Ala (3.1%), Val (7%) and Leu (4.7%). The L27 ribosomal protein, 

however, has more than double the amount of Gly (10.9) compared to the L12 

protein (4.5%). The amino acid composition of mature tobacco ribosomal protein 

L24, shows a high content of basic amino acids (25.5%) compared to acidic amino 

acids (12.7%, Table 2) indicating a net positive charge which is characteristic of 

the basic ribosomal proteins. It also has a high content of Val (10.2%). 

The three tobacco nuclear-encoded ribosomal proteins (L12, L24 and L27) 

show preference for codons ending in T for lIe, Val, Cys, Gly, Ser, Pro, Ala, Tyr 

and Asp; A for Glu; C for Phe, Arg, His and Asn; and G for Leu, GIn and Lys. 

This codon usage does not share the high overall preference for co dons ending in 

T or A displayed by the ribosomal protein genes located in the chloroplast 

genome. The G+C content of the chloroplast DNA of higher plants is relatively 

low (37%, Hoober, 1984), compared to that of the nuclear DNA of higher plants 



which varies between 34-50% (Shapiro, 1970). Thus, the codon usage pattern 

shown by the three genes for tobacco ribosomal proteins L12, L24, and L27 

probably reflects an adaptation to the new environment of high G+C content 

found in the nuclear DNA. 
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All three termination co dons UAA (ochre), UAG (amber) and UGA (opal) 

occur in the three different tobacco ribosomal protein genes studied. Tobacco 

ribosomal protein L12 gene uses the UAA termination codon, while tobacco 

ribosomal protein L24 and L27 genes use the UAG and UGA termination codons, 

respectively. Termination of translation of plant nuclear-encoded genes is known 

to occur at a frequency of UAA (50%), UGA (29%) and UAG (21%) (Bonham

Smith and Bourque, 1989). Tobacco nuclear-encoded ribosomal protein genes are 

no exception and seem to use all the available termination codons. 

5. Presence of Plant Polyadenylation Signal 

A plant polyadenylation signal ATAAA (Heidecker and Messing, 1986) occur 

in one of the cDNAs encoding tobacco ribosomal protein L24 (L24-2, Figure 31). 

The second cDNA for the same protein (L24-1) from tobacco lacks the signal. 

Both cDNAs for tobacco chloroplast ribosomal protein L27 possess the consensus 

signal variant GATAA (Messing et aI, 1983). However, both of the cDNAs 

encoding tobacco ribosomal protein L12 lacks a clearly identifiable 

polyadenylation signal. The absence or presence of the consensus polyadenylation 

signal (ATAAA) in higher plant genes does not seem to affect their capacity to be 
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polyadenylated. However, the position of the poly(A) tail in the two L24 cDNAs 

differs by more than 150 nucleotides. In the case of tobacco ribosomal protein 

L27, where both of the cDNAs have the same poly(A) signal, the poly(A) tail 

differs by only three nucleotides. When the poly(A) addition signal is absent from 

both cDNAs as in tobacco ribosomal protein L12, the position of the poly(A) tail 

varies by more than 50 nucleotides between the two L12 cDNAs. 

The inconsistency in the location or absence of the poly(A) addition signal 

extends to the coding sequences for nuclear encoded chloroplast ribosomal 

proteins from other plants as well. The cDNA for the nuclear-encoded spinach 

chloroplast ribosomal protein L12 has the consensus ATAAA poly(A) signal 

(Giese and Subramanian, 1989). As mentioned above, the two cDNAs coding for 

tobacco L12 lack the signal. On the other hand, while one of the cDNAs 

encoding tobacco chloroplast ribosomal protein L24 has a typical poly(A) addition 

signal, none of the two cDNAs coding for pea L24 has such a signal. The 

consensus signal is also lacking from all other sequences for nuclear-encoded 

higher plant chloroplast ribosomal proteins identified to date, including the 

cDNAs coding for ribosomal proteins L9, PsCLI8, PsCL25 and S17 from pea 

(Gantt, 1988; Gantt and Thompson, 1990), S17 from Arabidopsis tlzaliana (Gantt 

and Thompson, 1990), and spinach ribosomal proteins L13 (Phua, et aI, 1989), 

L21 (Smooker, et ai, 1990a), L35 (Smooker, et aI, 1990b), Psrp-1 (Johnson, et ai, 

1990) and CS-S5 (Zhou and Mache, 1989). Each of these cDNAs, of course, has 
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a poly(A) tail at the 3' -end of the cDNA. This suggests that the consensus 

ATAAA signal is not essential for poly(A) addition, or that other signals or 

alternative mechanisms are involved in higher plant mRNA 3' -end modification. 

Polyadenylation signal sequences in plant mRNAs vary rather considerably 

and are found 15 to 35 nucleotides 5'- of the poly(A) tail in about 90% of plant 

mRNAs (Heidecker and Messing, 1986; Joshi, 1987; Hunt, et aI, 1987). The 

absence of the typical polyadenylation signal (AATAAA) from a number of higher 

plant genes has been noticed before (Dean, et aI, 1986). It is also known that 

mRNA transcripts of several plant genes have more than one polyadenylation 

signal (Dhaese, et aI, 1983) and are polyadenylated at multiple sites in vivo (Dean, 

et aI, 1986). It appears that polyadenylation of plant mRNA has less stringent 

requirements than animal systems where the signal (AATAAA) is stringently 

conserved (Proudfoot and Brownlee, 1976). Variants of the animal consensus 

sequence have been identified and suggested to function as poly (A) addition 

signals in a number of nuclear encoded chloroplast ribosomal protein cDNAs from 

different plants. These sequences are A TT AAA in the spinach ribosomal protein 

L13 (Phua, et aI, 1989), AAATGAT in the spinach ribosomal protein L35 

(Smooker, et aI, 1990b), AATGA in the Arabidopsis tlzaliana ribosomal protein 

S17 (Gantt and Thompson, 1990) and AATAT and AATAA in the pea ribosomal 

protein S17 (Gantt and Thompson;, 1990). Two polyadenylation signals were also 
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suggested to exist in the 3'-sequence of the spinach ribosomal protein L13 mRNA 

(Phua, et aI, 1989). 

6. Identity of Sequence and Function of Tobacco Nuclear-Encoded 

Chloroplast Ribosomal Proteins to Related Prokaryotic and 

Eukaryotic Ribosomal Proteins 

The sequences of tobacco ribosomal proteins L12, L24 and L27 were aligned 

with the corresponding bacterial and eukaryotic counterparts using the computer 

program Gap (Needleman and Wunsch, 1970). There is high identity between the 

same class proteins identified from different plants, i.e., the L12 type precursor 

proteins from tobacco and spinach have 70% identity (Figure 18), and the L24 

type precursor proteins from tobacco and pea have 73% identity in their deduced 

amino acid sequences (Figure 27). The identity between the chloroplast ribosomal 

proteins and their prokaryotic counterparts in the overlapping regions excluding 

transit peptides and carboxyl terminal extensions, ranges from 33-51 % for tobacco 

ribosomal protein L12 (Figure 18), 35-45% for tobacco ribosomal protein L24 

(Figure 27), and 56-64% for tobacco ribosomal protein L27 (Figure 37). 

Significant, but lower, identity exists between the tobacco proteins (LI2, L24 and 

L27) and their other eukaryotic counterparts. The tobacco L12 protein has 

identity ranging from about 26-28% with its eukaryotic acidic protein counterparts 

from yeast, rat and brine shrimp in the overlapping region; while the tobacco L27 
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ribosomal protein has 56% identity with a ribosomal protein (MRP7) from yeast 

ribosomes. 

The amino acid similarity which extends from prokaryotic to eukaryotic 

ribosomal proteins indicates the possibility that these proteins are playing the 

same role in the ribosomes from different phylogenetic origins. The L12 proteins, 

for example, are found in all classes of ribosomes and they display the same 

acidic, alanine rich composition. However, two distinct types of L12 proteins 

occur: one type in prokaryotic and chloroplast ribosomes, and the second type in 

eukaryotic cytoplasmic and archaebacterial ribosomes (Matheson, et aI, 1980 and 

1990; Strobel, et aI, 1988). The prokaryotic type has 40-55% amino acid sequence 

identity within its group but only 20-30% identity to the other group. The 

chloroplast ribosomal protein L12 has high identity with its prokaryotic 

counterparts, even though it is encoded in the nuclear genome. 

Demonstrated functions of the L12 ribosomal protein in the prokaryotic E. 

coli ribosome, for example, include involvement in the binding to tRNA during 

ribosome assembly (Nierhaus, 1980), maintenance of ribosome structure and 

function (Nierhaus, 1980), participation in protein synthesis by binding to other 

factors and components required for translation (Moller and Maassen, 1986; 

Kirsebom and Isaksson, 1985) and the possible involvement in the guiding tRNA 

movement between the P and A sites in the ribosome during the elongation cycle 

of translation (Moller, 1990). Both reconstitution techniques (Kischa, et aI, 1971) 
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and cross-linking studies (Acharya, et aI, 1973) have shown direct participation of 

E. coli ribosomal protein L12 in elongation factor G(EF-G) binding to the E. coli 

50S ribosomal subunit, in GTP hydrolysis and the possible involvement in tRNA 

binding to ribosomes (Kirsebom and Isaksson, 1985). In E. coli, the L 7/L12 

protein is the only protein present in the ribosome in multiple copies 

(Subramanian, 1975) and which, as a tetramer, forms a morphologically distinct 

"stalk" on the 50S subunit (Lake, 1980). In chloroplasts, the L12 protein is also 

present in the ribosome in multiple copies (Bartsch, et aI, 1982). Whether it 

forms a distinct stalk and is functionally identical to its bacterial counterpart, 

awaits further investigation. 

Ribosomal protein L24, on the other hand, is a component of the 50S subunit 

of the prokaryotic ribosomes. In E. coli, it is a primary RNA binding protein 

important for the initiation of assembly of the ribosomal particles (Nowotny and 

Nierhaus, 1982; Wittmann-Liebold, 1986). Its gene is a component of the spc 

operon, located adjacent to the L14 gene. Its synthesis is regulated by the S8 

ribosomal protein which is encoded by the fifth gene of the spc operon in E. coli 

(Matheakis, et aI, 1989). Ribosomal protein S8, which is known to regulate the 

synthesis of the rest of the ribosomal proteins in the spc operon, controls the 

synthesis of the L24 and neighboring L14 ribosomal proteins by acting at the same 

mRNA target site as it does for the other component proteins. However, in the 

case of ribosomal proteins L24 and L14, the retro-regulation involves the 
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nucleolytic cleavage of the spc mRNA which is triggered by the S8 protein. This 

is followed by mRNA degradation by 3' -to-5' exonucleases which results in the 

inhibition of the synthesis of ribosomal proteins L24 and L14. 

In E. coli, ribosomal protein L24 binds to the 23S ribosomal RNA 

stoichiometrically (Nierhaus, 1980). The protein binds and protects ribosomal 

RNA fragments comprising a sequence of 480 nucleotides, beginning only 9 

residues from the 5'-terminus of 23S ribosomal RNA (Branlant, et aI, 1973 and 

1977). E. coli mutants with altered protein L24 phenotypes have been isolated 

(Dabbs, 1982). A mutant missing ribosomal protein L24 has a severe defect in the 

large subunit assembly and a temperature sensitive phenotype. Evidence from 

other mutant studies (Dabbs, 1986) suggested that ribosomal protein L24, in E. 

coli, is involved in the regulation of several genetically widely separated groups of 

ribosomal protein genes. The data suggested a hierarchy of control above that of 

individual operons, where certain proteins control the expression of a whole set of 

genes. Nothing is known about the function of the protein in chloroplast 

ribosomes. Although it probably functions as does its bacterial counterpart, proof 

of this hypothesis remains to be shown experimentally. 

Of the three nuclear encoded tobacco chloroplast ribosomal proteins, 

ribosomal protein L27 has the highest identity with its bacterial counterparts 

(72-77%). The identity between this protein and the L27 protein of E. coli 

ribosomes (77%) is the highest to date between a higher plant nuclear-encoded 



282 

chloroplast ribosomal protein and a bacterial ribosomal protein. Excluding the 

transit peptide sequence and the carboxyl overhang in the chloroplast protein, the 

identity between the L27 protein from tobacco chloroplasts and E. coli seems 

consistent and extends along the whole length of the bacterial protein. The high 

degree of amino acid similarity and conservation between the two proteins 

strongly suggests that the plant protein has the same functional properties in the 

chloroplast ribosomes as does its bacterial counterpart in E. coli ribosomes. 

In E. coli, ribosomal protein L27 was identified as a constituent of the 

peptidyltransferase center based on cross-linking studies with either peptidyl or 

amino acyl-tRNA labels as well as antibiotic derivatives (Of eng and, et aI, 1986). 

Using immuno-electron microscopy, ribosomal protein L27 has been localized on 

the central protuberance of the large subunit of E. coli ribosome (Lake and 

Strycharz, 1981) near the subunit interface (Morrison et aI, 1973). This conclusion 

is inferred from the fact that antibodies which bind to the L27 ribosomal protein 

prevent the reassociation of subunits to form the 70S ribosomes, and that the L27 

ribosomal protein could be cross-linked to the S9 protein of the 30S subunit of the 

E. coli ribosome (Traut, et aI, 1980). Further mapping of the 50S subunit proteins 

by immuno-electron microscopy has shown the L27 ribosomal protein along with 

two other proteins, L2 and L15, clustered on the subunit interface in the valley 

between the L1 ridge and the central protuberance (Stoffler and Stoffler, 1986; 

Hackle, et aI, 1988). This cluster is shown to be the site of contact of amino-acyl 
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tRNA with the ribosomal P site (Wower, et aI, 1989). Results of earlier reports 

suggested that ribosomal protein L27 in E. coli is a member of the "late assembly 

group" not required in the early stages of assembly of the 50S subunit (Rohl and 

Nierhaus, 1982), nor did it bind to the 23S ribosomal RNA. However, antibiotic 

derivatives in conjunction with ultraviolet irradiation were also used to determine 

the sites on the 23S ribosomal RNA which are cross-linked to ribosomal protein 

L27 in E. coli ribosomes (GuIle, et aI, 1988). 

E. coli ribosomal protein L27 is also labelled with analogs of chloramphenicol 

(Sonenberg, et aI, 1973). Chloramphenicol is a bacteriostatic antibiotic which 

inhibits peptide bond formation in bacteria (Lamborg and Zamecnik, 1960), 

mitochondria (Kroon, 1965) and chloroplasts (Ellis, 1969). The reagent analogs 

specifically alkylate cysteines of ribosomal proteins L2 and L27. Recently, the 

chloramphenicol interaction site with the 23S ribosomal RNA has been identified 

within the peptidyltransferase center of the 50S subunit of the E. coli ribosomes 

(Marconi, et aI, 1990). 

E. coli mutants lacking ribosomal protein L27 have severe impairment of 

growth (Dabbs et aI, 1983) probably due to the important function of the L27 

ribosomal protein as part of the peptidyltransferase center. The fact that an 

eukaryotic ribosomal protein (MRP7 from yeast mitochondrial ribosomes, Fearon 

and Mason, 1988) has shown significant similarity (56%) to the chloroplast 



284 

ribosomal protein L27, suggests that L27 type proteins are universally associated 

with the peptidyltransferase center involved in GTP hydrolysis. 

Examination of sequence relationships as similarities between the different 

classes of ribosomal proteins is considered one of the important means for 

studying the evolution of organisms, since ribosomes are essential components of 

modern living cells (Wittmann-Liebold, et aI, 1990). similarity relationships 

between the ribosomal proteins from different organisms become apparent as 

more sequence data accumulates. This is true, for example, for two evolutionary 

distant eukaryotic species: rat and yeast. Twenty of the 35 rat ribosomal proteins 

whose primary structure has been determined have a counterpart among the 26 

completely sequenced yeast ribosomal proteins (Wool, et aI, 1990). The identities 

in the alignments are significant ranging from 40-80% suggesting;, in some cases, a 

protein to protein correlation. On the other hand, six out of eight of the Xenopus 

ribosomal proteins whose sequence is fully or partially determined, have identity 

to rat ribosomal proteins. This identity ranges from 58-95%. Identity also extends 

between 12 rat ribosomal proteins and those from archaebacteria (25-58%) and 

between six rat ribosomal proteins and their counterparts from E. coli (28-40%, 

Wool, et aI, 1990). It is likely, given the fact that ribosomes are involved in the 

process of protein synthesis in all organisms, identical proteins of different species 

probably have conservative functions even when found in different classes of 

ribosomes. However, as these proteins become more divergent, they may develop 
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new functional as well as sequence characteristics, depending on the new 

environment they encounter. Nuclear-encoded chloroplast ribosomal proteins, 

although prokaryotic in nature, are encoded by genes which may have been 

transferred from a prokaryotic endosymbiont to the nuclear genome. These genes 

must have adapted to this new environment and developed new features to suit 

the new challenge. These features include, for example, the presence of transit 

coding sequences, introns, poly(A) tails and carboxyl-terminus extensions resulting 

in larger proteins, compared to their prokaryotic and chloroplastic encoded 

counterparts. 

To study the genes for nuclear encoded chloroplast ribosomal proteins is 

therefore important for several reasons: 

1. These nuclear genes contain introns, the mature mRNA is monocistronic 

and polyadenylated. As such, it differs from the polycistronic mRNA for 

ribosomal proteins which are organized in operons in bacteria (Nomura, et aI, 

1984) and chloroplasts (Shonozaki, et aI, 1986; Christopher and Hallick, 1990). 

Accordingly, the transcriptional as well as translational control of these nuclear 

genes is likely to differ from that of their chloroplast counterparts in the same cell. 

2. The proteins are synthesized on cytoplasmic 80S ribosomes. All known 

examples of nuclear-encoded chloroplast polypeptides have a transit peptide 

necessary to guide them into the chloroplasts (Schmidt and Mishkind, 1986). 

Isolation and characterization of more genes for nuclear-encoded chloroplast 
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ribosomal proteins provides additional transit peptide sequences, the analysis of 

which will contribute to a better understanding of the process of protein transport 

into organelles. 

3. The plastids with their accompanying photosynthetic systems, are believed 

to have evolved from symbiotically-derived organelles (Margulis and Bermudes, 

1985). Nuclear genes for essential organelle functions, which were originally 

encoded in the eubacterial endosymbiont that evolved into modern chloroplasts, 

were transferred to the nuclear genome during plant evolution. This theory is 

partly supported by results of comparative studies of ribosomal RNA nucleotide 

sequences (Gray, 1983), and by the observed, highly significant amino acid 

sequences similarities between nuclear-encoded plastid proteins and their bacterial 

counterparts. As such, the nuclear encoded chloroplast ribosomal protein genes 

would form a special class of prokaryotic type genes that were incorporated into 

the nuclear genome throughout (and in some cases, even relatively recently) the 

course of evolution. Though these genes might still carry some of their 

prokaryotic ancestral characteristics, they are expected to reflect structural 

modifications acquired by virtue of their transfer and continuing evolutionary 

presence in their new nuclear location. This makes characteristics such as gene 

copy number, chromosomal location, presence of introns, intron-exon 

arrangements as well as their transcriptional signals and transcriptional regulation 

of particular interest. 
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Two major challenges are encountered in the study of nuclear encoded 

chloroplast ribosomal protein genes. The first is the characterization of the full 

complement of the nuclear encoded chloroplast ribosomal protein genes. This 

includes gene or cDNA isolation and analysis of their sequences to ascertain the 

adaptations and modifications which the genes and their protein products have 

undergone as a result of their presence in the nuclear genome. The most obvious 

adaption is the presence of the transit peptide sequence in all the nuclear 

ribosomal proteins identified to date. While these transit peptides share more or 

less related amino acid composition, amino acid sequence identity between them is 

lacking. However, as more sequences become available, information on the 

general and specific functional features of these transit peptides, their evolutionary 

origin and the mechanism of their directional transport will be elucidated. 

Another adaption the nuclear genes have undergone is that they seem to be 

significantly larger than their bacterial counterparts. This is in contrast to the 

chloroplast DNA-encoded ribosomal proteins which are either smaller, equal size 

or somewhat larger than their bacterial counterparts. This increase in size results 

from the presence of N-terminal transit peptide extensions and (in some 

instances) the presence of marked carboxyl terminal extensions. While the 

function of the transit peptides is to target proteins into chloroplasts (Schmidt and 

Mishkind, 1986), the function of the carboxyl terminus extensions is not known. 

They might represent structural features that have risen by virtue of the new 



location of the genes in the nuclear compartment; or, they might have a role in 

the regulation of ribosome assembly. 
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Surprisingly, some nuclear-encoded chloroplast ribosomal proteins share no 

amino acid similarity with known bacterial ribosomal proteins (Johnson, et aI, 

1990; Zhou and Mache, 1989; Gantt, 1988; Thomas, unpublished results). It has 

been assumed that chloroplast and bacterial ribosomes had approximately equal 

numbers of similar proteins (Capel and Bourque, 1982). In fact, the similarity 

between chloroplast ribosomal proteins and their bacterial counterparts was used 

to identify these chloroplast ribosomal proteins (Hallick and Bottomley, 1983). 

The appearance of the nuclear-encoded chloroplast ribosomal proteins that lack 

similarity to E. coli ribosomal proteins, represents a new evolutionary 

development. Contrary to the endosymbiont theory presented above, these 

proteins might represent a class of ribosomal proteins that did not have their 

origin in the eubacterial ancestral ribosome. They could have originated in the 

nucleated host of the endosymbiont from which properties important for 

chloroplast ribosome function were acquired during or after the establishment of 

endosymbiosis. 

The second challenge which is encountered in the study of nuclear-encoded 

chloroplast ribosomal protein genes and their protein products is to understand 

the coordination of assembly of chloroplast ribosome. To assemble the 

chloroplast ribosome properly, synthesis of the components which are coded by 



289 

the chloroplast genome, (i.e. ribosomal RNA and about 20 ribosomal proteins) is 

to be coordinated with the synthesis of those coded by the nuclear genome (about 

40-50 ribosomal proteins). This necessitates the presence of an efficient signaling 

system to coordinate the expression of genes located in the two different cellular 

compartments. The organization of some ribosomal protein genes in the 

chloroplast genome is that of operon-like structure similar to those of E. coli 

(Tanaka, et aI, 1986). Data indicates that these genes are transcribed as 

polycistrons which are subsequently processed (Ohto, et aI, 1988; Christopher and 

Hallick, 1990). The organization of the nuclear-encoded ribosomal protein genes 

in the nuclear genome is not known. It will be interesting to know whether these 

genes are located on different chromosomes, whether some are in clusters on the 

same chromosome, whether they are transcriptionally linked, and what regulatory 

features they have acquired by virtue of their presence in the nuclear genome. 

An understanding of the control mechanisms that have evolved to ensure 

efficient ribosomal assembly and functioning is essential. The complexity of this 

regulation problem becomes evident when we consider the gene dosage ratios in 

plants. In a mature leaf cell, for example, there is usually one nucleus and many 

chloroplast (50-200) and each chloroplast contains up to 1,000 copies of its 

genome (Hoober, 1984). There is generally one to few copies of a nuclear gene 

per a nuclear genome. This means a gene dosage of one to a few 

nuclear-encoded genes compared to 103 
- 104 chloroplast encoded genes in a 
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single plant cell. The question is what regulatory mechanism(s) exist that make 

these nuclear genes so efficient in order to produce ribosomal proteins in 

stoichiometric amounts to those produced by the vast number of genes present on 

the chloroplast genome. Even when the nuclear gene products are synthesized, 

they must undergo several different processing events prior to transport through 

the chloroplast membranes before they could be incorporated into the functional 

ribosome. 
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SUMMARY 

cDNAs from poly(AtmRNA isolated from tobacco leaves were synthesized 

and cloned into the expression vector 19t1l using EeaRI linkers. Libraries were 

packaged and screened immunologically with antibodies to purified chloroplast 

ribosomal proteins. Partial cDNAs for three of the nuclear-encoded chloroplast 

ribosomal proteins (L12, L24 and L27) were identified and used as probes to 

screen a similar cDNA library cloned in 19t1l using annealed EeaRIISmaI 

adaptors. To avoid EeaRI partial digestion of insert cDNA, a novel insert isolation 

and recloning protocol using the two enzymes SplI and Asp718 is presented. 

Full length cDNAs for the three nuclear-encoded ribosomal proteins (L12, 

L24 and L27) were isolated and sequenced. Each of these cDNAs have a 5'-non

translated sequence, a protein coding sequence and a 3' -non-coding sequence. The 

coding sequence codes for a transit peptide and a mature protein. When 

compared to their prokaryotic counterparts, two of the tobacco chloroplast 

proteins (L24 and L27) also possess carboxyl terminal extensions, the function of 

which is not known. The three tobacco proteins show high identity in their 

deduced amino acid sequence to their counterparts from other plant and bacterial 

sources. Judging from hydropathicity patterns, conserved structure and function 

could be predicted for the three tobacco proteins and their bacterial homologs. 

The size of the cytoplasmic mRNA for each of the three tobacco proteins was 

confirmed by Northern blot analysis. At least two cDNAs, identical in their coding 
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sequence but different in their 3' non-coding sequence, exists for each of the three 

tobacco proteins. The presence of more than one gene for each of the three 

proteins was also suggested by Southern blot analysis of tobacco genomic DNA. In 

the case of ribosomal protein L27, cloned genomic fragments likely to represent 

two different genes were obtained and shown to have different restriction 

fragment hybridization patterns when probed with an L27 cDNA. 



1. TE Buffer 

APPENDIX 1 

Media and Solutions 

10 mM Tris-HCI, pH 8.0, 1 mM EDT A. 

2. lOx ClAP Buffer 

0.5 M Tris-HCI, pH 8.0, 1mM EDT A, pH 8.0. 

3. lOx Ligation Buffer 
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0.5 M Tris-HCI, pH 7.5, 100 mM MgCI2, 100 mM DTT, 10 mM ATP and 10 

mM spermidine. 

4. Homogenization buffer 

0.3 M sucrose, 5 mM MgCI2, 50 mM Tris-CI, pH 8.0. 

5. Suspension buffer 

30 mM Tris-HCI, pH 8.0,10 mM EDTA. 

6. Dialysis buffer 

5 mM Tris-HCI, pH 8.0, 0.25 mM EDTA. 

7. Guanidine Hydrochloride Solution 

8 M guanidine hydrochloride, 20 mM MES, 20 mM Na2-EDTA, pH 7.0. The 

solution was filtered through a 0.4 J.Lm filter unit (Nalgine) and made 50 mM 

with mercaptoethanol. This solution was stable for 4 weeks. 
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8. Cesium Chloride Solution 

A 0.2 M EDTA solution, pH 7.0 (100 ml) was brought to 150 ml with water. 

195 g of cesium chloride were added and dissolved completely. The solution 

was made 0.2% with diethyl pyrocarbonate (DEPC) and sterilized by 

autoclaving. 

9. Guanidine Isothiocyanate Solution 

4 M guanidine isothiocyanate, 50 mM MES, 50 mM Naz-EDTA, pH 7.0 and 

Sarkosyl. The solution was filtered through a 0.4 JLm filter and made 5 mM 

with mercaptoethanol. This solution was stable for three weeks. 

10. 2x Binding buffer 

20 mM Tris-HCI, pH 7.5, 0.8 M NaCI, 1% SDS and 20 mM EDTA. The 

solution was sterilized by autoclaving. 

11. mRNA Elution buffer 

10 mM Tris-HCI, pH 7.5, 0.1% SDS and 1 mM EDTA. The solution was 

sterilized by autoclaving. 

12. Extraction buffer 

10 mM Tris-acetate, pH 7.6, 50 mM KCI and 3 mM MgCI2• 

13. Wheat Germ Elution buffer (Ix) 

1 mM Hepes-KOH, pH 7.6, 1 mM magnesium acetate and 50 mM potassium 

acetate. 



14. Stock Actinomycin D solution 

800 Jig/ml actinomycin D in 80% ethanol. 

15. First Strand Synthesis Buffer (5x) 

250 mM Tris-HCI, pH 8.3 at 42°C, 40 mM MgCI2, 250 mM KCI. 

16. dNTPs Stock Solution 

deoxynucleoside triphosphate mix (dATP, dCTP, dGTP and dTTP), 5 mM 

final concentration each. 

17. Dithiothreitol (DTT) Solution 

1 M solution in water filtered through a 0.2 Jim Uniflo filter unit. 

18. Second Strand Synthesis Buffer 
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(Per 1 ml of buffer): 400 Jil of 1 M Hepes, pH 7.6, 16 Jil of 1 M MgCI2, 270 

Jil of 1 M KCI, 4 Jil of mercaptoethanol and 310 Jil of water. 

19. T4 DNA Polymerase Buffer (lOx) 

330 mM Tris-acetate, pH 7.9, 660 mM potassium acetate, 10 mM Mg acetate, 

1 mg/ml BSA and 5 mM EDT A. 

20. SAM Solution 

100 mM Tris-HCI, pH 8.0, 10 mM EDTA, 80 JiM S- adenosyl-methionine 

(SAM) and 100 Jig/ml BSA. 

21. T4 Polynucleotide Kinase Buffer (lOx) 

100 mM Tris-HCI, pH 7.5, 100 mM MgCI2, 100 mM DTT, 10 mM ATP. 



22. STE Buffer 

0.4 M NaCl, 10 mM Tris-HCl, pH 8.0 and 1 mM EDTA. 

23. Annealing Buffer (lOx) 

1 M NaCl, 0.1 M Naz EDTA, 0.2 M Tris-HCl, pH 8.0. 

24. Polyethylene glycol (PEG) Solution 

1.5 M NaCl, 13% PEG 8000 

25. SM (Phage Dilution) Buffer (per liter) 
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5.8 g NaCl, 2.0 g MgS04:7HzO, 50 ml 1 M-Tris-HCl, pH 7.5, 5 ml 2% gelatin. 

The buffer was autoclaved at 15 psi for 20 minutes. 

26. LB Medium (Per Liter) 

Bacto-tryptone, 10 g; Bacto-yeast extract, 5 g; NaCl, 10 g. The pH was 

adjusted to 7.5 with 10 N sodium hydroxide. The medium was sterilized by 

autoclaving at 15 psi for 20 minutes. When preparing plates, one of the 

following was added (per liter) just before autoclaving: 

Bacto-agar (or agarose) 15 g (for plates) 

Bacto-agar (or agarose) 7.5 g (for top agar) 

For antibiotic containing agars, the media was cooled to approximately 55°C 

before antibiotic stocks were added. The plates were poured, allowed to 

solidify, inverted and kept at 37°C overnight to dry. They were then kept at 

4°C until used. After autoclaving, the top agar and/or agarose media (7.5%) 



was distributed into small tubes (4-9 ml) and kept liquified in a 50°C water 

bath overnight before use. 

27. Terminal Transferase Buffer (lOx) 
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1.4 M cacodylic acid, 0.3 M Tris base, 1 mM DTT and 10 mM cobalt chloride. 

The buffer was made by dissolving the cacodylic acid, Tris and DTT in water 

and adjusting the pH to 7.6 with freshly prepared 10 N KOH. The cobalt 

chloride was then added slowly with stirring. 

28. MNTA Solution 

Powdered dry skim milk (3% w/v), 0.9% NaCl, 10 mM Tris-HCl, pH 7.5 and 

0.02% sodium azide. 

29. Lysozyme Solution 

50 mg/mllysozyme in 25 mM Tris-HCl, pH 8.0 

30. DNase I Solution 

10 mg/ml DNase I in 25 mM Tris-HCl, pH 8.0 

31. Cyanogen bromide (CNBr)-activated Sepharose 4B 

One g of CNBr-activated sepharose 4B swollen in 1 mM HCl collected on 

sintered glass filter (with suction), resuspended in coupling buffer (#32), 

collected and washed several times with coupling buffer. One g gives 

approximately 3.5 ml swollen gel. 

32. Coupling Buffer 

0.1 M NaHC03, pH 8.3, 0.5 M NaCI. 
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33. Tris-Buffered Saline (TBS) 

25 mM Tris-HCI, pH 7.5, 0.14 M NaCl, 3 mM KCl. 

34. Denaturing Solution 

1.5 M NaCI, 0.5 M NaOH 

35. Neutralizing Solution 

1.5 M NaCl, 1 M Tris-HCI, pH 8.0 

36. Prehybridization Solution 

Formamide (#39, 50%), 5x Denhardt's solution (see below), 5x SSPE, 0.1 % 

SDS, 100 /-£g!ml denatured salmon sperm DNA and 10 /-£g!ml poly(A). After 

all components were dissolved, the solution was filtered through Nalgene 

filters. 

37. 20x SSC Solution 

NaCl (3 M) and sodium citrate (0.3 M) were dissolved in 800 ml of water. 

The pH was adjusted to 7.0 with 10 N NaOH solution and the volume made 

to 1 liter. The solution was sterilized by autoclaving. 

38. Wash Solution 

50 mM Tris-HCI, pH 8.0,1 M NaCl, 1 mM EDTA and 0.1% SDS. 

39. Deionized Formamide 

Formamide was deionized by stirring with the mixed bed resin AG 501 X 8 (5 

g resin for 50 ml formamide) at 4°C overnight. The mixture was filtered twice 
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through #1 Whatman paper and the deionized formamide stored in aliquots 

at -20°C. 

40. 50 x Denhardt's Solution (Per liter) 

Ficoll, 10 g; Polyvinylpyrrolidine, 10 g and BSA (Pentax, Fraction 5), 10 g. 

41. 20 x SSPE 

3.6 M NaCl, 200 mM NaHzP04 and 20 mM EDTA (pH 7.4) 

42. Denatured Salmon Sperm DNA 

Salmon sperm DNA (Sigma, type III sodium salt) was dissolved in water at a 

concentration of 5 mg/mt. The DNA was sheared by passing several times 

through an 18 gauge needle. The DNA was boiled for 10 minutes and stored 

as 1 ml aliquots at -20°C. Just before use, the DNA was denatured by boiling 

for 5 minutes, placed on ice for 2 minutes and added to the prehybridization 

mix. 

43. TB Medium (Per Liter) 

5 g NaCl, 10 g Bacto-tryptone. pH was adjusted to 7.5 with 10 N NaOH and 

autoclaved. 

44. TM Buffer 

50 mM Tris-HCl, pH 7.5, 10 mM MgS04• The buffer was sterilized by 

filtration through a 0.4 J,Lm filter unit. 
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45. STEP Buffer 

0.5% SDS, 50 mM Tris HCI, pH 7.5, 0.4 M EDTA and 1mg/ml proteinase K 

added immediately before use. 

46. Solution PI 

50 mM Tris-HCI, pH 8.0,10 mM EDTA and 400 J..'g/ml RNase A. RNase A 

was prepared for use by boiling for 15 min in 50 mM potassium acetate, pH 

5.5. 

47. Solution PH 

200 mM NaOH, 1% SDS 

48. Resuspension Buffer 

50 mM Tris-HCI, pH 8.0, 50 mM EDTA 

49. Lysozyme Solution 

10 mg/mllysozyme in 0.25 M Tris-HCI, pH 8.0 

50. SOB Medium 

2% (w/v) Bacto tryptone, 0.5% (w/v) yeast extract, 10 mM NaCl, 2.5 mM KCI, 

10 mM MgC12, 10 mM MgS04• SOB medium was prepared without 

magnesium and autoc1aved. A 2 M magnesium stock (1M MgC12:6H20 + 1 M 

MgS04:7H20, sterile filtered) was used to make the medium 20 mM in Mg2+, 

after which it was filtered through a sterile prerinsed 0.22 J..'m filter. The final 

pH was 6.8-7.0. 



51. TFB 

10 mM K-MES (pH 6.2), 100 mM RbCl, 45 mM MnCl:4H20, 10 mM 

CaCI2:2H20, 3 mM hexamine cobalt (III) chloride (HACoCI3). The TFB 

solution was sterile filtered through a pre-rinsed 0.22 J.Lm filter. 

52. DTT Solution 

Dithiothreitol (2.25 M) in 40 mM potassium acetate, pH 6.0. 

53. SOC Medium 

SOB medium containing 20 mM glucose. 

54. Sequenase Buffer (5x) 

200 mM Tris-HCl, pH 7.5,100 mM MgCI2, 250 mM NaCI. 

55. Agtll sequencing primer: 5'-GACTCCTGGAGCCCG-3' 

56. Agt11 reverse sequencing primer: 5'-GGTAGCGACCGGCGC-3' 

57. T3 primer: 5'-ATTAACCCTCACTAAAG-3' 

58. T7 primer: 5'-AATACGACTCACTATAG-3' 

59. M13(-20) primer: 5'-GTAAAACGACGGCCAGT-3' 

60. M13 reverse primer: 5'-AACAGCTATGACCATG-3' 

61. SK primer: 5'-TCTAGAACTAGTGGATC-3' 

62. KS primer: 5'-CGAGGTCGACGGTATCG-3' 

63. Labeling Reaction Mix (5x) 

7.5 J.LM each of dGTP, dCTP and dTTP. 
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64. Dithiothreitol Solution 

0.1 M solution of dithiothreitol in water. 

65. ddG Termination Mix 

80 J.£M dGTP, 80 J.£M dATP, 80 J.£M dCfP, 80 J.£M dTTP, 8 J.£M ddGTP, 

50mM NaCl 

66. ddA Termination Mix 

80 J.£M dGTP, 80 J.£M dATP, 80 J.£M dCfP, 80 J.£M dTTP, 8 J.£M ddATP, 50 

mM NaCI 

67. ddT Termination Mix 

80 J.£M dGTP, 80 J.£M dATP, 80 J.£M dCfP, 80 J.£M dTTP, 8 J.£M ddTTP, 

50mM NaCl 

68. ddC Termination Mix 

80 J.£M dGTP, 80 J.£M dATP, 80 J.£M dCTP, 80 J.£M dTTP, 8 J.£M ddCfP, 50 

mM NaCI 

69. Stop Solution 

95% formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% xylene 

cyanol FF. 

70. lOx TBE Buffer 

0.089 M Tris-borate, 0.089 M boric acid, 0.002 M EDT A. The pH was 

adjusted to 8.0 and the buffer was sterilized by autoclaving. 
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71. T AE Buffer 

0.04 M Tris-acetate, 0.002 EDT A. The pH was adjusted to 8.0 and the buffer 

was sterilized by autoclaving. 

72. Sample Buffer 

0.062 M Tris-Hel, pH 6.8, 2% SDS, 10% glycerol, 5% mercaptoethanol and 

0.001 % bromophenol blue. 

73. Alkaline Gel Running Buffer 

30 mM NaOH, 1 mM EDTA. 

74. Alkaline Gel Loading Buffer 

50 mM NaOH, 1 mM EDTA, 2.5% Ficoll (Type 400, Pharmacia) and 0.025% 

bromocresol green. 

75. Running Buffer (5x) 

0.2 M morpholinopropane sulfonic acid (MOPS), pH 7.0, 0.05 M sodium 

acetate, 0.005 M EDT A. 

76. RNA Denaturing Solution 

Gel running buffer (#75, 2 1.£1); freshly deionized formamide (#39, 10 I.d); 

formaldehyde, 3.5 Id. 

77. Loading Buffer 

30% Ficoll, 1 mM EDTA, 0.25% bromophenol blue and 0.25% xylene cyanol 

FF. 
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78. Tracking dye 

0.25% xylene cyanol FF, 0.25% bromophenol blue in 40% glycerol. 

79. Primers Elution Buffer 

500 mM NaCl, 20 mM Tris-HCI, pH 8.0, 2 mM EDTA and 0.1% SDS 

80. SDS-Gel Running Buffer (Per Liter) 

Trizma base, 3 g, Glycine, 14.4 g and SDS, 1 g. 

81. SDS-Gel Fixing Solution 

25% isopropanol, 10% acetic acid. 

82. SDS-Gel Stain Solution 

25% isopropanol, 10% acetic acid, 25% coomassie blue R-25. 

83. SDS-Gel Destain Solution 

10% isopropanol, 10% acetic acid. 

84. Acrylamide-bisacrylamide (60%-0.4%) 

60g of acrylamide (Ultra pure) were dissolved in 44 ml of water. Three g of 

Amberlite MB-1 mixed bed resin and 19 of Darco G60 activated charcoal 

were added, stirred for 30 minutes and filtered through a #1 What man paper. 

N,N,N',N'-methylene bisacrylamide (Temed, O.4g) were added and dissolved. 

85. Urea-Acetic Acid Solution (10 M Urea-6.7% Acetic Acid) 

The solution was made by dissolving 60g of ultra pure urea in 48 ml of water 

and 6.7 ml of glacial acetic acid. The solution was filtered twice through a 1.2 

J.,Lm glass fibre filter. 



86. Acid-Urea Sample Buffer 

Urea (8M), 5% mercaptoethanol, 0.01% pyronin Y. 

87. Sequencing Gel Fix 

(5% acetic acid, 6% methanol) in water. 

88. TM Solution 

250 mM Tris-HCI, pH 8.0,25 mM MgClz, 50 mM mercaptoethanol. 

89. DTM Solution 

100 J.l.M each of dATP, dGTP and dTTP in TM solution. 

90. OL Solution 

1 mM Tris-HCI, pH 7.5, 1 mM EDTA + 90 AZ60 units/ml of a random 

hexanucleotide primer (Pharmacia, Cat# 2166) 

91. LS Solution 
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Made by mixing 1 M Hepes, pH 6.6: DTM: OL in the ratio of 25: 25: 7. LS 

was aliquoted and stored at -70°C. 

92. Western Transfer Buffer 

20 mM Tris base, 150 mM glycine, 20 mM methanol. 

93. Minimal Medium 

10.5 g KzHP04, 4.5 g KHZP04, 1 g (NH4)zS04 and 0.5 g Na citrate 2HzO, per 

liter. The solution was autoclaved, cooled, then 0.8 ml 1M MgS04:7Hzo, 5 J.l.1 

thiamine-HCI (lmg/ml), and 10 ml 20% glucose were added. 



94. YT Medium (Per Liter) 

5 g NaCl, 5 g yeast extract, 8 g bacto-tryptone. pH adjusted to 7.5 with 

NaOH and autoclaved. 

95. DEPC-Treated Water 

Made by the addition of diethyl pyrocarbonate (DEPC) to distilled and 

deionized water to 0.2% (v/v), and autoclaving at 15 psi for 20 min. 
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Table 1 

Restriction Enzyme Buffers 

Low, medium and high salt buffers 

Buffer 

Low 

Medium 

High 

NaCI 

OmM 

50mM 

100mM 

Tris (pH 7.4) 

10mM 

lOmM 

lOmM 

MgS04 

lOmM 

lOmM 

lOmM 

DTT 

ImM 

ImM 

OmM 
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Table 2*: 

Composition of A mix, G mix, C mix and T mix for A DNA Sequencing 

A mix Gmix C mix T mix 

ddATP (IJ.M) 70 

ddGTP (IJ.M) 160 

ddCTP (IJ.M) 160 

ddTTP (IJ.M) 160 

dATP (IJ.M) 2.5 2.5 2.5 2.5 

dGTP (IJ.M) 34 6.4 45 45 

dCTP (IJ.M) 34 45 6.4 45 

dTTP (IJ.M) 34 45 45 2.5 

NaCI (mM) 50 50 50 50 

MgCl2 (mM) 10 10 10 10 

Tris-CI,pH7.5( mM) 10 10 10 10 

DTT (mM) 1.5 1.5 1.5 1.5 

*Deoxynucleotide stocks (0.5 mM dNTP) and dideoxynucleotide stocks (10 mM 

ddNTP) were obtained from Boehringer Mannheim. NaCl, MgCI2, Tris-Cl and 

DTT solutions (1 M stock) were prepared in the laboratory. Components in each 

mix (A, G, C or T) were combined together in a total volume of 20 1J.1, ali quoted 

and frozen at -70°C until used. 



309 

Table 3 

SDS Protein Gel Solutions 

The following table provides a guideline for choosing gel concentrations to resolve 

different molecular weight classes of proteins: 

% Acrylamide Range of ProteiI'~ 

7.5% 35 - 300 Kd 

10.0% 

12.5% 

15.0% 

20 - 250 Kd 

12 - 50 Kd 

7 - 40 Kd 

The recipes used for a 30 ml volume running gel at different percent acrylamide 

are shown in the following table: 
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Table 4 

Recipes for a 30 ml Volume SDS-Acrylamide Gel 

% acrylamide 7.5% 10% 12.5% 15% 

30:0.8 Acryl:Bis* 7.5 ml 10 ml 12.5 ml 15 ml 

3 M Tris-HCI, pH 8.8 3.75 ml 3.75 ml 3.75 ml 3.75 ml 

10% SDS 0.3 ml 0.3 ml 0.3 ml 0.3 ml 

ddH20 18.28 ml 15.78 ml 13.28 ml 10.78 ml 

TEMED 15 JLI 15 JLI 15 JLI 15 JLI 

Ammonium Persulfate (10%) 0.15 ml 0.15 ml 0.15 ml 0.15 ml 

* Acrylamide stock made by combining 30 g acrylamide, 0.8 g bisacrylamide and 

water to 100 ml. 

30:0.8 Acryl: Bis 

1 M Tris-HCl, pH 6.8 

10% SDS 

ddH20 

TEMED 

10% Ammonium persulfate 

Recipe for 5 ml Stacking Gel: 

0.625 ml 

0.625 ml 

0.05 ml 

3.67 ml 

3.5 ul 

30 ul 



Table 5 

Materials and Chemicals 



I Chemical j Abbreviation I Grade 

Acrylamide Pur1.ty Reagent 

Actiomycin 0 AR 

Adenosine-5'-triphosphate ATP Type 1 

Agarose Ultra Pure 

Ag SOl-X8 resin 
(20-50 mesh) 

I 

[a-32PJdCTP 

Amino acids kit Moleculnr Biology Grade 

Ammonium Persulfate Purity Reagent 

Asp 718 ASP 718 Molecular Biology Grade .. 

Bacto-Agar , 

Bis-acrylamide Purity Reagent 

Bovine serum albumin BSA Fraction V 

Cacodylic acid 

Cesium chloride Ultra Centifugation 
Grade 

Chloroform 

I Creatine Kinase Type 1 

Creatine phosphate Molecular Biology Grade 

Cyanogen bromide (CBR)-
activa~ed-Sepharosc 40 . 

- -

I Source 

Bethseda Research Labs 

P-L Biochemicals, Inc. 

Sigma Chemical Company 

International Biotec, Inc. 
(IBI) 

Bio Rad 

\ 

New England Nuclear 

Sigma Chemical Company 

Bethseda Research Labs 

Boehringer Mannheim 
BiOChemicals 

Difco Laboratories 

Bethseda Research Labs 

Sigma Chemical Company 

Sigma Chemical Company 

Fisher Biotech 

-
EM Science, N. J. 

Sigma Chemical COmpany 

Sigma Chemical Company 

Pharmacia Fine Chemicals 

-

~. 

W 
I--' 
I--' 



DEAE-cellulose .... 
Deoxy and 
dideoxynucleotides 

Deoxyribonuclease I 

d(G)-tailed Puc9 

Dialysis membrane sheets 

Dimethyl-dichlorosilane , 
DNA polymerase I 
holoenzyme 

DNA polymerase I 
(klenow fragment) 

Dithiothreitol 

E, coli strains YlO88, 
YlO90, YI090R, XLI Blue 

E. coli strains NM 538 

EcoRI 

EcoRI Linkers 

EcoRI methylase 

EcoRI-SmaI Adaptors 

Ethidium bromide 

Ethylene diaminetatracetic 
Acid-disodium salt 

(5-bromo-4-chloro-3-
indolyl-p-D-galactoside 

Formaldehyde 

DE52 

dNTPs and Molecular Biology Grade 
ddNTPs 

DNASE I 

Pol I Molecular Biology Grade 

Klenow Molecular Biology Grade 

OTT Molecular Biology Grade .. 

Molecular Biology Grade 

Molecular Biology Grade 

Molecular Biology Grade 

Molecular Biology Grade 

Molecular Biology Grade 

NazEDTA Molecular Biology Grade 

X-gal Molecular niology Grade 

. 
AR 

Whatman 

P. L.-Biochemicals, Inc. 

sigma Chemical Company 

Boehringer Mannheim 
Biochemicals 

Bio-Rad 

Kodak 

Bethseda Research Labs 

Bethseda Research Labs 

Sigma Chemical Company 

Stratagene Cloning Systems 

Clontech 
-

Promega. Biotech 

New England Biolabs 

Promega Biotech. 

New England Biolabs 

Sigma Chemical Company 

Sigma Chemical Company 

Stratagene Cloning systems 

Mallinckrodt 
. -_._._-_._ ... ----

v.) ..... 
N 



... 
Formamilde 

(y-32P]-ATP 

Gene clean 

Gene Screen plus 

Glycerol I 

Glycine 

Guanidine hydrochloride 

Guanidine isothiocyanate 

Guanosine-5'-triphosphate GTP 

Hexamine cobalt(III) 
chloride 

Human placental Rllasin 
ribonuclease inhibitor 

l~I-~tagbYlococcus aureus 
protein A 

(Isopropylthio-~-D- IPTG 
galactoside 

Lambda DNA 

Lambda pakaging extracts 

Lysozyme 

Magnesium acetate 

Magnesium chloride 

MethJ.c:llline ! I,cr~5S) 

Ultra Pure Grade 

Ulra Pure 

EnzYl\1e Grade 

EnzYl\1e Grade 

Type 1 

Gold Label 

Molecular Biology Grade· 

Molecular Biology Grade 

Molecular Biology Grade 

Molecular Biology Grade 

ACS 

AR 

Sigma Chemical Company 

New England Nuclear 

Bio 101, CA. 

Dupont 

Bethseda Research Labs 

Sigma Chemical Company 

sigma Chemical Company 

Sigma Chemical company 

Sigma Chemical Company 

Aldrich Chemical Company 

Bethseda Research Labs 

New England Nuclear 

stratagene Cloning systems 

Sigma Chemical Company 

stratagene Cloning systems 

Sigma Chemical Company 

sigma Chemical Company 

Mallinckrodt 

New England Nuclear 

.-

J 

I 

W 
f-' 
W 



-(N-[hydroxyethyl] HEPES 
piperazine-N'-(2-
ethanesulfonic acid] 

Nitrocellulose Filters 
(diameter 85 or lSOmm) 

I Nitrocellulose paper BASS 
I (O.4Sum) 

N-lauroyl sarcosine Sarkosyl 

N,N,N',N'-Tetramethyl Temed 
ethylene diamine 

Non-fat Dry milk 

Oligi(dT)-cellulose 

Oligo(dT)12-1S 

Poly-prep chromatagraphy 
columns(lO ml capacity) 

Potassium acetate 

Pronase 

Proteinase K 

Protein molecular weight 
markers 

Random Primers 

Reverse transcriptase • 
Ribonuclease A RNase A 

RNA molecular weight 
markers 

AR 

Purity Reagent 

Type 7 

Molecular Biology Grade 
-. 

I 

AR 

Molecular Biology Grade 

Molecular Biology Grade 

Molecular Biology Grade 

Molecular Biology Grade 

. 

Bio Rad 

Millipore 

Schleicher and Schuell 

Sigma Chemical Company 

Bethseda Research Labs 

Leal Grocery Store 

Pharmacia Fine Chemicals 

Pharmacia Fine Chemicals 

Bio Rad 

Mallinckrodt 

Sigma Chemical Company 

Bethseda Research Labs 

Bethseda Research Labs 

Boehringer Mannheim 
Biochemicals 

Life Sciences 

Sigma Chemical Company 

Bethseda Reaserch Labs 

, 
, 

I , 

. 

W 
I-' 
~ 



-
Rubidium chloride 

S-adenosyl methionine SAM 

Sequenase kit 

Sephadex G-25 

SmaI hexamer 

Sodium borate 

Sodium chloride 

Sodium dodecyl sulfate SDS 

Spermidine phosphate 

SplI SplI 

Staphylococcuns aureus 125I 
protein A 

Sucrose 

Terminal deoxynucleotidyl TdT 
transferase 

T4 DNA Ligase 

T4 DNA polymerase 

T4 Polynucleotide kinase 

3'-oligo(dG)-tailed Puc9 

2,5 diphenyloxazole PPO 

(2 (N-Morpholino) 
sulphonic acid 

ethane MES 

Tobacco genom!~ r.ibrary_ 

Molecular Biology Grade 

Fine 

Molecular Biology Grade 

Molecular Biology Grade 

Electrophoresis Grade 

Molecular Biology Grade 

Molecular Biology Grade 

specific activity " 

30mCi/mg 

Absolute Grad 

Molecular Biology Grade 

Molecular Biology Grade 

Molecular Biology Grade 

Molecular Biology Grade 

Molecular Biology Grade 

Molecula~ Biology Grade 

sigma Chemical company 

Promega Biotech 

U S Biochemical Corp. 

Pharmicia Fine Chemicals 

New England Biolabs 

sigma Chemical Company 

sigma Chemical Company 

Bio Rad 

Sigma Chemical Company 

Amersham 

'ICN 

Research Plus, Inc. 

Pharmicia Fine Chemicals 

Bethseda Research Labs 

Bethseda Research Labs 

Beth~eda Research Labs 

Promega Biotech 

New England Nuclear 

Sigma Chemical company 

Clonetech 

-

w 
~ 
V\ 



Tris(hydroxymethyl) ... Tris Ultrapure 
aminomethane 

Triton-X-100 Electrophoresis Grade 
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APPENDIX 2 

Growth and Maintenance of E. coli Strains 

1. Materials: E. coli strains Y1088, Y1089, Y1090, Y1090R- and XLI Blue 

were from Stratagene Cloning Systems. E. coli strain NM538 was from Clontech. 

E. coli strains JM103 and C600hfl were from Promega Biotech. E. coli BNN97 

was from Dr. John Duffy of the University of Arizona Cancer Center. 

2. Genotypes of E. coli Strains Used for ).. Preparation 

a. E. coli strains used for ).. gtll cloning: 

(i) BNN97 : E. coli BNN93()..gtll). BNN93 : tIIi-l, tlzr-l, leuB6, 

lacYl, tonA21, supE44, mcrAl. 

(ii) YI088 : J.lacU169, supE44, supFS8, metBl, hsdRl7, trpSS, 

tonA21, proC ::TnS, pMC9. pMC9= pBR322-lacfi. 

(iii) YI090: J.(lacU169), J. (Ion), araD139, strA3, 

supF(trpC22:: Tnl 0), (pMC9). 

(iv) YI090R- : J.(lacU169), J. (Ion), araD139, strA3, 

sllpF(trpC22::TnlO), (pMC9), IzsdR. 

b. E. coli strains used for )..gtlO cloning: 

(i) C600 : thi-l, tlzr-l, leuB6, , lacYl, tOIZA21, supE44, mcrAl. 

(ii) C600Hfl: C600 HJlA1SO[clzr::TnlO] 
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c. Bacteriophage).. vectors (Sambrook, et aI, 1989) 

(i) )..gtll : lac5, (shindIIU2-3), sri)"3°, c18S7, srI ),,4°, llinS, srISo, 

SamIOO. 

(ii) ).,gtlO : ).,srI)"lo, bS27, sr)"I3°, imm434
, (srI434+), srIJ..4° srH5°. 

(iii) EMBL3: ).,sbhHlo bl89 <polycloning site int29 ninL44 c/857 

trpE polyclolling site> KHS4 chiC srI ),,4° nill5 srI J..5°· EMBL3 

was the vector used for the cloning of the tobacco genomic 

DNA. 

3. E. coli strains used for ).. EMBL3 preparation 

(i) NM538 (Q358): hsdR, SllpF58. 

(ii) NM539 (Q359) : E. coli NM538 (P2cox3) 

4. E. coli strains used for the bluescribe and blue script plasmid vectors 

(i) XL! Blue: hsdRI7, sllpE44, thi-l, recAI, lac·, F~ proAB, 

lacfllacZ1.1MIS. 

5. E. coli strains used for M13 derived phage mid vectors 

(i) XLi Blue. 

All of the above strains (except JM103) were grown in LB and plated on LB 

plates (#26, Appendix 1). Strains harboring ampicillin resistance (Yl088, Y1090, 

Yl090 R) were grown in LB plus 50 J..I.g/ml ampicillin (LB/amp) or plated on LB 

plates plus 50 J..I.g/ml ampicillin (LB/amp plates). Strains harboring tetracycline 

resistance (XLi Blue) were growing in LB plus 12.5 J..I.g/ml tetracycline (LBrret) or 
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plated on LB plates plus 12.5 JLg/ml tetracycline (LBffet plates) and the plates 

kept in the dark. Permanent storage of bacteria was accomplished by growing a 1 

m} LB culture in a sterile glass tube overnight at 37°C on a roller drum, pelleting 

the cells at 3000 rpm for 5 minutes, resuspending the pellet in 1 ml LB containing 

15% glycerol and freezing at -SO°c. Frozen cells were quickly thawed and scraped 

from the tube for inoculation into liquid media or streaked on plates. 

E. coli strain JM 103 was grown overnight at 37°C in 1 ml minimal media 

(#93, Appendix 1). The cells were pelleted at 3000 rpm for 5 minutes, 

resuspended in 1 ml minimal media containing 15% glycerol and stored at -SO°c. 

The frozen cells were streaked on minimal media plates (16 g bacto agar per liter 

minimal media) which were used as a working stock for up to three months when 

kept at 4°C. Liquid cultures were inoculated with colonies from this plate and 

grown in YT media (#94, Appendix 1) at 37°C overnight. 
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