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ABSTRACT 

Streptomycin resistance in ~ coli ribosomes is 

conferred by alterations in the amino acid sequence of 30S 

ribosomal protein S12. The alterations result from point 

mutations at specific locations in the ~12 gene. A point 
• 

mutation at a conserved nucleotide in the 16S rRNA gene, 

originally identified in Euglena gracilis chloroplasts, also 

confers streptomycin resistance to prokaryotic-like 

ribosomes. The NicQtiana tabacum mutant "SRl" posseses a 

chloroplast-linked streptomycin resistance allele. The 

results presented in this thesis identify a mutation in SRI 

16S rRNA, which occurs at the same position as in 

streptomycin resistant Euglena mutants. 

The tobacco chloroplast ~12 gene has been 

characterized. This gene is expressed in a unique way; two 

separate transcripts encoding different portions of the gene 

undergo a bimolecular: (trans-) splicing event during mRNA 

maturation. C-terminal ~12 exons 2 and 3 were identified 

in the inverted repeat regions of the tobacco chloroplast 

genome. Complementary DNA sequencing of rna ture q;2S.12 mRNA 

allowed deduction of the remaining N-terminal (exon 1) 

sequence. Hybridizations with synthetic 

oligodeoxyribonucleotide primers complementary to the 

deduced RNA sequence located the coding region of exon 1 to 

xiii 



xiv 

be 29 kilobasepairs (I~bp) downstream of the nearest copy, 

and 69 kbp away from, and on the opposite DNA strand of, the 

distal copy, of exons 2 and 3. Northern hybridization 

analysi sand pr imer extension sequencing of cDNA to ~l2 

transcripts indicate that exon land exons 2-3 are encoded 

o n s epa rat e t r·a n s c rip t s 0 Ex 0 n 1 and e x 0 n s 2 - 3 are 

covalently ligated in mature ~12 mRNA. Therefore, the 

separate transcripts encoding exon 1 and exons 2-3 undergo a 

trans-splicing event during the maturation of ~12 mRNA. 

A complete cloned library of tobacco chloroplast DNA 

was obtained, consisting of overlapping Bam HI restriction 

fragments. Three new restriction maps of tobacco 

chloroplast DNA, for the enzymes Sma I, Kpn I, and Bam HI, 

were derived by two-dimensional gel analysis and a novel 

computer-aided mapping techniqueo 



CHAPTER Ie 

Introduction 

A. Overview of Chloroplast Molecular Biolo~ 

1. Eyidence that Chloroplasts Contain Genetic Information 

Distinct From That Found in the Nucleus 

In 1909, Baur observed that a genetic character 

responsible for leaf pigmentation in ~ Z-Q.ll..a.Le was 

inherited in a non-Mendelian manner (Baur. 1909) 0 

Reciprocal crosses between plants with green and plants with 

white germ layers resulted in offsprinq with green, white, 

or variegated germ layers, in various proportions. Correns 

(1909 a and b), demonstrated that traits determining 

va r i ega t ion in F 0 u r 0 I C 10 c k ( M ira b i 1 1.5 iaJ. a p~) we r e 

inherited only from the female parent. In both studies, 

other genetic traits were shown to be inherited in Mendelian 

fashion. These results demonstrated that plants contained a 

genetic system distinct from the nucleus. 

It was shown that genetic information was contained 

in DNA by Avery, et ale (1944). Subsequent determination of 

the general structure of DNA (Watson and Crick. 1953a) 

provided a means of understanding a copying mechanism for 

the genetic material (Watson and Crick, 1953b). 

1 
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Chiba (1951) suggested that chloroplasts of the club 

moss Selaginella contained DNA. He observed that 

chloroplasts contained Feulgen-staining areas which 

disappeared upon treatment with hot trichloroacetic acid. 

More direct evidence was obtained by Ris and Plaut (1962), 

who observed Chlamydomonas reinhardtii chloroplast DNA by 

electron microscopy. Chloroplast DNA isolated from spinach 

and beet was enriched in a differentially centrifuged 

chloroplast fraction and had a higher buoyant densi ty than 

nuclear DNA (Chun, et al., 1963). Kirk (1963) isolated DNA 

from chloroplasts of broad bean (Vicia ~) and determined 

that the GC (guanosine-cytosine) content was slightly lower 

than that of nuclear DNA. This provided definitive evidence 

that chloroplasts contained DNA distinct from nuclear DNA. 

Density labeling experiments have shown that 

chloroplast DNA and nuclear DNA are replicated at different 

points in the cell cycle of Chlamydomonas rejnhardtii 

(Chiang and Sueoka, 1967. and Keller and Ho, 1981). 

Chloroplast DNA replicates in a semi-conservative manner 

(Chiang and Sueoka, 1967). Replication of higher plant 

chloroplast DNA is initiated at two D-loops, located 

approximately 7 kilobasepairs (kbp) apar t on oppo si te DNA 

strands (Kolodner and Tewari, 1975a). Replication occurs by 

bidirectional "Cairns-type" and rolling circle intermediates 

(Kolodner and Tewari, 1975, a and b). Chloroplast DNA 

polymerase activity was initially identified by Spencer and 
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Whitfeld (1967), and Tewari and Wildman (1967), in spinach 

and tobacco, respectively. A DNA polymerase (single 

polypeptide, molecular weight 90,000 daltons) has been 

purified from pea chloroplasts (McKown and Tewari, 1984). 

This DNA polymerase is distinct from plant nuclear DNA 

polymerases (Misumi and Weissbach, 1982). 

The results obtained by Baur (1909) with PelargQoium 

zonal e can now be explained as resul ting from biparental 

transmission of plastid genes controlling leaf pigmentation. 

The maternal inheritance demonstrated in.Mirabilis jalapa by 

Correns (1909, a and b) is a more common form of plastid 

inheritance occuring in plants in which the plastids, and 

therefore plastid genetic material, are transfered only from 

the female parent (Gillham, 1978, and Kirk and Tilney

Bassett, 1978) 0 

20 Characteristics of Chloroplast Genomes 

Chloroplast DNA from a variety of plants has a 

buoyant density in neutral esCl of 1.697 g cm-3 and a GC 

content of 38% (Tewari, 1971). No modified bases have been 

detected in chloroplast DNAs (Kirk, 1976). The kinetic 

complexity of chloroplast DNA ranges from 1 to 2 X 108 

daltons (Kirlc and Tilney-Bassett, 1978) 0 DNA isolated from 

E.!J..gl.ena gracj lis chloroplasts was identified as a circular 

molecule with a contour length of 40 urn by electron 

microscopic analysis (Manning, et al., 1971). Circular DNA 



4 

molecules of about 44 urn contour length have been identified 

from a large number of higher plant chloroplasts (Herrmann, 

et a~., 1975; Kirk and Tilney-Bassett, 1978; and Bohnert, et 

al., 1982). Mapping of restriction endonuclease cleavage 

sites has confirmed that chloroplast DNAs are circular 

molecules (Bedbrocl<: and Kolodner, 1979; Bohnert, et al., 

1982; and Whitfeld and Bottomley, 1983). They range in size 

from 120 kilobasepairs (kbp) in pea and broad bean (Palmer 

and Thompson, 1981, and Michalowsl~i, et ale 1987), to 195 

kbp in ChlamydomQ..O.Q..,§ (Rochaix, 1981), chloroplasts. Most 

higher plant chloroplast genomes contain two regions of 

approximately 25 kbp in which the DNA sequences are 

identical but inverted relative to each other, separating 

large and small single copy regions (Bohnert, et al., 1982, 

and Palmer, 1985a). The chloroplast genomes of pea and 

broad bean have only one copy (split roughly into two 

halves) of the region corresponding to the inverted repeat 

(Palmer and Thompson, 1981 and 1982). 

Recently, the complete nucleotide sequences of the 

chloroplast genomes of Nicotiana ~ (Shinozaki, et al., 

1986b) and the liverwort Marchantia polymorpha (Ohyama, et 

al., 1986) have been determined. The genomes are 155,844 bp 

(lL tabacum) and 121,024 bp (l!L.. polymor..[lli.g) in length. Gene 

arrangement and sequences are remarkably conserved, although 

several rearrangements of large segments of the chloroplast 

chromosome have occured. Rearrangements in the chloroplast 
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genomes of several plant species have been documented 

(Palmer and Thompson, 1981; Palmer and Thompson, 1982; 

Palmer, 19 85a; and Michalowski. et al., 1987).. Chloroplast 

DNA undergoes frequent intramolecular recombination (Palmer, 

1983) • 

3. Cha r act e( iz a ti on and Expr es si on of PI ant ChI 0 ropl ast 

Genes 

In most plant chloroplast genomes, genes encoding 

chloroplast ribosomal RNAs are located in the inverted 

repeat regions (two copies per genome) near. the small single 

copy region (Bedbrook, et al., 1977; Whitfeld, et al., 1978; 

and 8ugiura and Kusuda, 1979). A single copy of rRNA genes 

is found in pea and broad bean chloroplast DNA (Palmer and 

Thompson, 1981 and 1982). DNA sequence analyses of the rRNA 

coding regions have shown that chloroplast and E.a.. .c.ru..i rRNA 

operons are arranged similarly (Bohnert, et al., 1982), with 

the gene transcription order l6S rRNA, trnI, trnA, 238 rRNA, 

and 58 rRNA. Plant chloroplasts additionally encode a 4058 

rRNA species located between the 23S and 58 rRNA genes. 

Based on the significant homology of chloroplast 4.58 rRNA 

to sequences at the 3'-end of ~ QQli 238 rRNA, it has been 

suggested that 405S rRNA is functionally equivalent to the 

. 3 '-end of 238 rRNA (MacKay, 1981, and Tal(aiwa and 8ugiura, 

1982). Plant chloroplast trnI and trnA genes are each split 

by sin g 1 e i n t ron s { K 0 c h , eta 1., 19 81, an d T a k a hi a and 
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Sugiura, 1982). 

The primary transcript of the chloroplast rRNA 

operon initiates at a promoter upstream of the 16S rRNA gene 

(Zenke, et al., 1982, and Briat, et al., 1982) and 

terminates downstream of the 5S rRNA gene (Kossel, et al., 

1985) • The promoter sequences for rRNA operons are similar 

in chloroplasts and 1h. Q.Ql.i (Mache, et al., 1985). It has 

been suggested that transcription of the chloroplast rRNA 

operon is regulated by premature termination at an 

attenuation site, in the presence of excess ribosomal 

subunits (Briat, et ala, 1983, and Mache, et al., 1985). 

The large primary transcript of the rRNA operon is processed 

to produce individual mature tRNA and rRNA species (Zenke, 

et al., 1982). Secondary structures can be predicted within 

the sequences flanking chloroplast 16S and 23S rRNA (Tohdoh 

and Sugiura, 1982, and Takaiwa and Sugiura, 1982) which are 

similar to those found in RNase III cleavage regions of ~ 

QQli rRNA transcripts (Gegenheimer and Apirion, 1981). This 

suggests that processing of rRNA transcripts might be 

similar in chloroplasts and ~ ~. 

Chloroplasts contain transfer RNAs (tRNAs) which are 

distinct from cytoplasmic tRNAs (Barnett, et al., 1978, and 

~ieil, 1979). A maximum of 27 chloroplast tRNAs, specific 

for 17 different amino acids (Bohnert, et al., 1982), have 

been identified by separation via two-dimensional gel 

electrophoresis, followed by aminoacylation ill Y....itro "lith 
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labeled amino acids (Driesel, et al., 1979. and Burkard, et 

al., 1982). Genes encoding all of these tRNAs have been 

mapped on the chloroplast chromosome by hybridizing in vitro 

32P-labeled tRNAs to blots of restriction digests of 

chloroplast DNA. (Driesel, et al., 1979, and Burkard, et 

al.,1982). The DNA sequences of the chloroplast genomes of 

tobacco (Shinozaki, et al., 1986b) and Marchantia polymorpha 

(Ohyama, et al., 1986) encode 30 and 31, respectively, 

putative tRNA genes. Wobbling (Crick, 1966), or 

modification of nucleotides within anticodons (Kashdan and 

Dudock, 1982, and Francis and Dudock, 1982), would be 

required for chloroplast encoded tRNAs to recognize all 

chloroplast mRNA codons. Alternatively, some tRNAs might be 

imported from the nucleus. 

Chloroplast tRNAs have 60%-78% homology to their ~ 

coli counterparts (Steinmetz, et al., 1983). Many 

chloroplast tRNAs can be aminoacylated by ~ coli tRNA 

aminoacyl-tRNA synthetases (Driesel, et al., 1979). 

Chloroplast tRNA-encoding transcripts are accurately 

processed in chloroplast extracts to form tRNAs with correct 

3'- and 5 1 -ends (Gruissem, et alor 1983, and Greenberg and 

Hallick, 1986). The 3'-terminal CCA is added post

transcriptionally to chloroplast tRNAs (Gruissem, et al., 

1983), making them distinct from ~ ~ tRNAs and similar 

to eukaryotic tRNAs. Most promoters for chloroplast tRNA 

genes are similar to promoters for chloroplast protein genes 
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(Gruissem and Zurawski, 1985). However, recent work has 

identified two spinach tRNA genes which can be transcribed 

even when their upstream sequences are deleted (Gruissem, et 

al., 1986) 0 Several chloroplast tRNAs are transcribed as 

precursors interrupted by large introns. The introns are 

excised during tRNA maturation (Deno, et al., 1982; Deno and 

Sugiura, 1984; Sugita, et al., 1985; and Yamada, et al., 

1985) • 

Chloroplast protein genes have been identified by 

transcription/translation of cloned restriction fragments of 

chloroplast DNA (Bedbrook, et al., 1979, and Erion, et al., 

1981), and translation of hybrid-selected RNA (Driesel, et 

al., 1980; Westhoff, et al., 1981; and Westhoff, et al., 

1983). Fifty-five protein genes (identified functionally or 

by homology to genes in other organisms), and 30 open 

reading frames (ORFs) with potential to encode polypeptides, 

have been identified in the tobacco (Shinozaki, et al., 

1986b) and Ma.t:ch.antia (Ohyama, et al., 1986) chloroplast 

genome sequences. Identified chloroplast protein genes 

encode ribosomal proteins, subuni ts of RNA polymerase, the 

large subunit of ribulosebisphosphate carboxylase, 

components of photosystems I and II, components of the 

photosynthetic electron transport chain, subunits of H+

ATPase, and components of NADH dehydrogenase (Shinozaki, et 

al., 1986b, and Ohyama, et al., 1986). Many chloroplast and 

~ coli protein genes share significant translated amino 
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acid homology, although their nucleotide sequences are much 

less highly conserved. Genes homologous to those arranged 

in operons in ~ Q.Q.l.i are arranged similarly in chloroplasts 

(Deno, et al., 1984; Tanaka, et al., 1986; and Ohyama, et 

ale, 1986). Eight higher plant chloroplast protein genes 

are split by introns (Zurawski, et al., 1984; Ballick, et 

al., 1985; Bird, et al., 1985; Tanaka. et aI, 1986; and 

Shinoz aki, et al., 1986 a and b). Introns have not been 

identified in L coli genes, although they have been 

identified in T4 coliphage (Chu, et al., 1984, and Gott, et 

al.,1986). 

Sequences and secondary structures involved in the 

control of transcription are similar in chloroplast and E..a.. 

QQl.i protein genes. Most chloroplast promoter s consi st of 

"-10" and "-35" sequences which are virtually identical to 

those found in L ~ promoters (Whitfeld and Bottomley, 

1983; Gruissem and Zurawski, 1985; and Gruissem, et al., 

1986) 0 Two spinach chloroplast tRNA genes appear to be 

exceptionalo Transcription procedes normally even when all 

upstream sequences are deleted from the trnRl and trnSl 

genes (Gruissem, et al., 1986). Chloroplast transcription 

terminators have not been defined functionally, however, 

hairpin secondary structures shown to be required for 

tr anscr i ption termina tion in 1h. .Q.Ql.i (Rosenberg and Cour t, 

1979) are found 3 1 -distal to the coding region of some 

chloroplast genes (Bohnert, et al., 1982). 
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Two distinct RNA polymerase activities have been 

identified in chloroplasts (Greenberg, et al., 1984) 0 One 

activity (termed the transcriptionally active chromosome

TAC) is associated with the plastid chromosome (Hallick, et 

al., 1976, and Briat and Mache, 1980), and transcribes rRNA 

genes as well as the trnI and trnA genes located in the 168-

238 rRNA spacer region (Greenberg, et al., 1984). The TAC 

does not transcribe other chloroplast tRNAs (Greenberg, et 

al., 1984). Purified TAC contains 8 proteins (Briat and 

Mache,1980). A soluble chloroplast RNA polymerase activity 

has been isolated from spinach which transcribes chloroplast 

tRNA (Gruissem, et al., 1983, and Greenberg, et al., 1984) 

and protein (Orozco, et al., 1985) genes- A soluble RNA 

polymerase isolated from maize chloroplasts consists of two 

high molecular weight (180,000 and 140,000 daltons) 

polypeptides, and perhaps some smaller polypeptides (Smith 

and Bogorad, 1974). Chloroplast genes with translated amino 

acid homology to 1h. coli RNA polymerase alpha, beta, and 

beta-prime subunits have been identified (8ijben-Muller, et 

al., 1985; Ohme, et alo, 1986; and 8hinozaki, et ale 1986b). 

This suggests that the polypeptide composition of 

chloroplast and ~ ~ RNA polymerases may be similar. 

Factors which regulate transcription of chloroplast 

genes are largely uncharacterized. However, a protein 

factor has been reported, which, when associated with 

chloroplast RNA polymerase, promotes preferential 
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transcription of chloroplast genes relative to ~ QQli genes 

(Jolly and Bogorad" 1980) e This factor also promotes 

differential transcription of two adjacent chloroplast genes 

(Jolly, et al., 1981). It is clear that transcription of 

chloroplast genes is affected by the presence or absence of 

light and the quality of light (Herrmann, et ale, 1985, and 

Glick, et al., 1986), but the factor (s) involved have not 

been identified.. It is possible that the light-induced 

transcriptional response of some chloroplast genes is due to 

light-induced chloroplast development, rather than the 

induction of a specific factor (Tobin and Silverthorne, 

1985) • 

It is likely that RNA processing plays an important 

role in chloroplast gene expression (Herrmann, et al., 1985, 

and Koller et ale, 1987) 0 Polycistronic transcripts which 

become cleaved at specific sites have been identified in 

chloroplasts (Zenke, et al.1' 1982; Morris and Herrmann, 

1984; Herrmann, et ale, 1985; and Koller et ale, 1987) e 

Intron-containing chloroplast transcripts are spliced to 

form mature mRNA or tRNA (Takaiwa and Sugiura, 1982; Deno, 

et al., 1982; Deno and Sugiura, 1984; Bird, et al., 1985; 

Sugita, et al., 1985; Shinozaki, et al., 1986; Koller, et 

al., 198~ and this dissertation). Much work remains to be 

done to elucidate the sequences and/or secondary structures, 

and factors involved in processing chloroplast RNA. 
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Fourteen genes (tRNA and protein) containing large 

(450-2500 nucleotide) introns have been identified in higher 

plant chloroplast DNA (Deno, et al., 1982; Deno and Sugiura, 

1984; Zurawski, et aID, 1984; Sugita, et aID' 1985; Yamada, 

eta 1., 19 85 ; Hall i c k , eta 1., 19 8 5; B i r d , eta 1 ., 19 8 5 ; 

Tanaka, et ala 1986; and Shinozaki, et al., 1986 a and b). 

Large introns occuring in tRNAs are pnique to chloroplasts. 

The intron in trnL can be folded (Bonnard, et al., 1984) 

into a Group I secondary structure (Michel, et al., 1983), 

s i mil art 0 the s elf - s pI i c i n g ( K rug e r, eta 1., 19 8 2 ) 

Tetrahymena ribosomal RNA intron. The remaining introns 

have intron-exon boundary sequences (Hallick, et al., 1985, 

and Shinozaki, et al .. , 1986a), and can be folded into 

secondary structures (Fromm, et al., 1986; Neuhaus and Link, 

1986; and unpublished results), similar to mitochondrial 

Group II introns (Michel, et al., 1983) e 

The genomic size of chloroplast DNA is insufficient 

to encode all chloroplast proteins (Ellis, 1981, and 

Bottomley and Bohnert, 1982). Most chloroplast proteins are 

encoded by nuclear DNA. The mRNAs derived from these 

nuclear genes are translated on cytoplasmic (80S) ribosomes 

and their protein products are post-translationally 

transported into chloroplasts (Chua and Schmidt, 1978). 

Nuclear encoded proteins destined for transport into 

chloroplasts are synthesized as precursors containing N

terminal extensions (transit peptides) which are removed 
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during or after transport (Chua and Schmidt, 1978; Smith and 

Ellis, 1979; Broglie, et al., 1981; Schmidt, et al., 1984; 

and Smeekens, 1985). All chloroplast multi-subunit 

complexes in which the genes encoding the components of the 

complex have been ident~fied contain both nuclear and 

chloroplast encoded subunits (Bottomley and Bohnert, 1982). 

However, several chloroplast multi-subunit complexes exist 

which contain components whose genes have not yet been 

identified. 

4. Flant Cbloroplast Ribosomes 

Lyttleton (1962) reported the first isolation of 

chloroplast ribosomes from spinach. Higher plant 

chloroplast ribosomes sediment at approximately 70S (Clark, 

et ala 1964; Spencer, 1965; and Boardman, et al., 1966) and 

dissociate into 30S and 50S subunits at low magnesium ion 

concentration. These characteristics provide a means to 

separate chloroplast ribosomal subunits from cytoplasmic 

(80S) ribosomes on sucrose gradients 

1973, and Bourque and Capel, 1982). 

(Bourque and Wildman, 

Chloroplast ribosomes 

proJ~aryotic UL .. .Q...Q..li) ribosomes. 

are very similar to 

Ribosomal subunits from 

spinach chloroplasts can be interchanged with ~ coli 

ribosomal subunits, producing a hybrid ribosome which will 

translate poly-U in jlj,tro (Grivell and Walg, 1972) 0 The 

similarity between chloroplast and E...o... coli ribosomes 
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includes their sensitivity to inhibition of protein 

synthesis by antibiotics, such as D-threo-chloramphenicol 

(Spencer and Wildman, 1964, and Ellis, 1969), lincomycin and 

spectinomycin (Ellis, 1970), and streptomycin (Chua, et al., 

1973, and Schwartzbach and Schiff, 1974), which do not 

affect 80S ribosomes. 

The chloroplast 50S ribosomal subunit contains 23S, 

SS, and 4.SS RNA species (Spencer and Whitfeld, 1966; 

Loening and Ingle, 1967; and Boynton et al., 1980). The 30S 

subunit contains 16S rRNA (Spencer and Whitfeld, 1966; 

Loening and Ingle, 1967; and Boynton, et al., 1980). 

Chloroplast genes encoding 16S and 23S rRNA have 74% and 

67%-71% sequence homology, respectively, to ~ ~ 16S and 

23S rRNAs (Schwarz and Kossel, 1980; Edwards and Kossel, 

1981; Tohdoh and Sugiura, 1982; and Takaiwa and Sugiura, 

1982) 0 The 5 1 -end of chloroplast 16S rRNA has a sequence 

similar to the 5 1 -end of ~ coli 16S rRNA (Schwarz and 

Kossel, 1980, and Todoh and Sugiura, 1982). In ~ QQli, the 

5 1 -end of 16S rRNA base pairs with the Shine-Dalgarno (Shine 

and Dalgarno, 1975) sequence upstream from the methionine 

star t codon of mRNAs 0 Plant chloroplast and !h. ~ 16 S 

rRNA have very highly conserved core secondary structures 

(Gray, et alo, 1984) 0 Regions which are thought to bind 

certain ribosomal proteins in EL ~ 16S and 23S rRNA are 

conserved in chloroplast rRNA (Tohdoh and Sugiura, 1982, and 

T a J~ a i 'II a and S u g i u r a , 1 9 8 2). The po s sib 1 e sec 0 n dar y 
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structure of the peptidyl transferase region in ~ QQli 23S 

rRNA is also conserved in chloroplasts (Takaiwa and Sugiura, 

1982) • 

Between 22 and 24 proteins from the 30S subunit, and 

32 to 35 proteins from the 50S subunit, of chloroplast 

ribosomes have been identified by two-dimensional gel 

electrophoresis (Jones, 1972; Nache, et al., 1980; Eneas

Filho, et al., 1981; and Capel and Bourque, 1982). An 

absolute determination of the number of ribosomal proteins 

in each ribosomal subunit is difficult due to the loss of 

less tightly bound proteins that may be removed during 

-ribosome purification (Capel, 1982). Tobacco chloroplast 

ribosomal proteins have a molecular weight distribution and 

electrophoretic mobilities more similar to ~ ~ ribosomal 

proteins than to tobacco cytoplasmic (80S) ribosomal 

proteins (Capel and Bourque, 1982). The primary structure 

of a maize chloroplast ribosomal protein has been determined 

(Bartsch, et al., 1982) 0 The protein has 50% amino acid 

sequence homology to ~ coli ribosomal protein L12. 

Antibodies against specific ~ QQli ribosomal proteins have 

been shown to cross-react with six 50S and five 30S spinach 

chloroplast ribosomal proteins (Bartsch, 1985) 0 At least 

one (and possibly tt'lo) spinach chloroplast ribosomal 

proteins become phosphorylated when isolated chloroplasts 

are incubated in the presence of {32p)-orthophosphate and 

illuminated {Posno, et alo, 1984)0 
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Chloroplast ribosomal proteins are encoded in both 

the chloroplast and nuclear genomes. Experiments in which 

Chlamydomonas reinhardtii cells were labeled with 35804 in 

the presence of cytoplasmic or chloroplast protein synthesis 

inhibitors have shown that 19-20 chloroplast ribosomal 

proteins are synthesized in, and therefore presumably 

encoded in, Chlamydomonas chloroplasts (Schmidt, et al., 

1983) 0 Approximately 18 ribosomal proteins are synthesized 

by isolated plant chloroplasts undergoing light driven 

protein synthesis (Eneas-Filho, 1981; Posno, et al., 1984; 

and Dorne, et al., 1984). Based on sequence data of 

chloroplast DNA from several higher plant species 

(Subramanian, et al., 1983; Zurawski. et al., 1984; Sijber.

twluell er, et al., 1986; Tanaka, et alo, 1986; and Shinoz aki, 

et al., 1986b), 19 distinct open reading frames have been 

identified having predicted amino acid sequences with modest 

(23% for W23, Tanaka, et al., 1986) to fairly high (72% 

for ~12, this dissertation) homology to ~ QQli ribosomal 

proteins. Transcripts have been identified from a number of 

these putative genes (Fromm, et al., 1986; Sijben-Muller, et 

al., 1986; Tanal~a, et al., 1986; and Shinozaki, et alo, 

1986b) • The arrangement of certain chloroplast ribosomal 

protein genes is similar to those in the ~ and Slll operons 

of £..0 coli (Tanaka, et al., 1986). A gene/gene product 

relationship has not yet been demonstrated for any of these 

putative genes~ However, the conserved amino acid homology 
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with ~ £Qli ribosomal proteins and the correlation between 

the number of putative genes and the number of in organellQ

synthesized chloroplast ribosomal proteins argue strongly 

that these genes are functional. Only six nuclear encoded 

chloroplast ribosomal protein genes have been described to 

date (Gantt and Key, 1986). Definitive studies 

investigating the regulation of expression of chloroplast 

ribosomal components remain to be done. 

B. Streptomycin Resistance and Altered Properties of 

Erokaryotic and Chloroplast Ribosomes 

I. En coli Ribosomes 

Streptomycin is an aminoglycoside antibiotic which 

interacts with prokaryotic ribosomes. Streptomycin induces 

misreading of poly-U in in vitro translation systems using 

purified ~ ~ ribosomes (Davies, et alo, 1964) ° At low 

concentrations, streptomycin actually stimulates 

translation by polysomes in in ~j,trQ systems lacking an 

individual tRNA, presumably because it promotes the 

incorporation of an incorrect amino acid (Tai, et alo, 

1978) 0 The misreading affect of streptomycin on ribosomes 

has been confirmed in vivo (Edelmann and Gallant, 1976, and 

Palmer, et ale, 1979) 0 Recent work suggests that 

streptomycin inhibits the removal of aminoacylated tRNAs 

which are incorrectly paired with the codon, rather than 
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affecting the initial discrimination step of codon-anticodon 

recognition (Ruusala and Kurland, 1984). In addition to 

inducing misreading in translating ribosomes, streptomycin 

has a lethal effect of blocking initiation-dependent 

translation (Luzzatto, et al., 1969; Wallace. et al., 1973; 

and Tai, et al., 1978). Ribosomes isolated from 

streptomycin resistant ~ ~ strains do not exhibit these 

altered translational properties in "the presence of 

streptomycin. 

Streptomycin binds to 70S ribosomes, 30S ribosomal 

subunits and l6S rRNA but not to isolated 30S ribosomal 

proteins (Bis\'las and Gorini, 1972, and Schreiner and 

Nierhaus, 1973). 30S ribosomal subunits isolated from 

streptomycin resistant ~ coli strains do not bind 

streptomycin, whereas 16S rRNA isolated from these strains 

doe s ( B i s was and Go r in i, 19 7 2). Isola ted 16 S r RN A with 

streptomycin bound to it is not functional in ribosome 

reconstitution (Biswas and Gorini, 1972) 0 The effect of 

streptomycin binding to 16S rRNA (inhibition of 

reconstitution) is reversible, but the effect of 

streptomycin binding to 30S subunits (misreading of mRNA) 

persists after the removal of the antibiotic (Garvin, et 

ale, 1974). Certain ribosomal proteins promote the binding 

of streptomycin to the 30S subunit (Schreiner and Nierhaus, 

1973). However. the location of the streptomycin binding 

site on the 30S subunit has not been determined. 
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Reconstitution experiments using 16S rRNA and 30S 

ribosomal proteins from wild-type and streptomycin resistant 

£a. ~ strains have correlated streptomycin resistance \'lith 

an alteration in a specific 30S ribosomal protein (Ozaki, et 

al., 1969). Ribosomal protein S12 is altered in several 

independently derived streptomycin resistant mutants 

(Funatsu and Wittmann, 1972). The mutations affect only two 

amino acids, Lys-42 (altered to Asn, Thr, Arg, or GIn) and 

Lys-87 (altered to Arg), in the protein (Funatsu and 

~vittmann, 1972, and Wittmann, et al., 1980). Mutations 

altering a single nucleotide in the gene (~12) encoding 

S12 can give rise to each of these amino acid replacements. 

Generally" these replacements al ter the net charge of the 

S12 protein. 

Isolated S12 does not bind streptomycin. 

Reconsti tution experiments have shown that proteins S3 and 

S5 but not S12 are required for streptomycin binding to the 

30S ribosomal subunit (Schreiner and Nierhaus, 1973). Thus, 

S12 may mediate, but not participate, in the binding of 

streptomycin to the 30S ribosomal subunit. 

20 Euglena gracilis ChlQr.Qglast RibosQmes 

A class of ribosome mutation to streptomycin 

resistance, distinct from that previously found in ~ ~, 

has been identified in chloroplasts of the algae Euglena 

gracilis (Montandon, et al., 1985 and 1986). Streptomycin 
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resistant chloroplast ribosomes were isolated from UV

induced mutants of Euglena (Montandon, et al., 1985) ~ The 

genes encoding the chloroplast homolog to E..a. ~ S12 are 

identical in these mutants- A point mutation in 16S rRNA 

was found in two independently isolated streptomycin 

resistant Euglena chloroplast mutants (Montandon, et al., 

1985) • The mutation occurs at an invariant position in all 

small subunit rRNAs (Gray, et al., 1984) and results in a 

cytidine to uridine transition (Montandon, et al., 1985). 

Site specific mutagenesis at the equivalent position of a 

cloned copy of an 1L... co] i 16S rRNA gene, followed by 

transformation of a streptomycin sens~tive ~ Q.Q.J..i strain, 

resulted in producing a streptomycin resistant phenotype 

(Montandon, et al., 1986). Ribosomes isolated from the 

transformed strain contained the mutant 16S rRNA and were 

resistant to streptomycin-induced misreading in ~itro 

(r.-Iontandon. et alo, 1986) - A streptomycin resistance locus 

has been mapped to a restriction fragment encoding 16S rRNA 

in Cb] am~domQna.s chloroplasts (Lemieux, et al., 1984). 

Resistance to other antibiotics has been linked to 

alterations in yeast mitochondrial and ~ ~ rRNAs (Li, et 

al., 1982, and Sigmund, et ala, 1984)-

3. Tobacco Mutant "8R1" Chloroplast Ribosomes 

A streptomycin resistant mutant of NicQtiana tabacum 

was generated by plating callus derived from wild-type 
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plants on selective media, and isolating green sectors of 

the callus (Maliga, et ale ,1973). The uptake of 

streptomycin into streptomycin resistant and wild-type calli 

was identical (Maliga, et al., 1975). The calli were 

regenerated into plants with resistance to high levels of 

streptomycin (r-Ialiga, et al., 1973). The mutation leading 

to resistance was estimated to occur with a frequency of 1 X 

10-6 (Maliga, et al., 1973), suggesting that a single 

mutation was responsible for the phenotype. The 

streptomycin resistance allele was inherited maternally, 

localizing the mutation to the chloroplast (Maliga, et al., 

1975) • 

70S ribosomes isolated from SRI chloroplasts had one 

charge-shifted ribosomal protein relative to wild-type 

rib 0 s 0 m e s ( Y uri n a , eta 1 ., 19 7 8) 0 An e 1 e c t r 0 ph 0 ret i c 

comparison of 30S ribosomal proteins purified from wild-type 

and SRI chloroplasts identified a charge-shifted protein and 

a protein present in wild-type and absent in SRl ribosomes 

(Capel, et al., 1978) 0 It is possible that the missing 

protein may have been less tightly bound to SRI compared to 

wild-type ribosomes, and was lost during ribosome 

purification (Capel, 1982) 0 Variations in the numbers of 

ribosomal proteins isolated from different preparations are 

common (Capel, 1982). Alternatively, the gene encoding the 

missing ribosomal protein may not be expressed in SRI. The 

charge-shifted ribosomal protein had a molecular weight and 
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S12 in streptomycin 

resistant ~ QQli ribosomes is also charge-shifted relative 

to wild-type. A spinach chloroplast ribosomal prot~in, 

which cross-reacts immunologically with ~ coli S12, 

comigrates with 1L.. coli S12 upon two-dimensional gel 

electrophoresis (A.R. Subramanian, personal communication). 

Other (unpublished) results obtained in this laboratory have 

shown that SRI chloroplast ribosomes and 308 ribosomal 

subunits bound less streptomycin than their wild-type 

counterparts. SRI chloroplast ribosomes were also resistant 

to misreading poly-U in yitroas well as mRNA in vivo. 

These results suggested that the charge-shifted ribosomal 

protein identified in SRI chloroplasts might be responsible 

for the streptomycin resistance phenotype. similar to what 

occurs in ~ ~o 

C. Goals of the Dissertation Research 

The goal of this dissertation research was to 

identify, at the molecular level, the mutation leading to 

streptomycin resistance in SRl tobacco chloroplasts. The 

da ta obtained by Capel, et al. (1978), and other da ta 

obtained in this laboratory, strongly suggested that the 

streptomycin resistance mutation in SRI was similar to the 

mutations which occur in IL.. coli ribosomal protein S12. 

During the course of this work the class of streptomycin 

resistance mutation involving l6S rRNA was described 
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(Hontandon, et al •• 1985 and 1986). We wished to 

characterize the ~12 gene and 16S rRNA from both SRI and 

wild-type tobacco chloroplasts to determine the location of 

the mutation to streptomycin resistance. 

The approaches taken to achieve the goal of the 

dissertation were to be as follows: 

I. To obtain a complete cloned library of tobacco 

chloroplast DNA for use in the proposed experiments and to 

be used in future experiments studying the regulation of 

expression of tobacco chloroplast ribosomal protein genes. 

2. To locate, and characterize by DNA sequence analysis, 

the tobacco chloroplast gene (.t:l2.§.12) with translated amino 

acid homology to lh. ~ S12. Sequencing of wild-type and 

SRl ~12 genes would be done to determine if the SRI ~12 

gene is mutated so as to alter its putative protein product. 

3. To determine if the L:..!.Ui.12 gene is expressed in tobacco 

chloroplasts by characterizing its transcript(s), and to 

identify processing intermediates which may arise during the 

expression of the gene. If a mutation in the ~12 coding 

sequence was identified, these experiments would set the 

stage for experiments to express the gene in vitrQ to 

establish if the £R§12 gene product corresponds to the 

charge-shifted ribosomal protein in SRl. 

4. To sequence wild-type and SRI 16S rRNA through the site 

of mutation to streptomycin resistance in ~ 
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chloroplasts in order to determine if tobacco SRI contains a 

similar mutation. 

One expected benefit of this study was the 

characterization of a mutation in a gene which might be used 

as a selectable marker in chloroplast transformation 

experiments. Protoplast fusion experiments have 

demonstrated that the SRI streptomycin resistance allele can 

be used to select chloroplast type in somatic hybrids 

(Medgyesy, et al., 1980, and Menczel, et al., 1981). Thus, 

the streptomycin resistance allele is a selectable marker 

which has been demonstrated to function in ~ivo in 

chloroplasts. offering an advantage over other marker s 

currently being used in chloroplast transformation 

experiments. Characterization of the ~12 gene would allow 

experiments to be designed to study the regulation of 

chloroplast ribosomal protein gene expression. 



CHAPTER IIG 

Experimental Procedures 

- A. General Procedures 

All solutions were made with distilled, deionized 

wa ter. Solutions. containers. and pipettirtg instruments 

used with biological material were autoclaved (15 psi, 20 

min). Solutions which were to contain RNA were made 0.1% 

diethylpyrocarbonate (DEPC), left overnight at room 

temperature, and then autoclaved. All glassware to contain 
o 

RNA was baked (250 C, 4 hr) and all other containers for RNA 

were treated with 001% DEPC and then autoclaved. Gloves 

were worn when working with RNA to minimize RNase 

contamination from fingers. 

The term "ethanol precipitation" refers to the 

process of adding 1/10 volume of 3M NaOAc, pH 5 .. 2, to a 

solution, mixing, and then adding 2 volumes of absolute 

ethanol and mixing. Centrifugation in the microfuge 

(Beckman Instruments, Model 11) to pellet precipitated 

nucleic acids was for 15 min at room temperature, except 

where otherwise noted. All centrifugations in the microfuge 

were done at maximum speed. Microfuge tubes used throughout 

this study were 1.5 ml volume. Centrifugation conditions in 

the Sorvall centrifuge (RC-2B) to pellet precipitated 

25 
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nucleic acids are indicated for each procedure. IIvlashingll 

means adding an equal volume (same volume as the solution 

from which the sample had been pelleted) of a solution to a 

centrifuge tube containing pelleted material, repelleting 

the material, and decanting the supernatant. Ethanol washes 

were centrifuged for 5-10 min in the microfuge. In the 

Sorvall centrifuge, ethanol washes were centrifuged for the 

same amount of time as the initial pelleting of nucleic 

acids. Precipitated and washed nucleic acid pellets were 

dried in the tube under vacuum (generally for 15 min). 

IIPhenol extraction ll means adding an equal volume of water

saturated phenol to a solution, mixing thoroughly, 

separating the phases by centrifugation, and transferring 

the aqueous (generally upper) phase to a new tube. Phenol 

extractions were centrifuged for 3 min in an angle-head 

microfuge (Fisher, Model 235B) and generally centrifuged for 

10 min at 12000xg; 10000 rpm in the SS34 rotor (Sorvall 

Instruments), or 8500 rpm in the HB4 rotor (Sorvall 

Instruments) at room temperature. "Ether extraction ll refers 

to adding an equal vol ume of ethyl ether to a solution, 

mixing, centrifuging to separate the phases, and discarding 

the ether (upper) phase. "Chloroform extraction" means 

adding an equal volume of a solution of chloroform:isoamyl 

alcohol (24: 1) to a solution, mixing, centrifuging to 

separate the phases and removing the aqueous (upper) layer 

to a new tube. Ether and chloroform extractions were 
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centrifuged for 1 min in the angle-head microfuge and for 5 

min at 5900xg; 7000 rpm in the SS34 rotor, or 6000 rpm in 

the HB4 rotor. l'-licrofuge tubes that were "quick spun ll were 

placed in the microfuge and the microfuge was rapidly turned 

on and off (1 sec) to pellet any liquid to the bottom of the 

tube. 

B. Isolation of Tobacco Chloroplast Nucleic Acids 

1. Preparation of Plant Material 

Greenhouse grown Nicotiana tabacum cv. "Petite 

havana" or mutant "SRl" were used for all chloroplast 

nucleic acid isolations. Leaves less than 2 cm in length 

were harvested from 1-2 month old plants or from regrowth of 

older plants that had been cut back. Leaves were harvested 

1-2 hr after sunrise to minimize the level of starch. Picked 

leaves to be used for chloroplast DNA isolation were stored 

in a plastic bag in the dark for 8 hr at room temperature. 

Leaf tissue was then rinsed thoroughly in deionized water, 

blotted dry wi th paper towels and stored at 4
0 

C overnight. 

Leaves to be used for chloroplast RNA isolation were 

harvested directly into a water-ice mixture and remained 

there for a maximum of 3 hr prior to homogenization. 
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2. Isolation of Tobacco ChlQroplast DNb 

DNA was isolated from chloroplasts by a modification 

of the procedure of Saltz and Beckman (1981). Generally, 

300 g (fresh weight) leaf material was used per preparation. 

All solutions and apparati were at 4°C except where 

otherwise noted. Leaf material was added to two volumes (per 

g leaf material) of Kool's buffer A (50 mM Tris-HCl, pH 8.0, 

0.35 M sucrose, 7 mM Na2EDTA, the solution was autoclaved, 

cooled. then 2-mercaptoethanol (to 5 mM), and bovine serum 

albumin (to 0.1%), were added) and blended for three 5 sec 

bursts at maximum speed in a Waring blendor in which the 

blades were replaced with a stack of #12 double-edged razor 

bladeso The brei was filtered through 2 layers of 

cheesecloth and 2 layers of Miracloth (Calbiochem) into an 

erlenmyer flask placed in ice. The filtering material was 

squeezed to remove all leaf juiceo The filtrate was poured 

into centrifuge bottles and centrifuged in a GSA rotor 

(Sorvall Instruments) at 1000xg (2500 rpm) for 10 min. The 

super na tan twas di scarded, 100 ml (per bot tIe) of buff er A 

minus BSA was added, and the pellets were gently resuspended 

by agitation with a paint brush. The tubes were again 

centrifuged at 1000xg for 10 min in the GSA rotor~ The 

supernatant was discarded and the pellets were gently 

resuspended in a total of 10 ml buffer A minus BSA prior to 

loading on sucrose gradients. Step gradients consisting of 

11 ml each 20%, 45%, and 60% (w/v) sucrose (in 0.3 M 
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sorbitol, 50 mM Tris-HCl, pH 8.0, and 7 mM Na2EDTA) were 

prepared in SW27 centrifuge tubes. Gradients were prepared 

one day in advance of chloroplast isolation and frozen at 

They were then thawed at room temperature and kept 

at 4 0 C until use. Leaf extract from 30-50 g of starting 

leaf material was loaded per gradient. Tubes were 

centrifuged in an SW27 rotor (Beckman Instruments) at 

° 72100xg (20000 rpm) for 50 min at 4 Co The green smear 

(consisting of broken and intact chloroplasts) from the 45%-

60% sucrose interface extending towards the top of the tube 

was collected with a serological pipet and placed into a GSA 

centrifuge bottle. An equal volume of buffer B (50 mM Tris

HCl, pH 8.0, 20 mM Na2EDTA) was then added. 

To the pooled chloroplasts, solid sodium sarcosine 

was added to 3% and allowed to dissolve for 20 min with 

occasional gentle swirling. A solution of pronase E (10 

mg/ml in 50 mM Tris-HCl, pH 8.0) was added to 100 ug/ml and 

the tube was left at room temperature overnight. An equal 

volume of water-saturated phenol was added to the solution 

and the tube was gently inverted for 10 min to mix the 

phases. The tube was centrifuged for 10 min at 5800xg (6000 

rpm) in the GSA rotor to separate the phases. The aqueous 

(upper) layer was transferred to a new bottle and re-

extracted with phenol until its color became a clear pink. 

Nucleic acids were then ethanol precipitated overnight at 

° -20 C. Nucleic acids were pelleted for 15 min at 5800xg 
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(6000 rpm) in the GSA rotor and washed twice with 50 ml 

(each tube) 70% ethanol. 

After the final ethanol wash pellets were dried 

under vacuum and resuspended in 8 mls (per centrifuge 

bottle) TE buffer (10 mM Tris-HC1, pH 8.0, 1 mM Na2EDTA). 

Solid CsCl was added (8.3 g) and dissolved followed by the 

addition of 0.3 ml 10 mg/ml ethidium bromide. Samples were 

mixed and pipetted into SW41 centrifuge tubes. The 

solutions were overlayered and counterbalanced with mineral 

oil (to the top of the tube) and centrifuged in an SW41 

rotor (Beckman Instruments) at 180000xg (32000 rpm) for 48 

hr at 20°C. Upper (linear and open circular DNA) and lower 

(supercoiled chloroplast DNA) bands were detected by 

fluorescence of intercalated ethidium bromide under UV 

illumination (302 nm) and collected separately with pastuer 

pipets. The DNA-containing solutions were extracted 

repeatedly with an excess volume of water-saturated n

butanol until ethidium bromide fluorescence was no longer 

visible in the aqueous (lower) layer. Solutions were then 

placed in dialysis tubing (Spectrapor, 6000-8000, tH32660). 

Dialysis tubing was prepared by boiling 20 em lengths for 10 

min in a large volume of 2% sodium bicarbonate, 1 mM 

Na2EDTA, rinsing in deionized water, and then boiling for 10 

min in TE buffer. Dialysis tubing was stored submerged 

under TE buffer at 4°C until use. DNA-containing solutions 

were dialysed 24 hr at 4°C against four changes of TE 
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buffer, 2 liters each change. The DNA solution was removed 

from the dialysis tubing and stored in microfuge tubes at 

-20°C. Typical yields from 300 g starting material were 

400-600 ug linear or open circular DNA, and 50-100 ug (when 

present) supercoiled chloroplast DNA. 

3. Isolation of Tobacco Chloroplast RNA 

RNA was isolated from chloroplasts by homogenizing 

(three 10 sec bursts in the modified (section II.A.l.) 

Waring blendor) 130 g batches (fresh weight) of leaves in 

260 ml ice cold grinding buffer (GB is 50 mM Tris-HC1, pH 

8.0, 350 mM mannitol, 7 roM Na2EDTA, 1 roM aurintricarboxylic 

acid (ATA, ammonium salt), the solution was autoclaved, 

cooled, then 2-mercaptoethanol (to 5 mM), and bovine serum 

albumin (to 001%). were added). All solutions and apparati 

° were at 4 C, except where otherwise noted. The homogenate 

was filtered through two layers of cheesecloth and two 

layers of Miracloth into an erlenmyer flask placed in ice. 

The filtering material was squeezed to remove all leaf 

juice. The filtrate was divided into 8 tubes and 

centrifuged at 3000xg (5000 rpm) in an 8834 rotor for 60 

sec. The supernatant was decanted and the pellets were 

gently resuspended with a paint brush in 120 ml (15 ml per 

tube) GB. The resuspended chloroplasts were combined into 4 

tubes and centrifuged in an HB4 rotor at 3000xg (4250 rpm) 

for 60 sec. The supernatant was decanted and the pellets 
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were gently resuspended in 60 ml (15 ml per tube) GB. The 

resu~pended chloroplasts were combined into 2 tubes and 

centrifuged again in the HB4 rotor. The supernatant was 

decanted and 5 ml lysis buffer (50 mM NaOAc, pH 5.0, 1 mM 

Na2EDTA, 0.5% SDS, 1 mM ATA) was added per tube. The 

pellets were resuspended by vigorous pipetting and kept at 

room temperature for 10 min. The lysed chloroplasts were 

phenol extracted twice, ether extracted twice, followed by 

ethanol precipitation of nucleic acids. Nucleic acids were 

stored at -20°C under 70% ethanol until use. Typical yields 

were 700-1000 ug per 400 g starting leaf material. 

RNA was prepared for DNase treatment by pelleting 

the precipitate at 16500xg (10000 rpm) for 30 min in an HB4 

rotor, washing twice with 70% ethanol (15 min spins), drying 

under vacuum and resuspending in a total of 100 ul DEPC

treated water. The concentration of nucleic acids was 

determined spectrophotometrically (40 ug/ml solution has an 

A260 = 1). 500 ug of nucleic acids were diluted to 300 ul 

with DEPC-treated water in a microfuge tube and ATA was 

added to 1 mM (200 mM stock solution). To this was added 34 

ul lOX Medium salt restriction buffer (section II.F.l.) and 

6 ul RNase-free DNase (1 mg/ml - Promega Biotech). The 

solution was incubated at 37°C for 1 hr, then phenol 

extracted twice, ether extracted twice, and ethanol 

precipi tated. 

70% ethanol. 

The RNA was pelleted, and washed twice with 

The pellet was dried under vacuum and 
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resuspended in OEPC-treated water to a final RNA 

concentration of approximately 3 ug/ul. RNA was stored at 

-80°C until use. 

Sucrose gradients for size fractionating RNA were 

made by pipetting 2.9 ml each of 20%, 15%, 10%, and 5% (w/v) 

sucrose solutions (in 100 mM NaCl, 10 mM Tris-HC1, pH 7.4, 1 

mN Na2EDTA, and 1 mM ATA) in SW41 centrifuge tubes. Care 

was taken not to mix the layers. The gradients were stored 

f t -20 °C and th d t t t . rozen a awe 0 room empera ure prlor to use. 

The solution of RNA was pipetted onto the gradient (500-1000 

ug RNA per tube), and the gradients were centrifuged for 16 

hr at 130000xg (28000 rpm) and 22°C in an SW41 rotor. 

Fractions (400 ul each) were collected from the top of the 

gradient with a pipetman. Each fraction was phenol 

extracted once, ether extracted once, and ethanol 

precipitated. The precipitate was pelleted and washed twice 

with 70% ethanol. The RNA was dried under vacuum, 

resuspended in 100 ul DEPC-treated water and stored at -80°C 

until use. 

Aurintricarboxylic acid was removed from fractions 

to be used for cDNA sequencing by gel filtration 

chromatography. Sephadex G-25 was hydrated in 0.1 M NaOAc, 

pH 502, 001% SOS and the solution was OEPC-treated and 

autoclaved. The slurry \vas poured into a 5 ml disposable 

pipet, plugged with silated glass wool, until the packed bed 

volume was 6.5 ml. Glass wool was silated by soaking in a 
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glass beaker containing 5% (in chloroform) dimethyl-dichloro 

silane (Kodak) for 15 min, taking care to remove all air 

bubbles. The silating solution was decanted and the wool 

was washed 3 times with absolute ethanol, air dried, and 
D 

then baked at 250 C for 4 hr. The Sephadex G-25 column was 

equilibrated with 0.1 M NaOAc, pH 5.2, 0.1% SDS. RNA 

samples were made 001 M NaOAc, loaded (IOO ul) onto the 

column and eluted with the equilibration buffer. After 1 ml 

was eluted, six 0.5 ml fractions were collected in microfuge 

tubes. 50 ul of 3 M NaOAc was added to each tube, mixed, 

and then 1 ml of isopropanol was added and mixed to 

precipitate the RNA. The precipitates were pelleted, 

vacuum dried, and to each tube was added 17 ul DEPC-treated 

water. The RNA was resuspended and the fractions were 

combined. The solution was then phenol extracted twice, 

ether extracted twice, ethanol precipitated and washed twice 

with 70% ethanol prior to drying under vacuum. The RNA was 

resuspended in 12 ul DEPC-treated water and stored at -BODC 

until use. 

c. G;:owth and .Maintenance of En col i Strains 

I. Eft coli Strains Used for Plasmid Vectors 

The ~ CQli strains used for maintaining plasmid 

vectors and recombinants were RRI (P-, hsdS20{rB,mB)' recA+, 

ara-14, proA2, lacYl, galK2, f:..Q,§L2'0{Sm r ), J{yl-5, mtl-l, 
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supE44, A -) and LE392 (P-, hsdR514(rK,m'K)' supE44, supP58 r 

lacYl or tdlacIZY) 6, galI<2, galT22, metBl, trpR55, A -). 

Strains were grown in LB (10 g yeast extract, 10 g bacto

tryptone, 5 g NaCl, per liter, pH 7.6) and plated on L-

pIa tes (16 g bacto-agar per Ii ter LB) .. Strains harboring 

ampicillin resistant plasmids were grown in LB plus 50 ug/ml 

ampicillin (LB/amp) or plated on L~plates plus 50 ug/ml 

ampicillin (LB/amp plates). Permanent storage of bacteria 

was accomplished by growing a 1 ml culture in a microfuge 

tube overnight at 37°C, pelleting for 1 min in a microfuge, 

thoroughly resuspending the pellet in 1 ml LB containing 15% 

glycerol, and freezing at -80°C. Prozen material was 

scraped directly from the tube for inoculation into liquid 

media or streaked on plates. 

thaw. 

Cells were never allowed to 

20 En coli Strains Used for M13 Vectors 

~ ~ strain JMI03 (l.\(lac pro), thi, strA, supE, 

endA sbcB, hsdR-, pI traD36, proAB, lacIQ, Z l.\M15) was used 

exclusively for maintenance of M13 vectorso JMI03 was grown 

overnight at 37°C in 1 ml minimal media (1005 g K2HP04 , 4.5 

g KH 2 P04 , 1 g (NH4) 2S04' 0 .. 5 g NaCitrateo 2H20, per liter, 

the solution was autoclaved, cooled, then 008 ml 1M 

Ng S04 0 7 H20, 5 ul Thiamine-HCI (lmg/ml), and 10 ml 20% 

glucose were added), pelleted 1 min in a microfuge, 

resuspended in 1 ml minimal media containing 15% glycerol 
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and stored as a permanent stock at -80° c. A working stocl<. 

of Jlvll03 was stored on a minimal media plate (16 g bacto

agar per Ii ter minimal media) for up to 4 mon ths at 4° C. 

Liquid cultures were inoculated with colonies from this 

plate and grown in YT media (8 g bacto-tryptone, 5 g yeast 

extract, 5 g NaCl, per liter) at 37°C. 

D. Large Scale Isolation of Plasmid and M13 Vectors 

1. Isolation of Plasmids 

The plasmid vector used for cloning in this study 

was pBR322 (Bolivar, et alo, 1977), obtained from Bethseda 

Research Laboratories (#5252 SA). A single colony of the 

clone containing the plasmid of interest was inoculated 

into 10 ml LB/amp and grown overnight at 37 0 Co This culture 

was added to 1 liter of LB/amp in a 2800 ml Fernbach flask 

and grown overnight (minimum 8 hr, maximum 16 hr) with 

vi g 0 r 0 u s sh a kin gin a wa t e r bat hat 3 7° C. Cells were 

pelleted in 2 bottles in the GSA rotor at 5800xg (6000 rpm) 

for 10 min at 4°C. The supernatant was decanted, cell 

pellets were resuspended in 200 ml (100 ml/bottle) 10 mM 

Tris-HCl, pH 8.5, 1 mM Na2EDTA, and cells were repelleted. 

The supernatant was decanted and the cells were resuspended 

in 20 ml (10 ml per bottle) 15% sucrose (w/v), 50 mH Tris

HCl, pH 8.5, 50 mM Na2EDTA, and 1 mg/ml freshly added 

(solid) lysozyme. The resuspended cells were transferred to 
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Corex (Corning Glass) tubes (10 ml/tube) and incubated for 1 

hr at room temperature. An equal volume of 0.1% Triton x-

100, 50 mM Tris-HC1, pH 8.5, 50 mM Na2EDTA was,added to each 

tube and mixed o The solution was left at room temperature 

for 20 min, after which the tubes were centrifuged at 

27000xg (15000 rpm) in an SS34 rotor for 75 min at 4°C. The 

supernatant was carefully decanted into a new tube and 

phenol extracted twice. Nucleic acids were then ethanol 

precipitated, pelleted at 12000xg (10000 rpm) for 15 min in 

an SS34 rotor, and dried under vacuum. Nucleic acids were 

resuspended in 3097 ml/tube TE buffer. 

Samples were prepared for equilibrium density 

gradient centrifugation by dissolving 4.05 g solid CsCl in 

each tube. The solution was gently pipetted into a VTi80 

centrifuge tube (Beckman Instruments) and then 85 ul of a 10 

mg/ml solution of ethidiurn bromide was layered on top. The 

tube was heat-sealed and then the ethidium bromide was mixed 

into the solutiono Centrifugation was at 336000xg (65000 

rpm) and 20°C for 16 hr in a VTi80 rotor. Upper (linear and 

open-circular plasmid DNA) and lower (supercoiled plasmid) 

bands were visualized by UV fluorescence of intercalated 

ethidium bromide and collected separately with pastuer 

pipets. The DNA-containing solutions were extracted 

repeatedly with water-saturated butanol until no ethidium 

br omide fluor escence was detectable in the aqueous (lower) 

layer. Samples were then dialysed against four changes of 2 
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liters TE buffer, overnight at 4°C. Plasmid-containing 

solutions were transferred to microfuge tubes and stored at 

-20°C. 

2. Isolation of M13 Replicative Form (RE) 

M13 cloning vectors used in this study were mpS, 

mp9, mp18, and mp19 (Messing, 1983), obtained from J. 

Mes sing 0 A single JMI03 colony was picked from a minimal 

media plate, inoculated into 50 ml YT media and grown 

overnight a 37 oCo 80 ml YT was inoculated with 800 ul of 

° the overnight culture and grown for 2 hr at 37 Co 80 ul of 

phage stock (section II.H.l.), containing the vector of 

interest, was then added to the 80 ml culture, and the 

° culture was grown in a shaking water bath for 6 hr at 37 C. 

Cells were pelleted from this culture at 5800xg (6000 rpm) 

in a GSA rotor for 10 min and the supernatant (containing 

M13 phage) was poured into 1 liter YT (in a 2800 ml Fernbach 

flask) which had been inoculated 2 hr previously with 10 mls 

of the overnight JMI03 culture. The I liter culture was 

° grown in a shaking water bath overnight at 37 Co Cells were 

pelleted and RF was isolated as per the large scale plasmid 

isolation procedure (section II.Dol.). 
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E. Small Scale Purification of Plasmids and M13 RF 

1. Elasmids 

Colonies which had appropriate phenotypes on replica 

plates (section II.F.4.) were picked with a toothpick, 

inoculated into a microfuge tube containing 1.3 ml LB/ amp, 
o 

and the tube was incubated at 37 C overnight. Plasmids were 

isolated by the method of Close and Rodriguez (1982). Cells 

were pelleted for 1 min in a microfuge and then thoroughly 

resuspended in 0.5 ml SET buffer (20% sucrose (w/v), 50 mt-'l 

Na2EDTA, 50 mM Tris-HCl, pH 8.0). Cells were repelleted for 

1 min and then resuspended in 150 ul SET. 350 ul of 0.2 N 

NaOH, 0.5% SDS (made fresh each week) was added and the 

solution was vortexed briefly. The tube was placed on ice 

until the SDS precipitated from solution (approximately 5 

min), then 250 ul of 3 N KOAc, pH 4.8 was added. The tube 

was gently inverted several times, incubated on ice for 20 

min and centrifuged for 10 min in a microfuge at 4o Co The 

supernatant was decanted into a new tube (approximately 700 

ul vol) and an equal volume of isopropanol (room 

temperature) was added. The tube was mixed thoroughly and 

centrifuged for 5 min in a microfuge. The isopropanol was 

decanted, the pellets were washed twice with 70% ethanol, 

vacuum dried, and resuspended in 20 ul water. This method 

yielded enough plasmid material (2-3 ug) for 2-3 restriction 

digests. Digested samples were treated with RNase (section 
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II.Fol.) prior to electrophoresis. 

2. M13 RF 

For each plaque from which M13 RF was to be 

isolated, 10 ml YT in a 25 ml culture tube was inoculated 

with 100 ul of JMI03 overnight culture and grown for 2 hr on 

° a roller apparatus at 37 C. The plate containing the 

plaques was held, backlighted by a light source, over one's 

head. Individual plaques were picJ<ed by piercing the agar 

with a pastuer pipet, removing the agar plug, and squirting 

the plug into the 10 ml culture. The culture was allowed to 

grow at least 8 hr on a roller apparatus at 37°C prior to RF 

prepara tiona The culture was transferred to a 15 ml Corex 

tube and centrifuged in an S834 rotor at 5800xg (7000 rpm) 

for 5 min. While cells were pelleting, a small spatula 

tip's load of lysozyme was added to a labeled microfuge 

tubeo The supernatant was poured into a large tube (40 ml) 

for the 8S34 rotor and stored at 4°C for later use in the 

preparation of a phage stocl< (section II.H.I.), if needed. 

The cells were resuspended in 0.7 ml STET (50 mM Tris-HCl, 

pH 8.0, 50 mM Na2EDTA, 5% sucrose (w/v), 0.25% Triton X-

100), then added to the microfuge tube containing lysozyme, 

and vortexed briefly. After 5 min at room temperature, the 

tube was placed in a boiling water bath for 90 sec. The 

tubes were then centrifuged in a microfuge for 15 min and 

the mucilagenous pellet was removed with a toothpick. 70 ul 
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3 M NaOAc was added to the solution, the tube was vortexed 

and then 850 ul of isopropanol (room temperature) was added. 

The tube was mixed thoroughly and centrifuged in a microfuge 

for 10 min. The supernatant was poured off, the pellet 

dried under vacuum and then resuspended in 400 ul water. 

Nucleic acids were then ethanol precipitated, pelleted, 

washed twice with 70% ethanol, vacuum dried, and resuspended 

in 100 ul water. Approximately 10 ug of RF per 10 ml 

culture was obtained by this method. 

treated with RNase (section 

electrophoresis. 

F. General Cloning Procedures 

1. Restriction Digests 

Digested samples were 

II.F.l.) prior to 

Restriction digests were performed in the buffers 

recommended (Maniatis, et ale 1982) for a given restriction 

endonuclease (Table 1) • 
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Table 1. Composition of Restriction Digest Buffers 

Buffer Tris-HCl ~ M.g.Q.l. KCl DTT 

Low Salt 10 mM (pH 7.5) 10 mM 1 mM 

Medium Salt 10 mN (pH 7.5) 50 mM 10 mM 1 mr.l 

High Salt 50 mM (pH 7.5) 100 mH 10 m~l 1 mM 

Sma I Salt 10 mlwl (pH 8.0) 10 mN 20 mM 1 mM 

If a digest was to be performed with two enzymes that 

required different buffers, the digest was first performed 

using the enzyme optimal for the lower NaCl concentration. 

The NaCl concentration was then increased to the level 

required for the second enzyme by the addition of the proper 

volume of aIM NaCl solution. The second enzyme was then 

added, and digestion allowed to procede. Restriction 

digests with Kpn I were done in medium salt buffer rather 

than the low sal t buffer recommended by Mania ti s, et aID 

(1982). Generally, digests were performed in a volume of 15 

ul, with 1-2 ug DNA, 1.5 ul lOX restriction buffer, and 5-10 

units of restriction endonuclease. Digests of larger 

amounts of DNA were scaled up accordingly. The restriction 

enzyme was the last component added to the solution, the 

tube was mixed. quick spun and incubated at 37°C for 1 hr. 

If samples resulted from small scale purification (section 

ILE.), 0.5 ul of RNase (2 mg/ml) was then added and the 
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o reaction continued at 37 C for 20 min. Partial digestions 

were obtained by reducing the amount of enzyme added and 

removing aliquots a different times during the digestion. 

Parameters were determined empirically for optimal partial 

digestion. All restriction endonucleases were puchased from 

Bethesda Research Laboratories (BRL) , New England Biolabs 

(NEB), International Biotechnologies Inc. (IBI) or 

Boehringer-Mannheim (BM). No consistent differences were 

apparent in the quality of enzymes purchased from different 

suppliers. 

2. Removal of 5 1 -terminal Phosphates from Vectors 

The 5 1 -phosphates were removed from linearized 

vectors by two methods. In method I the enzyme used was 

bacterial alkaline phosphatase (BAP) purchased from BRL. 

After restriction endonuclease digestion BAP was added (70 

units per ug DNA) and the reaction mixture was incubated at 

The reaction mixture was then phenol 

extracted twice, ether extracted twice and ethanol 

precipitated. In method 2 the enzyme used was calf 

intestinal phosphatase (CIP) purchased from New England 

Nuclear (NEN). CIP was supplied as an (NH4)2S04 precipitate 

at a concentration of 7 units/ul. 20 ul of the precipitate 

was removed, pelleted in an angle-head microfuge for 1 min 

and the liquid supernatant was carefully removed with a 

pipetman. The pellet was dissolved in 40 ul of CIP buffer 
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(50 mM Tris-HCl, pH 9.0, 1 mM MgC1 2, 0.1 mM ZnC12, and 1 mM 

spermidine), and was stored on ice. This 'consti t u ted the 

working stock. The digested DNA was diluted 3-fold with 

water and was made 0.1% SDS (from a 1% solution). One-tenth 

volume of lOX CIP buffer was added, followed by the addition 

of 1 unit CIP (from the working stock) per ug digested DNA. 

The reaction mixture was incubated at 37°C for 1 hr. After 

CIP treatment, Na2EDTA and nitriloacetic acid (NTA, Sigma # 

° N0128) were added to 10 mM. The tube was incubated at 65 C 

for 1 hr, after \lThich the DNA was ethanol precipitated. A 

solution of CIP obtained from Boehringer-Mannheim (cat. # 

713 023) was used directly in the restriction endonuclease 

buffer. After digestion CIP was added at 1 unit/ug DNA, the 

° reaction mixture was incubated at 37 C for 15 min and then 

an additional 1 unit/ug CIP was added and the reaction 

continued for 15 min. The reaction mixture was made 10 mM 

Na2EDTA and 10 mM NTA, heated to 65°C for 1 hr, and 

precipitated as above. 

30 :8igat .. ion Condi tions 

DNA to be ligated was made free of salt by ethanol 

precipitation and washing twice with 70% ethanol, followed 

by vacuum drying and resuspension in distilled, deionized 

water. DNA concentration in the ligation reaction was 

between 20-40 ug/ml in a total volume of 10-25 ul. The 

insert to vector ratio was 3:1 - 5:1 (w/w). Ligations were 
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also performed under suboptimal conditions (i.e. low amounts 

of insert) with good success. DNA (insert and vector) was 

added to a microfuge tube, followed by addition of 1/10 vol 

(final volume) 500 mM Tris-·HCl, pH 7.5,100 mN. MgC1 2 and 

enough water to allow for addition of the remaining 

reagents. The tube was heated to 6So C for 5 min, then 

placed on ice. One-tenth volume of 100 mM DTT was added, 

then 1/10 volume of 10 mM ATP (stock made in water and 

frozen at -80°C). One (Weiss) unit of T4 DNA ligase (BRL or 

NEB) was added, mixed, then the tube was quick spun and 

incubated at 16°C overnight. 

Control ligations were done with every vector after 

digestion and phosphatase treatment. An aliquot of digested 

vector was not treated with phosphatase. 100 ng of non-

phosphatased vector was incubated with and without ligase, 

each in a reaction volume of 25 ul. Phosphatased vector was 

treated likewise. The number of colonies obtained upon 

transformation of the non-ligated, non-phosphatased vector 

gave an estimate of the number of background colonies that 

arose from incomplete digestion of the vector. This was a 

rough estimate since linear DNA molecules which are taken up 

by a host cell can be circularized by the host cell's 

endogenous DNA ligase. Transformation by the non-ligated, 

phosphatased vector gave rise to fewer colonies or plaques 

than did the non-phophatased vector. since phosphatased 

linear DNA molecules that were taken up by the cell could 
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not be circularized by the cell's DNA ligase. The number of 

colonies obtained upon transformation of the ligated, non

phosphatased vector served as a control for the quality of 

ligation reagents and gave an idea of the extent of 

intactness of the ends of the DNA. Transformation of the 

ligated, phosphatased vector generally yielded 0-3% of the 

number of colonies obtained by transformation of ligated, 

non-phosphatased vector, and was diagnostic of the extent of 

phosphatase treatment. 

4. Transformatjon Conditions 

Transformation with plasmid vectors and recombinants 

was done by the method of Morrison (1977). A 1 ml culture 

of the host E..o... col i strain was grown in a microfuge tube 

overnight at 37°C. To a flask containing LB was added 1/100 

vol of the overnight culture (i.e .. 1 ml overnight culture 

per 100 ml LB) and the cells were grown with vigorous 

shaking at 37°C. Cells were grown until the solution 

reached an A600 of 004, and then the flask was placed on ice 

for 10 min. All solutions were maintained at 4° C. Cells 

were transferred to Corex tubes, pelleted at 8000xg (7000 

rpm) in an HB4 rotor for 5 min, resuspended with a pastuer 

pipet in 1/2 vol (of the original culture volume) 100 mM 

MgC1 2 , and r epelleted. Cells were then resupended with a 

pastuer pipet in 1/2 vol 100 mM CaC12 and the tube incubated 

on ice for 20 min. The cells were pelleted again and then 
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gently resuspended by swirling them in 1/10 vol of 100 mM 

At this point the cells had been converted into 

spheroplasts and were competent. 300 ul of competent cells 

were added to 10-30 ng of DNA in a microfuge tube. The tube 

was incubated on ice for 40 min and then placed in a 42
0 

C 

water bath for 90 sec. After this heat shock, the solution 
o 

was diluted into 10 ml LB and incubated at 37 C with shaking 

for 1 hr. Cells were transferred to a Corex tube, pelleted, 

and resuspended in 1 ml LBo 50-200 ul of cell solution was 

spread per LB/amp plate. Plates were inverted and incubated 

a t 3 70 C 0 v ern i g h t .. Large colonies were picked for 

characterization. Smaller colonies surrounding large 

colonies (satellite colonies) were not genuinely ampicillin 

resistant. Satellite colonies arose because large colonies 

which were ampicillin resistant secreted beta-lactamase, 

which deplieted the surrounding media of ampicillin. For 

cloning experiments using pBR322 (Bolivar, et al., 1977) 

colonies were replica plated on LB/ampicillin and 

LB/tetracycline (12.5 ug/ml) plates. 

Transformation with M13 vectors and recombinants was 

done using ~ QQli strain JMI03. Feeder cells were grown by 

inoculating a 25 ml culture tube containing 10 ml YT with 

100 ul of a JMI03 overnight culture and placing the tube on 
o a roller apparatus at 37 C. To a flask containing YT media 

was added, 1/100 volume (i.e. 1 ml overnight culture per 100 

ml YT) of the JMI03 overnight culture. The cells in the 
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flask were grown with shaking at 37 C to an A600 of 0.4 (90-

120 min) and then chilled 10 min on ice. All solutions were 

maintained at 4°C. Cells were then transferred to Corex 

tubes and pelleted in an HB4 rotor at 8000xg (7000 rpm) for 

S min. The cells were resuspended with a pastuer pipet in 

1/2 vol (of the original culture volume) 100 mM CaC1 2 , 10 mM 

Tris-HCl, pH 7.S, 1 mM NaCl. Cells remained on ice for 20 

min and then were pelleted. The cells were then resuspended 

by gently swirling them in 1/10 vol of the CaC1 2 solution. 

300 ul of competent cells were added to 10-30 ng of DNA in a 

microfuge tube and the tube was placed on ice for 40 mino 

Soft agar (O.SS% bacto-agar in YT, 3 ml aliquots in 10 ml 

test tubes) was melted by boiling in a water bath and then 

° placed at 42 Co At 2S min after cells were added to DNA, 10 

ul of 100 mM IPTG (isopropyl-beta-D-thiogalactopyranoside, 

° in sterile water, stored at 4 C) was added to each soft agar 

tube. Then 40 ul of 2% X-gal (S-bromo-4-chloro-3-indolyl-

beta-D-galactoside, in dimethylformamide, stored in the dark 

at 4°C) was added to each soft agar tube, followed by the 

addition of 200 ul feeder cells. Forty minutes after cells 

were added to DNA, the DNA/competent cell mix was pipetted 

into the soft agar tubes, mixed and poured evenly onto a 

pre-warmed (37°C) YT plate. After IS min at room 

temperature the plates were incubated with the agar at the 

bottom at 37°C overnight. Plaques containing cloned 

fragments were clear. due to the disruption of the beta-
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galactosidase gene by the insert. Plaques containing vector 

without insert were blue, due to the presence of an intact 

beta-galactosidase gene. 

G. ~ecial Subcloning Procedures 

1. DNA Fragment Isolation 

Generally, the amount of DNA added to a restriction 

digest was calculated to yield 1 ug of the desired fragment 

to be isolated from an agarose gel. Digestion products were 

electrophoresed (section II.J.l.a.), and gels were ethidium 

br omide stai ned. DNA was visualized by ethidium bromide 

fluorescence, and the fragment to be isolated identified by 

comparison with the mobility of molecular weight markers. 

Method 1 of fragment isolation involved cutting a trough 

directly in front of the band, lining the trough with a 

piece of dialysis membrane, filling it with electrophoresis 

buffer and electrophoresing the fragment into the trough. 

The buffer in the trough, containing the electroeluted 

fragment, was removed with a pipetman. 5 ug of carrier tRNA 

(a 10 rng/ml stock of E.a.. ~ tRNA in TE buffer, which was 

phenol extracted twice and ether extracted twice) was added 

and the solution was phenol extracted twice, ether extracted 

twice and then ethanol precipitatedo Nucleic acids were 

pelleted in a microfuge and washed twice with 70% ethanol, 

vacuum dried, and resuspended in 10 ul water~ One ul of the 
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resuspended DNA was used to estimate the amount of DNA 

recovered by comparison with known amounts of DNA upon 

agarose gel electrophoresis. The fragment was then ready 

for ligation. Method 2 of fragment isolation involved 

cutting a slit directly in front of the band to be isolated 

and inserting a piece of Schleicher & Schuell (S&S) NA-45 

paper into the slit. NA-45 paper was pretreated by soaking 

for 10 min in 10 mM Na2EDTA, pH 7.6, 5 min in 0.5 M NaOH, 

followed by several washes in deionized water, and could be 

° stored for several months in deionized water at 4 C. The 

fragment was electrophoresed onto the paper (approximately 5 

min) • Binding of the DNA to the paper was checked by 

ethidium bromide fluorescence under UV illumination. The 

paper was trimmed to minimize its surface area, and was 

placed into a microfuge tube with 150-200 ul high salt NET 

(1.0 M NaCl, 0.1 mM Na2EDTA, 20 mM Tris-HCl, pH 8.0). The 

tube was incubated at 6f C for 45 min with occasional 

swirling. Removal of the DNA from the paper was monitored 

by ethidium bromide fluorescence. 5 ug of carrier tRNA was 

added and the solution was extracted with water-saturated n-

butanol once, phenol extracted once, and ether extracted 

once. Absolute ethanol (205 volumes) was added and the tube 

° incubated at -20 C overnight. The precipitate was pelleted 

(30 min) in a microfuge at 4° C, dried under vacuum and 

resuspended in 100 ul water. The resuspended nucleic acids 

were ethanol precipitated, pelleted, washed twice with 70% 
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ethanol, dried and resuspended in 10 ul water. The amount 

of DNA recovered was checked by running I ul on a gel along 

with known amounts of standards. The DNA could then be used 

for ligation. 

Recovery of restriction fragments from 

polyacrylamide gels was by the "crush and soak" method. 

Products of restriction digests were electrophoresed on a 

polyacrylamide gel (section II.J.2.), stained and visualized 

by ethidium bromide fluorescence. A pi ece of the gel 

containing the fragment of interest was placed in a 

microfuge tube. The gel piece was crushed with a blue P-

1000 pipetman tip and then 400 ul of gel elution buffer (500 

mM NaCl, 20 mM Tris-HC1, pH 8.0, 2 mM Na2EDTA, 0.1% SDS) was 

added. The tube was incubated at 6:f C for 6 hr and then 

centrifuged in a microfuge for 1 min to pellet 

polyacrylamide. The supernatant was transferred to a new 

tube, which was centrifuged to pellet any residual 

polyacrylamide. The supernatant was transferred to another 

tube, 5 ug of carrier tRNA ttlaS added, and the solution was 

phenol extracted twice, ether extracted twice and ethanol 

precipitated. Nucleic acids were pelleted, washed twice 

with 70% ethanol, vacuum dried, and resuspended in 10 ul 

water. 1 ul of the resuspended DNA was run on a gel to 

determine the amount recovered. The DNA could then be used 

for ligation. 
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2. Sal 11 Deletions 

Deletions with the double-stranded exonuclease Bal 

31 were performed on linearized DNA from clone 556 (Appendix 

4), or clone 170 (Appendix 4), to generate subclones to 

complete sequencing of the ~12 exon 2-3/ J:J;lS7 region (see 

Figure 9). Deletions of clone 170 were from the Sal I site 

in the multiple cloning site of the vector, through an Eco 

RI site in .t:..l?-§12 intron 2 (position 2591, Appendix 5), 

towards the ndhB gene (Shinozaki, et ale 1986b). The clones 

containing deleted DNA were then digested with Eco RI, which 

cuts at a site in the nQhB gene (Shinozaki, et al., 1986b). 

The set of fragments, containing one Eco RI-compatible end 

and one blunt end resulting from the deletion, were then 

cloned into mp18 which had been digested with Eco RI and Sma 

I. Bal 31 treatment of clone 556 linearized with Pst I 

resulted in deletions from the Pst I site in the ~7 gene 

(Appendix 5) towards the 16S rRNA gene (see Figure 9)0 The 

clones containing deleted DNA were digested with Eco RI, 

which cuts at the Eco RI site in the multple cloning site of 

clone 556. The set of fragments were then cloned into mplB 

which had been digested wi th Eco RI and Sma I. Bal 31 

treatment of clone 556 linearized with Kpn I resulted in 

deletions from the Kpn I site in the multiple cloning site 

of the vector, through the 16S rRNA gene towards the ~12 

exon 2-3/ ~7 genes (see Figure 9). The clones containing 

deleted DNA were digested with Eco RI, which cuts at the Eco 
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RI site in L:J2,.S.J.2 intron 1 (position lSlO, Appendix 5). The 

set of fragments were then cloned into mplS which had been 

digested with Eco RI and Sma I. 

Deletions were done with the "fast" form of Bal 31, 

which deletes 50 bp/min, purchased from IBI. Linearized DNA 

was added to a concentration of 50 pmol ends/ml in 1/5 vol 

5X reaction buffer (IOO mM Tris-HCl. pH S.O, 3 M NaCl, 6205 

-mM MgC1 2 , 62.5 roM CaC1 2), provided by IBI. The total amount 

of DNA in the reaction was adjusted to give 3 ug per time 

point collected. The enzyme was added to a concentration of 

20 units/ml, the solution mixed, and the reaction mixture 

incuba ted at 30° C. At various time points, aliquots were 

removed and placed into another tube (on ice) containing 

1/10 vol 200 mM Na2 EGTA. Af ter all the time point s wer e 

taken, the solutions in each tube fro~ the various time 

points were diluted to 100 ul with TE, phenol extracted 

once, ether extracted twice, and ethanol precipitated. DNA 

was pelleted and washed twice with 70% ethanol, then vacuum 

dried and resupended in 30 ul water. DNA was then digested 

with Eco RI and 10 ul was run on an agarose gel to determine 

the extent of deletiono The remainder of the solution was 

then made 10 mM Na2EDTA and incubated at 65°C for 15 min, to 

inactivate the Eco RI~ The solution was diluted to 100 ul 

with TE, ethanol precipitated, washed twice with 70% 

ethanol, and vacuum driedG DNA was resuspended in 20 ul 

water and 10 ul was used for ligation into 200 ng Eco RI/Sma 
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I digested mp18. 

H. Preparation of Phage Stocks and Isolation of Plus-Strand 

1. Phage Stock Preparation and Storage 

The tube containing the supernatant that was saved 

after pelleting cells for small scale RF isolation (section 

II.G.2.) was placed on ice and 2.S ml of a solution of 20% 

PEG (polyethylene glycol)-6000, 20S M NaCl was added and 

mixed. The tube was incubated on ice for 45 min p and then 

centrifuged for 10 min at 12000xg (10000 rpm) in an SS34 

rotor to pellet precipitated phageo The supernatant was 

discarded and the tube inverted and" allowed to drain over a 

paper towel for 15 min. The inside of the tube was wiped 

with a portion of a Kimwipe to remove any residual PEG 

solution, being careful not to disturb the phage pellet. 

The pellet was then resuspended in 400 ul phage resuspension 

buffer (50 mM Tris-HCl, pH 70S, 50 mM NaCl, S mM Na2EDTA) 

per 10 ml starting culture volume. The resuspended phage 

were transferred to a microfuge tube, centrifuged 1 min to 

pellet any remaining ~ Q.QJJ. cells and the supernatant vias 

transferred to a ne\'l microfuge tube. The phage stock was 

stored at -20°C. 
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2. Plus-strand Preparation 

M13 plus-strand was prepared from 300 ul of phage 

stock (section II.H.l.). SDS (1% solution) was added to a 

final concentration of 0.1%, and the tube was vortexed to 

mix. 300 ul of water-saturated phenol was added, the tube 

° vortexed and then incubated at 65 e for 15 min with 

occasional vortexingo The tube was centrifuged 3 min in an 

angle-head microfuge and the upper layer was transferred to 

a new tube. The phenol extraction was repeated and then the 

aqueous layer was chloroform extracted twice. The solution 

was then ethanol precipitated, washed twice with 70% 

ethanol, vacuum dried, and resuspended in 20 ul water. 

Yields of 5-15 ug were routinely obtained. 

strand was stored at -20°C. 

3. C-test 

Pur if ied pI us-

Two M13 clones were diagnosed as having inserts of 

opposite orientation by performing a complementation test 

(C-test) on purified plus-strand or on phage stocks. Plus

strands were diluted to 50 ng/ul. 2 ul of each plus-strand 

sol uti on, or 4 ul of each phage stocle \'laS added to 7 ul of 

C-test buffer (200 ul of lOX Medium salt restriction buffer 

(section II.F.l.), 200 ul 1% SDS, 300 ul agarose gel 

tracking dye (section II.J.l.a.», and water was added to a 

volume of 20 ul in a microfuge tube. The solution was 
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vortexed, quick spun, and incubated at 6? C for 1 hr. rr'he 

tube was then cooled to room temperature and the sample was 

loaded directly (sample dye is already present in C-test 

buffer) onto a 0.7% agarose gel and electrophoresed (section 

II.J.l.a.) • Lanes containing each individual plus-strand 

were run, as well as the mixture of two plus-strands. If 

the inserts were complementary the mixture of plus-strands 

had a retarded mobility on the gel relative to the 

individual plus-strands. 

Io Nucleic Acid Sequencing 

1. Preparation of Materials and Reagents 

Microcap pipets (Drummond Scientific) were silated 

by soaking in 5% (in chloroform) dimethyl-dichloro silane 

(Kodak) for 15 min in a test tube o All air bubbles were 

removed from the pipets by tapping the tube. The silating 

solution \vas decanted, and the pipets were rinsed 5 times 

with 95% ethanol, each time removing all air bubbles from 

the pipets. The pipets were then baked in a 250°C oven for 

4 hr and returned to their original container. Microcap 

pipets were used whenever possible to measure volumes for 

nucleotide preparation and sequencing reactions. They were 

not used for pipetting of radioactive materials, except when 

loading samples on gels. Formamide was deionized by mixing 

50 ml formamide (Sigma) per 3 g Bio-Rad AG50l-X8 mixed bed 
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resin and stirring for 2 hr until the pH was 6-7 and the 

conductance (measured with a Beckman Model Phi 71 pH meter) 

was 400-5 uohm. Deionized formamide was stored in an amber 
o 

bottle at -80 C until use. Deoxy- and dideoxy- nucleotides 

(dNTP's and ddNTP's) were purchased from PL-Biochemicals. 

dATP (cat. # 27-2050), dCTP (cat. # 27-2060), dGTP (cat. 

#27-2070), and dTTP (cat. :It 27-2080) were supplied as 

approximately 100 mM solutions (in 10 mM Tris-HCl, pH 7.0). 

Dideoxynucleotides were obtained in powder form (cato :It 27-

4865-01), 1 umole each, and were resuspended in 40 ul Tris

HCl, pH 7.0 to make an approximately 25 mH solution. The 

actual concentration of nucleotides was determined by 

diluting each in 10 mM Tris-HCl, pH 700 and measuring the 

absorbance spectrophotometrically. The extinction 

coefficients at the wavelength of maximum absorbance for the 

nucleotides are listed in Table 2. 
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Table 2. Extinction Coefficients at Wavelengths of Maximium 
Absorbance for Deoxy- and Dideoxy-nucleotides 

Nucleotide 

dATP 

dGTP 

dCTP 

dTTP 

ddATP 

CidTTP 

ddCTP 

ddGTP 

Extinction Coefficient 
(M-lcm-l) 

1.54 X 104 

1.37 X 104 

9.10 X 103 

9.40 X 103 

1.37 X 104 

9.50 X 103 

9.10 X 103 

1.16 X 104 

Wavelength 
enml-

259 

253 

271 

260 

261 

267 

271 

252 

The wavelength of maximum absorbance of the nucleotides was 

determined by performing a wavelength scan in a Beckman DU-8 

spectrophotometer. It was found that the wavelength of 

maximum absorbance of some nucleotides (varying with the lot 

of nucleotide purchased) was not as given in Table 2. In 

these cases, the absorbance at the measured wavelength 

maximum, along with the listed extinction coefficients, were 

used to calculate the concentration. These nucleotide 

solutions were termed "master stocks" and were stored at 

The master stocks were thawed on ice, remained on 

ice when in user and were returned as quickly as possible to 

-80 DC after use. 
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2. DNA Sequencing 

Two nucleotide stocks were made for DNA sequencing 

reactions. The No (N nought) stocks consisted of each dNTP 

(except dATP, which was added as radioactive label) with a 

lower concentration of the dNTP corresponding to the ddNTP 

which was to be added separately to the particular 

sequencing reaction. For example; the Co stock contained no 

dATP, but had 0.16 mM each dTTP, dGI'P, and a lower 

concentration of dCTP (000082 mM) 0 Each dNTP was diluted 

from the master stock (100 mM) to 0.5 mM in PRB (7 mM Tris-

HCl, pH 7.5, 7 mM MgC1 2 , 50 mM. NaCl) • 

made from these solutions as follows: 

The No stocks were 

Table 3. Composition of No Stock Solutions 

M±.x Nicroliters Added 

0.5 mM <IT.Tg 0.5 roN d'cTP 0...5 mM dGTP lX PRB 

Ao 20 20 20 20 

To 1 20 20 20 

Co 20 1 20 20 

Go 20 20 1 20 

The concentration of the components of the No stocks were 

not varied. The initial ddNTP stocks (called initial since 

the stocks were generally diluted - see below) were made by 
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diluting their master stocks into 1 X PRB. Final 

concentrations were: 

Table 4. Concentration of Initial Dideoxynucleotide Stock 
Solutions 

Nucleotide Working Stock 

ddATP 0.20 mM 

ddTTP 0.50 mM 

ddCTP 0.75 mM 

ddGTP 0.75 mM 

o 
Nucleotide stocks were stored at -80 C and thawed on ice 

prior to use .. 

DNA sequencing reactions were performed by first 

annealing primer to template (plus-strand), and then 

synthesizing a DNA strand complementary to the insert, 

incorporating dNTPs with DNA Polymerase I Klenow fragment. 

Radioactive label was added as 35 S-dATP in the cDNA strand. 

The growing cDNA strand was terminated at specific 

nucleotides by the incorporation of a ddNTP. The annealing 

mix consisted of one ug of purified plus-strand (section 

I I. H .. 2 • ), 2.5 ng pr imer (2 ul of PL-Biochemical tt27 -1534-

01), and 2 ul of 10 X PRB brought up to a volume of 12.5 ul 

with water in a microfuge tube. The tube was placed in a 
o 

glass scintillation vial filled with water at 65 C, and 
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these were placed in a 6SoC water bath for 10 min. The vial 

containing the tube was then removed from the bath, and was 

allowed to slowly cool to room temperature (approximately 40 

min) • While the tube was cooling, 4 microfuge tubes were 

labeled, one for each of the four sequencing reactions (A, 

T, C, G) for a given template. 1 ul of the proper No stock 

was pipetted onto the side wall near the middle of the 

appropriate tube (e.g. the Ao stock was pipetted into the 

tube for the A reaction) on ice. Then, 1 ul of the 

appropriate ddNTP stock (e.g. the ddATP stock was pipetted 

into the tube for the A reaction) was pipetted onto the 

QJ;U?osite side wall near the middle of the tube. Once 

optimal ddNTP concentrations were determined (see below), 2 

ul of the complete nucleotide (cN) stock was added (to the 

side wall near the middle of the tube), rather than 1 ul 

each of the No and ddNTP stocks. Af ter the anneal ing mix 

had cooled the tube was removed from the scintillation vial 

and placed on ice. To it was added 1 ul 100 mH DTT, then 

(using a pipetman) 3 ul alpha-3SS-dATP (NEN #NEG-034H, 1000-

lSOO Ci/mmol), and finally DNA Polymerase I Klenow fragment 

(BRL - qenerally 1 unit, see below) 0 The reaction 

components were mixed, the tube was quick spun, placed on 

ice, and then 3 ul of this mixture was pipetted (using a 

pipetman) into each of the 4 tubes for the reactions on a 

given template. The tubes were quick spun and incubated at 

30°C for IS min. The tubes were placed on ice and 1 ul O.S 
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mM dATP (in IX PRB) was added to each. The reaction mixes 

were quick spun and incubated at 30°C for an additional 15 

min. The tubes were then removed onto ice .and 10 ul of 

formamide/dye mix (0.1% xylene cyanol FF, 0.1% bromophenol 

blue, 10 mM Na2EDTA, 95% deionized formamide) was added. The 

tubes were vortexed and stored at -20°C for a maximum of 2 

days prior to use. 

Two control experiments were done to optimize the 

amount of sequence data obtainable from each reaction. The 

amount of Klenow fragment required for easily readable 

sequence data varied depending on the lot. Therefore, each 

lot of Klenow was titrated prior to use. A series of 

sequencing reactions (on a template that had previously been 

shown to give good sequence data) were set up using 0.2, 

0.5, 1.0, 1~5, and 2.0 units of Klenow (per annealing mix) 

and sequencing was performed as above. Inspection of the 

autoradiogram of the electrophoresed reaction products 

allowed deduction of the minimal amount of Klenow required .. 
to give easily readable sequence data without background 

(bands of the same molecular weight in each reaction). The 

concentration of dideoxynucleotides was also titrated to 

give easily readable sequence data to the highest molecular 

weight reaction product possible. Each stock ddNTP solution 

was diluted in series 1:2, 1:4, 1:8, and 1:16, and used in 

individual sequencing reactions on a control templa teo The 

optimal dilution was one which gave easily readable data at 
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the higher molecular weight range of reaction products 

without- diminution of band intensity of lower molecular 

weight products on the sequencing gel autoradiogram. The 

concentrations and dilutions of ddNTP's that were used for 

most of this work were; 0.025 mM ddATP (1:8), 0.5 mM ddTTP 

(not diluted), 0.188 mM ddCTP (1:4), and 0.188 mM ddGTP 

(1:4). Once the optimal ddNTP concentrations were 

determined, a complete nucleotide (cN) stock was made by 

mixing equal volumes of the appropriate No stock and the 

diluted ddNTP stock. 2 ul of the cN mix was added (rather 

than 1 ul each of No and ddNTP stocks) to the side of each 

microfuge tube prior to the sequencing reaction. 

3. eDNA Sequencing of RNA 

RNA from which ATA had been removed (section 

II.Bo3.) was sequenced by dideoxy sequencing of cDNA 

strands, using a primer complementary to the RNA and 

extending the cDNA strand with reverse transcriptase. The 

annealing reaction consisted of 0.6 pmoles of 32p end

labeled primer (section II.K.3.), 3 ul RNA, and 2.5 ul 5X 

annealing buffer (IX AB is 50 mfJl Tris-HCl, pH 8.3, 60 mM 

NaCl, 10 mM DTT~ brought up to a total volume of 12 u1 with 

water in a microfuge tube. The annealing mix was heated to 

6:f C for 5 min, subsequently placed at 42° C for 3 hr, and 

then slowly cooled (approximately 1 hr in a water-filled 

beaker) to 35°C, after which it was placed on ice. For 20 
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reactions (4 templates) a reaction cocktail was prepared by 

mixing 25 ul of a nucleotide stock (2.0 mM each dATP, dTTP, 

dCTP, dGTP, in IX AB) with 5 ul of 5X reverse. transcriptase 

buffer (IX RTB is 50 mM Tris-HCl, pH 8.3, 60 mr-l NaCl, 10 mM 

DTT, 30 mM MgOAc), diluting to 50 ul with water and adding 

12 units reverse transcriptase (Life Sciences - AI:1V) in a 

microfuge tube on icev Two ul of the annealing mix was 

pipetted (using a pipetman) into the bottom of the five 

microfuge tubes (on ice) for each sequencing reaction on a 

given template (A, T, C, G, and N - no dideoxy control). 

Two ul of the reaction cocktail was pipetted on the side 

wa] 1 near the middle of each tube and 1 ul of the 

appropriate ddNTP (400 uM in lX AB) was pipetted on the 

opgosite wall near the middle of the tube. In the N 

r~action 1 ul lX AB was used instead of a ddNTP. The tubes 

were quick spun and then incubated at 37°C for 15 min. The 

tubes were placed on ice and to each was added 1 ul of chase 

solution (0.25 units reverse transcriptase per ul lX AB). 

The tubes were quick spun and the reactions were incubated 

° at 37 C for 15 min. The tubes were placed on ice and the 

reactions were terminated by the addition of 6 ul 

formamide/dye mix (section II.I.2 c )c Samples could be 

stored at -20°C up to 1 day prior to electrophoresis. 
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J. Gel Electrophoresis. Photography and Autoradiography 

1. Agarose Gel Electrophoresis 

a. Non-denaturing One-Dimensional Electrophoresis 

DNA and RNA were routinely analyzed by electro

phor esi s on agarose gels. Agarose was ei ther Sigma type I 

or FMC SeaKem (Me). Gels ranged from 0.7-2.0% agarose, 

depending upon the range of molecular weights that were to 

be separated (see Maniatis. et alo. 1982 p. 150). 

Electrophoresis buffer was TBE (100 mM Tris, 100 mM boric 

acid, 2.5 mM Na2EDTA, brought to pH 8.3 by the addition of 

solid boric acid) .. The gels were run in commercially 

available apparati (BRL or Bio-Rad), in a horizontal mode, 

submerged under a thin layer of buffer at room temperature. 

Electrophoresis was generally at 10 volts/em gel length, 

however for more quantitative determination of molecular 

weights, 2-5 volts/em was used. One- tenth vol ume of 

tracking dye (0.25% xylene cyanol FF, 0025% bromophenol blue 

in 40% glycerol) was added to samples prior to 

electrophoresis. DNA samples were heated to 6So C for 5 min 

(RNA samples were DJl.t heated), loaded on the gel and 

electrophoresed until the bromophenol blue dye front had 

migrated 67% to 75% of the length of the gel. Upon 

completion of electrophoresis the gel was removed from the 

apparatus .. and stained for 15 min in 1 ug/ml of ethidium 



66 

bromide in water (freshly made). The gel was then rinsed 

several times with water to remove any residual ethidium 

bromide, and was photographed (section II.J.3.). 

b. Two-Dimensional Gel Electrophoresis 

The technique for two-dimensional electrophoretic 

restriction mapping is modified (Jurgp.nson, 1980) from that 

of Villems et al., (1978). One ug of chloroplast DNA was 

digested with the restriction enzyme used for the first 

dimension gel separation. After digestion, 1/5 volume of 

Endo Stop Solution (0.01% bromphenol blue, 70% glycerol, 

O.lM Na2EDTA, pH 8.0) was added and the DNA concentration 

was adjusted to 200 ug/ml by dilution or vacuum 

con c e n t rat ion. Af t e r he a ti n gat 6 cf C for 10-15 mi n , th e 

sample (4-5 ul) was applied to tube gels (14 cm x 0.2 cm) of 

0.55% or 0.60% agarose in TAE (40 mM Tris-HCl, pH 7.7, 33 mM 

sodium acetate, 29 mM acetic acid, 1 mM Na2EDTA) 

electrophoresis buffer. Gels were aged for 24 hr before 

use. Electrophoresis was at 6 v/cm for 6 hr or until the 

bromophenol blue dye marker had migrated off the gel. The 

first dimension gels were then removed from the tubes, 

soaked in 15 ml sterile distilled water for one hour, and 

placed in 15 cm lengths of glass tubing (0.5 cm, i.d.) which 

were filled with a solution of 2x restriction enzyme 

digestion buffer and 10 units of a second restriction 

enzyme. For Kpn I digestion, the tubes were then sealed 
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with serum stoppers and kept at 4° C overnight followed by 

incubation at 37°C for 2 hr. For Sal I and Sma I digestion, 

incubation was overnight at 37°C. The digestion buffer was 

then replaced with TPE (36 mM Tris-HCl, pH 7.8, 30 mM 

NaH2P04' 1 mM Na2EDTA) containing 30% Endo Stop Solution and 

the tubes were heated for an additional 10 minutes at 60-65 

C. The blue-stained gels were removed from the tubes and 

placed in a well on the second dimension slab gel (O.2cm x 

20cm x 20 cm). TBE electrophoresis buffer was used for the 

second dimension gel, which contained 1.0% agarose. 

Holecular weight standards (a mixture of Eco RI digests of 

lambda C1857S7 DNA and T5 bacteriophage DNA), in 0.6% 

a gar 0 sewer e gel 1 e din O. 2 c m d i am e t e r' tub e s • Sm all 

sections of these gels were placed on the second dimension 

gel along \'lith the first dimension gel. Af ter cementing 

these gels with molten agarose of the same concentration 

used in the first dimension, the slab gels were placed in a 

hor izontal gel apparatus. Fragments were separated in the 

second dimension at 6 v/cm until the bromophenol blue dye 

reached the end of the gel (about 14 hours). The gel \vas 

soaked in TBE containing 0.5 ug/ml ethidium bromide for 2 

hours, washed for 30 minutes in distilled water and was 

photographed. 
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c. ElectrophQresis of RNA in Methylmercury Hydroxide Gels 

RNA to be blotted for northern hybridization 

analysis (section II.J.l.c.) was electrophoresed in agarose 

gels containing the denaturant methylmercury hydroxide 

(Bailey and Davidson, 1976). Gels consisted of 1.2-1.S% 

agarose in ISO ml DEPC-treated E buffer (lOX E buffer is SO 

mM NaBorate, 10 mM Na2EDTA, 100 mM NaSulfate, 500 mM Boric 

acid, pH 8.19). The mol ten agarose sol ution was cooled to 

5SoC, and working in a hood, a solution of methylmercury 

hydroxide (AlfaProducts) was added to 5 mM (0.75 ml of 1 M 

me thy Imercury hydr oxide stock). The sol ution was poured 

into an electrophoresis apparatus and allowed to solidify, 

after which the gel was submerged in E buffer. RNA samples 

(IS ug chloroplast RNA (section II.B.3.) per lane) to be 

electrophoresed were added to 1 ul lOX E buffer in a 

microfuge tube and these were diluted to 10 ul with DEPC

treated water. Samples were heated to 6SoC for 5 min, then 

chilled briefly on ice and placed at room temperature. In 

the hood, 1 ul of a 100 mM methylmercury hydroxide stock was 

mixed into the solution, and the tubes remained at room 

temperature for 5 mino Then. S ul of loading dye (0.1% 

bromophenol blue, 40% glycerol in DEPC-treated water) was 

added, the tubes were quick spun and samples were loaded 

onto the gel. In one lane nearest the edge of the gel, 10ug 

RNA (treated as above) was loaded. to be used as molecular 

weight markers. Electrophoresis was at 4 volts/em until the 
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bromophenol bl ue dye had migra ted 67% of the length of the 

gel. Electrophoresis buffer- was changed every 90 min. 

After electrophoresis, the lane containing RNA. to be used as 

molecular weight markers was excised from the gel and 

stained (1 ug/ml ethidium bromide in 0.5 M NH40Ac) for 30 

min prior to photography (section I L J. 3. ) • The remainder 

of the gel (to be blotted) was soaked in 0.5 M NH40Ac for 30 

min to inactivate the methylmercury hydroxide. 

d. Molecular Weight Determinations from Agarose Gel 

Sel?arations 

Molecular weights for RNA and DNA species were 

determined by comparison with the electrophoretic mobility 

of known molecular weight markers. DNA markers were lambda 

phage DNA (cI857S7), digested with Hind III (range 560 bp-23 

kbp), or pBR322 (Bolivar, et al., 1977), digested with Hinf 

I (range 75-1631 bp). Markers for RNA were chloroplast 23S 

rRNA (2803 nucleotides), 16S rRNA (1485 nucleotides), 5S 

r RN A ( 123 n u c 1 e 0 tid e s), and t RN A ( a v era g e s i z e , 7 5 

nucleotides) • The mobility of bands was determined by 

measuring the distance each band had migrated from its 

sample well. Mobility measurements were made on photographs 

(section ILJ.3o) of ethidium bromide stained gels using a 

Houston Instruments Hi-Pad digitizing tablet. Plots of log 

molecular weight vs mobility were drawn for the standards 

and displayed a characteristic sigmoidal shape. The 
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molecular weight for a sample band was determined by 

plotting the distance it migrated on the standard curve and 

determining the corresponding molecular weightp 

2. Polyacrylamide Gel Electrophoresis 

a. Non-Denaturing Polyacrylamide Gels 

Non-denaturing polyacrylamide gels were used for the 

isolation and characterization of low molecular weight (30-

500 bp) DNA fragments. Gels were 4% polyacrylamide (Fisher, 

reagent grade), and were electrophoresed in a vertical mode 

using TBE as running buffer. The gel was poured between two 

clean glass plates separated on three edges (both sides and 

the bottom) by plexiglas spacers (3 mm thickness). A dab of 

silicon vacuum grease (Dow-Corning) was applied at the 

junction of the bottom and side spacers. The plates and 

spacers were clamped on the sides and bottom and stood 

upright. For 30 ml gel volume, 4 ml 30% acrylamide stock 

(29:1 acrylamide:bis-acrylamide in water, stored in an amber 
o 

bottle at 4 C), 3 ml lOX TBE, and 23.5 ml water were mixed 

in a flask. Then 0.5 ml 4% ammonium persulfate (APS) and 25 

ul TEMED (N, N, N1
, N'-tetramethyl-ethylenediamine) were 

added, the mixture swirled and poured rapidly between the 

glass plates. The sample well comb was then inserted 

(without trapping any air bubbles beneath the teeth) at the 

top between the plates. The gel was allowed to polymerize 
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(1 hr) and then the comb was gently removed and the well s 

were thoroughly rinsed with TBE buffer to remove any 

residual acrylamide. The electrophoresis apparatus 

consisted of a plexiglas stand separating upper and lower 

buffer chambers. The plate/gel/plate sandwich was clamped 

into the electrophoresis apparatus and the buffer chambers 

were filled with TBE. Samples were prepared (section 

II.J.l.a.), loaded into the wells, and electrophoresed until 

the bromophenol blue dye miqrated 75% of the way to the 

bottom of the gel. The plate/gel/plate sandwich was then 

removed from the apparatus and the glass plates separated. 

The gel remained stuck to one of the glass plates and the 

plate and gel were soaked in 1 ug/ml ethidium br.omide 

solution for 15 min. The gel was removed from the plate 

prior to photography (section II.J.3.). 

b. Denaturing Polyacrylamide Gels 

Polyacrylamide gels for the separation of nucleic 

acid sequencing reaction products were ultra-thin (0.4 mm) 

and run under dena turing (7 M urea, gel s r un a t hi 9 h 

temperature) conditions. 6% polyacrylamide and 8% 

polyacrylamide buffer gradient (Biggin et alo, 1983) gels 

were routinely run, in a BRL model SO electrophoresis 

apparatus. The acrylamide stock (38:2 acrylamide:bis

acrylamide, Fisher reagent grade) was made up in water, 

several grams of activated charcoal were added, and the 
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solution stirred for 15 min. The slurry was then vacuum 

filtered through Whatmann #42 paper to remove the charcoal 

and the clear solution was stored in an amber bottle at 4°C. 

The TBE buffer used in the pouring of the gel (gel TBE) 

contained 1/10 the concentration of Na2EDTA (0.25 mM vs 2.5 

mM f or a IX sol ution) as standard TBE. Pr ior to pour ing, 

the glass plates to contain the gel were cleaned thoroughly 

with 95% ethanolG Plates were then wiped with 5% dimethyl

dichloro silane in chloroform. The spacers were set between 

the plates and clamped. The plates were held at a shallow 

angle on a benchtop by supporting the, upper end with a 

rubber stopper. 

For a 6% gel, 31.5 g ultra-pure urea (Schwarz

Mann), 11.25 ml acrylamide stock, 7.5 ml lOX gel TBE, and 

water to approximately 60 ml were mixed in a 250 ml flask. 

The flask was placed in a 65° C water bath and swirled 

occasionally to dissolve the urea. The solution was then 

vacuum filtered through Whatmann #42 paper, and degassed for 

2 min by stoppering the vacuum flask. The solution was 

poured into a graduated cylinder and water was added to a 

volume of 75 mI. The solution was then poured back into the 

original flask and this was placed on ice .. The gel was 

poured within 5 min to prevent urea precipitation. 15 ul of 

TEMED was pipetted between (by capillary action) the glass 

plates from the outside at the junction of the spacers in 

the lower corners of the glass plates.. 37 .. 5 ul TEMED, and 
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300 ul 10% APS were added to the flask on ice and the 

mixture was swirled. The gel solution was drawn into a 25 

ml pipet with a pipet-aid (Drummond Scientific). The glass 

plates were lifted to a 70° angle from horizontal and the 

gel solution was pipetted between the plates at a smooth 

flow rate. Bubbles that formed were removed by tapping the 

plates vigorously with a solid object. As the plates were 

being filled they were gradually lowered towards the 

horizontal position until they again rested on the rubber 

stopper. Approximately 60 ml of solution were required to 

fill the plates. Once the plates were filled, the comb 

(BRL, 32 tooth) \'las inserted at the top, taking care not to 

entrap any air bubbles. The comb was overlayered with gel 

solution and the top of the gel was covered with saran wrap. 

The gel was allowed to polymerize for at least 2 hr. The 

gel could be stored this way for up to 24 hr. 

Two solutions were made for buffer gradient gels, 

the upper solution (0.5X TBE) consisting of 25.2 g ultra

pure urea, 12 ml acrylamide stock, 3 ml lOX gel TBE, brought 

up to a volume of 60 ml with water, and the lower solution 

( 2 D 5 X TB E l con sis tin g 0 f 6. 3 g ul t r a - pur e u rea, 1. 5 g 

sucrose, 3 ml acrylamide stock, and 3.75 ml lOX gel TBE, 

brought up to a volume of 15 ml with water. The gel 

solutions were filtered and degassed as above, and placed on 

ice~ A few crystals of bromophenol blue ~ere dissolved in 

the lower solution. 15 ul of TEMED was pipetted between (by 
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capillary action) the glass plates from the outside at the 

june ti on of the spacer s in the lower corner s of the glass 

plates. Just prior to pouring, 30 ul TENED and ISO ul 10% 

APS were mixed into the upper solution, and IS ul TEMED and 

37.S ul 10% APS were mixed into the lower solution. 12 ml 

of the upper solution was drawn into a 2S ml pipet (using a 

pipet-aid) and then 13 ml of the lower solution was 

carefully drawn into the same pipet without mixing the two 

solutions. Two air bubbles were bled into the pipet to 

slightly mix the two solutions. The mixture was then poured 

slowly down the center of the glass plates, initially 

holding the plates at a 60° angle from horizontal, and 

gradually lowering them. After the contents of the pipet 

had been loaded between the plates, while holding the plates 

at a 20° angle, upper gel solution was pipetted between the 

plates, until they were filledo Care was taken to minimize 

the mixing of the upper (clear) and lower (blue) solutions 

in the plates. When the plates were full the upper end was 

rested on a rubber stopper on a bench top, the comb (BRL, 16 

tooth) \'las inserted, and overlayered with upper gel 

solution. The top of the gel was wrapped in saran wrap and 

the gel was allowed to polymerize for at least 2 hr. 

After polymerization the bottom spacer was removed, 

the tops of the gel plates were rinsed with deionized water, 

and the comb was gently removed. The wells were thoroughly 

rinsed with O.SX TBE to remove any residual acrylamide. A 
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dab of silicon vacuum grease was applied to the junction of 

the rubber ears and the glass plates, the plates were 

clamped into the electrophoresis apparatus, and the buff er 

chambers filled with 0.5X TBE. The wells were rinsed with 

running buffer using a pastuer pipet .. The gels were pre-

electrophoresed at 1600-2000 volts until the temperature, as 

measured by a surface thermometer (Pacific Transducer, Inc, 
o model 310C) stuck to the outer glass plate, was 48 C. While 

the gel was pre-electrophoresing, samples (sections IIoI02. 

and II.I.3.) were prepared by placing tubes in a boiling 

water bath for 5 min, chilling on ice, quick spinning in a 

microfuge and then storing on ice (up to 6 hr) until 

loading. The electrophoresis power supply was turned off 

for loading .. Immediately prior to loading ~ sample, the 

well into which the sample was to be placed was rinsed with 

electrophoresis buffer using a pastuer pipet to remove urea 

which had diffused out of the gelo 1-1.5 ul (for DNA 

sequencing) or 3 ul (for cDNA sequencing of RNA) from each 

reaction (A, T, C, G, N) were added per lane with a microcap 

pipet. After loading all of the samples, power was applied .. 

The samples were electrophoresed until the bromophenol blue 

dye had migrated 1 cm into the gel, at which time all of the 

wells were thoroughly rinsed out with a pastuer pipet. This 

reduces background smear in each lane. Gels were 

electrophoresed at a voltage (1600-2000 volts) such that the 

temperature of the outer glass plate remained between 45-48 
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c. Buffer gradient gels were run until the bromophenol blue 

dye had migrated to the bottom of the gel. Multiple 

loadings were run on 6% non-gradient gels to extend the 

length of readable sequence. 

After electrophoresis the glass plates were pried 

apart with a spatula, and the gel remained stuck to one 

plate. If 32p was used as label in the sequencing reaction, 

the gel was wet with a fine mist of 95% ethanol and then a 

piece of Whatmann 3MM paper (cut to 34 X 44 cm) was firmly 

pressed on to it. The plate/gel/paper sandwich was inverted 

and the gel was peeled away from the plate by pulling on the 

paper. The gel stuck to the paper was then wrapped in saran 

wrap and autoradiographed (section IIoJo3.). If 35S was 

used as label in the sequencing reaction, the gel and plate 

to which it was stuck were immersed in a tray containing 4 

liters gel fix (5% acetic acid. 5% methanol. in water), and 

allowed to soak for 15 min. The gel fix was aspirated off 

and a piece of Whatmann 3~4 paper (34 X 44 cm) was firmly 

pressed against the gel on the glass plate. The 

paper/gel/plate sandwich was inverted and the gel peeled 

from the plate by pulling on the paper. Saran wrap was 

placed over the gel on the paper and the gel was dried at 80 

C in a pre-warmed gel dryer (Bio-Rad, Model l125B) for 45 

min. The saran wrap was removed and the gel was 

autoradiographed (section II.J.3.). 
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3. Photography and Aut~Qgraphy 

Ethidium bromide stained gels were placed on a 252 

n m 1 i g h t sou r c e ( U 1 t r a V i ole t Pro d u c t s , T 11- 4 a ) and 

photographed using a Polaroid camera stand with Polaroid 

type 107 film. Exposure was for 1/4 sec at f 4.5, using a 

~'lratten G (yellow) filter. If a negative was desired, 

photography was with the same setup using Polaroid type 55 

film. Exposure was for 150 sec at f 4.5, using a 25A red 

filter. 35 mm photographs were obtained using a 55 mm Macro 

lens wi th a Nikon camera mounted on a camera stand. Kodak 

Panatomic-X film was exposed 5, 10, and 15 sec, f 4.5, 

through a 25A red filter. Panatomic-X film was developed 

using Microdol-X (Kodak) developer. 

Gels and blots that contained 32 P-labeled material 

were exposed to Kodak XAR-5 film backed by an intensifying 

screen (DuPont Cronex Lightning Plus) in a cassette at 

-800 C. Gels that contained 35S-labeled material were 

exposed to film without an intensifying screen, at room 

temperature. Exposed X-ray film was developed using an 

automated film processor (Fischer Industriesu model OU 155). 

K. Purification of Probes and Labeling of Nucleic Acids 

1. N.j ck-translation Qf Restriction Fragments 

DNA fragments to be labeled by nick-translation were 

isolated from agarose gels by electrophoresing the fragment 
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into a trough lined with dialysis tubing (section II.G.l.). 

The fragments were precipitated without the addition of 

carrier tRNA. Fragments were labeled using a nick-

translation kit (BRL) under conditions recommended by the 

supplier. 500 ng of purified fragment was placed in a 

microfuge tube and to it was added 5 ul solution A (0.2 mM 

each dATP, dTTP, dGTP, in 500 mM Tris-HCl, pH 7.8, 50 mM 

MgC1 2 , 100 mM 2-mercaptoethanol, 100 ug/ml nuclease-free 

BSA) and alpha-32p-dCTP (NEN i NEG-013H, 3000 Ci/mmol) to a 

volume of 45 ulo 5 ul of solution C (0.4 units/ul DNA 

Polymerase I, 40 pg/ul DNase Iv in 50 mM Tris-HCl, pH 7.5, 5 

mM MgOAc, 1 mM 2-mercaptoethanol, 001 mM phenylmethyl

sulfonyl fluoride (PMSF), 50% glycerol, 100 ug/ml nuclease-

free BSA) was added and mixed and the solution was incubated 
o 

at 15 C for 1 hr. 5 'ul of stop buffer (300 mM Na2EDTA, pH 

8.0) was added and unincorporated label was removed by 

ethanol precipitation, pelleting, and washing twice in 70% 

ethanol. The labeled DNA was vacuum dried and resuspended 

in 50 ul water. Incorporation vIas monitored by adding 1 ul 

of the resuspended DNA to 10 ml scintillation cocktail (0.5% 

2,5 diphenyloxazole (PPO), 0003% p-bis-[2-(4-methyl-5-

phenyloxazoy)] benzene (POPOP), in toluene) in a 

scintillation vial and counting on the open channel in a 

liquid scintillation counter. 

106 cpm/ug. 

Incorporation was typically 
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2. Single-stranded M13 Proba§ 

Single-stranded probes were derived from M13 

subclones by synthesizing a labeled strand complementary to 

the purified plus-strand (section II.H.2.), primed with 

PL-Biochemical's M13 primer (*27-1534-01). The primer was 

annealed to the template by combining 2 ng of primer, 50 ng 

of single stranded template, 1.5 ul lOX PRB, and water to a 

volume of 8 ul in a microfuge tube. The tube was placed in 

a scintillation vial containing water in a 65°C water bath 

for 10 min. The vial containing the tube was removed and 

allowed to slowly cool (approximately 45 min) to room 

temperature. The tube containing the annealing mixture was 

then placed on ice and to it was added 1 ul of 100 mM DTT, 1 

ul of a nucleotide stock (500 uM each dTTP, dCTP, and dGTP), 

1 ul of alpha-32 p-dATP (NEN *NEG-012H, 3000 Ci/mmol) and 1 

unit of DNA Polymerase I Klenow fragment (BRL). The 

reaction was incubated at room temperature for 60 min and 

then 1 ul 500 mM Na2EDTA and 38 ul water were added and 

mixed. Samples were ethanol precipitated, pelleted, washed 

twice with 70% ethanol, dried under vacuum and resuspended 

in 50 ul water. 1 ul was removed for liquid scintillation 

co unting. Incorpor ation was typically 5 X 107 to 3 X 108 

cpm/ug. 
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3. Synthetic Oligodeoxyribonucleotides 

Oligodeoxyribonucleotide primers were synthesized by 

Nancy Istock, Department of Molecular and Cellular Biology, 

University of Arizona, using the phosphoramidite method 

(McBride and Caruthers, 1983, and Sinha, et al., 1984). The 

primers used in this work are: 

Table 5. Synthetic Oligodeoxyribonucleotide Primers Used in 
the Research Presented in This Dissertation 

Primer 

2 

3 

4 

7 

S7 

Bob 

Sequence 

5 '-CAACTTTACGTAAGGC-3 , 

5'-CTAATAAGTGTTAATAGTTGC-3' 

5'-CCCTAGCACATGTTCCTCG-3' 

5'-CGAGGAACATGTGCTAGGG-3' 

5'-CTGCAGTACCTCGACG-3' 

5'-CCACATGCTCCACCGC-3' 

Primers (3-4 mg) were obtained deprotected in powder form. 

Approximately 1 mg of primer (25% of the total synthesized) 

was resuspended in 400 ul water and 1 ul was removed to 

determine the actual concentration spectrophotometrically (1 

O. D. 26 0 = 40 u 9 / ml) • 500 ug of pr imer was then ethanol 

precipitated, pelleted for 30 min, washed twice with 70% 

ethanol, vacuum dried, and resuspended overnight at 4° C in 

12.5 ul 95% deionized formamide, 10 mM Na2EDTAo 1.5 ul (60 



81 

ug) was loaded per wide lane (BRL 16 tooth comb) onto a 10% 

den a t uri n gpo 1 y a cry 1 am ide gel ( sec t ion I I • J • 2 • b. ) • No 

sample dye was added to the primers but sample. dye alone was 

loaded in lanes adjacent to the primers. Samples were 

electrophoresed until the bromophenol blue dye migrated (at 

the apparent molecular weight of a 12-mer) 75% of the length 

of the gel. The gel plates were separated, and the plate to 

which the gel had stuck was soaked in 1 ug/ml ethidium 

bromide for 15 min Q The ethidium bromide solution was 

aspirated off, and the primer was detected in the gel by 

ethidium bromide fluorescence under UV illumination. A gel 

fragment containing the highest molecular weight band was 

excised and the primer was eluted (section II.G.l.). 

Carrier tRNA was UQt added prior to precipitation, and the 

primer was pelleted in 
o 

the microfuge for 30 min at 4 C. 

After vacuum drying, the primer was resuspended in 50 ul 

water, and 1 ul was removed to determine the concentration 

spectrophotmetricallyo 

Primers were 5 1 -end labeled for 30 min at 3f C in a 

reaction (25 ul in a microfuge tube) consisting of 20 pmoles 

of primer, 40 pmoles of gamma-32 p-ATP (NEN, ~tNEG-002Z, 

7000 Ci/mmol), 5.6 units of T4 polynucleotide kinase (IBI or 

BRL), in 50 mH Tris-HCl, pH 7.5, 50 mM r1lgC1 2 and 1 mM DTT. 

Reactions were terminated by adding Na2EDTA to 20 mM. Five 

ug of carrier tRNA was added, and nucleic acids were ethanol 

precipitated, pelleted, and washed twice with 70% ethanol. 
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Samples were dried under vacuum and resuspended in 50 ul of 

water. 1 ul was removed for liquid scintillation counting. 

Incorporation was typically 1 X 109 cpm/ug. 

L. Transfer and Hybridization Conditions 

1. Hybridization to PNA Fragments 

DNA transfers from·agarose gels were done according 

to the method of Southern (1975). After photography 

(section II.J.3.), the gel was soaked twice for 15 min each 

in 2.5 vol 0.5 M,NaOH, 1.5 M NaCl, followed by soaking twice 

for 15 min each in 2.5 vol 3 M NaCl, 0.5 M Tris-HCl, pH 7.4. 

The gel was then placed on 3 sheets of Whatmann 3MM paper 

(cut to the width of the gel and suspended over a pyrex 

baking dish by a glass plate) which extended into a solution 

of 20X SSC (20X ssc is 3 M NaCl, 0.3 M NaCitrate, pH 7.0). 

The 3MM paper wicked the solution to the gel. A piece of 

Schl eicher and Schuell (S&S) BA85 (0.45 urn) ni trocell ulo se 

was cut to fit and placed over the gel, taking care not to 

entrap any air bubbles. The nitrocellulose was covered with 

3 sheets 3MM paper (cut to fit the gel) and on top of this 

were placed several layers of paper towels. A glass plate 

was placed on top of the towels and a weight was added 

(approximately 1 kg). Transfer wa.s allowed to procede 

overnight. The apparatus was disassembled and the location 

of the wells from the gel were marked on the nitrocellulose 
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with a #2 pencil. The nitrocellulose was baked under vacuum 

at 75° C for 2 hr, and then sealed in an air-tight Seal-A-

° ~1 e a 1 ( Sea r s ) bag. The blot could be stored at 4 C for 

several months. 

Prehybridizations and hybridizations with synthetic 

° oligodeoxyribonucleotide primers were done at 5 C below the 

temperature of denaturation, T(D), where T(D) was calculated 

as [2°C X (the number of A-T base pairs in the primer-DNA 

° duplex) + 4 C X (the number of G-C base pairs in the primer-

DNA duplex)]. Prehybridizations were performed by adding 75 

ul/cm2 nitrocellulose, 6X NET (20X NET is 3 M NaCl, 20 mM 

Na2EDTA, and 300 mM Tris-HCl, pH 8.0), SX Denhardt's 

solution (SOX Denhardt's is 1% each of ficoll, 

polyvinylpyrollidone, and BSA in water), 0.1% SDS,and 200 

ug/ml degraded herring sperm DNA (Sigma, D-22S1) to the bag, 

removing all the air bubbles and heat-sealing. The bag was 

submerged in a water bath at the appropriate temperature for 

24 hr. The solution was removed from the bag and an equal 

volume of hybridization solution (prehybridization solution 

plus 2 ng/ml 5 1 -end labeled primer) was added. The bag was 

resealed, and hybridization proceded for 24 hr in the water 

bath. The nitrocellulose was then removed from the bag and 

placed in a pyrex dish containing 300 ml 6X NET, 0.1% SDS at 

room tern pe rat u r e • The dish containing the nitrocellulose 

was gently shaken for 15 min, the solution was poured off 

into a radioactive waste container, and an additional 300 ml 



84 

of wash solution was added. This process was repeated until 

a constant amount of background radioactivity on the 

nitrocellulose was detectable with a hand-held. counter. The 

nitrocellulose was then sealed in a Seal-A-Meal bag and 

autoradiographed (section II.Ja3.)e 

Hybridization conditions when using nick-translated 

or single stranded M13 clones as probes were identicala 

Solutions were used at 75 ul/cm 2 nitrocellulose. 

Prehybridizations were done at 42°C for 24 hr in 50% 

deionized formamide (section IIeI.l.), 5X Denhardt's 

solution, Oal% SDS, 6X NET, and 200 ug/ml degraded herring 

sperm DNA. Hybridizations were performed at 4f C for 24 hr 

in 50% deionized f ormamide, 2X Denha rd t f s sol uti on, 0.1% 

SDS, 6X NET, 100 ug/ml degraded herring sperm DNA, and 3 

ng/ml 32 P-la beled probe. Nitrocellulose was then washed 

twice for 15 min each at room temperature in 2X SSC, 0.1% 

SDS, and twice for 15 min each in O.lX SSC, Oal% SDS. The 

nitrocellulose was then sealed in a Seal-A-Meal bag and 

autoradiographed (section IIoJ.3.) 0 

2. Hybridization to RNA 

Methylmercury hydroxide gels were inactivated 

( sec t ion I I 0 J • 1 • c • ), and the RN A was t ran sf err e din a 

similar apparatus as used for DNA transfers (section 

ILLol.), to S&S PH79 (0.1 um) nitrocellulose. Transfer 

proceded overnight using 20X SSC as the transfer buffer. 
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Nitrocellulose was removed and baked at 75 C for 2 hr. All 

hybridizations were done using single-stranded M13 probes 

(section ILK.2.) under conditions identical .to those used 

for hybridization to blotted DNA (section II.L.l.). 

M. Computer Analyses 

1. DNA and Protein Sequence Analysis Programs 

DNA sequence read from an autoradiogram was written 

down in pencil. The sequence was then typed into a computer 

file, saved and printed. The sequence from the printout was 

proofread versus the penciled version and any necessary 

corrections were made to the computer version. Nhen da ta 

was obtained for both DNA strands in a given region the 

sequence of the two strands was compared using the program 

NUCALN (Wilbur and Lipman, 1983). Ambiguities were resolved 

by reanalyzing the autoradiograms. Concatenation of DNA 

sequence files, translation and identification of open 

reading frames (ORFs), and identification of restriction 

sites were performed using programs supplied by Dr. David W. 

Mount. Translated ORFs were compared to the National 

Biomedical Research Foundation protein sequence library 

using the program FASTP (Lipman and Pearson, 1985) to 

identify homologous protein sequences. 



86 

2. Com~uter Program RESMAE6 

The computer program RESMAP6 was written in BASIC 

and was designed to aid in restriction fragment ordering by 

tabulating data obtained from a clone library generated from 

partially digested DNA. Prior to program input the 

investigator must identify the restriction fragments 

contained in each clone and also the total number of 

fragments generated by the cloning enzyme in the DNA being 

studied. 

The number of restriction fragments generated by the 

cloning enzyme, the total number of clones, and a listing of 

fragments contained in each clone are required for program 

input. The program sets up an array which tabulates the 

fragments contained in each clone, then searches for 

fragments I through R (where R is the total number of 

fragments) throughout the array to locate other clones 

containing the same fragment. The program locates all of 

the clones with that given restriction fragment and then 

sums up the number of times other individual fragments 

appear in the same clone with the given fragment. After 

dividing the number of times other individual fragments 

appear in the same clones as the given fragment by the 

number of times the given fragment appears, the program 

yields the percentage that two fragments appear in the same 

clone and also the total number of times each fragment 

appears in the entire clone bank. 
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By summing up the number of times two fragments 

appear in the same clone and dividing by the total number of 

times the same two fragments appear in the. entire clone 

bank, the program outputs an array of the normalized 

frequency (linkage numbers) of any two fragments. 

Interpretation of linkage numbers is simple. The higher the 

linkage number between two fragments, the more frequent 

these fragments appear together in the same clone, and 

therefore, the closer they are on the restriction map. By 

comparing linkage numbers of various fragments with a given 

fragment one can determine the relative distance of each 

from the given fragment and thus the fragment order. Large 

linkage numbers indicate proximity of fragments. 

of RESMAP6 is given in Appendix 3. 

A listing 



CHAPTER III. 

Results 

A. Cloning and Restriction Mapping of Tobacco Chloroplast 

I. Fragment Identification and Molecular Weight 

Determination 

Prior to cloning and restriction enzyme mapping of 

.tl..n. j:abacum chloroplast DNA, diagnostic patterns of several 
. 

restriction enzyme (Sal I, Sma I, Kpn I, Bam HI) digests 

\vere established (Figure 1) by agarose gel electrophoresis 

(Jurgenson, 1980, and Hildebrand, et al., 1985). Greater 

than 28 Bam HI fragments were observed, but fragments 

smaller than 004 kbp are not included. Molecular weights of 

individual restriction fragments were determined by 

averaging results from several electrophoretic runs on gels 

of varying agarose concentration. From the molecular weight 

and stoichiometry of each fragment (Table 6), the size of 

the tobacco chloroplast genome was calculated to be 

l58.3±.1.7 kbp. This agrees well with other estimates 

obtained by simil ar methods (Seyer, et ale 1981, and Fl uh r 

and Edelman 1981), and the size of the genome as determined 

by DNA sequencing (Shinozaki, et al., 1986b). 
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Figure I. Agarose Gel Separation of Restriction Digests of 
Supercoiled tL- tabacum Chloroplast DNA and Clones Containing 
Chloroplast DNA Fragments in pBR322. 

a) Sal I digested chloroplast DNA; b) Sma I digested 
chloroplast DNA; c) Kpn I digested chloroplast DNA; d) Bam 
HI digested chloroplast DNA. Fragment identification 
appears to the left of lanes a-d. e) a clone of Sal I 
fragment 6 (pNTSal 6 (SRI» digested with Sal I and Bam HI, 
containing Bam HI fragments 13, 19, 20, 22, 23 and Bam 
HI/Sal I subfragments of Bam HI fragments 1 and 3; f) Bam 
HI digested clone A19 (PH), containing Bam HI fragments 3, 
9, 10, lla, 14, 15, 18, 21, and 27; g) Bam HI digested clone 
B2 (PH) containing fragments 4, 8, lIb and 17; h) Bam HI 
digested clone A31 (PH) containing Bam HI fragments 2, 5, 6 
and 16; i) a clone of Sal I fragment 5 (pNTSal 5 (SRI» 
digested with Sal I and Bam HI containing Bam HI fragments 
14, 15, 27, and Bam HI/Sal I subfragments of Bam HI 
fragments 4 and lla; and j) Bam HI digested clone #2 (PH), 
containing Bam HI fragments 1, 5, 6, 7, 12, 13, 16, 24, 25, 
26 and 28. SRI indicates that the clone was derived from 
mutant SRI chloroplast DNA. PH indicates that the clone was 
derived from cv. Petit Havana chloroplast DNA. 



Table 6. li...- .t.B..b.~ Chloroplast DNA Restriction Fragment 
Identification 

Fragment identification, sizes in kilobasepairs (kbp), and 
the number of fragments (in parentheses) of a given size 
cIa ssp res e n tin ban d s 0 fag a r 0 s e gel s e pa rat ion s 0 f 
restriction digests of tobacco chloroplast DNA. 



Table 6. !i:.. tabacum Olloroplast DNA Restriction Fragment Identification 

Sal I Sma I Kpn I Bam HI 

Fragmo...nt Size Fragment Size Fragment Size Fragment Size 
nu;nber (kbp) number (kbp) number (kbp) number (kbp) 

1 28.1 1 27.0 1 33.2 1 21.0 
2 24.0 2 21.4 2 27 .7(x2) 2 19.0 
3 22.2 3 16.7 3 19.8 3 li.O 
4 20.2 4 1l.2(x2) 4 14.9 4 9.41 
5 17.1 5 10.1 5 li.7 5 7.22(x2) 
6 15.6 6 8.93(x2) 6 6.73 6 5.27 (x2) 
7 12.9 7 7.70 7 4.52 7 5.10 
8 li.5 8 5.47(x2) 8 4.21 8 4.88 
9 5.50 9 4.09{x2) 9 3.62 9 4.59 

10 3.02 10 3.38(x2) 10 3.26 10 4.56 
11 0.65 li 2.84 li 0.73(x2) 11 3.71 (x2) 

12 2.15(x2) 12 3.34(x2) 
13 0.883 13 3.26 

14 3.22 
15 3.05 
16 2.94(x2) 
17 2.86 
18 2.58 
19 2.35 
20 2.17 
21 2.12 
22 1.34 
23 1.24 
24 1.22 (x2) 
25 1.17 (lt2) 
26 1.09(x2) 
27 1.05 
28 0.4(x2) 

sm l&Q.J! .k!m l&l. .k!m l2.!W!. kQ.n 12YlYm 

I..D 
o 
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2. Cloning of Tobacco ChlQ[oglast DNA 

Most of the primary clones used in this work were 

derived from tobacco chloroplast DNA which was partially 

digested with Bam HI, and inserted into the Bam HI site of 

pBR322. Subsequent restriction mapping (section IILA.3.) 

revealed that the library contained fragments which were 

overlapping and representative of the entire chloroplast 

genome (Figures 1 and 2, and Appendix 1). Most of the 

inserted Bam HI fragments were quite large, up to 52 kbp in 

the case of clone i2, wi th 3 a kbp being common. Copy 

numbers were low in some cases, but at least 100 .ug of 

supercoiled DNA could be obtained in a cleared lysate from a 

1 liter culture of any of the clones. The clones were 

stable with the exception of those containing Bam HI 

f ragmen t s 8 or 2, which had a tendency to randomly expel 

various fragments contained in these clones. Several clones 

containing individual Bam HI fragments were obtained 

(Appendix 2). Also used in this study were plasmids 

containing Sal I digestion fragments 5 and 6 inserted into 

the Sal I site of pBR322 (Figure 1 and 2, and Appendix 2). 

3. Deduction of the Bam HI Restrictiorr Map 

The number of fragments (greater than 28) obtained 

by Bam HI cleavage of tobacco chloroplast DNA was too 

complex for effective mapping by conventional methods. A 

complete Bam HI restriction map was deduced using the 
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Figure 2. Overlapping Clones of Partially Digested Bam HI 
Restriction Fragments of Tobacco Chloroplast DNA. 

A linearized Bam HI restriction map of tobacco chloroplast 
DNA is shown at top with Bam HI restriction fragments 
identified and the inverted repeat regions indicated. 
Clones are identified below with brackets delineating the 
fragments contained in each clone. Asterisks indicate 
points where the circular map was linearized for 
illustration. 
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library of clones containing multiple Bam HI fragments and a 

method similar to classical genetic recombination analysis 

which uses a computer program, RESHAP6 (Appendix 3). 

RES~mp6 is based on the idea that, using partially digested 

DNA for cloning, the probability of any two restriction 

fragments appearing together in a recombinant plasmid is 

inversely proportional to their distance from each other on 

the genome. RESl-1AP6 outputs an array of "linkage numbers", 

comparing the frequency with which each fragment appears 

with every other fragment in clones of the genomic clone 

bank. The larger the linkage number between any two 

fragments, the closer the fragments are located on the 

genome. An example of program output is shown in Figure 3 

(right) for the region of Sal I fragment 6. Bam HI 

fragments present in Sal 6 were determined by Bam HI 

digestion of a Sal 6 clone (Figure 1, lane e). Bam HI 

fragment 1, which was located at one end of Sal 6 by double 

digestion analYSiS, is most closely linked to fragment 13, 

then fragments 22 and 23, fragments 19 and 20, and finally 

fragment 3. Thus, the order deduced from this data is Bam 

1-13-(22,23)-{19 ,20) -3, parentheses indicating uncertain 

fragment order. The linkage number order for fragment 3 at 

the other end of Sal 6 is 3-{19,20)-23-22-13-1. Combining 

these observations predicts the order 1-13-22-23-(19,20)-3. 

Fragments 19 and 20 are characterized by a linkage number of 

100, since no clone was isolated with only fragment 19 or 20 
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Figure 30 Restriction Mapping of the Sal I Fragment 6 
Region of Tobacco Chloroplast DNA Using Output from RESMAP6 
and Double Digestion Analysis. 

The bar above right is a representation of restriction 
enzyme cut sites within Sal I fragment 60 Numbers in boxes 
refer to Barn HI restriction fragments in their proper order 
in Sal 6, arrows denote the location of cut sites for Xho I, 
Pvu II, and Sal I. Below right is a sample output of the 
RESfvlAP6 computer program for the Sal 6 fragment. The axes 
identify Barn HI fragments contained in Sal 6 and the array 
is composed of linkage numbers between fragments. Left is 
an agarose gel separation of restriction digests of a clone 
containing Sal 6 (pNTSal 6) cut with A) Barn HI, B) Barn HI 
and Pvu II, and C) Barn HI and Xho I. Barn HI fragments are 
identified at far left. 
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present. This precludes assignment of the order of 

fragments 19 and 20 by this method. From existing mapping 

data (Seyer, et alo, 1981) and depending on their relative 

order, either fragment 19 or 20 should be cleaved by Pvu II 

in a Bam HI/Pvu II double digest. Since Barn fragment 19 is 

cleaved by Pvu II (Figure 3 left, lane B), the Barn HI 

fragment order in Sal 6 is deduced to be 1-13-22-23-20-19-3. 

Double digestion with restriction enzymes whose fragments 

were previously mapped (Seyer, et al., 1981) was used to 

verify the order of these fragments (Figure 3, left). The 

computer-aided approach was applied to the overlapping 

clones and the complete Barn HI map shown in Figures 2 and 4 

was deduced. In all cases the results obtained from the 

computer-aided analysis were in agreement with previously 

published mapping data (Seyer, et al., 1981, and Fluhr and 

Edel man, 1981) 0 The Barn HI restr i ction map has been 

confirmed by DNA sequencing of the tobacco chloroplast 

genome (Shinozaki, et al., 1986b). 

4. Deduction of Sal I, Sma I and Kpn I Restrjction Maps 

As an extension of previous work done in this 

laboratory (Jurgenson, 1980, and Jurgenson and Bourque, 

1980), restriction maps for three enzymes that cut tobacco 

chloroplast DNA infrequently (Sal I, Sma I, and Kpn I) were 

determined by analysis of two-dimensional separations of 

fragments produced by sequential digestion of chloroplast 
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Figure 4. Compilation of Restriction lwlaps of tin.. t.ab~ 
Chloroplast DNA. 

The location of restriction fragments generated by digestion 
with various restriction endonucleases are identified in 
concentric circles on a circular representation of a tobacco 
chloroplast DNA molecule. The Xho I, Bgl I, and Pvu II maps 
are from Seyer, et ale (1981), the Sal I map is from Seyer, 
et ale (1981), and from Hildebrand, et al., (1985) the Pst I 
map is fr·om Fluhr., et ale (1983), and the Bam HI, Kpn I, and 
Sma I maps are from Hildebrand, et ale (1985). Relative 
locations of restriction sites are defined by arrows 
surrounding the map. The inverted repeat regions are 
denoted by concentric bars spaced away from the main circle, 
and show the location of the 16S and 23S rRNA genes (black 
boxes). 
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DNA with a given pair of enzymeso Figure 5 (A and B) shows 

the pa tter n of spots obtained when tic.. tabacum chloroplast 

DNA is first digested with Kpn I and the fragments 

separated on an agarose gel, followed by digestion of the 

fragments in s.i..tJJ. with Sal I and subsequent separation of 

the digestion products in the second dimension. All of the 

fragments except two are unique in molecular weight. The 

six smallest fragments are absent in Figure 5 (A and B), 

having run off the first dimension gel. All 21 fragments 

which result from the reverse order of digestion (Sal I 

first, Kpn I second) are seen in Figure 5 (C and D). To 

facilitate analysis of these data, the double digestion 

fragments are represented by lower case letters in order of 

decreasing size and are listed in Table 7 along with their 

molecular weights and the primary fragment from which they 

arose. Comparison of the arrangement of spots in Figure 5 

reveals those which are secondary digestion products. All 

Kpn I digestion products which are not cleaved by Sal I 

(fragments h, 1, and m) lie on the diagonal line of 

migration in Figure 5 (A and B) v Those Sal I digestion 

products that are undigested by Kpn I (fragments a, d, j, 

and q) likewise lie along the diagonal in Figure 5 (C and 

D). Those spots which do not fallon the diagonal are 

secondary fragments produced by cleavage with the second 

enzyme. The DNA smear which gives the diagonal line is due 

to contaminating tobacco nuclear DNA. 



98 

® © 

@ rP"pnI @ n=5S011 
I . Ir . II WI II 30 

booa 

H bo H 
oc od 

7ii do oC c f~~,o 
a- go-oo' 

en ~ 

cO oh 
9'0°9 of oi oj olt 

01 
ch 

om 

8! 
Gn 

ko 
00 

J op 
qo 

10 
mo or 

oS 
ot 

00 

Figure 50 Reciprocal Digestion Analysis Mapping Kpn I and 
Sal I Restriction Sites on Tobacco Chloroplast DNA. 

A) Two-dimensional agarose gel separation of sequential Kpn 
I (first dimension)/Sal I (second dimension) digests of 
tobacco chloroplast DNA. Restriction fragments were 
separated in the first dimension, digested in ~ with the 
second enzyme, then separated in the second dimension. 
B) Interpretive map of spots seen in gel displayed in (A). 
Fragment identification as in text and Tables 6 and 7. 
C) Two-dimensional agarose gel separation of sequential Sal 
I (first dimension)/Kpn I (second dimension) digests of 
tobacco chloroplast DNA. 
D) Interpretive map of spots seen in gel displayed in (C). 
Bars at top of gel separations and maps represent the 
pattern of bands generated by the enzyme used for 
first-dimensional separation. 



Table 7. Primary and Double Digestion Fragments Obtained by 
Cleavage of ~ tabacum Chloroplast DNA with Sal I, Kpn I, and 
Sal I Plus Kpn I (Left); and Sal I, Sma I, and Sal I Plus Sma 
I (Right) 

Fragment designation (lower case letters), size (in kbp), and 
the number of fragments of a given size (parentheses) are 
listed. 



Table 7. Primary and rouble Digestion Fragrrents Obtained by cleavage of N. tabacum 
Chloroplast DNA with Sal I, Kpn I, and Sal I Plus Kpn I (left); and Sal I~Srra I, and Sal I 
Plus Sma I (Right) 

Sal I;1{pn I sal. I/Sna I 

Double Digest Fragments Primary Fragm-.:nts Double Digest Frag:m2Jlts Primary Fragments 

Fragment Fragment Fragment Fragment 
.Q.ss.!,Ql'Ja,t;.1pn (!)p;oJ Ri~qj:j.Ql,l Resl,.OQakipn (ldjP) ~Cj!pRti2D: 

Sal I Kpn I sal. I Sma I 

a 22.2 3* 1 a 15.5 1 2 
b 16.8 1 2' b 11.5 8'1' 1 
c 14.8 2 3 c 9.82 2 3 
d 12.9 7* 2 d,d' 9.08(x2) 2,5 6*,6 1* 
e 11.2 4 2' e,eR 9.00 (1(2) 6,3 1,5 
f 9.88 2 5 f 8.36 4 2 
g, g' 8.90 (x2) 4,1 1,2 g 6.97 6 3 
h 6.73 6 6* h 6.59 5 7 
i 5.77 8 4 .. , 

~,~ 5.77 (x2) 1,4 4,4' 
j 5.50 9* 4 • ·1 

],] 5.52(x2) 7,3 8'1',8 1* 
k 5.12 5 3 k 5.05 9* 1 
1 4.52 5 7* 1,1' 4.95bt2) 7,3 4,4 1 

m 4.21 5 8* m,m' 4.37 (x2) 1,4 9*,9 1* 
n 3.62 6 9* n 2.97 2 10 1 -tr 
0 3.29 6 4 0 2.64 3 11* 
P 3.14 8 10* P 2.~8 10 10 
g 2.97 10-tr 2 g,g' 2.06b(2) 1,4 12-tr,12 1* 
r 2.81 6 5 r 1.49 5 5 
s 2.64 5 1 s 1.43 2 7 
t 2.48 8 2 t 0.883 7 13* 

sm·I ~ .Iill.o ~.kb:9 

~efers to primary fragments Torhich are not cleaved by s...ocond enzyme. 

\.D 
\.D 
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Using the data in Figure 5 and Table 7, the relative 

order of Sal I and Kpn I fragments can be deduced. Sal I 

primary fragment 2 is cleaved by Kpn I into secondary digest 

fragments c and f, which also arise from Sal I cleavage of 

Kpn I primary fragments 3 and 5. Therefore Kpn 3 and 5 are 

adjacent and overlap Sal 2. The other secondary digest 

product from Kpn 3 is k, which in addition arises from 

digestion of Sal 5; therefore Sal 5 and 2 are adjacent. Sal 

5 also contains fragments 1 and m which correspond to Kpn 

fragments 7 and 8 respectively (Table 7). These two 

fragments are internal to Sal 5 and their order is not 

resolved by this analysis. Furthermore, Sal 5 produces 

secondary fragment s, which also arises from Sal I digestion 

of Kpn 1. Therefore the order for Kpn I fragments thus far 

is 5-3-(7,8)-1, with parentheses indicating unknown fragment 

order. Sal I digestion of Kpn fragment 1 produces fragment 

a, (indicating that it contains Sal 3) and secondary 

fragment gl which arises from Sal 4. Thus the order for Sal 

I fragments so far is 2-5-3-40 Sal 4 contains secondary 

fragment e which also arises from Sal I digestion of Kpn 2'. 

Kpn 2' also produces secondary fragment b, also produced 

from Sal 10 Kpn I digestion of SaIl gives secondary 

fragment g which comes from Kpn 2. Kpn 2 contains fragments 

d (Sal 7), and q (Sal 10) and secondary fragment t which 

comes from Sal 8. Therefore the order for Kpn fragments is 

5-3-(7,8}-1-2'-2 while that for Sal I fragments is 



2-5-3-4-1-(7,10)-8. 
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Sal 8 contains fragment p (Kpn 10) 

internally and secondary fragment i which is from Kpn 4. 

Kpn 4 contains fragment j (Sal 9) internally, and secondary 

fragment a from Sal 6. Thus the order is Sal 8-9-6 and Kpn 

2-10-4. Sal 6 contains internal fragments h (Kpn 6) and n 

(Kpn 9), of which the order cannot be determined, and also 

secondary fragment r, from Kpn 5. Kpn 5 gives rise to 

secondary fragment f which is also from Sal 2, thus 

completing the circle. The order of Sal I fragments 

determined from this analysis is 2-5-3-4-1-(7,10)-8-9-6 and 

the order of Kpn I fragments is 5-3-(7,8)-1-2'-2-10-4-(6,9). 

A similar analysis of the data in Figure 6 and Table 

7 can be applied to order the relative positions of Sal 

I-Sma I fragments. The order of Sal I fragments, as 

determined from the Kpn I-Sal I data, is confirmed, and 

deduction of the order of Sal 7 and 10 completes the Sal I 

map as follows. Secondary fragment 1 arises from Sal 7 and 

Sma 4 i Sma 4 and Sal 1 produce secondary fragment i; thus 

Sal 1 and 7 are adjacent. The order for Sal I fragments is 

2-5-3-4-1-7-10- (8,9)-6 as determined by the Sal I/Srna I 

analysis and the order for Sma I fragments is 

7-6'-5-8'-4'-(9',12')-2- (9,12)-4-(8,13)-10-1-3-(10',6). 

In cases where the order of fragments could not be 

determined by two-dimensional analYSis, cloned fragments of 

the region in question were cut with other restriction 

enzymes which were predicted to make specific cleavages, 



Figure 6. Reciprocal Digestion Analysis Mapping Sal I and 
Sma I Restriction Sites on Tobacco Chloroplast DNA. 

A and AI) Two dimensional agarose gel separation of 
sequential Sal I (first dimension)/Sma I (second dimension) 
digests of tobacco chloroplast DNA. AI shows the low 
molecular weight region of a different gel than in A. Arrows 
show pairs of spots used for orientation of the two gels. 
Restriction fragments were separated in the first dimension, 
di ge s t ed in .all!! \" i th the second enzyme, then separ a ted in 
the second dimension. 
B) Interpretive map of spots seen in gel displayed in (A). 
Fragment identification as in text and Tables 6 and 7. 
C) Two dimensional agarose gel separation of sequential Sma I 
(first dimension)/Sal I (second dimension) digests of tobacco 
chloroplast DNA. 
D) Interpretive map of spots seen in gel displayed in (C). 

Bars at top of gel separations and maps represent the pattern 
of bands generated by the enzyme used for first-dimensional 
separation. 
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Figure 6. Reciprocal Digestion Analysis f'.lapping Sal I and 
Sma I Restriction Sites on Tobacco Chloroplast DNA. 
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depending on the order of the fragments in quest.ion. 

Resul ts of these analyses revealed the order of the Sal I 

fragments to be 2-5-3-4-1-7-10-8-9-6 and the Sma I fragment 

order to be 7-6 1-5-8 1-41-9 1-121-2-12-9-4-8-13-10-1-3-6-10 1• 

Sal I fragment 11 (0.65 kbp) and Kpn I fragment 11 (0.73 

kbp) were too small to be seen on these two-dimensional gels 

but were positioned by double digestion of cloned fragments 

run on higher percentage agarose one-dimensional gels. 

These results were in agreement with previous observations 

(Kusuda, et al., 1980, and Seyer, et al., 1981). All cut 

sites predicted by the two-dimensional analysis were 

verified by analysis of restriction enzyme digests of the 

library of recombinant plasmids containing cloned Bam HI 

fragments. A restriction map of tobacco chloroplast DNA 

showing locations of Sal I, Kpn I, Sma I, and Bam HI 

cleavage sites as well as the location (Seyer, et al., 1981, 

and Fluhr and Edelman, 1981) of cleavage sites for Pst I, 

Xho I, Bgl I, and Pvu II is shown in Figure 4. 

B. Locating and Sequencing the rps12 Gene 

1. Ldentification of Codinq Loci for [os12 Exons 2 and 3. 

r~s7r and ORF 119 

Several unsucessful attempts were made to locate the 

tobacco U!.S.12 homolog using a portion (347 bp Pvu II/Dde I 

fragment) of the lloQ.QJ..i !:Ufi12 gene (Post and Nomura, 1980) 
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as a hybridization probe to blots of tobacco chloroplast 

DNA. A comparison of the nucleotide sequence of ~ Q.Ql..i. 

LQ§12 with the subsequently determined sequence (Appendix 5 

and 7) of tobacco chloroplast ..t:.g.S.l2 (Figure 7) reveals no 

extended regions containing homologous residues, suggesting 

that stable hybridization would not occur between the ~ 

QQli and tobacco chloroplast ~12 genes. 

In order to locate the tobacco chloroplast ~12 

gene, a portion of the Euglena gracilis chloroplast ~l2 

gene (Montandon and Stutz, 1984) was used as a hybridization 

probe to blots of tobacco chloroplast DNA and a set of 

tobacco chloroplast DNA clones (Figure 8) 0 Compar i son of 

the Euglena, and subsequently determined tobacco, 

chloroplast ~s12 nucleotide sequences reveals 20 homologous 

residues from codon 72 to codon 78 (Figure 7). This region 



Figure 7. Comparison of ~12 Gene Sequences from Euglena 
gracilis (Eg) and Njcotiana tabacum (Nt) Chloroplasts, and ~ 
QQli (Ec). 

Sequences are listed in blocks of three (corresponding to 
codons) from the methionine start codon to the end of the 
amino acid coding region for the gene. Numbers identify 
codon positions. Asterisks between sequences denote 
positions of sequence identity. 



5 10 15 
ATG GCA ACA GTT MC CAG CTG GTA CGC AM CCA CGT GCT CGC AM 
*~* ** *~ ~* ** ** ** * * ** ** * * * 
ATG CCA ACT ATT AM CM CTT ATT AGA MT ACA AGA CAG CCA ATC 
*** ** ** * ** ** * * * * * *** * * ** 
ATG CCT ACA TTA GM CAT TTA ACA CGT ACA CCG AGA AM AM ATA 

20 25 30 
GTT GCG AM AGC MC GTG CCT GCG CTG GM GCA TGC CCG CAA AM 

* ** ** ** ** * ** ** ** 
AGA MT GTC ACG AM TCC CCC GCT CTT CGG GGC TGT CCT CAG CGT 
* * ** *** ** ** ** * ** ** ** ** 
AM CGA AM ACT AAA TCA CCA GCA TTA AM GGA TGC CCG CM AAA 

35 40 45 
CGT GGC GTA TGT ACT CGT GTA TAT ACT ACC ACT CCT AM AM CCG 
** ** * *** *** * ** *** *** * * ** ** *** *** ** 
CGA GGA ACA TGT ACT AGG GTG TAT ACT ATC ACC CCA AAA AM CCA 

* * * ** ** ** ** * *~ *** *** *** *** 
ACG CGC MT ATC ATG CGG GTT TAC ACA ACA ACA CCA AM AM CCA 

50 55 60 
AAC TCC GCG CTG CGT MA GTA TGC CGT GTT CGT CTG ACT MC GGT 
*** ** ** * *"'* *** ** * * ** "'* * ** ** 
MC TCT GCC TTA CGT MA GTT GCC AGA GTA CGA TTA ACC TCT GGA 
*~ ** * ** ** *** ** * ** *** ** * * ** ** 
MT TCC GTT TTG CGC MA GTA ACA AGG GTA AGA CTT TCT TCA GGG 

65 70 
TTC GM GTG ACT TCC TAC ATC GGT GGT GAA GTT 
** *** * *** * ** ** *** * 
TTT GM ATC ACT GCT TAT ATA CCC GGT ATT GGC 
** *** * ** *** *** *** ** ** ** ** 

75 
CAC MC CTG CAG 
.... " ** * ** 
CAT MT TTA CAA 
*** *** *** *** 

TTA GM GTT ACA GCT TAT ATA CCA GGA ATA GGG CAT AAT TTA CAA 

80 05 90 
GAG CAC TCC GTG ATC CTG ATC CGT GGC GGT CGT GTT AAA GAC CTC 
** ** ** ** ** * * * *** ** * *** ** ** * 
GM CAT TCT GTA GTC TTA GTA AGA GGG GGA AGG GTT MG GAT TTA 
*** *** ** *** *** * * *** ** *** ** *** ** *** *** 
GM CAT TCA GTA GTC CTT ATC AGA GGT GGA AGA GTT MA GAT TTA 

95 100 105 110 
CCG GGT GTT CGT TAC CAC ACC GTA CGT GGT GCG CTT GAC TGC TCC 
** *** ** * *" *** * ** ** ** * ** ** * 
CCC GGT GTG AGA TAT CAC ATT GTT CGA GGA ACC CTA GAT GCT GTC I'IIi ** ** * ** *** * * *Ii *** IiI'I ** ** * 
CCA GGA GTA AAG TAC CAC GTA ATr... CGT GGA TGT TTA GAC GCA GCA 

115 120 125 
GGC GTT AM GAC CGT MG CAG GCT CGT TCC MG TAT GGC GTG MG 
** ** ** ** *** * ** * *** ** ** *** ** ** ** 
GGA GTA AAG GAT CGT CM CM GGG CGT TCT MA TAT GGG GTA AM 
* *** ** ** ** ** * * * *** *** ** ** *** *** 

AGT GTA AAA AAT CGC AAA MT GCA AGA TCT AAA TAC GGT GTA AAA 

c(;T CCT MG GCT 
** ** 

AAG CCA AM 
11* *** *** 
AAA CCA AM CCC AAA 
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Figure 7. Comparison of L(;lli12 Gene 
gracilis (Eg) and Njcotj,ana t,abacllm 
~ Q.Q.J..i (Bc). 

Sequences from Eug]ena 
(Nt) Chloroplasts, and 
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)(ho I 4 

Bam HI 24 

Figure 8. Hybridization of a EugJ ena Chloroplast 1:U512 
Probe to Tobacco Chloroplast DNA Fragments 

A) Agarose gel (0.85%) separation of Bam HI restriction 
digests of: 1) clone 2, 2) clone 12, 3) clone A19, 4) clone 
A31, 5) clone C29, and, 6) tobacco chloroplast DNA; and, 7) 
Xho I digest of tobacco chloroplast DNA; and, 8) Hind III 
digest of lambda DNA. The fragments contained in the clones 
(lanes 1-5) are listed in Appendix 10 
B) Autoradiogram of the blot from the gel in (A) probed with 
a nick-translated 32P-labeled 520 bp Eco RI-Sau 3A I 
fragment containing the N-terminal 113 codons and the 5'
flanking region of the Euglena gracjlis chloroplast J:..tlS12 
gene (Montandon and Stutz, 1984). Hybridizing fragments are 
identified at right. 



Figure 9. Map of the ~12 Exon 2-3, ~7, and ORF 119 Loci 
in the Tobacco Chloroplast Genome 

A) Circular representation of the tobacco chloroplast genome 
showing the inverted repeats (blocks concentric to the main 
circle) containing the 16S and 23S rRNA genes (solid bars) 
and the location and direction of transcription (arrows) of 
the coding loci of Ll2J212 exons 2 and 3" .(J2.§.7, and ORF 119. 
The map is drawn according to convention (Bohnert, et al., 
1982) with side B of the repeat on the left. 
B) A linearized map of the region in the inverted repeat 
encoding ~12 exons 2 and 3, ~7, and ORF 119. These three 
genes are encoded on the same DNA strand (denoted 51 to 3', 
above the line) which is opposite that of genes for trnV and 
16 S rRNA (below the line). Introns and exons of I:...QJ2.12 are 
identified in smaller print, coding regions are represented 
by solid bars. The distance from the 16S [RNA gene to the 
end of ORF 119 is 4 kbp. Below the map is a diagram of the 
sequencing strategy in this region for wild-type and SRI 
chloroplast DNAs. The start and extent of sequence data 
obtained for the various clones are denoted by arrows. 
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Two open reading frames (ORFs) consisting of 77 

(exon 2) and 8 (exon 3) codons with 81% translated amino 

acid homology to the carboxy-terminal two-thirds of E. coli 

S12 and the putative Euglena chloroplast ~12 gene product 

(Figure 10 and Table 8) were identified, beginning 1907 bp 

upstream from the 16S rRNA gene (Figure 9B). The ORFs are 

separated by a 536 bp intron which can be folded (Fromm, et 

ale, 1986) into a secondary structure similar to Group II 

(l''lichel, et alo, 1983) mitochondrial introns. A comparison 

of the secondary structures of the 3 I-ends of tobacco 

chloroplast ~12 intron 2 and yeast mitochondria UAi3 

intron 5 is shown in Figure 11 (lower). Immediately 

upstream of ~12 exon 2 is a 3 '-chloroplast consensus 

intron splice boundary sequence (Hallick, et al., 1985, and 

Shinozaki, et ala, 1986a) and further upstream is a sequence 

that can be folded into a secondary structure characteristic 

of the 3'-end of mitochondrial Group II introns (Figure 11, 

upper right), suggesting that at least one additional intron 

is upstream of ~12 exon 2 (Hallick, et al., 1985, and 

Fromm, et alo, 1986). Located 53 bp downstream of the 

termination codon of ~12 is an ORF of 155 codons which 

translates to a polypeptide (Figure 12) with 36% homology to 

E-.... !:"...Oli ribosomal protein S7 and the putative Euglena 

chloroplast ~7 gene product. The ~12 and ~7 genes are 

cotranscribed, as determined by heteroduplex analysis 

(Fromm, et al., 1986) 0 Downstream of ~7 by 277 bp is an 
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Fig u r e 1 0 .. Com par i son 0 f the Am in 0 A c idS e que nee s 0 f 
Chloroplast and ~ QQli Ribosomal Protein S12 

The amino acid sequences of ribosomal protein S12 from 
NjcQtiana tabacum (Nt), Marchantia polymorpha (Mp), and 
Euglena qr.acilis (Eg) chloroplasts (all deduced from DNA 
sequence) and E.n. coli (Ec) are alignedo BOKes indicate 
regions of homology to tobacco S120 Tr iangles mark the 
positions of residues mutated in S12 in streptomycin 
resistant ~ coli. Vertical arrows locate the eKon-exon 
junctions for tobacco and Marchantia chloroplast Ullil2. 
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Tabl e 8: Amino Acid Homology of Chloroplast and ~ Q.Qli 
Ribosomal Protein S12 

Organisms 
Compared Homology Scores 

overall amino 1/3 carboxy 2/3 

Nt/r<lp 93% 84% 97% 

Nt/Eg 74% 58% 81% 

Mp/Eg 75% 60% 81% 

Nt/Ec 72% 50% 81% 

Mp/Ec 70% 52% 78% 

Eg/Ec 69% 50% 77% 

Pairwise comparison of the amino acid sequence homologies of 
ribosomal protein S12 from Njcotiana tabacurn (Nt), 
Marchantia polymorpha (Mp); and Euglena gracilis (Eg) 
chloroplasts (all deduced from DNA sequence), and E.n.. Q.Q.J..i 
(Ec). Scores for the amino 1/3 end result from comparisons 
of the amino terminal 38 amino acids, corresponding to exon 
1 of tobacco and Marchantia rps12. Scores for the 2/3 
carboxy end are comparisons for the remainder of the 
protein. 
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Figure 11. Comparison of Secondary Structures at the 3 ,
ends of Tobacco Chloroplast ~12 Introns 1 and 2 and Yeast 
Mitochondria QXi3 Introns 1 and 5 

Upper is a comparison of a possible secondary structure at 
the 3 1 -end of yeast mitochodria QXi3intron 1 (left) and 
tobacco chloroplast ~12 intron 1 (right). Boxed residues 
of QXi3 intron 1 are conserved in ~12 intron 1. Lower is 
a comparison of a possible secondary structure at the 3 1 -end 
of yeast mitochondria QXi3 intron 5 (left) and tobacco 
chloroplast ~12 intron 2 (right). Boxed residues of QAi3 
intron 5 are conserved in £R§12 intron 2. Arrows locate the 
3 1 -splice site of each intron. These structures are 
characteristic of Group II introns (Michel, et al., 1983). 
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Figure 12. Comparison of the Amino Acid Sequences of 
Chloroplast and ~ QQli Ribosomal Protein S7 

The amino acid sequences of ribosomal protein S7 from 
Euglena gracjlis (Eg), and NjcQtiana tabacum (Nt) 
chloroplasts (both deduced from DNA sequence) and !h. m.l.i 
(Ec) are alignedo Boxes represent regions of homology to 
tobacco chloroplast S70 The dash (-) at amino acid position 
95 of the Eo coli sequence represents a gap introduced 
arbitrarily for optimal alignment of the flanking amino 
acids. 
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unidentified ORF of 119 codons. No nucleotide differences 

were detected comparing wild-type and SRI DNA in either the 

coding or non-coding regions of this portion of ~12. 

2. Determination of the N-terminal Coding Sequence of (9s12 

IIllllil\ 

A search in the region between ~12 exon 2 and the 

16S rRNA gene for candidate sequences which might code for 

all or part of the expected 38 N-terminal amino acids of 

tobacco S12 revealed no ORFs with significant amino acid 

homology to th e N- terminal 38 am ino acids of ~ .Q.Q.J.J.. or 

Euglena S12. The N-terminal exon of ~12 was identified by 

isolating size fractionated (section II.B.3.) mature ~12 

m RN A ( Fig u reI 3, s p e c i e s e) and car r yin g 0 u t p rim e r 

extension dideoxy sequencing (Figure 14) using primer 2 

(section II.K.3.) complementary to the mRNA near the 5 1 -end 

of ex on 2. The sequence (corrected for ambiguities by 

subsequent DNA sequencing) shown in Figure 14 extends from 

the 5 1 -terminal 9 nucleotides of exon 2 through the exon 1-2 

splice junction, 166 nucleotides to the 5 1 -end of the mRNA. 

The deduced RNA sequence translates into an amino acid 

sequence with 50% and 58% homology to the N-terminal 38 

residues of 812 from lh. coli and Euglena, respectively 

(Figure 10 and Table 8). No differences were observed 

comparing the wild-type and SRI mRNA sequences. 



Figure 13. Size Fractionation of Tobacco Chloroplast RNA and 
Northern Hybridization Using Ll2.§.12 Exon 2-3/.Q2..S.7 Specific 
Probes 

Upper is an agarose gel (non-denaturing, 1.5%) separation of 
tobacco chloroplast RNA which had been size fractionated by 
sucrose gradient centrifugation (section II.B.3.). The 
numbers at the top of the lanes indicate the number of the 
fraction collected from the sucrose gradient. Fraction 
27 corresponds to the bottom of the gradient. Lane Q contains 
lambda DNA digested with Hind III, as a molecular weight 
marker. 
Lower is an autoradiogram of a blot from a 1.5% methylmercury 
hydroxide gel (section II.J.l.c.) separation of the various 
size fractions collected from the sucrose gradient, probed 
with 32 P-labeled Bam HI fragment 24 (clone Bam 34). Bam 24 
contains sequences complementary to ~12 introns 1 and 2, 
~12 exons 2 and 3, and ~7. Numbers at top correspond to 
the size fractions indicated in the upper panel. Lane Q 
contains lambda DNA, digested with Hind III. The bands 
labeled g, h, i, j, e, 1, and k, correspond to those 
determined in the northern analysis displayed in Figure 21, 
in which individual probes specific for ~l2 intron 1, 
intron 2, exon 2, exon 3, and ~7 were used. 
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Figure 13. Size Fr"ctionation of Tobacco Chloroplast RNA 
and Northern Hybridization Using mfi12 Exon 2-3/LJ;Ul7 
Specific Probes 



Figure 14. Determination of the N-terminal Coding Sequence 
of ~12 mRNA by Primer Extension cDNA Sequencing 

A 5 1 -end labeled primer (primer 2, section II.K.3) 
complementary to ~12 exon 2 RNA was hybridized to mature 
!:.9.§12 message (Figure 13; lane 20, species e) and dideoxy 
sequencing was performed.. In the diagram at the bottom of 
the figure blocks numbered 1, 2, and 3 represent the exons of 
~12. The solid block represents primer 2 and the horizontal 
ar r ow denotes the di rection of complementary DNA synthesi s. 
'I'he autoradiograms display the products of the A, T, C, G, 
and no dideoxynucleotide control (N) sequencing reactions 
from wild-type (left) and SRI (right) ~12 mRNAs. The 
complementary DNA sequence derived from the autoradiograms 
and subsequent DNA sequencing of the exon 1 coding locus is 
listed at left, beginning with the initiation codon. The 
vertical arrow denotes the exon 1 - exon 2 splice junction. 
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Figure 14. Determination of the N-terminal Coding Sequence 
of ~12 mRNA by Primer Extension cDNA Sequencing 
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3. Identification of the (9s12 Exon 1 Coding Locus 

The deduced mRNA sequence of LQ§12 could not be 

found on either DNA strand in a region extending 

approximately 8 kbp upstream of L.l2.§.12 exon 2 through the 

rRNA operon (Shinozaki, et al., 1986b). Two labeled 

synthetic oligodeoxyribonucleotide probes (primers 3 and 4, 

section II.K.3.), complementary to the N-terminal coding 

segment of the mRNA sequence, were hybridized to blots of 

tobacco chloroplast DNA and clones containing fragments 

representative of the entire tobacco chloroplast genome 

(Figure 15). Two primers were used, each complementary to a 

different end of the N-terminal coding segment, in the event 

that the coding locus might be split by one or more introns. 

Both primers hybridized to a 4100 bp Eco RI fragment, a 1170 

bp Hind III fragment, and a 170 bp Sau 3A I fragment. The 

region of hybridization was subsequently mapped to a 2500 bp 

Eco RI/Sal I fragment located within Sal I fragment 8 

(Figure 4) at approximately 10 o'clock on the chloroplast 

genome (Figure 16). 

The sequence of the 2500 bp Eco RI/Sal I fragment 

contains (Figure 16A and Appendix 6 and 7) an ORF 

corresponding to the 38 codons of ~12 exon 1, flanked 

ups tr earn by an ORF of 73 codons and downstr earn by an ORF 

with translated amino acid homology to f:..a.. Q.Qli ribosomal 

protein L20 (Wittmann-Liebold, 1975). R.l;La12 exon 1 is 

approximately 29 kbp from the nearest copy of exon 2 and 69 



Figure 15. Hybridization of ~12 Exon 1 Specific Primers to 
Fragments of Tobacco Chloroplast DNA 

A) Autoradiogram of the blot from a 0.8% agarose gel 
separation of Eco RI digested 1) tobacco choroplast DNA, 2) 
clone pNTSal 6, 3) clone A19, 4) clone 13, 5) clone 2, and 6) 
clone 1, probed with 5 1 -end labeled primer 3 (section 
II.K.3). The clones used are described in Appendix 1 and 2. 
B) Autoradiogram of the blot from a 1.5% agarose gel 
separation of Sau 3A I digested 7) clone 2, and 8) clone 1, 
and; 9) Hind III digested tobacco chloroplast DNA, probed 
with 5 1 -end labeled primer 3. 
C) and D) Identical to (A) and (B) respectively except probed 
with primer 4 (section II.K.3.). 

Fragments which hybridized to both probes are identified. 
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Figure 15. Hybridization of J:.D.512 Exon 1 Specific Primers 
to Fragments of Tobacco Chloroplast DNA 
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Figure 16. Map of the !..1l512 Exon 1 Region on the Tobacco 
Chloroplast Genome 

A) Linearized map of a 2.5 Jcbp Eco RI/Sal I fragment 
containing the coding region of ~12 exon 10 The 5 1 -border 
corresponds to the Eco RI site, and the 3 I-border 
corresponds to the Sal I site. ORF 73, .c.v.s.12 exon 1, and 
~20 are transcribed in the 5 1 -3' direction as shown. 
Coding regions are represented by solid bars. Above the map 
is a diagram of the sequencing strategy in this region. The 
start and extent of sequence data obtained for the various 
clones (Appendix 6) are denoted by arrows. 
B) Circular representation of the tobacco chloroplast genome 
showing the inverted repeats (blocks concentric to the main 
circle) containing the 168 and 238 rRNA genes (solid bars) 
and the location and direction of transcription (arrows) of 
the coding loci of J:.U.S12. 
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kbp from the distal copy of exon 2 (Figure 16B). Exon 1 is 

transcribed from the opposite DNA strand of the distal copy 

of exon 2 and from the same strand as the nearest exon 2 

copy (Figure 16B). Following codon 38 of exon 1 is a 5 ,

chloroplast consensus intron splice boundary sequence 

(Hallick, et al., 1985, and Shinozaki, et al., 1986a) of 

5 '-GTGCG-3 , (Torazawa, et al., 1986). 

4. Number of rps12 Exon 1 Copies in Tobacco and rps12 Gene 

Structure in Other Chloroplast DNAs 

To determine if any other copies of ~12 exon 1 

were present in the tobacco chloroplast genome, a 170 bp Sau 

3A I fragment containing exon 1 was subcloned (clone 1025, 

Appendix 6) to use as a hybridization probe. The blots 

(Figure 17) to be probed were derived from two gels 

containing restriction digests of both total chloroplast DNA 

and a complete set of overlapping clones spanning the entire 

chloroplast genome (section III.A.2.). Even upon prolonged 

exposure of the blot, hybridization Signals were only 

observed to restriction fragments containing the sequenced 

exon 1 copy. Thus, only one copy of J:D.S12 exon 1 and two 

copies of exons 2 and 3 are present per tobacco chloroplast 

DNA molecule. This hybridization result is consistent with 

the subsequently published tobacco chloroplast DNA sequence 

(Shinozaki, et al., 1986b). 



Figure 17. Determination of the Number of '-9..S.12 Exon 1 
Copies in Tobacco Chloroplast DNA 

A) Upper panel is a 0.8% agarose gel separ.ation of: 1) and 
1 5 ) Hi n d I I I dig est e d I am b daD N A ; E coR I dig est s 0 f 2) 
tobacco chloroplast DNA, 3) clone pNTSal 6, 4) clone A19, 5) 
clone 13, 6) clone 2, and 7) clone 1; 8) Xho I digest of 
~obacco chloroplast DNA; and Barn HI digests of 9) tobacco 
chloroplast DNA and, 10 - 14), the clones corresponding to 
those in lanes 3-7. Lower panel is an autoradiogram of the 
blot from the above gel probed with a 32P-labeled 170 bp Sau 
3A I fragment (clone 1025) as an ~12 exon 1 specific probe 
(Figure 21A). The clones used are described in Appendix 1 
and 2. 
B) Upper panel is a 1.5% agarose gel separation of: 1) and 
15) Hind III digested lambda DNA; Sau 3A I digests of 2) 
tobacco chI oropl ast DNA and 3-7) clone s cor responding to 
those in lanes 3-7 in (A); 8) Hind III digest of tobacco 
chloroplast DNA; and Eco RI digests of 9) tobacco chloroplast 
DNA and 10-14) clones corresponding to those in lanes 3-7 in 
(A) • Lower panel is an autoradiogram of the blot from the 
above gel probed with the ~12 exon 1 specific probe. 
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Is the unusual structure of rps12 conserved in other 

chloroplast genomes? Using cloned fragments as probes, 

Michalowski, et al., (1987) have determined that the 

location, arrangement, and direction of transcription of 

~12 exons 2 and 3 and ~7 are identical comparing spinach 

and Vj cig faba chloroplast DNAs with tobacco. An exon 1 

specific primer (primer 4, section II.K.3.) and the cloned 

~12 exon 1 specific probe (clone 1025, Appendix 6) were 

used to map the location of ~12 exon 1 in spinach and 

Vicia f..s.W.g chloroplast DNA (Figure 18) 0 In blots of Vj cia 

f£ba chloroplast DNA (Figure 18A), hybridization is observed 

to Sal I fragment 3 and Kpn I fragment 1 (Koller and Delius, 

1980), and a 6.8 kbp Sal I/Kpn I double digestion product 

derived from these two fragments. An additional 

hybridization signal observed in the Kpn I digestion 

products probed with primer 4 (Figure l8A) may be due to 

hybridiza tion wi th contamina ting nuclear DNA. In blots of 

spinach chloroplast DNA (Figure 18B), primer 4 hybridizes to 

Sal I fragment 7 and Pst I fragment 2 (Michalowski, et al., 

1987). The ~12 exon 1 probe hybridizes (Figure 18B) to 

spinach Bam HI fragment 4, an unmapped Hind III fragment, 

and a 2250 bp Eco RI fragment adjacent to psbB (Morris and 

Her rmann, 1984) 0 These results show that ms,12 exon 1 is 

located in a similar position in spinach, Vicia fdba, and 

tobacco. All three genomes have one copy of exon 1, 

however, ~~ fghg only has one copy of exons 2 and 3, 



Figure 18. BP.s.12 Gene Structure in Vicia fJaJ;?g and Spinach 
Chloroplasts 

A) Upper panel is an autoradiogram of a blot of an agarose 
gel separation of Vicia f.dQ.a chloroplast DNA digested with 
Sal I, Kpn I, and both enzymes (Sal I/Kpn I), probed with 
32P-labeled clone 1025, an exon 1 specific probe (left), and 
(right) primer 4 (section II.K.3.). Lower panel is a diagram 
of the Vicia f.rula chloroplast genome. The two portions of 
the unit corresponding to the tobacco inverted repeat 
containing the 16S and 23S rRNA genes are denoted by blocks 
concentric to the main circle. The ends of the repeat unit 
are marked by extensions of the blocks. Several genes 
located in a 27 kbp region of conservation between tobacco, 
spinach, and ~cia ~ (8 o'clock to 11 o'clock on the 
circle) are identified inside the circle, along with their 
directions of transcription (arrows). ~12 exons 2 and 3 
and ~7 are denoted rp.s12/7. Rg.a12 exon 1 and rps12/7 and 
their directions of transcription (arrows) are indicated in 
bold type outside the circle. 
B) Upper panel is an autoradiogram of blots of spinach 
chloroplast DNA digested with Bam HI. Eco RI, and Hind III, 
probed with tobacco L:..I2.§12 eJcon 1 (left), and digests with Pst 
I, Sal I, and both enzymes (Sal I/Pst I) probed with primer 4 
(right). Lower panel is a diagram of the spinach chloroplast 
genome, drawn similarly as in A. 
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whereas spinach and tobacco contain two copie s of exon s 2 

and 3. 

c. Analysis of rps12 Transcripts. Processing Intermediates 

and mRNA 

1. Determination of the Splice Junctions in rps12 mRNA 

Size fractionated mature ~12 mRNA was isolated 

(Figure 13, species e) and complementary DNA strands 

spanning the splice junctions were sequenced. The exon 1-

exon 2 splice junction was determined in the experiment 

shown in Figure 14. The splice junction occurs between 

codon 38 and 39 (Figure 10). The junction is identical 

comparing wild-type and SRI ~12 mRNAs. The exon 2-exon 3 

splice junction was determined (Figure 19) by cDNA 

sequencing using a primer complementary to the mRNA in the 

coding sequence for ~7 (pr imer S7, section II. K. 3. ). The 

exon 2-3 splice junction occurs after the first nucleotide 

of codon 115 of £BS12 (Figure 10). The junction is located 

identically in wild-type and SRI L.P-Ja12 mRNAso The proper 

reading frame is maintained across the exon 1-2 and exon 2-3 

splice junctions. 



Figure 19. Determination of the ~12 Exon 2 - Exon 3 Splice 
Junction by Primer Extension cDNA Sequencing 

A primer complementary to RNA encoding ~7 (primer S7, 
section II.K.3o) was hybridized to mature ~12/~7 mRNA 
(Figure 13; lane 20, species e) and dideoxy cDNA sequencing 
was perf ormed. The autoradiogram displays the products of 
the A, T, C, G, and N (no dideoxynucleotide control) 
sequencing reactions for wild-type (left) and SRI (right) 
£.Q..§.12/.u2.§.7 mRNA. The cDNA sequences of exon 2 and exon 3 
(brackets) are listed at left. The vertical arrow denotes 
the position of the exon 2-3 splice junction. 
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2. Dete~mination of the 5 1 -end of Transcripts for rps12 Exon 

1 and Exon 2-3/rp51 

Primer extension sequencing of cDNA was employed to 

determine if ~12 exon I and exons 2 and 3 are separately 

transcribed. With an extended electrophoretic run (Figure 

20, left) of the cDNA reaction products shown in Figure 14, 

the 5 1 -end of an ~12 mRNA species was located 52 

nucleotides upstream of the initiation codon for exon 1. 

Heteroduplex analysi s (Koller, et alo, 1987) ha s reveal ed 

that several RNA species with different 5 1 -ends can encode 

l:..tUi12 exon 1. This result (Figure 20) locates the 5 1 -end 

most likely nearest the exon I coding sequence. A distinct 

5 1 -end for RNA encoding ~12 exons 2-3/~7 was identified 

(Figure 20, far right) by sequencing size fractionated RNA 

(Figure 13; lane 24, species h) using a primer complementary 

to ~12 intron 1 (primer 8, section II.Ko3.). The 5 1 -end 

of the exon 2-3/~7 transcript is either 1241 or 1242 

nucleotides upstream of the 5 I-end of ~12 exon 2 (Figure 

20, far right). The location of the start of transcription 

for the exon 2-3/~7 transcript is consistent with the 

results of Koller, et alo, (1987) 0 The length of the l:..lla12 

exon 2-3/~7 transcript is approximately 2800 nucleotides, 

based on the determination of the 5 1 -end of this transcript 

(Figure 20, far right) and the heteroduplex analysis of 

Fromm, et ale (1986), which estimates the postion of the 3 1
-

end of this transcript. The 5 1 -end determined for L9E12 



Figure 20. Primer Extension cDNA Sequencing to the 5 I-ends 
of Transcripts for ~12 Exon 1 and Exons 2-3/£P~7 

Upper left is an autoradiogram of an extended electrophoretic 
run of the cDNA reaction products from the experiment 
displayed in Figure 14. The autoradiogram shows the products 
of the A, T, C, G, and N (no dideoxynucleotide control) 
sequencing reactions. The stop to primer extension in all 
five lanes corresponds to the last nucleotide at the 5 1 -end 
of mature £Q§12 mRNA. The sequence of the complementary DNA 
strand is displayed at left, 52 nucleotides from the 5 1 -end 
of the RNA to the start codon of ~12. Upper right is an 
autoradiogram of the sequencing reaction products 
complementary to a transcript of ~12 exon 2-3/~7 (right 
five lanes), and a single stranded Ml3 clone (left five 
lanes). Both cDNA reactions used primer 8 (section II~K.3.), 
complementary to ~12 intron 1. The strong stop to primer 
extension in all five lanes of the RNA sequence corresponds 
to the 5 1 -end of the transcript. The location of the 5 1 -end 
can be determined by comparison with the autoradiogram of the 
DNA sequence at left. Lower is a comparison of the sequences 
upstream of the starts of transcription for exon 1 and exon 
2-3/~7. Bracketed regions correspond to the "-35" and "-
1011 sequences identified for chloroplast promoters. The 
arrows indicate the location of the first nucleotide in each 
transcript. The brackets under the arrow for the sequence 
displayed for exon 2-3/~7 indicate that one of these two 
nucleotides correspond to the 5 1 -end of the transcript. 
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mRNA begins downstream of typical (Gruissem and Zurawski, 

1985, and Gruissem, et al., 1986) chloroplast consensus 

promoter "-35" and "-10" sequences (Figure 20, lower). The 

sequence of the "-10" region of the exon 2-3/~7 transcript 

is similar to that upstream of exon I (Figure 20, lower), 

however, a possible "-35" sequence for the exon 2-3/~7 

transcript has less homology and an altered location 

relative to other chloroplast "-35" sequences (Gruissem and 

Zurawski, 1985, and Gruissem et al., 1986)0 

3. Northern Analysis of rgs12 Transcrigts and Processing 

Intermediates 

Transcripts encoding ~12 exon 1 and ~12 exons 2-

3/~7 and several processing intermediates which arise 

during maturation of ~12 mRNA have been identified by 

northern hybridization analysis (Figure 21, B and C) using 

cloned restriction fragments as single-stranded probes 

(Figure 2IA). Molecular weight estimates from agarose gels 

are higher than those obtained by heteroduplex analysis 

(Fromm, et alo, 1986, and Koller et alo, 1987) or from those 

expected by comparison with the encoding DNA sequence. 

Bands a and b (greater than 3500 nucleotides) are detected 

only wi th the ~12 exon I probe. These RNAs pr obably 

correspond to the highest molecular weight transcripts from 

the exon 1 coding region detected by Koller, et ale (1987). 

The highest molecular weight RNA {band g, greater than 3000 



Figure 21. 
Transcripts 

Northern Hybridization Analysis of ~12 

A) Diagram of the coding loci of ..t.P.S.12 exon 1 (upper) and 
~12 exon 2-3/~7 (lower). Boxes represent coding regions. 
The locations of the single-stranded M13 clones used as 
probes for northern hybridization experiments are bracketed. 
The vertical arrows position the start of transcription for 
exon 1 and exon 2-3/£.p-§7 as determined by the experiment 
displayed in Figure 20. Clones used as probes (Appendix 4 
and 6) are specific for exon 1 (clone 1025), intron 1 (Bam 
28, clone B2), exon 2 (clone 1-5), intron 2 (clone 2-55), 
exon 3 (clone 4-23),·and ~12 exons 2 and 3, introns 1 and 2, 
and ~7 (Bam 24, clone Bam 34) • 
B) Autoradiograms of the northern blots probed with the 
various cloned fragments delineated in (A). Probes are 
listed at the top of each autoradiogram. The letters a-I 
identify the 12 different RNA species detected by northern 
hybridization and are described in section III.C.3. 
C) Diagram of four RNA species clearly defined by cDNA 
sequencing (Figures 14, 19, and 20) and northern analysis 
(Figure 21). Boxes represent coding regions for ~12 exons 
1, 2, and 3, and ~7, and are drawn to the same scale as in 
(A). . Band e cor res ponds to rna ture dicistronic U).6.12/ !.JlS.7 
mRNA. Band f is a primary transcript and/or processing 
product of a transcript from the ~12 exon 1 coding region. 
The 5 1 -end identified by cDNA sequencing (Figure 20, left) 
probably corresponds to the 5 1 -end of this RNA species. Band 
g is a transcript of the ~12 exon 2-3/~7 coding region. 
Band h corresponds to this RNA from which intron 2 has been 
excised. 
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nucleotides in length) which hybridizes to ~12 exon 2 and 

3, ~12 intron 1 and 2, and LBS7 probes corresponds to the 

exon 2-3/t:.Q..§7 transcript. Band h (2400' nucleotides) 

hybridizes to ~12 exons 2 and 3, ~12 intron 1, and ~7. 

It corresponds to a transcript of ~12 exon 2-3/~7 from 

which intron 2 has been excised. Band g is more intense in 

the blot probed with intron 2 (2-55) compared to those 

probed with exon 2 or 3, or intron 1 specific probes. Band 

h is much more intense than band g in the blots probed with 

£Q§12 exon 2 or 3, or intron 10 This is the expected result 

if intron 2 is rapidly excised from the primary transcript. 

This is also consistent with results obtained by Koller, et 

alo (1987) 0 Band i is of slightly lower molecular weight 

than band h, and is unique to the intron 2 probe (2-55). 

Bands c and d, detected with the exon 1 specific probe, are 

of similar molecular weight to bands g and h. RNA species 

containing both exon 1 and 2 separated by intervening 

sequences were not observed by Koller, et ale, (1987) 0 

Based on this information, bands c and d probably correspond 

to transcripts from the exon 1 coding region (Koller et al., 

1987), rather than species which contain exon 1 ligated to 

intron 1. Band e (1560 nucleotides) hybridizes to all three 

~12 exons and ~7 but not to the intron specific probes, 

as expected for a mature dicistronic ~12/~7 mRNA. This 

has been confirmed by cDNA sequence analysis of size 

f ractiona ted RNA (Figures 14 and 19) 0 Band f is unique to 
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the exon 1 probe and represents the lowest molecular weight 

(1260 nucleotides) RNA species detected containing exon 1. 

The 5 1 -end of this species probably corresponds to the 5 1
-

end of f.Q..§12 mRNA, determined by cDNA sequencing (Figure 

20) • Characterization of the lowest molecular weight band 

(k), seen only when ~12 exon 3 and ~7 specific probes 

(4-23) are used, is incomplete, but may correspond to a 

processing product identified by Koller et al., (1987). 

Band 1 is detected with the intron 1 specific probe (Bam 28) 

and corresponds roughly in length (1170 nucleotides) to the 

di stance be t\'leen exon 2 and the 5 I -end of the '-I?-S12 exon 2-

3/~7 primary transcript. The lowest molecular weight band 

(j) detected with the intron 2 specific probe (2-55) 

migrates at approximately 1620 nucleotides. No band of 

molecular weight corresponding to excised linear intron 2 

(540 nucleotides) was detected by northern analysis. 

Further work would be required to determine if band j might 

be a circular or lariat form of excised intron 20 

Do ~ction of a Point Mutation in Tobacco Chloroplast 16S 

t:.ENA 

Wild-type and SRI tobacco chloroplast RNA was 

isolated, and cDNA sequencing (using primer Bob, section 

II.K.3.) of 16S rRNA was performed (Figure 22) through the 

site of mutation to streptomycin resistance in Eug] ena 

gracjlis chloroplast and El.a.. G.D..Li 16SrRNA. A cytidine 



Figure 22. Detection of a Point Mutation in Tobacco SRI 
Chloroplast 16S rRNA by Primer Extension cDNA Sequencing 

A) Autoradiograms of an electrophoretic separation of cDNA 
sequencing reaction products using an end-labeled primer 
(Bob, section II.J.3) complementary to 16S rRNA isolated from 
wild-type (left) and SRI (right) tobacco chloroplasts. The 
letters above the autoradiograms identify the lanes 
containing products for the individual (A, T, C, G, and N
no dideoxynucleotide control) sequencing reactions. The cDNA 
sequence read from the autoradiograms are listed on the far 
left (wild-type) and far right (SRl). The residue which is 
altered comparing wild-type and SRI 16S rRNA is indicated in 
large print. 
B) Comparison of the conserved proposed secondary structure 
in 16S rRNA found in streptomycin sensitive (SmS) and 
streptomycin resistant (SmR) ribosomes of Euglena (left) and 
tobacco (right) chloroplasts. The residue which is altered in 
ribosomes isolated from streptomycin resistant chloroplasts 
is identified by a horizontal arrow. 
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residue at position 910 (from the 5 1 -end) of wild-type 168 

rRNA is al tered to adenosine in 8Rl 168 rRNA. A cytidine 

residue, at the corresponding position in Euglena 

chloroplast and ~ ~ 168 rRNA, is mutated to uridine in 

168 rRNA isolated from streptomycin resistant Ellglena 

chloroplasts and ~ ~ (Montandon, et al., 1985 and 1986). 



CHAPTER IV. 

Discussion 

A. Possible Mechanisms of Streptomycin Resistance in Tobacco 

Chloroplasts 

1. Mutation in 16S rRNA 

A point mutation has been detected at nucleotide 910 

of chloroplast 16S rRNA isolated from streptomycin resistant 

tobacco SRl (Figure 22). A mutation to streptomycin 

resistance that does not segregate in a Mendelian fashion 

has been linked to restriction fragments encoding 16S rRNA 

in ChI amydomonas chloroplasts (Lemieux, et al., 1984). Two 

independently isolated streptomycin resistant Euglena 

mutants have been identified in which the chloroplast 16S 

rRNA is altered at the same position (Montandon, et al., 

1985) as in SR1. Experiments have shown that alteration of 

the corresponding nucleotide (~t912) of ~ ~ 16S rRNA can 

confer streptomycin resistance to E...a.. coli ribosomes 

(Hontandon, et al., 1986). The point mutation in 16S rRNA 

occurs at a position in small subunit rRNA which is 

invariant in eubacteria and chloroplasts. The mutation 

occurs at the base of a short imperfect stem (Figure 22B) 

conserved in all (chloroplastic, mitochondrial, eubacterial, 

133 
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archaebacterial, plant cytoplasmic, and mammalian 

cytoplasmic) small subunit rRNAs (Gray, et al.,1984). Small 

subunit rRNAs from organisms or organelles that have been 

shown to be sensitive to streptomycin contain a cytidine 

residue at this position, whereas small subunit rRNAs from 

organisms or organelles that have been shown to be resistant 

to streptomycin have a uri dine at this position (Montandon, 

et al., 1985 and 1986). Thus, it is possible that this 

nucleotide is involved in conferring streptomycin resistance 

to ribosomes from all organisms. 

Although the observations listed above strongly 

suggest that the l6S rRNA mutation confers streptomycin 

resistance to SRI tobacco chloroplast ribosomes, they do not 

constitute a rigorous proof. The SRI mutation occurs at the 

same position in l6S rRNA as the mutation in Euglena 

chloroplasts and ~ coli, however, the residue resulting 

from the mutation (adenosine in SRI, and uridine in Eug]ena 

and ~ co] i) is different. The nature of the residue to 

which the cytidine is changed may not be important in 

determining the streptomycin resistance phenotype. It is 

possible that the absence of a cytidine at this position can 

confer streptomycin resistance to ribosomal small subunits. 

This remains to be determined experimentally. 

rrhe detection of a reversal of the nucleotide 

change, or a compensating change in the mutated nucleotide's 

base paired partner, in a revertant to streptomycin 
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sensitivity from SRI would demonstrate that the mutation is 

responsible for the streptomycin resistance phenotype. No 

revertants have been identified from SRI or other 

s t rep tom y c i n res i s tan t to b a c c 0 cuI t i va r s ( Pal Ma 1 i g a , 

per sonal communica tion) • Another approach would be to 

transform wild-type tobacco plant 'chloroplasts with the SRI 

l6S rRNA gene. If the identified mutation is responsible 

for the streptomycin resistance phenotype, then the 

phenotype of the transformed plants would change from 

streptomycin sensitive to streptomycin resistant. No 

reliable chloroplast transformation systems are currently 

available. Thus, genetic approaches do not appear to be 

suitable in this system for testing the hypothesis that the 

mutation in l6S rRNA is responsible for the streptomycin 

resistance phenotype. 

2. The rps12 Gene and Gene Product 

The translated amino acid sequences of all 

identified chloroplast ~12 genes are as highly conserved 

(69%-72%) with £a.. coli S12 (Figure 10 and Table 8) as 

another eubacterial (Bacillus stearothermophilus) S12 is 

(76%) with E..o.. .Q.Q.J..i S12 (Wittmann-Liebold, 1986) 0 Based on 

this observation, one would expect a similar role for S12 in 

chloroplast and ~ QQli ribosomes. The amino acid residues 

of .!h. coli S12 which are mutated to confer streptomycin 

resistance are conserved in tobacco chloroplast S12 (Figure 



136 

10) 0 No alterations were detected comparing the coding 

sequences of wild-type and SRI tobacco chloroplast Q;lli12 

genes. The splice junctions of mature 1:..l2..§.12 mRNA were 

identical in SRI and wild-type chloroplasts (Figures 14 and 

19). Therefore, no alteration in the amino acid sequence of 

S12 is introduced by differential splicing of SRI vs. wild

type .r..tl..S12 RNA. The results presented in this study 

demonstrate that the sequence of mature ~12 mRNA is 

identical in SRI and wild-type tobacco chloroplastso 

Is the ~12 gene expressed as a protein in tobacco 

chloroplasts? Bartsch (1985) has shown that a 30S ribosomal 

protein from spinach chloroplasts cross-reacts with specific 

antiserum against ~ coli S12. Thi s protein has a two-

dimensional electrophoretic mobility (same net charge and 

same molecular weight) identical to ~ coli S12 (A.Ro 

Subramanian, personal communication) 0 Based on the high 

degree of amino acid homology comparing the translated amino 

acid sequence of chloroplast ~12 genes with ~ Q..Q.li S12 

(Figure 10 and Table 8), it is likely that the ribosomal 

protein identified by Bartsch (1985) is the product of the 

spinach ~12 geneo Hybridization experiments using tobacco 

chloroplast ~12/~7 specific probes have mapped 

homologous sequences, in the same location as in tobacco, on 

the spinach chloroplast genome (Michalowski, et alo, 1987, 

and Figure 18). These points suggest that the J:.l2.S12 mRNA 

characterized in this study is translated into a tobacco 



137 

chloroplast ribosomal protein. 

In vitrQ expression of the tobacco chloroplast ~12 

gene or translation of hybrid-selected mature~12 mRNA is 

required to unambiguously determine whether. the charge

shifted ribosomal protein of 30S ribosomal subunits 

identified by Capel, et al., (1979) is the tobacco 

chloroplast ~12 gene product. The approaches of in vitro 

expression or hybrid-select transla tion are complica ted by 

the occurence of multiple transcripts and/or processing 

intermediates for ~12 (Figure 21) and the requirement that 

two transcripts for ~12 must be trans-spliced (see section 

IV.Colo) prior to mRNA maturation. The spinach chloroplast 

ribosomal protein identified by Bartsch (1985) has a· 

molecular weight and isoelectric point (Capel and Bourque, 

1982) similar to the charge-shifted tobacco chloroplast 

ribosomal protein identified by Capel, et alo (1979). 

Cross-reactivity of the charge-shifted ribosomal protein 

with the antibody specific for ~ Q.Qli S12 (Bartsch, 1985) 

would provide strong evidence that this protein is the 

product of the tobacco chloroplast ~12 gene. 

If the ~12 gene characterized in this study codes 

for the charge-shifted ribosomal protein identified by 

Capel. et ale (1979), then the modification responsible for 

the charge-shift must occur post-translationally. No 30S 

ribosomal subunit proteins have been shown to be 

phosphorylated (Posno, et al., 1984), ruling out this 
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particular modification. 

3. Summarizing Discussion on the Mechanism of Streptomycin 

Resistance in Tobacco ChlQroplast Ribosomes 

By inference with what has been discovered in 

other organisms (r-Iontandon, et al., 1985 and 1986), it is 

most likely that streptomycin resistance in tobacco 

chloroplast ribosomes is caused by a point mutation in 16S 

rRNA. It has been shown that a single mutation in 16S rRNA, 

at the same position as found in SRI 16S rRNA, is all that 

is required to confer streptomycin resistance to 

prokaryotic-like ribosomes (Montandon, et al., 1985 and 

1986) 0 However, it has not been shown that a mutation tJ2 

~ same residue as found in SRI 16S rRNA can confer 

streptomycin resistance. It is still possible that the 

charge-shifted 30S ribosomal protein identified by Capel, et 

ale (1978) plays a role in conferring streptomycin 

resistance to SRI ribosomes. 

Perhaps the best approach to unambiguously determine 

whether the mutation identified in SRI 16S rRNA is 

responsible for conferring streptomycin resistance to 

tobacco chloroplast ribosomes is through reconstitution 

experiments involving proteins and rRNA of the 30S ribosomal 

subunit. The sensitivity or resistance of reconstituted. 

ribosomes to streptomycin could be analyzed by determining 

the level of streptomycin-induced mistranslation in vitrQ. 
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Reconstitution with SRI 16S rRNA and wild-type ribosomal 

proteins and vice versa would indicate whether the proteins, 

16S rRNA or both are responsible for conferring streptomycin 

resistance to tobacco chloroplast ribosomes. However, 

reconstitution of chloroplast ribosomes has not yet been 

demonstrated. 

B. CJ. oning and Restriction Mapping of Tobacco Chloroplast 

om 

1. Clones of Tobacco Chloroplast DNA 

The clone library of partially digested tobacco 

chloroplast DNA (Appendix 1) yielded overlapping clones 

representative of the entire genome (Figure 2). The library 

was particularly useful in Southern hybridization 

experiments since relatively large amounts of DNA 

representative of the entire chloroplast genome could be 

blotted from an agarose gel in the space of a few lanes 

(e. g., Figure 17). Since the clones are overlapping, 

subclones containing intact genes can be obtained from 

throughout the genomeo In addition, the process of 

characterization of fragments within the clones provided 

data that allowed construction of the Bam HI restriction 

map. 

The M13 subclones derived from the genomic library 

were used for DNA sequencing (Appendix 4 and 6) and provided 
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a complete set of single-strand specific probes (Figure 21) 

for hybridization analyses (Figures 17, 18, and 21). 

2. Restriction Mapping by Two-Dimensional Gel 

Electrophoresis 

The technique of two-dimensional gel separation of 

double digests is rapid and yields excellent separation of 

fragments. A consistent map order for Sal I fragments was 

obtained by reciprocal analysis of only four two-dimensional 

gels (Figures 5 and 6) containing fragments generated by Sal 

I/Kpn I and Sal I/Sma I digestion o To obtain precise 

molecular weight estimates for each of the fragments 

observed, several mobility measurements on one-dimensional 

gels were required. The data derived from two-dimensional 

gel analysis also orders most of the Kpn I and Sma I 

fragments, with the exception of Kpn I fragments [7,8] and 

[6,9] and Sma I fragments [9,12] and [8,13]. These 

fragments were ordered by digesting cloned fragments with 

enzymes whose cleavage sites had been previously mapped. 

However, the order of Sma I (with the execptions of Sma 8 

and 13) and Kpn I fragments could have been resolved with 

additional two-dimensional gels to examine the reciprocal 

products of KpnI/SmaI double digestionso Thus, this method 

is useful for mapping circular DNA molecules as large as 

chloroplast DNA with restriction enzymes that cut the DNA 

i nf r eq uently. In the case of fortuitously chosen enzyme 
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pairs, complete and unambiguous maps may be obtained. 

3. Computer-Aided Restriction Mapping 

The computer program RESMAP6 facilitated the Bam HI 

mapping study. In conjunction with previously published 

data on fragment location (Sugita and Sugiura, 1983; Deno, 

et al., 1983; and Shinozaki and Sugiura, 1982), 

approximately 80% of the Barn HI fragments in the genome were 

correctly ordered (as determined by subsequent double 

digestion analysis) using this program to analyze the clone 

library. Some problematic areas on the map, which were 

difficult to interpret with the computer program alone, 

deserve mention. To unambiguously order all restriction 

fragments using the program, a set of overlapping clones for 

each fragment to be mapped is necessary. In cases where the 

library lacked such clones (e.g., Barn HI fragments 19 and 

20, Figure 3), map orders were resolved by secondary 

digestion with previously mapped enzymes. Clones which 

contain non-adjacent fragments from various parts of the 

genome can produce aberrant results when included in the 

computer analysis. In this study 4 clones with 

non-contiguous Barn HI fragments were obtained out of a total 

of 31 (Appendix 1). These clones did not significantly 

affect the linkage numbers, since they did contain some DNA 

fragments that were contiguous. Bam HI digestion of tobacco 

chloroplast DNA produced several similar sized fragments 
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that were difficult to separate on gels, making unambiguous 

fragment identification difficult. The order of Bam HI 

fragments lla and lIb could not be determined by linkage 

numbers. This resulted from the close proximity in the 

genome of these two identically migra ting f ragmen t s - The 

two fragments were eventually distinguished by analysis of 

secondary cleavage sites. 

Derivation of a complete restriction map for an 

enzyme that cuts chloroplast DNA as frequently as Bam HI is 

difficult by simple mapping techniques, since the order 

cannot be determined for Bam HI fragments lacking cleavage 

sites for a given secondary enzyme. One advantage of the 

RESNAP6 analysis of partially-digested DNA clones is that 

the computer output, combined with knowledge of secondary 

cut sites derived from coarse mapping, guides the choice of 

a secondary enzyme which will resolve ambiguous fragment 

order. This results in relatively rapid mapping of small 

fragments and precise location of secondary cut sites. 

Thus, the combined use of coarse (two-dimensional), and fine 

(computer-aided), restriction mapping facilitates 

determination of complete and detailed restriction maps of a 

genome the size of tobacco chloropla~t DNAo 
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c. The rps12 Gene and Trans-splicing 

1. Evidence for Trans-splicing of rgs12 Transcrigks 

The results presented here demonstrate that the 

L...tL612 gene 

chloroplasts 

is expressed as mature mRNA in tobacco 

(Figures 14 and 19). A possible alternative 

explanation for the cDNA sequence data presented in Figure 

14 is that an altered exon 2 copy is located close to, and 

cotranscribed with, exon 10 This possibility can be 

eliminated because the sequence of the 5 1 -terminal nine 

nucleotides (Figure 14) of ~12 exon 2 occurs only twice in 

the tobacco chloroplast genomef once in each inverted repeat 

(Shinozaki, et alo, 1986b). Distinct 5 1 -ends of exon 1 and 

exon 2-3/~7 encoding RNAs were identified by primer 

extension cDNA sequencing (Figure 20). It is theoretically 

possible, but unlikely, that mature ~12 mRNA results from 

the processing of an extremely long single transcript, and 

that the RNA species whose 5 1 -ends have been deduced result 

from cleavage of this transcripto Cotranscription of exon 1 

with the nearest copy of exons 2 and 3 (same DNA strand) 

would require the synthesis of a 127 kb primary transcript. 

A single transcript for ~12 would encompass 70 identified 

genes and 51 ORFsi including genes for proteins, tRNAs, and 

rRNAs (Shinozal<i, et alo, 1986b)" Many of these genes have 

defined transcript sizes consistent with the location of 

their putative promoters and terminators, therefore it is 
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unlikely that transcription would procede through them. 

Exon 1 of ~12 is located on the opposite DNA strand from 

that of the di stal copy of exons 2 and 3.. Cotranscr iption 

wi th this set of exons 2 and 3 could not occur by known 

t ran s c rip t i 0 na 1 me chan i sm s • An RN A s pe c i e s s i mil a r i n 

predicted size to the ~12 exon 2-3/~7 transcript 

hybridizes to ~12 introns 1 and 2, ~12 exons 2 and 3, 

and ~7 (Figure 21, band g). RNA species of distinct size 

have been identified from the exon 1 coding region by 

northern (Figure 21, bands a, b, and f) and heteroduplex 

(Koller, et al., 1987) analyses.. These results are 

consistent with separate transcription events occuring for 

exon 1 and exons 2-3. Therefore, it can be concluded that 

the expression of the ~12 gene of the tobacco chloroplast 

genome involves separate transcription of exon 1 and exons 

2-3/L'..llS.7, a bimolecular (trans-) splicing event, and other 

processing (Figure 21) to form mature £P-S12 mRNA. 

The location of exon 1 in Vj cia f.ab.a and Marchantia 

polyrnob~ chloroplast DNAs also support the concept of a 

trans-splicing event occuring during ~12 mRNA maturation. 

A single copy of LPJ212 exons 2-3/,uw7 is present in the 

Marchantia polyrnorghg (Fukazawa, et al., 1986) chloroplast 

genome. The coding sequences of ~12 exon 1 and exons 2-

3/l:..tlS7 in Marchantia are on opposite DNA strands (Fukazawa, 

et al., 1986). 'Slicia f.illli.a. has only one copy of the inverted 

repeat unit in which the ~12 exon 2-3/~7 locus has been 
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mapped to upstream of the 16S rRNA and oriented as in 

tobacco (Michalowski, et al., 1987). Exon 1 of U2.Q.12 

(Figure 18A) in Vj,cia ~ is located in a 27kbp region of 

DNA running from the middle of the inverted repeat to beyond 

the petA gene (Figure 18, A and B) in which the location and 

direction of transcription of genes are conserved in 

tobacco, spinach, Vicia taQg (Michalowski, et al., 1987),and 

Marchantia (Ohyama, et al., 1986). Assuming. that the 

direction of transcription for ~12 exon 1 is also 

conserved in Vicia ~, the coding sequences for exon 1 and 

exons 2-3/~7 would be on oPPosite DNA strands. Therefore, 

synthesis of two distinct transcripts, followed by 

trans-splicing, would be required in Vicia faba and 

Marchantia polymorpha chloroplasts to generate mature ~12 

mRNA. 

2. Transcrigtion Initjation and/or Processing Sites of r~ 

Encoding RNAs 

The 5 1 -end of an ~12 mRNA species (Figure 20) 

begins downstream of a typical chloroplast promoter sequence 

(Gruissem and Zurawski, 1985, and Gruissem, et al., 1986). 

The heteroduplex analysis performed by Koller, et al., 

(1987) has identified an RNA species encoding ~12 exon 1 

with a 5 1 -end c~nsistent with the position determined by 

cDNA sequencing (Figure 20), as well as several RNA species 

having 5 1 -ends upstream of this site. It is unclear whether 
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the various RNA species encoding ~12 exon 1 (Figure 21, 

and Koller et al., 1987) arise from separate transcription 

events or from processing of larger transcripts. It is 

possible that ~12 exon 1 can be transcribed both from its 

own promoter and as a read-through transcript from a larger 

polycistronic operon. Several processing and/or 

transcription initiation sites have also been identified in 
. 
the L:.ll.§12 exon 2-3/L:..BS7 region (Koller et al., 1987). In 

yit[p capping experiments would help define whether these 

RNA species are separate transcripts, or are processing 

products of larger transcripts. 

3. Regulation of the Levels of rpA12 Exon 1 and Exon 2-

3/r257 Transcripts 

The pr esence of one co py of L..!l§12 exon 1 and two 

copies of exons 2-3/~7 in tobacco and spinach chloroplast 

DNA raises questions regarding the in ~ stoichiometry of 

the transcripts from which the mRNA is derived. Direct 

measurements are required to determine the molar ratios of 

transcripts for exon 1 and exons 2-3/~7. Synthesi s of 

equimolar amounts of transcripts for ~12 exon 1 and exons 

2-3/.!:..M7 would be a more efficient use of the chloroplast 

transcriptional apparatus than if excess of either 

transcript were produced. Even though the nucleotide 

sequences on both sides of the inverted repeat are 

identical, mechanisms may exist by which genes on only one 
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side of the repeat are transcribed, thus balancing the 

levels of exon 1 and exon 2-3/~7 transcripts. 

Alternatively, the relative concentration of transcripts of 

exon 1 and exons 2-3/.t.na7 could be regulated by different 

promoter strengths (Figure 20) for the two parts of the 

gene. It has not been determined which primary transcripts 

and/or processing products of exon 1 and exon 2-3/~7 

transcripts (Figure 21, and Koller, et al., 1987) are able 

to participate in the trans-splicing reaction. Perhaps RNA 

processing reactions which create or destroy substrates for 

the trans-splicing reaction regulate the levels of 

transcripts that are able to trans-splice. 

4. Is rps12 Exon 1 Ligated to Other RNAs? 

It is believed that all mRNAs in Trypanosomes contain a 

35 nucleotide 5'-leader RNA, encoded as a separate 

transcript, ligated to each gene's primary transcript 

(Walder, et al., 1986). The leader has been descr ibed as a 

mini-exon (De Lange, et al., 1983), although it is part of 

the 5'-untranslated portion of the mRNA. The complexity of 

the northern hybridization data presented here precludes 

determination of whether ~12 exon 1 is ligated to 

transcripts of other qenes. Trans-splicing of RNA coding 

for ~12 exon 1 with RNAs encoding different 3'-exons could 

allow for chloroplast polypeptide variability. 
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5. Trans-splicing as a Pos~ble Means of Gene Evolution 

Recent evidence supports the idea that genes (as DNA 

molecules) may have originally consisted (Doolittle, 1978) 

of regions coding for different structural domains of a 

protein (Blake, et al., 1979, and Gilbert, et al., 1986) 

interspersed with non-coding regions (introns) containing 

interfering stop codons (Senapathy, 1986). The presence of 

introns in qenes might facilitate the ability of the 

structural domains (exons) to be moved via recombination 

into other genes (the "exon shuffling" hypothesis - Gilbert, 

1978, and Gilbert, et al., 1986), thus providing a means of 

qene evolution (Figure 23). The results presented here, . 

showing the involvement of two separate transcripts in the 

expression of the ~12 gene, raise the question of whether 

genes originally consisted of units encoding a single 

transcript. In an evolutionary sense, structural domains of 

a protein could have been encoded by separate transcripts 

which then became trans-spliced to form a Single message 

(Sharp, 1985). Introns could still be present in the 

trans-spliced product, being removed by a subsequent 

processing step. Eventual reverse transcription of the 

trans-spliced or mature RNA into DNA, followed by insertion 

into the genome (Sharp, 1983, and Baltimore, 1985) could 

have resulted in the two parts of a gene becoming regulated 

under the same transcriptional control (Figure 23) 8 



Figure 23. Models of Gene Evolution 

Left) A diagram of the process of gene evolution via "exon 
shuffling" (Gilbert, 1978, and Gilbert, et al., 1986). 
Circles represent the genome of a given organism, whether 
actually circular or not. Upper circle shows a genome in 
which a transcript is expressed for a particular gene 
consisting of two exons (2 and 3). A potential coding locus 
for another polypeptide structural domain (1), located 
elsewhere in the genome, is not transcribed. In the middle 
circle, a genomic rearrangement is occuring which positions 
domain 1 under the same transcriptional control as exons 2 
and 3. In the lower circle, the rearranged genome expresses 
a new gene, containing an addi tional structural domdin (now 
exon 1), than previously. 
Right) A diagram of the process of gene evolution via trans
splicing. In the upper Circle, transcripts from two separate 
coding loci, one consisting of two exons (2 and 3) and one 
consisting of a single exon (1), are expressed. The two 
transcripts are trans-spliced (middle) to form a single RNA 
species containing three exons. This RNA speCies is 
transcribed into DNA by reverse transcriptase, and 
subsequently inserted into the genome by homologous 
recombination. In the lower circle, the gene which 
originally consisted of two exons (2 and 3) which became 
trans-spliced with a third exon (1), now consists of a coding 
locus containing all three exons under the same 
transcriptional control. 
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Although exon shuffling provides a means of 

understanding the evolution of genes as DNA, trans-splicing 

suggests a means of evolution of genes as either DNA or RNA 

molecules. Whether genes (as DNA molecules) have evolved as 

single transcriptional units or as multiple transcriptional 

units may depend on the rate of genomic rearrangements 

relative to the rate of evolution of sequences or other 

factors required for trans-splicing. The trans-splicing 

mechanism involved in the events documented here for the 

chloroplast ~12 gene is as yet undefined. Proteins or 

ribonucleoprotein complexes which could be involved in 

trans-splicing may differ from those required for splicing 

of a single transcript. .in vitro demonstrations of 

trans-splicing using transcripts that do not trans-splice in 

~ (Solnick, 1985, and Konarska, et al., 1985) show that 

factors present in an extract that will splice a single 

transcript can also accomplish trans-splicing. In vitro 

trans-splicing experiments have shown that regions of 

sequence complementarity between two transcripts greatly 

increases the amount of trans-spliced product (Konarska, et 

al., 1985). If the proteins or other factor s invol ved in 

trans-splicing are identical to those required for splicing 

of a single transcript, then it would seem that the major 

determinant in the evolution of genes via trans-splicing 

would be the rate of evolution of regions of complementarity 

between two transcripts. Depending upon the amount of 
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sequence complementarity required for trans-splicing to 

occur, only a few mutations might be needed to alter the 

ligation of a given pair of exons to different exons. The 

evolution of a gene via exon shuffling would require genomic 

rearrangements to position the exons encoding the various 

domains of a protein under the same transcriptional control 

(Figure 23) 0 With trans-splicing, the genomic location of 

the t(anscribed regions would not matter as long as RNA from 

each transcript was present at the same time in the cell 

(Figure 23) • 

The possibility of genes evolving via trans-splicing 

may reflect the prebiotic evolution of genes as RNA 

mol e cuI e s • The e vol uti 0 n 0 f p rim 0 r d i a 1 g en e s a s RN A 

molecules has been proposed to occur by differential 

splicing of a single transcript (Reanney, 1979, and Cech, 

1985). In these views, RNA splicing is thought to have been 

the first form of genetic recombination. Recombination of 

RNA molecules via trans-splicing should allow for more 

diversity in products since the number of potential 

precursors is greater than with a Single transcript. If the 

1 i ga ti on of two RNA molecules had been a common prebiotic 

event (Cech, 1985, and Sharp, 1985), then a mechanism for 

trans-splicing was present prior to the appearance of DNA 

based genomes, and the early evolution of genes may very 

well have proceeded by trans-splicing. Exon shuffling may 

have supplanted trans-splicing as a more favorable means of 



152 

gene evolution at the DNA levelo Indeed, the case of the 

tobacco chloroplast ~12 gene is currently the only 

documented example of trans-splicing involving the 

translated portions of a geneo 

Models of gene evolution involving exon shuffling or 

trans-splicing are not mutually exclusive. Both are 

processes of genetic recombination which require that exons 

encoding the structural or functional domains of the final 

protein product become arranged in the proper order. A 

likely means of ordering exons is through the positioning of 

regions of sequence complementarity. Sequence 

complementarity is probably involved (at the RNA level) in 

trans-splicing, but certainly can be involved (at the DNA 

level) in recombination events. It is possible that the 

~12 gene was originally encoded on a single transcript, 

and subsequent genomic rearrangement split exon 1 away from 

exons 2 and 30 If this were so, then it is interesting to 

speculate whether the sequences that were involved in the 

recombination event are the same sequences that may be 

complementary between the two transcripts during 

trans-splicing. These arguments raise the question of 

whether the mechanism of expression of the chloroplast ~12 

gene is an example of a primordial process, or just a 

recombinational accident. 
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6. Eyolution of the Putative rpsl2 Gene Product 

Comparison of the predicted chloroplast ribosomal 

protein S12 amino acid sequence (Table 8) in a higher plant 

(tobacco), a bryophyte (Marchantia polymorghd), and a green 

alga (Euglena gracilis), with the eubacterial (h Q.Qli) S12 

allows a unique oppor tuni ty to study the evol ution of a 

highly conserved protein. The genes encoding tobacco and 

Marchantia S12 contain two introns, located at the same 

positions in both genes, and consist of two separate 

transcriptional units for exon 1 and exon 2-3!.l:..llS7. The 

Euglena and E.a.. Q.Ql.i J:.J2.§12 genes contain no introns and are 

encoded on a single polycistronic transcript. It is 

possible to analyze, in the case of the evolution of the S12 

protein, the effect of the presence of introns and the 

effect of separation of exon-containing portions of the gene 

into a different transcriptional unit. 

Amino acid homology is highest between S12 of 

tobacco and Ma~chantia polymorgha (Table 8), consistent with 

the hypothesis that land plants arose from a common 

ancestor. The homology of tobacco and Marchantia S12 

compared to Euglena S12 is similar to that between the 

plants and 1h Q.QJ..i. This is consistent with the proposed 

independent endosymbiotic origins of mLLglena chloroplasts 

relative to plant chloroplasts (Gray, et al., 1984, and 

Palmer, 1985b). The overall conservation of S12 between 

Bug] ena and E..a- coli is similar to that between the land 
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plants and ~ eolia This suggests that the presence or 

absence of introns in ~12 has not changed the rate of 

divergence of the amino acid sequence of S12 in chloroplasts 

relative to ~~. The amino acid homology is lowest for 

the amino terminal end of the S12 protein (Figure 10 and 

Table 8), comparing tobacco, Marchantia, or Euglena, with ~ 

coli. These results, and the lower homology of the plant 

S12 sequences to each other at the amino terminus, imply 

that this decrease in homology is related to the structural 

or functional role of the amino acid sequence, rather than 

to the separation of the amino-terminal coding region into a 

separate transcr~ptional unit in the higher plants. 

D. Summar~ 

A complete cloned library of tobacco chloroplast DNA 

was obtained, consisting of overlapping fragments generated 

by partial Barn HI digestion (Figures 1 and 2). Using these 

clones and a novel computer-aided restriction mapping 

technique, a Barn HI restriction map of tobacco chloroplast 

DNA was derived. Restriction maps for the enzymes Sma I and 

Kpn I were derived by two-dimensional gel analysis. 

A gene (L..B.S12) with significant translated amino 

acid homology to E.a. Q.Q.Li 512 (Figure 10) was identified in 

the tobacco chloroplast genome. The ~12 gene is expressed 

as mature mRNA which is identical in wild-type and SRI 

chloroplasts (Figures 14 and 19). Other data (Bartsch, 
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1985, and A.R. Subramanian, personal communication) strongly 

suggest that this mRNA is translated into a chloroplast 

ribosomal protein identical in molecular weight and net 

charge as E..a.. co] i S120 If the tobacco chloroplast r..tlS-12 

gene encodes the charge-shifted 30S ribosomal protein 

identified by Capel, et ale (1979), then the modification 

responsible for the charge-shift occurs post

translationally. It is not clear whether the charge-shifted 

ribosomal protein (Capel, et al., 1979) plays a role in 

conferring streptomycin resistance to SRI tobacco 

chloroplast ribosomes. 

It has been shown that the ~12 gene is expressed 

as two separate transcripts which become ligated (trans

spliced) in the process of .r.u.,s12 mRNA maturation. This is 

the first documented example of a biologically occuring 

trans-splicing event occuring involving the translated 

portions of a gene. The implications of this finding in the 

areas of gene expression, RNA processing, and gene evolution 

are far reaching. 

Based on the results obtained by sequencing 16S rRNA 

from streptomycin resistant Euglena chloroplast mutants 

(Montandon, et al., 1985), and the results of in ~itrQ 

mutagenesis of .IL.. coli 16S rRNA (Montandon, 1986), it is 

most likely that streptomycin resistance in the tobacco 

mutant SRl is due to a point mutation in the chloroplast 16S 

rRNA gene (Figure 22). However, the results presented here 
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do not constitute a rigorous proof. Further work is 

required to demonstrate a cause and effect relationship for 

the l6S rRNA mutation and streptomycin resistance. 



APPENDIX 1 

Overlapping Clones Derived From Partial Barn HI Digestion of 
tL.. tabacum cv. "Petite Havana" Chloroplast DNA Inserted into 
the Barn HI site of pBR322. 

A ** after the clone # indicates that the fragments 
contained in that clone are not contiguous. Refer to 
Figures 2 and 4 for the location of Barn HI fragments on 
tobacco chloroplast DNAo 

Clone # Date Isolated 

1,6 6/20/83 

2 6/20/83 

4,A8,A20,A26 6/20/83 

12 6/20/83 

13,14 6/20/83 

17,B7 6/20/83 

19 6/20/83 

20 6/20/83 

A9 6/25/83 

A11,A24,A29 6/25/83 

A19,B8,B9 6/25/83 

A21,B49-B52 6/25/83 

A27,A32 ** 6/25/83 

A28 ** 6/25/83 

A31 ** 6/25/83 . 

A33,A34 6/25/83 

A38 6/25/83 
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Barn HI Fraaments 

4,8,11,16,17,24,25,26 

1,5,6,7,12,13,16,24,25,26 

6,16,24,25,26 

1,7,13,19,20,22,23,25,26 

4,9,11a,14,15,21,27 

6,16,24 

4,11b,15 

3,18 

4,11b,15,17 

3,18,19,20,22,23 

3,9,10,11a,14,15,18,21,27 

1,7,13,16,25,26 

3,5,12,18,19,20,23 

1,7,12,16 

2,5,6,16 

5,12 

1,7,13,16,22,23,25,26 



Clone # 

A50 

B2 

Date Isolated 

6/25/83 

6/25/83 

Bam HI Fragments 

8,16,25,26 

4,8,11b,17 
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APPENDIX 2 

Clones of Nicotiana tabacum Chloroplast DNA in pBR322 

Refer to Figure 4 for the location of restriction fragments 
on tobacco chloroplast DNA. 

No tabacum mutant SRI Chloroplast DNA 

Sa] I Clones 

Clone # Date Characterized Cloned Fragment 

4L C41 (pNTSa15 ) 9/15/82 5 

4R D46 (pNTSa16) 9/16/82 6 

14-15 A17 (pNTSa19) 10/28/82 9 

Pst I Clones 

Clone # Date Characterized Clonp,d Fragment 

3-5a AI, A2, A3 11/8/82 9 
(pNTPst9 ) 

1-10 D34 11/8/82 11 
( pNTPstll) 

Bam HI Clones 

Clone # Pate Characterj zed C]Qned Fragment 

All 12/23/82 18 + 25 

A12,A13,Al6 
A25,A26 12/23/82 6 

A14 12/23/82 8 

A17 12/23/82 11 

,c:n 
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Clone # Dat& Characterized g,oned Fragment 

A18 12/23/82 16 

A20,A21 12/23/82 5 

A24 12/23/82 19 

A29, A30 12/23/82 12 

B3, SRlaB12 1/4/83 25 

BI0 1/4/83 17 

B13, B20 1/4/83 5 

B15 1/4/83 20 

B16 1/4/83 9 or 10 

B23 1/4/83 11 + 15,16 or 17 

B14 1/6/83 6 

Nn tabacum cYP Petite Havana Chloroplast DNA 

Pst I Clones 

Clone # 

D1,D2,D3 

earn HI Clones 

Clone ft 

A8 

AI0,All 

A27 

A16 

A22 

Bl 

Data Characterized 

1/7/83 

pate Characterized 

12/28/82 

12/28/82 

12/28/82 

12/28/82 

12/28/82 

1/4/83 

Cloned Fragment 

10 

Cloned Fragment 

6 

26 or 27 

25 

4 

15 

6 
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Clone # Date Characterized Cloned Fragment 

B22 1/4/83 3 

C25 1/6/83 5 

C26 1/6/83 4 

C28 1/6/83 15 

C29 1/6/83 24 

C30 1/6/83 12,13, or 14 

D1 1/7/83 6 



APPENDIX 3 

RESlrlAP6 Computer Program 

50 REM THIS PROGRAM IS FOR USE IN FRAGMENT ORDERING OF 
52 REM RESTRICTION FRAGMENTS IN A MULTIPLE INSERT CLONE 
54 REM BANK 
56 REM INPUT IS THE TOTAL NUIvffiER OF DISTINCT CLONES AND THE 
58 REM INDIVIDUAL RESTRICTION FRAGMENTS APPEARING IN EACH 
60 REM CLONE 
61 REM OUTPUT IS OF TWO ARRAYS, THE FIRST PLOTS THE % OF 
62 REl-1 TIMES EACH FRAGl>1ENT APPEARS IN A CLONE WITH A GIVEN 
63 REM FRAGMENT, THE SECOND ARRAY SUMS THE TOTAL NUMBER OF 
64 REM TIlwlES TWO GIVEN ·FRAGMENTS APPEAR IN THE SAME CLONE 
66 REM IN THE BANK, .AND DIVIDES BY THE TOTAL NUMBER OF 
68 REN TIMES THAT THE SAME TWO FRAGMENTS APPEAR IN THE 
70 REM ENTIRE CLONE BANK 
72 REM THE OUTPUT IS THEREFORE A NORMALIZED FREQUENCY OF 
74 REM CO-APPEARANCE OF TWO FRAGMENTS AND MAY BE USED TO 
76 REM DETERfilINE THE PROXI£<lITY OF THE FRAGMENTS 
100 PRINT "INPUT THE NUMRER OF RESTRICITON FRAGlwlENTS" 
110 INPUT R 
120 PRINT "INPUT THE NUMBER OF CLONES" 
130 INPUT C 
135 REM 140-170 GENERATES AN ARRAY OF CLONE VS FRAGMENT 
140 DIM A (C,R) 
150 FOR B= 1 TO C 
160 PRINT "INPUT THE NUMBER OF FRAGMENTS IN CLONE", B 
170 INPUT Q 
180 FOR X= 1 TO Q 
190 PRINT "FRAGMENT #?" 
195 REM Z IS THE FRAGMENT NUMBER 
200 INPUT Z 
205 A(B,Z) = 1 
210 NEXT X 
220 NEXT B 
275 RElv1 280-490 SUMS UP OTHER FRAGS WITH A GIVEN FRAG 
280 DIM D(R,R) 
290 FOR 1= 1 TO C 
300 FOR P= 1 TO R 
310 IF A(I,P) = 1 THEN GOTO 380 
320 NEXT P 
330 NEXT I 
340 GOTO 430 
380 FOR X=l TO R 
390 D(P,X) = D(P,X) + A(I,X) 



400 NEXT X 
410 GOTO 320 
430 REN 
540 REM 550-630 PLOTS % A GIVEN FRAG APPEARS WITH ru~OTHER 
541 REM GIVEN FRAG AND ALSO THE NUMBER OF TINES A GIVEN 
542 REM FRAG APPEARS IN THE CLONE BANK 
550 Dlr.l F(R,R) 
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551 PRINT "FRAGN,ENTS, % A FRAG APPEARS WITH THE FRAG ON LEFT 
552 PRINT "®®" 

553 PRINT 
554 PRINT 
555 FOR P = 1 TOR 
557 PRINT p," ® " 

560 FOR I = 1 TO R 
580 IF D(P,P) = 0 THEN GOTO 600 
590 F(I,P) = D(I,P)/D(P,P) 
591 F(I,P) = F(I,P)*100 
592 F (I, P) = INT(F (I, P» 
593 F(I,P) = F(I,P)/100 
600 PRINT F(I,P)," ", 
610 NEXT I 
620 PRINT" ® ", D(P,P) 
622 PRINT "HIT RETURN FOR NEXT LINE" 
623 INPUT G$ 
630 NEXT P 
640 REM 640-700 COMPARES % A GIVEN FRAG IS CLONED W/ ANOTHER 
64 2 D Il1 G ( R, R) 
644 PRINT "FRAGHENT, NORMALIZED % OF APPEARANCE W/ OTHER 
645 PRINT" FRAGS" 
646 PRINT " ®® " 

648 PRINT 
650 FOR I = 1 TO R 
652 PRINT I, " ® " 

660 FOR P = 1 TO R 
665 IF D(I,I) + D(P,P) = 0 THEN GOTO 680 
670 G(I,P) = (D(I,P)+D(P,I»/{D(I,I)+D(P,P» 
671 G{I,P) = G(I,P)*100 
672 G{I,P) = INT (G{I,P» 
673 G(I,P) = G(I,P)/100 
675 PRINT G(I,P)," ", 
680 NEXT P 
682 PRINT 
684 PRINT "HIT RETURN FOR NEXT LINE" 
686 INPUT G$ 
690 NEXT I 
700 END 



APPENDIX 4 

Subclones Used for Sequencing of the J:..llS12 Exon 2-3, .Q;ll27, 
and ORF 119 Region of the Tobacco Chloroplast Genome 

The sequenced region spans 4000 bp starting from the 
first nucleotide upstream of the 16S rRNA gene and extending 
towards the large single copy region of the tobacco 
chloropl.ast genome (see Figure 9). Clones are inserted into 
mp8, mp9, mp18 or mp19 M13 vectors (Messing, 1983) p The 
borders of the cloned fragments are identified by numbers 
which define their distance (in bp) from the first 
nucleotide upstream of the 16S rRNA gene. The clone is 
defined to be in the plus (+) orientation if the sequence, 
derived from dideoxy sequencing of the single-stranded M13 
insert, is the same as the non-coding (mRNA-like) strand of 
~12 exons 2 and 3. Thus, the actual sequence contained on 
the N13 single-strand is that of the coding strand. The 
opposite orientation is defined as the minus (-) 
orientation. The complementary strands synthesized from 
single-stranded clones in the minus orientation can be used 
as probes complementary to the mRNA. Refer to Appendix 5 
for the sequence of the region. 

Clone # Vectorl ~ Position2 Orientation 

550,551, 
552,553, 
554,556 mp19 Sma/Pst 11/19/84 PvuII-2770 

598 mp19 Bam 12/13/84 1221-1647 + 

630 mp19 Bam 12/21/84 1221-1801 + 

565 mp19 Bam 12/6/84 1647-1801 + 

568,600 
601 mp19 Bam 12/6/84 1647-1801 

93 mp8 Bam/Pst 6/30/84 1801-2770 

430,431, 
432 mp8 Bam/Pst 6/30/84 1801-2770 

Bam 34 mp9 Bam 5/2/84 1801-3027 
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Clone 4t Vector1 Date Position2 0): i e n tat ion 

Barn 35, 
Barn 36 rnp9 Barn 5/2/84 1801-3027 + 

1-4,1-6, 
1-7,1-10 rnp9 Barn 5/2/84 1802-2117 + 

58 rnp9 Barn 5/31/84 1802-2117 + 

1-1,1-5, 
1-8,1-9 rnp9 Barn 5/2/84 1802-2117 

409,410, 
411 rnp8 RI/H3 8/18/84 1802-2117 

412,413, 
414 mp8 Bam/RI 8/18/84 1810-2274 

424 mp9 RI 8/18/84 1810-2559 

3-17 mp9 Bam 5/2/84 2117-2275 + 

403,404, 
405 mp8 RI/H3 8/18/84 2117-2275 3 

415,416, 
417 rnp8 Bam/RI 8/18/84 2274-2559 + 

2-11 mp9 Bam 5/2/84 2275-2572 + 

55,57 mp9 Bam 5/31/84 2275-2572 

500,502 mp9 RI 11/18/84 2559-2591 + 

501,524 mp9 RI 11/18/84 2559-2591 

526,527 mp18 Pst/RI 11/12/84 2591-2770 

421,422, 
423 mp8 Bam/RI 8/18/84 2591-3027 + 

170 mp9 RI 7/6/84 2591- RI 

4-25 mp9 Bam 5/2/84 2663-2796 + 

406,407, 
408 mp9 Bam 8/18/84 2663-2796 + 

4-23,4-24 mp9 Barn 5/2/84 2663-2796 

50 rnp9 Bam 5/31/84 2663-2796 
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Clone # Vector 1 Date Position2 Orientation 

90,94, 
95,97 mp8 Bam/Pst 6/30/84 2770-3027 + 

418,419 
420 mp8 Bam/RI 8/18/84 3027- RI + 

Bal 31 Deletion Subc1ones4 

Clone # Vector 1 ~ Position2 Orientation 

789 mp18 RI/Sma 4/15/85 Pvu II-I090 

711 mp19 Pst/Sma 3/29/85 Pvu II-I098 

835 mp18 RI/Sma 4/23/85 Pvu II-1410 

780 mp18 RI/Sma 4/15/85 540-1810 + 

848 mp18 RI/Sma 5/17/85 719-1810 + 

795 mp18 RI/Sma 4/22/85 786-1810 + 

800 mp18 RI/Sma 4/23/85 1220-1810 + 

B2 mp18 RI/Sma 4/23/85 1221-1622 

735 mp18 RI/Sma 4/12/85 1221-1810 

781,925 mp18 RI/Sma 4/15/85 1458-1810 + 

738 mp18 RI/Sma 4/12/85 1647-1810 + 

762 mp18 RI/Sma 4/12/85 3191-RI 

828 mp18 RI/Sma 4/23/85 3463-RI + 

833 mp18 RI/Sma 4/23/85 3559-RI + 



1 Restriction endonuclease abbreviations used are; 

AbbLeviation 

Bam 
RI 
H3 
Sal 
Sma 
Pst 

Restriction Enzyme 

Bam HI 
Eco RI 
Hind III 
Sal I 
Sma I 
Pst I 
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2 In this column "Pvu II" denotes that one end of the clone 
originates at the Pvu II site (136 bp from the 5 '-end) in 
the tobacco chloroplast l6S rRNA gene. "RI" denotes that 
one end of the clone originates at the Eco RI site in the 
uQhB gene, approximately 900 bp downstream of ORP 1190 

3 The Eco RI and Hind III sites in these clones are derived 
from the vector used for subcloning. The insert is actually 
a Sau 3A I fragment. 

4 Bal 31 deletion clones consist of a blunt end cloned into 
a Sma I site and a sticky end (Eco RI or Pst I). The Sma I 
site is not regenerated during the cloning. See section 
II.G.2. for more details. 



APPENDIX 5 

DNA Sequence, Restriction Sites, and Polypeptide Coding 
Segments of the J:..ll.§12 Exon 2-3, ~7, ORFl19 Region of the 
Tobacco Chloroplast Genome 

The sequence starts from the first nucleotide upstream of the 
16S rRNA gene and extends 4000 bp towards the large single 
copy region of the tobacco chloroplast genome (Figure 9) • 

1 11 21 31 41 51 
TTCATAGTTGCATTACTTATAGCTTCCTTGTTCGTAGACAAAGCGGATTCGGAATTGTCT 

AGoCT(AluI) GToMKAC(AccI) 
G g ANTC (Hi nf I ) 

ATTCG(HinfIII) 

61 71 81 91 101 III 
TTCATTCCAAGGCATAACTTGTATCCATGCGCTTCATATTCGCCCGGAGTTCGCTCCCAG 

CATGO(NlaIII) CCoSGG(CauII) 
GCG~C(HhaI) CCNGG(ScrFI) 

ATTCG (H i nf I I I ) 
ceCGG(HpaII) 

121 131 141 151 161 171 
AAATATAGCCATCCCTGCCCCCTCACGTCAATCCCACGAGCCTCTTATCCATTCTCATTG 

O(13N)CATCC(FokI) CCTCNNNNNNN~(MnlI) 
CCTCNNNNNNN°(MnlI) 

AOCGT (MaeII) 

181 191 201 211 221 231 
AACGACGGCGGGGGAGCAAATCCAACTAGAAAAACTCACATTGGGCTTAGGGATAATCAG 

CO TAG (NaeI) C"TNAG (DdeI) 

241 251 261 271 281 291 
GCTCGAACTGATGACTTCCACCACGTCAAGGTGACACTCTACCGCTGAGTTATATCCCTT 

TeCGA(TaqI) AeCGT(MaeII) CMGoCKG(NspBII) 
GGTGANNNNNNNN° (HphI) 

°GTNAC (MaeII!) 
COTNAG (DdeI) 

301 311 321 331 341 351 
CCCCGCCCCATCGAGAAATAGAACTGACTAATCCTAAGTCAAAGGGTCGAGAAACTCAAC 

TOCGA(TaqI) COTNAG(DdeI) T~CGA(TaqI) 

168 
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361 371 381 391 401 411 
GCCACTATTCTTGAACAACTTGGAGCCGGGCCTTCTTTTCGCACTATTACGGATATGAAA 

GGN°NCC(NlaIV) 
CCCGG (HpaII) 
cceSGG(CauII) 
CCNGG(ScrFI) 

G"GNCC(AsuI) 
GGoCC(HaeIII) 

421 431 441 451 461 471 
ATAATGG TCAAAATCGGATTCAATTG TCAACTG CCCCTATCGGAAATAGGATTGACTACC 

GO ANTC (Hinf I) 
GTycPAC(HindII) 

481 491 501 511 521 531 
GATTCCGAAGGAACTGGAGTTACATCTCTTTTCCATTCAAGAGTTCTTATGCGTTTCCAC 
GgANTC(HinfI) cGTNAC(MaelIl) 

541 551 561 571 581 591 
GCCCCTTTGAGACCCCGAAAAATGGACAAATTCCTTTTCTTAGGAACACATACAAGATTC 

AGACC(EcoPl) COTNAG(Ddel) 
GOANTC(Hinfl) (HinfIII)ATTCG 

__ 601 611 621 631 641 651 
GTCACTACAAAAAGGATAATGGTAACCCTACCATTAACTACTTCATTTATGAATTTCATA 
~GTNAC(MaeIIl) GeGTNACC(BstEII) 

QGTNAC (MaelII) 

661 671 681 691 701 711 
GTAATAGAAATACA~~TCCTACCGAGACAGAATTTGGAACTTGCTATCCTCT~~CCTAGC 

AOCPYGT(Af1llI) (Mn1I)CCTCNNNNNNN° 
PCATGOY(Nsp[7524]I) GCCNNNN 

CATGO(N1alIl) (MaeI)CTAG 

721 731 741 751 761 771 
AGGCAAAGATTTACCTCCGTGGAAAGGA~~ATTCATTCGGATCGACATGAGAGTCCAACT 
~NGGC(Bg1l) CCTCNNNNNNNC(Mn1l) ATTCG(HinfIlI) . 

(HinfI) GtlANTC 
GGATG (9N) e (Folel) CATG~ (N1aIlI) 

GQANTC(HinfI) 
GGATCNNNN° (BinI) 
°GATC(Mbol) 

TOCGA(Taql) 

781 791 801 811 821 831 
ACATTGCCAGAATCCATGTTGTATATTTGAAAGAGGTTGACCTCCTTGCTTCTCTCATGG 

GOANTC(HinfI) O(7N)GAGG(Mn1I) (N1aIIl)CATG~ 
CATGO(N1allI) GTyoPAC(HindII) G 

CCTCNNNNNNN°(Mn1I) 
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841 851 861 871 881 891 
TACACTCCTCTTCCCGCCGAGCCCCTTTTCTCCTCGGTCCACAGAGACAAAATGTAGGAC 

CCTCNNNNNNNQ(MnlI) CCTCNNNNNNN°(MnlI) 
TeAC(RsaI) 

~(7N)TCTTC(MboII) ~(9N)TCGGTC(TaqII) 
GDGCHC(SduI) G~GNCC(AsuI) 
GPGCycC(HgiJII) GCGWCC(AvaII) 

901 911 921 931 941 951 
TGGTGCCAACAATTCATCAGACTCACTAAGTCGGGATCACTAACTAATACTAATCTAATA 
GGN~NCC(NlaIV) GOANTC(HinfI) GGATCNNNNC(BinI) 
GOGYPCC(HgiCI) CQTNAG(DdeI) 

QGATC (HboI) 

961 971 981 991 1001 1011 
TAATAGTCTAATATATCTAATATAATAGAAAATACTAATATAATAGAAAAGAACTGTCTT 

1021 1031 1041 1051 1061 1071 
TTCTGTATACTTTCCCCGGTTCCGTTGCTACCGCGGGCTTTACGCAATCGATCGGATTAG 

GTATAC(SnaI) GGNcNCC(NlaIV) ATeCGAT(ClaI) 
GT~MKAC(AccI) CCGC~GG(SacII) TCCGA(TaqI) 

cceSGG(CauII) CMGQCKG(NspBII) CGATcCG(PvuI) 
CCNGG(ScrFI) CGeCG(FnUDII) ~GATC(MboI) 

CCCGG (HpaII) 

1081 1091 1101 1111 1121 1131 
ATAGATATCCCTTCAACATAGGTCATCGAAAGGATCTCGGAGACCCACCAAAGTACGAAA 

GAToATC(EcoRV) T~CGA(TaqI) AGACC(EcoPI) 
GGATCNNNNe (Bi nI) 

GTcAC(RsaI) pCGATCY(XhoII) 
°GATC (MboI) 

1141 1151 1161 1171 1181 1191 
GCCAGGATCTTTCAGAAAACGGATTCCTATTCAAAGAGTGCATAACCGCATGGATAAGCT 

eCCWGG(EcoRII) GOANTC(HinfI) CATGO(NlaIII) 
CCNGG(ScrFI) (AluI)AG~CT 

GGATCNNNNC(BinI) 
pCGATCY(XhoII) 

°GATC(MboI) 

1201 1211 1221 1231 1241 1251 
CACACTAACCCGTCAATTTGGGATCCAAATTCGAGATTTTCCTTGGGAGGTATCGGGAAG 

GGATCNNNNC (BinI) 
GGN°NCC(NlaIV) 
GOGATCC(BamHI) 
pOGATCY(XhoII) 

°GATC (MboI) . 
O(5N)GATCC(BinI) 

ATTCG(HinfIII) 
TOCGA (Taq I) 

CI (7 N) GAGG (r4nl I) 
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1261 1271 1281 1291 1301 1311 
GATTTGGAATGGAATAATATCGATTCATACAGAAGAAAAGGTTCTCTATTGATTCAAACA 

AT~CGAT(C1aI) GAANNeNNTTC(XmnI) 
(Tth111-II)CAAPCA 

TeCGA(TaqI) GAAGANNNNNNNN°(MboII) 
GQANTC(HinfI) (HinfI)GQANTC 

1321 1331 1341 1351 1361 1371 
CTGTACCTAACCTATGGGATAGGGATCGAGGAAGGGGAAAAACCGAAGATTTCACATGGT 

GToAC(RsaI) GGATCNNNNe(BinI) (MboII)GAAGANNNNNNNNe 
cGATC(MboI) (N1aIII)CATG~ 

T~CGA(TaqI) GT~ 
Q (7N) GAGG (Mn1I) 

1381 1391 1401 1411 1421 1431 
ACTTTTATCAATCTGATTTATTTCGTACCTTTCGTTCAATGAGAAAATGGGTCAAATTCT 
AC(RsaI) GToAC(RsaI) GAGNNNNNNNGTCA(EcoA) 

1441 1451 1461 1471 1481 1491 
ACAGGATCAAACCTATGGGACTTAAGGAATGATATAAAAAAAAGAGAGGGAAAATATTCA 

GGATCNNNNC(BinI) COTTAAG(AflII) C(7N)GAGG(MnlI) 
°GATC (MboI) (XmnI) GAANNI:INNTTC 

1501 1511 1521 1531 1541 1551 
TATTAAATAAATATGAAGTAGAAGAACCCAGATTCCAAATGAACAAATTCAAACTTGAAA 

GAAGANNNNNNNN°(MboII) 
GOANTC(HinfI) 

GAANN°NNTTC(XmnI) 

1561 1571 1581 1591 1601 1611 
AGGATCTTCCTTATTCTTGAAGAATGAGGGGCAAAGGGATTGATCAAGAAAGATCTTTTG 

GGATCNNNNC(BinI) GAAGANNNNNNNNC(MboII) TCGATCA(BclI) 
pCGATCY(XhoII) O(7N)GAGG(MnlI) cGATC(Z,lboI) 

°GATC (MboI) (XhoI I) peGATCY 
~(7N)TCTTC(MbolI) (BgIlI) ACGATCT 

(Mbol) "GATC 

1621 1631 1641 1651 1661 1671 
TTCTTCTTATATATAAGATCGTGATTGGATCCGCATATGTTTGGTAAAGAGAATAATCTT 

Q(7N)TCTTC(Mboll) GGATCNNNN0(Binl) 
cGATC(MboI) CAcTATG(Ndel) 

GGN c NCC(NlaIV) 
GOGATCC (BamHI) 
P"GATCY (Xhol I) 

"GATC (MboI) 
Q(5N)GATCC(Binl) 

1681 1691 1701 1711 1721 1731 
ATCCTTTGAGAATAATCAAAAATGGACAGTGTTCAATTGGAACATGAAAACGTGACTAAA 

CATGO (Nlalll) 
AOCGT(MaelI) 

(MaeIII) ()GTNAC 
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1741 1751 1761 1771 1781 1791 
TTGGTCCTAGTTACTCTTCGGGGCGGAGTGGAAGAAGGGGGGGATTCTCGAACGCGGAAA 

G~GNCC(AsuI) GAAGANNNNNNNNC(MboII) 

G~GWCC (AvaI I) 
CO TAG (MaeI) 

"GTNAC (r-1aeIII) 
° (7N)TCTTC(MboII) 

(FnuDII)CG!.:>CG 
GOANTC(HinfI) 

T"CGA(TaqI) 

1801 1811 1821 1831 1841 1851 
GGATCCAATGAATTCGAAAGAATTGAACGAGGAGCCGTATGAGG~~AAAATCTCATGTAC 
GGATCNNNNC(Binl) Q(7N)GAGG(Mn1l) 
CATGC (N1alll) 
GGNeNCC(N1alV) GGN°NCC(N1alV) 
GTcAC (Rsal) 
GeGATCC(BamHl) e(7N)GAGG(Mn1l) 
peGATCY(Xholl) (Hphl)GGTGANNNNNNNN~ 

cGATC(Mbol) TeCGA(Taql) 
C(5N)GATCC(BinI) 

GCAATTC (EcoRl) 
ATTCG(HinfllI) 

TTfOCGAA (AsuIl) 

RES12 EXON 2 

TIT P K 
1861 1871 1881 1891 1901 1911 
GGTTCTGTAGAGTGGCAGTAAGGGTGACTTATCTGTCAACTTTTCCACTATCACCCCAAA 

GGTGANNNNNNNNC(Hphl) 
c. (7N) TCACC (Hphl) cGTNAC (!vIaelll) 

GTyepAC(Hindll) 

K P N SAL R K V A RV R L T S G F E I 
1921 1931 1941 1951 1961 1971 
AAAACCAAACTCTGCCTTACGTAAAGTTGCCAGAGTACGATTAACCTCTGGATTTGAAAT 

TACcGTA(SnaBI) GT~AC(RsaI) 

ACCGT(Maell) (Mn1l)CCTCNNNNNNN° 

T A YIP GIG H N L Q E H S V V LV R 
1981 1991 2001 2011 2021 2031 
CACTGCTTATATACCCGGTATTGGCCATAATTTACAAGAACATTCTG TAG TCTTAG T AAG 

CCoSGG(Caull) (DdeI)COTNAG 
CCNGG(ScrFI) Q(7N)G 

C {J CG G ( H pa I I ) 
TGGoCCA(Ba1I) 
WGGeCCW(HaeI) 
yt:>GGCCP(Cfrl) 

GG"CC(HaeIIl) 
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G G RV K D LPG V R Y H I V R G T L D 
2041 2051 2061 2071 2081 2091 
AGGGGGAAGGGTTAAGGATTTACCCGGTGTGAGATATCACATTGTTCGAGGAACCCTAGA 
AGG(Mn1I) CCcSGG(CauII) (TaqI)TQCGA Q(9N)GA 

CCNGG (Scr FI) (MnlI) CI (7 N) GAGG 
ceCGG(HpaII) (NlaIV)GGN°NCC 

GAToATC(EcoRV) (MaeI)COTAG 

A V G V K D R Q Q G R S 
2101 2111 2121 2131 2141 2151 
TGCTG TCGGAGTAAAGGATCGTCAACAAGGGCGTTCTAGTG CGT'IGTAGA'r'I'CTTATC CA 
TGC(SfaNI) GGATCNNNN°(BinI) CI:ITAG(HaeI) GI.'lANTC(HinfI) 

c:lGATC (MboI) 
GTyoPAC(HindII) 

2161 2171 2181 2191 2201 2211 
AGACTTGTATCATTTGATGATGCCATGTGAATCGCTAGAAACATGTGAAGTGTATGGCTA 

e(9N)GATGC(SfaNI) AOCPYGT(AflIII) 
CATGO(NlaIII) PCATGeY(Nsp[7524]I) 

GGANTC(HinfI) 
C~TAG(MaeI) 

CATG o (NlaIII) 

2221 2231 2241 2251 2261 2271 
ACCCAATAACGAAAGTTTCGTAAGGGGACTGGAGCAGGCTACCATGAGACAAAAGATCTT 

CATGO (NlaIII) 
(MboII)~(7N)TCTTC 

(XhoII)poGATCY 
(Bg1II) ACGATCT 

(MboI)QGATC 

2281 2291 2301 2311 2321 2331 
CTTTCTAAAGAGATTCGATTCGGAACTCTTATATGTCCAAGGTTCAATATTGAAATAATT 

GQ ANTC (Hinf I) 
ATTCG(HinfIII) 

TOCGA(TaqI) 
GGANTC(HinfI) 

ATTCG (Hinf II I) 

2341 2351 2361 2371 2381 2391 
TCAGAGGTTTTCCCTGACTTTGTCCGTGTCAACAAACAATTCGAAATACCTCGACTTTTT 

Ii) (7N) GAGG (lo1nl I) GTYc PAC (HindII) (Mnl I) CCTCNNNNNNN~ 
GACNQNNGTC(Tthlll-I) ATTCG(HinfIII) 

CAAPCA(Tthll1-II) T~CGA(TaqI) 
TTcCGAA(AsuII) 

TQCGA(TaqI) 
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2401 2411 2421 2431 2441 2451 
TAGAACAGGTCCGAG TCAAATAG CAATGATTCGAAGCACTTCTTTTTACACTATTT CGGA 

GQGNCC(AsuI) GOANTC(HinfI) 
GeGWCC(AvaII) ATTCG(HinfIII) 

G~ANTC(HinfI) TT~CGAA(AsuII) 
TCCGA(TaqI) 

GAANNcNNTTC(XmnI) 

2461 2471 2481 2491 2501 2511 
AACCCAAGGACTCAATCGTATGGATATGTAAAATACAGGATTTCCAATCCTAGCAGGAAA 

G~ANTC(HinfI) ceTAG(MaeI) 

2521 2531 2541 2551 2561 2571 
GGGAGGGAAACGGATACTCAATTTAAAGTGAGTAAACAGAATTCCATACTCGATCTCA'I'A 

~(7N)GAGG(Mn1I) TTTeAAA(AhaIII) GOAATTC(EcoRI) 
TeCGA (Taq I) 

(MboI)QGATC 

2581 2591 2601 2611 2621 2631 
GATACATATAGAATTCTGCGGAAAGCCGTATTCGATGAAAGTCGTATGTACGGCTTGGAG 

GQAATTC{EcoRI) ATTCG{HinfIII) GT~AC(RsaI) 
TeCGA(TaqI) (Mn1I)~{7N)GAGG 

RPS12 EXON 3 

K Y G V K K P K Z 
2641 2651 2661 2671 2681 2691 
GGAGATCTTTCATATCTTTCGAGATCCACCCTACAATATGGGGTAAAAAAGCCAAAATAA 

P~GATCY(XhoII) TeCGA{TaqI) 
ACGATCT{Bg1II) pCGATCY{XhoII) 

cGATC{MboI) cGATC(MboI) 
C(5N)GATCC(BinI) 

M S R 
2701 2711 2721 2731 2741 2751 
GTGATTTTAGCCCTTATAAAAAGAAAACTGATTCTTGAACCCCTTTCACG CTCATG TCAC 

GCANTC(HinfI) (NlaIII) CATG(;) 
{MaeIII)oGTNAC 

(MaeII)AUC 
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R G T A E K K T A K S D P I Y R N R L V 
2761 2771 2781 2791 2801 2811 
GTCGAGGTACTGCAGAAAAAAAAACAGCAAAATCCGATCCAATTTATCGTAATCGATTAG 
GT 

TeCGA(TaqI} °GATC(MboI) 
ATOCGAT (ClaI) 
~(7N)GAGG(MnlI) Q(5N)GATCC{BinI)ToCGA(TaqI) 

GToAC(RsaI} G 
CTGCAcG (PstI) G 

N M L V N R ILK H G K K S LAY Q I I 
2821 2831 2841 2851 2861 2871 
TTAACA1~TTGGTTAACCGTATTCTGAAACACGGAAAAAAATCATTGGCTTATCAAATTA 
TTClAAC (HpaI) 
TygPAC(HindII) 

A"CPYGT (Af1III) 
PCATGcY{Nsp[7524]I} 

CATGe (NlaIII) 
GTTQAAC (HpaI) 
Grryc PAC (HindII) 

Y R A V K K I Q Q K T E T N P L S V L R 
2881 2891 2901 2911 2921 2931 
TCTATCGAGCCGTGAAAAAGATTCAACAAAAGACAGAAACAAATCCACTATCCGTTTTAC 

TOCGA(TaqI) GQANTC(HinfI) A~C 

Q A I R G V T P D I T V K A R R V G G S 
2941 2951 2961 2971 2981 2991 
GTCAAGCAATACGTGGAGTAACTCCCGATATAACAGTAAAAGCAAGACGTGTAGGTGGAT 
GT(MaeII) 

CAAPCA(Tthlll-II) (MaeII)A~CGT 

A () CGT (l-laeI I) 
°GTNAC(MaeIII) 

T 
A~CPYGT(AflIII) 

GGAT 
(MboI) ~GAT 

T H Q V PIE I G S T Q G K A L A I R W 
3001 3011 3021 3031 3041 3051 
CGACTCATCAAGTTCCCATTGAAATAGGATCCACACAAGGAAAAGCACTTGCCATTCGTT 
°CGA(TaqI) 
CNNNW~ (BinI) 
C 
G~ ANTC (Hinf I) GGATCNNNNC (BinI) 

GGNQNCC(NlaIV) 
GCGATCC(BamHI} 
pOGATCY{XhoII) 

°GATC (fvlbo I) 
o (5N) GATCC (BinI) 

(HinfIII)ATTCG 
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L L A A F P K T S G SKY G F Q I K F R 
3061 3071 3081 3091 3101 3111 
GGTTATTAGCGGCATTCCCGAAAACGTCCGGGTCGAAATATGGCTTTCAAATTAAGTTCC 

GC~NGC(Fnu4HI) AOCGT(MaeII) C 
ceCGG(HpaII) 
CCClSGG(CauII) 
CCNGG(ScrFI) 

TOCGA (Taq I) 

I S G C C Q R E W R C IRK K E E T H R 
3121 3131 3141 3151 3161 3171 
GAATTAGTGGATGCTGCCAAAGGGAGTGGCGATGCATACGCAAAAAGGAAGAGACTCATA 
GAAT(HinfIII) 

GGATG (9N) C (FaltI) e(9N)GATGC(SfaNI) 

C(9N)GATGC(SfaNI) 

C(12N)GCTGC(BbvI) 
GC"'NGC (Fnu4HI) 

(HinfI)GI:JANTC 
ATGCAT (AvaIl I) 

(MboII)GAAGANNNNNNNNc 

MAE A N R A F A H F R Z 
3181 3191 3201 3211 3221 3231 
GAATGGCAGAGGCAAATAGAGCTTTTGCACATTTTCGTTAATCCATGAACAGGATCTATA 

O(7N)r,AGG(Mn1I) CATGCI(NlaIII) 
AGIQ CT (AI uI) (BinI) GGATCNNNW' 

(XhoII)poGATCY 
(MboI) eGATC 

3241 3251 3261 3271 3281 3291 
CATCTCGATCGGAAAAGAATCAAGAGAAAAAGAAAGAATCGGAATTGATCGATAGATTTC 

TOCGA(TagI) G~ANTC(HinfI) GI:JANTC(HinfI) 
CGAToCG(PvuI) cGATC(MboI) 

cGATC(MboI) ATGCGAT(C1aI) 
TO CGA (TagI) 

3301 3311 3321 3331 3341 3351 
TCGAAACAAACGAAAAGGAAAGATGAAACATAAATCATGGATCAACTAAGCCCTCTCGGG 
TI:JCGA(TagI) CATGe(NlaIII) CCTCNNNNN 

GGATCNNNNc (BinI) 
(MboI)oGATC (AvaI)CoYCGPG 

CCTNAG(DdeI) 

3361 3371 3381 3391 3401 3411 
ACTTTCTTAAAGAGGAACCTCATGTAAATACCATGGAATAAGGTTTGATCCTATTCATGG 
NW~ (Mn1 I) 

~(7N)GAGG(MnlI) COCATGG(NcoI) ClGATC(MboI) 
GGNClNCC(NlaIV) CATGO(NlaIII) 

(BinI)O(5N)GATCC 
CCTCNNNNNNN°(MnlI) (N1aIII)CATGo 
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CATGO(N1aIII) 
3421 3431 3441 3451 3461 3471 
AGATTCCGTAAATATTCCAAAAATGGAAAGTTCGACCAATTGGGATTTTTTT~GAAATT 
G~ANTC(HinfI) TCCGA(TaqI) 

ORFl19 

M I W H V Q N E NFl L D S 
3481 3491 3501 3511 3521 3531 
GGAAGCAGTTACTAATTCATGATCTGGCATGTACAGAATGAAAACTTCATTCTCGATTCT 

~GTNAC(MaeIII) PCATGOY(Nsp[7524]I) (TaqI)TcCGA 
CATGC(N1aIII) (HinfI)GQM1TC 

QGATC(MboI} 
CATGO(N1aIII) 

GToAC(RsaI) 

T R I F M K A F H L L L F D G S L I F P 
3541 3551 3561 3571 3581 3591 
ACGAGAATTTTTATGAAAGCCTTTCATTTGCTTCTCTTCGATGGAAGTTTGATTTTCCCA 

~(7N)TCTTC(MboII) 
TOCGA(TaqI) 

E C I L I F G L ILL L MID S T S D Q 
3601 3611 3621 3631 3641 3651 
GAATGTATCCTAATTTTTGGCCTAATTCTTCTTCTGATGATCGATTCAACCTCTGATCAA 

WGGoCCW(HaeI) cGATC(MboI) 
(Bc1I)ToGATCA 

GGoCC(HaeIII) AToCGAT(C1aI) 
Q(7N)TCTTC(MboII) (MboI)oGATC 

(Mn1I)CCTCNNNNNNN° 
O(7N)TCTTC(MboII) 

TOCGA(TaqI) 
GCANTC(HinfI) 

K DIP W L Y F ISS T S L VMS I T A 
3661 3671 3681 3691 3701 3711 
AAAGATATACCTTGGTTATATTTCATCTCTTCAACAAGTTTAGTAATGAGCATAACGGCC 

O(7N)TCTTC(MboII) (HaeIII)GG~CC 
(AsuI)G~GNC 

L L F R W R E E P MIS L F G K F P N E 
3721 3731 3741 3751 3761 3771 
CTATTGTTCCGATGGAGAGAAGAACCTATGATTAGCCTTTTCGGGAAATTTCCAAACGAA 
C 

GAAGANNNNNNNN°(MboII) GAA 
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Q F Q R N LSI S Y F T M F N S M Y S· S 
3781 3791 3801 3811 3821 3831 
CAATTTCAACGAAATCTTTCAATTTCTTATTTTACTATGTTCAACTCTATGTATTCCTCT 
NNGilNNTTC(XmnI) 

GAANN°NNTTC(XmnI) CCTCN 

I R R V H Z 
3841 3851 3861 3871 3881 3891 
ATCCGTAGAGTACATTGAATGTACAGAAATGGCTATAACAGAGTTTCTCTTATTCGTATT 
NNNNNNe (Mnl I) 

GTeAC(RsaI) (HinfIII)ATTCG 
GToAC (RsaI) 

3901 3911 3921 3931 3941 3951 
AACAGCTACTCTAGGGGGAATGTTT~TATGCGGTGCTAACGATTTAATAACTATCTTTGT 

AGoCT (AluI) 
CIGlTAG (MaeI) 

3961 3971 3981 3991 
AGCCCCAGAATGTTTCAGTTTATGCTCCTACCTATTATCT 

TABLE OF RESTRICTION SITES 

Eattern Identifier PAttern Matched Base Number ~1atched 

GToMKAC (AeeI) GTMKAC 34, 1025 
ceTTAAG(AflII) CTTAAG 1461 
A~CPYGT(AflIII) ACPYGT 672, 2201, 2824, 

2987 
TTT~AAA(AhaIII) TTTAAA 2542 
AGIQCT (AI uI) AGCT 21, 1197, 3200, 

3904 
GeGNCC (AsuI) GGNCC 388, 876, 1743, 

2408, 3717 
TTeCGAA(AsuII) TTCGAA 1813, 2380, 2430 
ceYCGPG (AvaI) CYCGPG 3355 
GOGWCC(AvaII) GGWCC 876, 1743, 2408 
ATGCAT (AvaIII) ATGCAT 3152 
TGGoCCA(BalI) TGGCCA 2002 
G!l;)GATCC (BamHI) GGATCC 1221, 1647, 1801, 

3027 
O(12N)GCTGC(BbvI) GCTGC 3133 
T~GATCA (Bell) TGATCA 1601, 3654 
GCCNNNN°NGGC(BgII) GCCNNNNNGGC 714 
AOGATCT(BgIII) AGATCT 1611, 2274, 2643 



GGATCNNNN°(Binl) 

~(5N)GATCC(Binl) 

GCGTNACC(BstEll) 
CCQSGG(Caull) 

yQGGCCP (Cfrl) 
ATClCGAT (Clal) 

CQTNAG (Ddel) 

GAGNNNNNNNGTCA(EcoA) 
AGACC (EcoPl) 
GtlAATTC (EcoRl) 
cCCWGG (EcoRll) 
GATCI ATC (EcoRV) 
GcoNGC (Fnu4Hl) 
CGoCG(FnuDll) 
GGATG (9N) g (Fokl) 
C(13N)CATCC(Fokl) 
WGGgccw (Hael) 
GGI..lCC(Haelll) 

GCGYPCC (HgiCl) 
GPGcyec (HgiJll) 
GCGcC (Hhal) 
GTyoPAC(Hindll) 

GClANTC (Hinfl) 

CGAAT(Hinflll) 
ATTCG(Hinflll) 

GTTOAAC (Hpal) 
COCGG (Hpall) 

GGATC 

GATCC 

GGTNACC 
CCSGG 

YGGCCP 
ATCGAT 

CTNAG 

GAGNNNNNNNGTCA 
AGACC 
GAATTC 
CCWGG 
GATATC 
GCNGC 
CGCG 
GGATG 
CATCC 
WGGCCW 
GGCC 

GGYPCC 
GPGCYC 
GCGC 
GTYPAC 

GANTC 

CGAAT 
ATTCG 

GTTAAC 
CCGG 

179 

759,934,1112, 
1145, 1221, 1343, 
1444, 1562, 1647, 
1801, 2116, 2997, 
3027, 3232, 3339 
1222, 1648, 1802, 
2663, 2796, 3028, 
3407 
621 
103, 386, 1035, 
1994, 2063, 3088 
2002 
1067, 1279, 2812, 
3288, 3640 
226, 285, 334, 579, 
926, 2032, 3346 
1421 
550, 1121 
1810, 2559~ 2591 
1142 
1084, 2073 
3069, 3133 
1052, 1793 
746, 3129 
130 
2002, 3618 
389, 2003, 3619, 
3717 
902 
859 
89 
446, 816, 1895, 
2121, 2368, 2820, 
2832 
46, 437, 481, 596, 
750, 771, 790, 920, 
1162, 1282, 1311, 
1531, 1783, 2149, 
2189, 2292, 2297, 
2413, 2428, 2469, 
2730, 2900, 3002, 
3173, 3257, 3276, 
3422, 3535,3643 
3120 
47,98,597,755, 
1229, 1812, 2293, 
2298, 2379, 2429, 
2610, 3054, 3892 
2820, 2832 
104, 386, 1036, 
1995, 2064, 3088 



GG!GANNNNNNNN°{HphI) 
~ (7N) TCACC{HphI) 
CCTAG{MaeI) 

ACCGT (MaeII) 

CGTNAC (lvlaeIII) 

I:lGATC (MboI) 

GAAGANNNNNNNNC{MboII) 

C{7N)TCTTC(MboII) 

CCTCNNNNNNNC(MnlI) 

e (7N) GAGG(MnlI) 

ceCATGG(NcoI) 
CAcTATG (NdeI) 
CA TG 0 (Nl a I I I ) 

GGNCNCC(NlaIV) 

PCATGOY(Nsp[7524]I) 

CMG ~ CKG ( N s pB I I ) 

GGTGA 
TCACC 
CTAG 

ACGT 

GTNAC 

GATC 

GAAGA 

TCTTC 

CCTC 

GAGG 

CCATGG 
CATATG 
CATG 

GGNNCC 

PCATGY 

CHGCKG 

270, 1843, 1883 
1911 

180 

206,716, 1747, 
2096, 2136, 2195, 
2510,. 3911 
145, 263, 1730, 
1939, 2759, 2939, 
2951, 2987, 3084 
271, 499, 601, 622, 
1732, 1750, 1884, 
2756, 2958, 3488 
760, 935, 1070, 
1113, 1146, 122?, 
1344, 1445, 1563, 
1602, 1612, 1637, 
1648, 1802, 2117, 
2275, 2572, 2644, 
2663, 2796, 2998, 
3028, 3233, 3247, 
3287, 3340, 3407, 
3501, 3639 p 3655 
1292, 1365, 1521, 
1579, 1771, 3168, 
3739 
849, 1565, 1622, 
1755, 2277, 3575, 
3627, 3630, 3688 
141, 161, 708, 734, 
821, 847, 872, 1965, 
2389 r 3352, 3378, 
3650, 3836 
813, 1247, 1348, 
1486, 1586, 1829, 
1841, 2040, 2088, 
2344, 2523, 2638, 
2764, 3189, 3372 
3391 
1654 
86,673,766,795, 
836, 1189, 1375, 
1723, 1854, 2184, 
2202, 2263, 2753, 
2825, 3224, 3336, 
3381, 3392, 3416, 
3498, 3508 
382, 902, 1038, 
1221, 1647, 1801, 
1831, 2090, 3027, 
3374 
672, 2201, 2824, 
3507 
282, 1051 
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CTGCAoG (PstI) CTGCAG 2770 
CGAT~CG (PvuI) CGATCG 1069, 3246 
GTe AC (RsaI) GTAC 840, 1133, 1323, 

1379, 1405, 1857, 
1955,' 2628, 2767, 
3511, 3850, 3861 

CCGCoGG(SacII) CCGCGG 1051 
CCNGG(ScrFI) CCNGG 103, 386, 1035, 

1142, 1994, 2063, 
3088 

GDGCHC (SduI) GDGCHC 859 
O(9N)GATGC{SfaNI) GATGC 2099, 2179, 3130, 

3151 
TACQGTA(SnaBI) TACGTA 1938 
GTATAC (SnaI) GTATAC 1025 
TCCGA{TaqI) TCGA 243, 311, 347, 762, 

1068, 1106, 1231, 
1280, 1346, 1788, 
1814, 2086. 2295, 
2381, 2391, 2431, 
2570, 2612, 2659, 
2762, 2813, 2885, 
3000, 3093, 3245, 
3289, 3301, 3452, 
3533, 3578, 3641 

e(9N)TCGGTC(TaqII) TCGGTC 874 
GACN g NNGTC(Tthlll-I) GACNNNGTC 2356 
CAAPCA(Tth111-II) CAAPCA 1315, 2373, 2943 
peGATCY (XhoII) PGATCY 1112, 1145, 1221, 

1562, 1611, 1647, 
1801, 2274, 2643, 
2662, 3027, 3232 

GAANN°NNTTC(XmnI) GAANNNNTTC 1295, 1490, 1541, 
2433, 3778, 3791 



APPENDIX 6 

Subclones Used for Sequencing of the ORF 73, ~12 Exon 1, 
and ~20 Region of the Tobacco Chloroplast Genome 

The sequenced region spans 2476 bp from an Eco RI 
site within Sal I fragment 8 (Seyer, et al., 1981) to the 
Sal I site at the Sal I fragment 8 and 9 border (see Figure 
16). Clones are inserted into either mp18 or mp19 M13 
vectors (Messing, 1983) 0 The borders of the cloned 
fragments are identified by numbers which define their 
distance (in bp) from the Eco RI site. The clone is defined 
to be in the pI us (+) or ienta tion if the sequence, der ived 
from dideoxy sequencing of the single-stranded M13 insert, 
is the same as the non-coding (mRNA-like) strand of ~12 
exon It> Thus, the actual sequence contained on the H13 
single-strand is that of the coding strand. The opposite 
orientation is defined as the minus (-) orientation o The 

-complementary strands synthesized from single-stranded 
clones in the minus orientation can be used as probes 
complementary to the mRNA. Refer to Appendix 7 for the 
sequence of the region. 

Clone # Vector l ua.t.e EQ.sition Orientation 

960 mp18 RI/Sal 4/4/86 1-2476 

964 mp18 H3/RI 4/14/86 1-747 

969 mp18 H3 4/14/86 533-747 

972 mp18 H3/RI 4/14/86 1-533 

984,985, 
986,990, 

"Ie 991 mp19 H3/Bam 4/14/86 1395-2476 + 

1016,1018, 
1019,1021 mp19 RI/Bam 4/24/86 1-1395 

1024,1028 mp18 Bam 5/23/86 880-1051 + 

1022,1023, 
1025,1027 mp18 Bam 5/23/86 880-1051 

182 
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Cl one ~t Vector 1 Position Orientation 

1031,1032, 
1913-2476 * 1034 mp18 H3 5/24/86 + 

1033 mp18 H3 5/24/86 1913-2476 * 
1035,1036, 
1038,1039, 
1040 mp18 H3 5/24/86 747-1395 * 
1037,1042, 

* 1043 mp18 H3 5/24/86 747-1395 + 

1046,1047 mp18 RI/Acc 6/27/86 1-1818 

1055,1057, 
1059,1061, 
1063,1065 mp18 Acc/Xba 7/12/86 1818-2391 + 

1 Restriction endonuclease abbreviations used are; 

Abbreviation 

Bam 
RI 
H3 
Sal 
Acc 
Xba 

Restriction Enzyme 

Bam HI 
Eco RI 
Hind III 
Sal I 
Acc I 
Xba I 

* Indicates that one fragment border is derived from the 
mutiple cloning site of the vector from which the fragment 
was subclonedo In these cases the position numbers refer 
only to the extent of sequence from the Eco RI/Sal I 
fragment contained in the clonea 



APPENDIX 7 

DNA Sequence, Restriction Sites, and Polypeptide Coding 
Segments of the ORF 73, ~12 Exon 1, and Lgl20 Region of the 
Tobacco Chloroplast Genome 

The sequence spans 2476 bp from an Eco RI site within Sal I 
fragment 8 (Seyer, et al., 1981) to the Sal I site at the Sal 
I fragment 8 and 9 border (see Figure 16) 0 

1 11 21 31 41 51 
GAATTCGATATGAGAAATTTTTGTATTGTTTTTTTTTCAAAACATTAGATTCTGTATCGA 
GOAATTC(EcoRI) GOANTC(HinfI) 

ATTCG(HinfIII) (TaqI)T~CGA 
TQCGA(TaqI) 

61 71 81 91 101 III 
GAGAGTAGTATGAGATAAGGGGTATTTCCGATTTTCTCTTATCTATCGGGAGTTCAGTTC 

121 131 141 151 161 171 
AGCGTCACAAACTTTTTTGTTTTCATGCCGGAGAGTTCTTAACAATATTTA~~TTATGAA 
~(10N)GCGTC(HgaI) CATGO(N1aIII) 

°GTNAC(MaeIII) C~CGG(HpaII) 

181 191 201 211 221 231 
AGAGTACG~AGACTTTTTTCCTTATTTGATCGGATTAAAAAGAAACT 

GToAC(RsaI) cGATC(MboI) 

241 251 261 271 281 291 
TTGGGATTCGTGAATCACAGACAAAAAAAAAAAAAGAAAAAATAAACATATAAAGCAACG 

GOANTC(HinfI) G 
ATTCG(HinfIII) 

GeANTC(HinfI) 

301 311 321 331 341 351 
GAGCCATCATAGTATTTTTTAACTCCTCCGAAAGGAAGGATCGGAATTTGATCATTTACC 
GNeNCC(NlaIV) CCTCNNNNNNN0(MnlI) TOGATCA(Bc1I) 

GGATCNNNN°(BinI) 
vGATC(MboI) 

361 371 381 391 401 411 
CATCTGAGTCTGATAGATTCTATTTTTTCTCTTTCTTCAATAGAAAGGAGGGGAGGTCAA 

C~TNAG(DdeI) O(7N)TCTTC(MboII) 
GCANTC(HinfI) (Mn1I)O(7N)GAGG 

GOANTC(HinfI) (Mn1I)O(7N)GAGG 

184 
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421 431 441 451 461 471 
TTTTCTTGTAGAGGCCGTATGCACAAAAGATGGCCTGTACGGTTGGTTCAATTCTATCTT 

~(7N)GAGG(MnlI) WGGcCCW(HaeI) 
GGeCC(HaeIII) GGoCC(HaeIIl) 

GTcAC(RsaI) 

481 491 501 511 521 531 
TTTTCTATTCTTTATCTTTCTTTTCTCTTTGCTTTATCATGCGAGATAGGGGAAGCTTTT 

CATGIO (NlalII) 

ORF 73 

(HindIII) ACAGCTT 
(AI u I ) AG ~ CT 

M I H Q PAS S F YEA Q 
541 551 561 571 581 591 
ATTTTGTTATATCATCAGGGTAATGATCCATCAACCTGCTAGTTCTTTTTATGAGGCACA 

QGATC(MboI) ceTAG(MaeI) 
O(5N)GATCC(Binl) (MnlI)~(7N)GAGG 

CAAPCA(Tthlll-II) 

T G E F V LEA EEL L K L RET L T R 
601 611 621 631 641 651 
AACAGGCGAATTTGTCCTGGAAGCGGAAGAACTGCTGAAACTGCGTGAAACCCTCACAAG 

CGAAT(HinfIII) GAAGANNNNNNNNC> (MboII) CCTCNNNNN 
cCCWGG (EeoRlI) 
CCNGG(SerFI) 

v Y v Q R T G K P L W V V SED MER D 
661 671 681 691 701 711 
GGTTTATGTACAAAGAACGGGGAAACCCTTATGGGTTGTATCCGAAGATATGGAAAGAGA 
NNQ(MnlI) ACCNNNNNNGGT(HgiElI) 

GTeAC(RsaI) (MboII)GAAGANNNNNNNNe 

V F M SAT E AQ AY G I V D LV AV E 
721 731 741 751 761 771 
TGTTTTTATGTCAGCAACAGAAGCCCAAGCTTATGGAATTGTTGATCTTGTAGCGGTTGA 

CCANNNNN°NTGG(BstXI) 
AOAGCTT(HindllI) cGATC(MboI) 

AGo CT (AI uI) 
Z 

781 791 801 811 821 831 
ATGAAAATAACA~~GATTTCGCGCAAATCTGTGATTTGAGATTTTATCTTCGAATTGAAT 

CATG~(NlaIIl) (MboIl)O(7N)TCTTC 
CGQCG(FnuDII) (AsulI)TToCGAA 

GCGoC(Hhal) T~CGA(TaqI) 
(HinfIII)CGAAT 
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841 851 861 871 881 891 
ATTCTATTAAATAGAAGTAATTCATCATCATTCGGTTAGGATCAATCTAAACCAACCCAT 

GAANN°NNTTC(Xmnl) GGATCNNNN°(Binl) 
ATTCG (Hinflll) 

cGATC(Hbol) 

RPS12 EXON"l 

f.1 P T I K Q L I R N T R Q 
901 911 921 931 941 951 
CATATTATGTATACGATTCAACATGCCAACTATTAAACAACTTATTAGAAATACAAGACA 

GTATAC(Snal) CATGO(Nlalll) 
GT"MKAC (AcCl) 

GOANTC (Hinfl) 
PCATGoY(Nsp[7524]l) 

P l"R N V T K SPA L R G C P Q R R G T 
961 971 981 991 1001 1011 
GCCAATCAGAAATG TCACGAAATCCCCCG CTCTTCGGGGCTG TCCTCAGCGTCGAGGAAC 

°GTNAC(MaelIl) ~(7N)TCTTC(MboIl) 
e(10N)GCGTC(HgaI) 

CCTCNNNNNNNC(Mnll) 
CCTNAG(Ddel) (TaqI)TcCGA A~C 

(MnlI) ~ (7N) GAGG 

C T R V Y V 
1021 1031 1041 1051 1061 1071 

P C 
C 

ATGTACTAGGGTGTATGTGCGACTCGTTTAGATCATGAGCTGGCACAAAAGCAAGAAAAC 
PYGT (AflIll) 
ATGoY(Nsp[7524]I) 
ATGC (NlaIll) 

GT~AC(RsaI) 
CClTAG (fwlaeI) 

GCANTC(HinfI) AGoCT(AluI) 
°GATC (MboI) 

CATGC (Nl.alII) 

1081 1091 1101 1111 1121 1131 
GACTTTTACAGTATCAATGATCAGTACCGGTGAATGGGATAGGATGGAAGAAGGAACTCC 

TeGATCA(BclI) GGATG(9N)~(FokI) 
°GA'l'C (Mbo I) (MboI I) GAAGANNNNNNNN ~ 

GTQAC(RsaI) 
PCCGGY(Cfrl0I) 

C"'CGG(HpaIl) 
GGTGANNNNNNNN°(Hphl) 
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1141 1151 1161 1171 1181 1191 
ATTCATTATTTAAAAAAAACTCTCTCATATCCCTCTATTGTGTATGAAGTTTATGGTTTC 

TTTOAAA(AhaIII) CCTCNNNNNNN°(MnlI) 

1201 1211 1221 1231 1241 1251 
CGTTGGTGTAAATCCAATCACAGATGATAAGAAATTCTCCATTGGTAACAAATGGTTATC 

CGTNAC (MaeIII) 

1261 1271 1281 1291 1301 1311 
CATTAAGCGGAGGAAATCTTATTTAAAAAGCATAAAACATAAAGATTAGGCAGGCTCCCA 

Q(7N)GAGG(MnlI) (NlaIV)GGNeNCC 
TTTOAAA(AhaIII) 

1321 1331 1341 1351 1361 1371 
CTCTGGCAAGAACGGACTAAGAGGGTCAGCTACCCAGCAAACTTTCATAATTAAATACCG 

COTNAG (DdeI) 
° (7N) GAGG (Mnl I) 

AGoCT(AluI) 

1381 1391 1401 1411 1421 1431 
CTTACTGTATAGGTAGATCTGATTGTGAAAGACCTATTACTGGATAATTCATGGGTAGAG 

pOGATCY{XhoII) AGACC(EcoPI) 
AQGATCT(BgIII) (NlaIII)CATG~ 

°GATC (MboI) 

1441 1451 1461 1471 1481 1491 
CCAAAGAGTGTGAACTATACAAGTTCCCAATAACATCAATTAGTTGATTAAATATTAAAT 

1501 1511 1521 1531 1541 1551 
TAAAGTATAAAGTAAAGGCTCCGGTGTATAGAGAAGACCTCACCGTTTAAGAAGTAACCA 

GGN°NCC(N1aIV) GAAGANNNNNNNN°(MboII) 
COCGG(HpaII) AGACC(EcoPI) 

(MaeIII)QGTNAC 
CCTCNNNNNNN°(MnlI) 

° (7N)TCACC(HphI) 

1561 1571 1581 1591 1601 1611 
TAGAAACGAAGGAACCCACTACTTTATTTTTTGATTTCTTTTATTTACTAGATTTTTGAT 

GGN°NCC(NlaIV) CO TAG (lwlaeI) 

1621 1631 1641 1651 1661 1671 
ACCTAGGAAAATACAATTTTTTATTTCTTTCTTATTTCGCAGTGAAATACCTAAAAAAAA 

COCTAGG (Av r II) 
C"'TAG(MaeI) 

1681 1691 1701 1711 1721 1731 
AAAAAAGAAAAAATCGTGGTCGGGAAGGTTAGAGTAGCCAAAGCCATTGGAATTTTTATT 

1741 1751 1761 1771 1781 1791 
TTATACATTGGAAAAATCCGTTTTGTTATTAATAGACTAGGAAGGGGGAAAAGAATAACT 

CCTAG (MaeI) 
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RPL20 

M T R I K 
1801 1811 1821 1831 1841 1851 
GAAAGAAAGGCAATCGATTAGTTATTCGTCAAAGTTTCATTTATTCAATGACCAGAATTA 

AToCGAT(ClaI) 
TOCGA (TaqI) 

ATTCG ( Hi nf I I I ) 

R G Y I A R R R R T K I R L F ASS F R 
1861 1871 1881 1891 1901 1911 
AACGGGGATATATAGCTCGGAGACGTAGAACAAAAATTCGTTTATTTGCATCAAGCTTTC 

AGoCT (AI uI) ATTCG (HinfII I) 
AOCGT(MaeII) (HindIII)AoAGCTT 

(SfaNI)GCATCNNNNN~ 
(AluI)AGIOlCT 

G A H S R L T R TIT Q" Q K I R A L V S 
1921 1931 1941 1951 1961 1971 
GGGGGGCTCATTCAAGGCTTACTCGAACTATTACTCAACAGAAAATAAGAGCTTTAGTTT 

GDGCHC(SduI) TOCGA(TaqI) AGoCT(AluI) 
GPGCYoC (HgiJII) 

A H R D R D R K K R D F R R L WIT R I 
1981 1991 2001 2011 2021 2031 
CGGCTCATCGGGATAGGGATAGGAAAAAGAGAGATTTTCGTCGTTTGTGGATCACTCGGA 

(BinI) GGA'I'CNNNN~ 
°GATC(HboI) 

N A V IRE R G V S Y S Y S R L I H D L 
2041 2051 2061 2071 2081 2091 
TAAACGCAGTAATTCGCGAAAGGGGAGTATCCTATAGTTATAGTAGATTAATACACGATC 

ATTCG(HinfIII) (HboI) CiGATC 
TCG"CGA (NruI) 

CGoCG(FnuDII) 

Y K R Q L L L N R K I L A Q I A I S N R 
2101 2111 2121 2131 2141 2151 
TGTACAAGAGACAGTTGCTTCTTAACCGTAAAATACTTGCACAAATAGCTATATCAAATA 
GToAC(RsaI) AGQCT(AluI) 
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N C L Y MIS N E I IKE V D W K EST 
2161 2171 2181 2191 2201 2211 
GG~~TTGTCTTTATATGATTTCGAACGAAATCATAAAGGAAGTAGATTGGAAAGAATCCA 

TTcCGAA(AsulI) (Hinfl)GeANTC 
TGCGA (Taql) 

R I I Z 
2221 2231 2241 2251 2261 2271 
CCAGAATAATTTAAATGGAGTTCCCCGGAGAATGAACTCCGGGAAGGTAGAGTAGAAATT 

TTTo AAA (AhaI I I) Co CGG (Hpal I) 
CCoSGG(Caull) CCQSGG(Caull) 
CCNGG(ScrFl) CCNGG(ScrFl) 

Ct>CGG (Hpall) 

2281 2291 2301 2311 2321 2331 
TCTATGAGAAAATATGCTAAAGTAGTCAAAATGAATGAACACGTTCAATTCAATAAAAAA 

GAANNQNNTTC(Xmnl) 
AgCPYGT(Af1lll) 

AeCGT (Maell) 

2341 2351 2361 2371 2381 2391 
AGAAATCTTTTTTTCCGATTCATTTTTTTTCTTACGACACGATACTCAAATCTAGATTCT 

GCANTC(Hinfl) (Xbal) TCCTAGA 
(Mael)C"TAG 

(Hinfl)GoANTC 

2401 2411 2421 2431 2441 2451 
TGTAATTATGATTCAAGTGAAGAAAAAGTAAGCCTATTTATTTCGGGCTTTAAAACCAGT 

GeANTC(Hinfl) (Ahalll)TTTeAAA 
GAAGANNNNNNNNQ(MbolI) 

2461 2471 
AGTTCTAGCGGTCGAC 

CQTAG (Mael) 
GTeMKAC (Accl) 
Gel TCGAC (Sal I) 
GTYQPAC(Hindll) 
T~CGA(Taql) 

T...ABI,E OF RESTRICTION SITES 

pattern Identifier 

GTClMKAC (Accl) 
AQCPYGT (AfllII) 
TTTOAAA(AhaIlI) 

Pattern Matched 

GTMKAC 
ACPYGT 
TTTAAA 

Base Number Matched 

909, 2471 
1019, 2319 
1149, 1282, 2230, 
2449 



AG~ CT (AI uI) 

TT"'CGAA(AsuII} 
COCTAGG (AvrIl) 
TI:)GATCA (Bell) 
ACGATCT(BgIII) 
GGATCNNNNI:I (BinI) 
e (5N) GATCC (BinI) 
CCANNNNN°NTGG(BstXI} 
CC"SGG (CauII) 
PCCGGY(Cfrl0I) 
AToCGAT(ClaI) 
C~ TNAG (DdeI) 
AGACC (EeoPI) 
GOAATTC(EeoRI) 
~CCWGG (EeoRII) 
CG~CG (FnuDII) 
GGATG (9N) C (FokI) 
WGGeccw (HaeI) 
GGeCC (HaeIII) 
~(10N)GCGTC(HgaI) 
ACCNNNNNNGGT(HgiEII) 
GPGCYcC (HgiJII) 
GCGec (HhaI) 
GTycPAC(HindII) 
ACAGCTT(HindIII) 
GO ANTC (Hinf I) 

CGAAT (Hinf III) 
ATTCG(HinfIII) 

C"'CGG (HpaII) 

GGTGANNNNNNNNQ (HphI) 
~(7N}TCACC(HphI) 
C~TAG (MaeI) 

AeCGT (MaeII) 
f./GTNAC (MaeIII) 

°GATC (MboI) 

GAAGANNNNNNNNC (HboI I) 

O(7N}TCTTC(MboII) 

AGCT 

TTCGAA 
CCTAGG 
TGATCA 
AGATCT 
GGATC 
GATCC 
CCANNNNNNTGG 
CCSGG 
PCCGGY 
ATCGAT 
CTNAG 
AGACC 
GAATTC 
CCvlGG 
CGCG 
GGATG 
WGGCCW 
GGCC 
GCGTC 
ACCNNNNNNGGT 
GPGCYC 
GCGC 
GTYPAC 
AAGCTT 
GANTC 

CGAAT 
ATTCG 

CCGG 

GGTGA 
TCACC 
CTAG 

ACGT 
GTNAC 

GATC 

GAAGA 

TCTTC 

190 

534, 748, 1058, 
1348, 1874, 1914, 
1970, 2147 
829, 2180 
1622 
349, 1098 
1395 
338, 879, 2029 
565 
745 
2244, 2259 
1106 
1813 
364, 1005, 1337 
1410, 1535 
1 
616 
800, 2055 
1122 
451 
433, 452 
122, 1009 
685 
1924 
801 
2471 
533,747, 1913 
48, 245, 252, 366, 
376, 915, 1041, 
2214, 2357, 2395, 
2410 
607, 831 
3, 246, 870, 1824, 
1896, 2052 
148, 1107, 1521, 
2245, 2259 
1109 
1540 
579, 1026, 1608, 
1623, 1777, 2392, 
2465 
1883, 2321 
124, 974, 1245, 
1554 
221, 339, 350, 565, 
764, 880, 1051, 
1099, 1396, 2030, 
2097 
626,704,1127, 
1533, 2419 
394, 827, 991 
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CCTCNNNNNNN°(MnlI) CCTC 325, 652, 1004, 
1172, 1538 

~ (7N) GAGG (MnlI) GAGG 408, 413, 431, 593, 
1014, 1270, 1341 

CATG C) (NIall I) CATG 144, 518, 791, 922, 
1020, 1054, 1430 

GGN"'NCC (NlaIV) GGNNCC 300, 1313, 1517, 
1571 

TCGoCGA(NruI) TCGCGA 2054 
PCATGOY(Nsp[7524]I) PCATGY 921, 1019 
GTCJAC (RsaI) GTAC 184,457,668, 

1023, 1104, 2102 
G~TCGAC (SaIl) GTCGAC 2471 
CCNGG (Scr PI) CCNGG 616, 2244, 2259 
GDGCHC (SduI) GDGCHC 1924 
GCATCNNNNN~(SfaNI) GCATC 1908 
GTATAC (SnaI) GTATAC 909 
TeCGA(TaqI) TCGA 5, 57, 830, 1012, 

1814, 1943, 2181, 
2472 

CAAPCA(Tthlll-II) CAAPCA 599 
TCCTAGA (XbaI) TCTAGA 2391 
P~GATCY (XhqII) PGATCY 1395 
GAANNQNNTTC(XmnI) GAANNNNTTC 854, 2317 
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