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Abstract 

The physical structure of the chloroplast DNA of Nicotiana 

tabacum has been characterized. This chloroplast DNA like other 

chloroplast DNAs, can be isolated as covalently closed circular 

molecules on CsCl-ethidium bromide gradients. Electron microscopy was 

used to measure the contour lengths of nicked circular chloroplast DNA 

molecules. M. tabacum chloroplast DNA is 28.8 times the size of phi 

X174. This measurement agrees reasonably well with the 96 megadalton 

molecular weight obtained by restriction enzyme analysis. 

Digestion with Sal I restriction enzyme produces 10 fragments 

each of which are unique in molecular weight and range in size from 1.8 

to 17.0 megadaltons. A map of these sites relative to the location of 

the 18 Sma I fragments has been constructed. A technique utilizing the 

separation of double digests in two dimensions is the primary source of 

mapping data. This technique has also assigned the location of most of 

the Xba I sites. Restriction mapping and hybridization experiments 

have revealed that not all of this 45 um circle is unique DNA. 

Approximately 15 megadaltons is present in two copies. These 

duplicated segments contain the genes for ribosomal RNAs and are 

arranged in an inverted orientation to each other. 

The mapping of 16S and 23S rRNA was accomplished by utilizing 

this restriction map and the Southern hybridization technique. The 

results described indicate that there may be a non-coding interruption 

(an intron) in the 23S gene. Further investigation is needed to 

xi 
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confirm this conclusion. Hybridization of 125-iodine labeled 16S and 

23S rRNA to various restriction enzyme digests has allowed mapping of 

all of the Kpn I, Xba I, Bam HI and Eco RI fragments which contain DNA 

sequences complimentary to these rRNAs. These dataf combined with the 

Sal I, Sma I, Xba I restriction map, produces a total of 70 sites whose 

locations on chloroplast DNA have been determined. 

The coding capacity of the U. tabacum chloroplast DNA genome 

has been estimated with the utilization of a new technique for assaying 

gene numbers. This technique, called the ribosome binding method, 

utilizes the recently discovered phenomenon that single stranded DNA 

will substitute for messenger RNA in the in vitro formation of 

initiation complexes. Results of experiments in which the ribosome 

binding sites of denatured chloroplast DNA have been saturated indicate 

that the U. tabacum chloroplast DNA may contain the coding sequences 

for as many as 200 distinct polypeptides. Ribosome DNA complexes 

visualized by electron microscopy produce structures which contain an 

average of approximately 2 ribosomes per 10 megadaltons. 

In conclusion the experiments and characterizations described 

reveal that J3. tabacum chloroplast DNA has many features which are 

conmon to several higher plant chloroplast DNAs. 



CHAPTER 1 

INTRCOUCTICN 

History of Chloroplast Biology 

Chloroplasts have interested men since the 18th century when it 

was recognized that green leaves played an important role in man's 

environment. Priestley's classic experiments with mice and mint leaves 

demonstrated that green plants were instrumental in purifying air. The 

invention of the microscope by Leewenhock resulted, among other things, 

in the discovery of chloroplasts. Cytological studies demonstrated 

that chloroplast are distinct subcellular components of leaves. By the 

aid of the 19th century the role of the chloroplast as an agent of 

growth and food production in all green plants had been established 

(Kirk and Tillney-Bassett, 1978, p5) . Biochemical investigations of 

the structure and function of these plant organelles began with Hill's 

pioneering studies on oxygen evolution using isolated chloroplasts 

(Hill, 1937). As a result of work in many laboratories a fairly 

detailed physiological description of chloroplast structure and 

function has emerged. 

Ten years after the rediscovery of Mendel's laws of 

inheritance, Correns observed an unusual inheritance pattern (Correns, 

1909a). In his studies of the variegated trait in the 4 0' clock 

(Mirabilis iapala) he discovered the maternal inheritance mode of gene 

transmission, which suggested that there were genetic elements which 

1 
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exist only in the cytoplasm. Baur found similar results with 

Pelargonium zonale (Baur, 1909) . Subsequent studies of chloroplast 

mutations soon demonstrated that the majority of the genes involved in 

synthesis of pigments were controlled by mendelian genes (Kirk and 

Tilney-Bassett, 1978). This led to a perplexing picture, as it seemed 

that only the pigmentless type of mutation was non-mendelian. Correns' 

documentation of the ontogeny of white cells elegantly supports this 

tenet (Correns, 1909b). He demonstrated that the chloroplasts of the 

parent which produces the egg cell determined the phenotype of the 

resultant embryo. 

For many years the nature of the cytoplasmic genetic factor 

remained a mystery. Neither the chloroplasts nor the mitochondria 

contained chromosomes discernable by light microscopy on which to place 

these cytoplasmic genes. The 1940's and 1950's brought new dicoveries 

which enabled identification of the genetic material. Avery, MacCleod, 

and McCarty (1944) demonstrated that DNA was the transforming principle 

earlier, described by Griffith. Watson and Crick (1953) subsequently 

proposed a model which described the role of DNA in inheritance. 

Chloroplasts Contain DNA. 

By 1960 it had been established that DNA was indeed the 

universal genetic material (Strickberger, 1971) . In plants, 

cytological studies reported both the presence and absence of 

Feulgen-staining bodies in chloroplasts (Littau, 1958; Ris and Plaut, 

1962). Autoradiographic evidence showed that plant cells which had 

been treated with 3H thymidine accumulated isotope in the chloroplasts 



3 

and that the element accumulating this compound was DNase sensitive 

(Bell and Muhlethaler, 1964) . Early experiments with the motile, 

unicellular alga, Enalena gracilis, pointed to the presence of a 

nucleic acid component as a genetic determinant in chloroplasts 

(Schiff, Epstein, and Lyman, 1961). It was discovered that exposure of 

Eualena cells to moderate doses of ultraviolet light caused bleaching 

and permanent loss of the chloroplasts. The action spectrum for this 

effect demonstrated that light at 260nm was most effective. 

Furthermore, it was shown that irradiation of nuclei of single algal 

cells with an ultraviolet microbeam did not cause bleaching (Gibor and 

Granick, 1962). These results implied that DNA in chloroplasts 

necessary for maintaining organelle function was irreversibly 

inactivated by ultraviolet light. 

The first clear evidence that there was DNA unique to 

chloroplasts was published by Chun, Vaughan and Rich (1963). They 

demonstrated, using analytical CsCl density gradients, that DNA 

extracted from spinach and beet leaves contained a major density 

component and two satellites. They also demonstrated that isolated 

nuclei contained only the major component whereas purified chloroplasts 

contained a 30 to 40 fold enrichment of one or both of the minor 

components. Similar studies of various higher plants by numerous 

investigators indicated the existence of double stranded DNA in 

chloroplasts which, in many plants, has a different base composition 

from nuclear DNA (Birky, 1976; Tewari, 1971; Kirk, 1963). 
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Physical Properties of Chloroplast DNA 

By 1970, it had been firmly established that chloroplasts 

contain their own unique DNA species. The DNA attributed to plastids 

contained no 5-methyl cytosine residues (Woodcock and Bogorad, 1971). 

Chloroplast DNA from higher plants tended to have a bouyant density of 

1.697 indicating that they all had similar base compositions of 

36.8-38.8% G-C content (Kirk and Tillney-Basset, 1978). The density of 

algal chloroplast DNA's vary over a wider range (Ishida, et al, 1970; 

Rung, Moscarello, and Williams, 1972). The DNA. isolated from plastids 

of all plants renatures rapidly as compared to the DNA isolated from 

nuclei (Tewari and Wildman, 1966). This observation was used by some 

investigators to measure cross contamination between preparations of 

nuclear and chloroplast DNA's (Whitfeld and Spencer, 1968). 

Renaturation rates determined for chloroplast DNA's yielded a kinetic 

complexity of 100 megadaltons (Tewari, 1971). The amount of DNA that 

could be isolated from a chloroplast (the analytical complexity) had 

previously been shown to be 20-30 times this figure (Tewari and 

Wildman, 1970; Bastia, et al, 1971). These results led to the 

conclusion that more than one copy of the chloroplast DNA existed in 

each chloroplast. 

The Structure of Chloroplast DNA 

The physical properties of chloroplast DNA in several organisms 

has been recently examined. Electron microscopic techniques were first 

used to visualize intact Eualena chloroplast DNA. molecules. Manning et 

al. (1971), by gentle lysis of Eualena chloroplasts, successfully 
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visualized chloroplast DNA as larg.e circular molecules of about 40.0 um 

in length. An intensive effort has been made to describe and compare 

chloroplast DNA from higher plants. Early efforts succeeded in 

isolating intact molecules from several higher plant species. DNase 

digestion of crude suspensions of chloroplasts, coupled with the 

CsCl-ethidium bromide technique of Bauer and Vinograd (1968), was 

utilized to purify the covalently closed circular form of chloroplast 

DNA (Kolodner and Tewari, 1975a). Measurement of molecular weights by 

electron microscopy, equilibrium density gradient centrifugation, and 

analytical band sedimentation techniques were made of the chloroplast 

DNA's of maize, spinach, oats, peas, and lettuce (Kolodner and Tewari, 

1975a,b,c) . All of the molecules were very large, the smallest being 

maize and oats with a molecular weight of 85 megadaltons and the 

largest being spinach with a molecular weight of 96 megadaltons. 

Further examination of circular chloroplast DNA has revealed 

that there are several ribonucleotides present at defined positions 

(Kolodner and Tewari, 1975c). Denaturation and snap back renaturation 

shows the presence of a large inverted repeat region in the DNA's of 

oats, maize, spinach and lettuce (Kolodner and Tewari, 1979) . The 

uniform base composition of higher plant chloroplast DNA genomes is 

danontrated by the one component melting curves (Kolodner and Tewari, 

1975b). Denaturation mapping of pea chloroplast DNA illucidated only 

one region of high G-C content which supports this observation of 

uniform base composition. The replication mechanism of pea chloroplast 

DNA was studied (Kolodner and Tewari, 1975e). The results produced a 

replication model in which two initiation sites exist in pea 
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chloroplast DNA. These sites are 6% of the length of the DNA apart. 

Branch migration of the two initiation sites produces a Cairns type 

structure which, on termination of one round of replication, produces a 

rolling circle replication intermediate (Kolodner and Tewari, 1975d). 

Utilization of pure chloroplast DNA prepared by the 

CsCl-ethidium bromide gradient method was used in rRNA hybridization 

experiments with pea DNA (Thomas and Tewari, 1974) . Saturation 

hybridization experiments produced data which accounted for the 

presence of 2 copies of each rRNA on a pea chloroplast DNA molecule. 

Furthermore, the 16S, 23S, and 5S rRNA did not compete for the same 

sequences on chloroplast DNA. This implies the presence of distinct 

genes for each rRNA type. Hybridization of tRNAs to chloroplast DNAs 

of several organisms have demonstrated the presence of 20 or more 

different species of tRNA. Several amino acids have isoaccepting 

species (Haff and Bogorad, 1976; McCrea and Hershberger, 1976; Driesel, 

et al., 1979). 

The chloroplast DNA of algae has also been studied. The 

unicellular green algae Chlamydomonas. which has played a major role in 

the study of maternal inheritance, has a chloroplast DNA whose bouyant 

density is different from that of nuclear DNA (Sager and Ishida, 1963). 

The molecular weight of the DNA calculated from renaturation analysis 

is somewhat larger (about 200 megadaltons) than that found for the 

higher plant chloroplast DNA's (Wells and Sager, 1971). Restriction 

mapping has subsequently shown that the molecular weight of 

Chlamydomonas chloroplast DNA is actually 134 megadaltons (Rochaix, 

1978). Analysis of Euglena gracilis chloroplast DNA on CsCl density 
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gradients has shown a definite heterogeneity in base composition 

(Slavik and Hershberger, 1976). There are at least 5 major regions of 

localized differences in base composition. Banding of denatured DNA 

separates the complimentary strands of the Euglena chloroplast genome. 

Ribosomal RNA hybridizes to only the heavy strand (Rawson and Boerma, 

1977). The level of hyridization accounts for 3 copies of these genes 

present per 92 megadalton molecule of Euglena chloroplast DNA. The 

chloroplast DNA of the giant unicellular algae Acetabularia roediterania 

is less well characterized. To date molecules of this DNA have not 

been isolated intact. The molecular weight of this DNA seems to be 

very large with most of the DNA found as 200 um long linear strands 

(Green, 1976). However, small (four to ten micron) circular molecules 

have been isolated from Acetabularia chloroplasts (Green, 1976). In 

addition it has been demonstrated that not all Acetabularia 

chloroplasts contain DNA (Woodcock and Bogorad, 1971). 

The discovery of restriction enzymes has allowed a novel type 

of physical characterization of chloroplast DNA: i.e., construction of 

a physical map of restriction sites. This new technology has been 

applied to the chloroplast genomes of maize (Bedbrook and Bogorad, 

1976), Eualena (Gray and Hallick, 1976), Chlamydomonas (Rochaix, 1978) 

and spinach (Herrmann, Whitfeld and Bottcmley, 1980 ). The 

construction of these restriction maps allows dissection of the large 

chloroplast genomes into smaller segments. 

The restriction maps of Chlamydomonas. maize and spinach have 

confirmed the presence of large inverted repeat sequences. Mapping of 

,'dRNAs also shows the presence of two copies of each of the rRNA genes 
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located within the inverted repeat regions (Bedbrook and Bogorad, 1976; 

Rochaix and Malnoe, 1978; Whitfeld, Herrmann, and Bottomley, 1978) . 

Eualena chloroplast DNA is much different in organization. It has 

three rRNA cistrons arranged in tandem and has no large repeat sequence 

(Rawson et al., 1976). 

Chloroplast Molecular Repertoire 

The presence of ribosomes in chloroplasts was demonstrated in 

the early 1960's (Lyttleton, 1962). The ribosomes found in nearly all 

chloroplasts are smaller than those found in the plant cell cytoplasm 

(Boynton, Gillham, and Lambowitz, 1980). The ribosomes found in plant 

chloroplasts have been characterized as being similar to those of 

procaryotes in a number of ways. The chloroplast ribosomes have a 

sedimentation coefficient of about 70S as do the procaryotic ribosomes. 

Protein synthesis stimulated by chloroplast ribosomes is inhibited by 

streptomycin, lincomycin, d-threo chloramphenicol, eythromycin and 

other compounds which are effective inhibitors of procaryotic 

ribosomes. Compounds such as cycloheximide, which have no effect on 

bacterial ribosomes but inhibit 80S type ribosomal protein synthesis, 

do not inhibit chloroplast ribosome protein synthesis (Kirk and 

Tillney-Bassett, 1978). 

Spencer and Wildman (1964) first demonstrated protein synthesis in 

isolated tobacco chloroplasts. They showed a dependence on added ATP 

and an ATP generating system. Ramirez, delCampo, and Arnon, (1968) 

using spinach leaves, developed a chloroplast preparation in which 

protein synthesis could be stimulated by, and was dependent on, white 
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light. However, if incubations were carried out in the dark, amino 

acid incorporation could be stimulated by the addition of ATP. Blair 

and Ellis (1973) first took advantage of the highly active protein 

synthesizing system of Ramirez to study the synthesis of chloroplast 

proteins. They used 35g-methionine incorporation and 

SDS-polyacrylamide gels to fractionate in vitro labeled polypeptides. 

The major protein synthesized proved to be the large subunit of RuBP 

carboxylase. Other proteins of unknown function have subsequently been 

identified as being synthesized by chloroplasts in vitro (Grebanier et 

al., 1978). 

RNA synthetic activities have been demonstrated in chloroplasts. 

A polymerase insensitive to rifampicin and alpha-amanitin has been 

isolated from maize chloroplasts (Bottomley, Smith, and Bogorad, 1971). 

Further analysis of this enzyme has demonstrated the primary sequences 

of the polypeptide subunits to be different from homologous subunits of 

the type II nuclear enzyme (Kidd and Bogorad, 1979), even though their 

molecular weights are similar. DNA polymerase activity has also been 

found in chloroplasts (Tewari and Wildman, 1967) . To date, little 

additional information has been reported. 

The presence of all of the molecular machinery for the 

transmission and expression of genetic material in chloroplasts 

strongly supports the hypothesis that the chloroplast DNA plays an 

active role in maintaining and controlling chloroplast structure and 

function. Because of the high copy number of the chloroplast DNA per 

plant cell (about 3000) it has been difficult to obtain chloroplast DNA 

mutations which can be analysed. However, these approaches have 
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yielded information which has been confirmed by modern in vitro 

analysis methods as described in the following section. 

Chloroplast Genetics 

Formal genetic study of chloroplast genes has been and presently 

is difficult for most higher plants. The observation that some 

mutations can be inherited in a uniparental fashion has been, until 

now, the only useful tool in studying chloroplast genetics. This 

approach, as mentioned earlier, was first used by Correns in his study 

of four-o'clocks. 

One of the most useful organisms for studing chloroplast 

inheritance has been the alga Chlaymdomonas reinhardii. which is a 

unicellular heterothallic green alga. This organism reproduces 

sexually by fusion of two isogamous cells, one from each of the two 

haploid mating types. Meiosis gives four haploid products, two of each 

mating type (mt+ and mt-). Ruth Sager (1954) described a Chlairydomonas 

mutation which conferred resistance to streptomycin. She found that 

this mutation was transmitted to all progeny of a sexual cross if the 

resistance gene came through the mt+ parent. Furthermore, it was not 

transmitted by the mt- parent. This uniparental inheritance system is 

analogous to the maternal inheritance pattern described in some higher 

plants. It was also discovered that there were exceptions to this 

pattern of transmission of "maternally inherited" mutations. In about 

0.1% of the zygotes produced from a mating in which the maternally 

inherited mutation was involved, the gene carried by the mt- mating 

type was transmitted to some of the offspring. Isolation of several 
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other maternally inherited mutations and analysis of them in crosses 

allowed the construction of a circular genetic map of these mutations 

(Singer, Sager, and Ramanis, 1976) . Identification of circular 

Chlamydomonas chloroplast DM later confirmed this conclusion (Behn and 

Herrmann, 1977) . Little progress has been made in identifying the 

functions of these chloroplast genes. Mets and Bogorad (1972) 

demonstrated that in the case of a maternally inherited erythromycin 

mutation, a ribosomal protein was altered. The protein was shown to be 

a component of the 50S subunit of chloroplast ribosomes. These 

results, along with the mapping of the large subunit of RuBP 

carboxylase by in vitro methods (Gelvin, Heizmann, and Howell, 1977) , 

the mapping of rRNA genes (Rochaix, 1978) by hybridization, and mapping 

of uniparental genes, (Gillham, 1978) , represent the most extensive 

genetic analysis of a chloroplast DMA. to date. 

In higher plants, formal genetics has been applied to the 

chloroplast genes of only one plant, Nicotiana tabacum. It has been 

estimated that Australian and American species of Nicotiana are 

separated by 100 million years of evolutionary time (Chen, Johal, and 

Wildman, 1977). F1 hybrids can be made between various species of the 

two groups. It was assumed that a certain amount of genetic 

variability exists between the species from the two continents and 

analysis of polypeptides of RuBP carboxylase proved this to be true. 

Chan and Wildman used the genus Nicotiana to demonstrate the maternal 

inheritance pattern of the large subunit of RuBP carboxylase (Chan and 

Wildman, 1972). Using this same system the proteins constituting the 

50S ribosomal subunit were analysed on one dimensional 
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polyacrylanu.de gels. In crosses involving tabacum and KL glauca. 

it was found that F1 hybrid ribosomes contained polypeptides unique to 

both species which were transmitted by pollen (Bourque and Wildman, 

1973). These results implied that these ribosomal proteins were coded 

by nuclear DNA genes. Analysis of ribosomal proteins of the 30S and 

50S ribosomes on two dimensional gels has revealed a number of mobility 

differences between the polypeptide complements of Nicotiana tabacum 

and N. excelsior 50S chloroplast ribosomal subunits (Capel, Redman, 

and Bourque, 1979) . Analysis of these proteins in reciprocal crosses 

is in progress. 

Some success has been achieved in producing mutant strains of 

tobacco. Using methods devised to grow tobacco cells in culture, 

Maliga, Breznovitz, and Marton (1973), have succeeded in inducing and 

propagating mutant plant strains which show resistance to the effect of 

several antibiotics. One of these, the SR-1 mutation, confers 

resistance to the antibiotic streptomycin. The resistance factor is 

quite striking in that young seedlings containing this factor can grow 

on agar medium which contains as much as 1 mg/ml streptomycin. 

Seedlings which are sensitive never develop chloroplasts or survive 

more than 10 days on medium containing streptomycin. Genetic analysis 

of the mode of transmission of this mutation demonstrates that this 

streptomycin resistance gene is maternally inherited. It is presumed 

from this information that the SRr-1 gene is located on chloroplast DNA. 

In E.coli it is known that streptomycin resistance mutations are the 

result of changes in ribosomal components, either rRNA or protein(s) 

(Gorini, 1974). It seems reasonable to presume that this type of 
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mutation would also be the result of an altered ribosomal component in 

chloroplast ribosomes. Comparison of the polypeptides of the 30S 

ribosomal particle of the mutant and the parent strain has revealed at 

least two electrophoretic differences. One 30S subunit protein in SR-1 

appears to be missing, another protein has a charge difference as 

compared to the parental strain (Capel, Redman, and Bourque, 1979). A 

single protein with altered mobility in a different gel system has also 

been reported from the 70S ribosome of SR-1 (Yurina, Odintsova, and 

Maliga, 1978). These data imply that these ribosomal proteins are 

coded by chloroplast DNA genes. 

Chloroplast DNA has been compared between species of Nicotiana. 

Digestion of the DNA with Eco R1 and comparison of banding patterns 

suggests that there is very little sequence divergence between the 

DNA1 s of species distantly related (Atchison, Whitfeld, and Bottomley, 

1976). Only four or five out of more than forty bands were found to be 

different among the six species that were examined (Vedel, Quetier, and 

Bayen, 1976). This observation suggests that the DNA sequence and 

organization is highly conserved and may not be subject to a great deal 

of alteration without lethal effects. Further analysis of Eco R1 

digestion patterns of F1 hybrids demonstrated that the chloroplast DNA 

itself is maternally inherited (Atchison, Whitfeld, and Bottomley, 

1976). This conclusion, however, was complicated somewhat by a recent 

study of the chloroplast DNA's of several male sterile lines (Frankel, 

Scowcroft, and Whitfeld, 1979). It seems that in some cases 

inheritance patterns which were biparental occurred. This type of 

inheritance pattern had never previously been shown to occur in H. 
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tabacum. In addition, some cros.ses could only be explained by 

recombination between the chloroplast DNA of both parents. It is 

possible that the biology of chloroplast DNA is somewhat more complex 

than is generally thought, at least in tobacco. 

Rationale for Present Study 

Plant cells present a unique biological system. Since 

chloroplasts and mitochondria contain genetic information, not all of 

the genetic material of a cell is present in the same intracellular 

compartment. It has been demonstrated that the genetic information 

present in organelles can contain only a small proportion of the genes 

needed for maintenance of organellar functions (Kirk and 

Tillney-Bassett, 1978). Therefore, some of the proteins needed inside 

the chloroplast are made from genes in nuclear DNA. This division of 

labor between the two genomes presents an interesting problem in 

intracellular gene regulation. The primary question I would like to 

ask is what types of regulatory control are being employed to assure 

proper chloroplast function. Is the control at the level of 

transcription, translation or some level which has never been 

considered or described? Elucidation of a process of this type may 

have far reaching implications for our understanding of basic 

biological processes. This knowledge of basic biological function wil 

yield rewards in the form of disease cures, crop improvements,and 

hopefully contribute to the wellbeing of mankind in general. 

A first step in understanding the regulation of chloroplast 

structure and function is to determine which chloroplast proteins are 
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encoded by chloroplast DNA genes and consequently, by difference, which 

are coded by genes which are nuclear in origin. Recent technological 

advances have made it possible to readily locate,study, and identify 

the genes present on chloroplast DNA. Restriction mapping creates a 

genetic map with which to localize the genes identified. Cloning of 

fragments of the chloroplast DNA into bacterial plasmids allows study 

of small sections of the DNA molecule independent of the rest of the 

genome (Coen et al.f 1977). These chloroplast DNA fragments, by virtue 

of the cloning process, are greatly purified and amplified in quantity. 

Present technology allows transcription and translation in vitro, 

producing protein products from naked DNA molecules (Zubay, 1973). 

Potentially, this approach will permit the identification of all the 

proteins coded by chloroplast DNA. 

Of all the plant species under current molecular scrutiny only 

tobacco chloroplast DNA can be analysed by genetic methods. The 

ability to produce F1 hybrids between species of the genus Nicotiana 

allows identification of natural variants of proteins of chloroplast 

origin. Establishment of maternal or mendelian inheritance patterns 

permits assignments of the genes for these proteins to chloroplast or 

nuclear DNA respectively. This approach, coupled with the in vitro 

mapping methods will provide very convincing assignments of the 

location of various genes. 

To these aids I have constructed a restriction map of N.tabacum 

chloroplast DNA, and have mapped the genes for the 16S and 23S rRNAs. 

The size of this molecule has been determined by restriction mapping 

and confirmed by electron microscopy. The general features of this DNA 



are like those of the chloroplast DNA of maize and spinach. In Chapter 

5 of this dissertation I also describe some attempts to measure the 

number of genes on tobacco chloroplast DNA which code for proteins. 



CHAPTER 2 

ELECTRON MICROSCOPIC EXAMINATION OF N,. TABACUM CHLQROPLAST DNA 

Introduction 

Higher plant chloroplasts have previously been shown to contain 

DNA molecules (Kirk and Tillney-Basset, 1978), the physical properties 

of which have been described in a number of ways (Bedbrook and 

Kolodner, 1979). Of the techniques used to determine the physical size 

of DNA it has been suggested that contour length measurement of 

electron micrographs is most reliable (Evenson, 1977) . Electron 

microscopic measurements of N*. tabacum choroplast DNA can be used to 

compare with other types of measurements such as those derived from 

restriction enzyme analysis. 

Previous experimentation with lit tabacum chloroplast DNA from 

defective chloroplast mutants has demonstrated the existence of small 

circular molecules of varying sizes in Kleinschmidtt spreads (Wong and 

Wildman, 1972) . This disagrees with estimates of the kinetic 

complexity of IL tabacum chloroplast DNA measured by renaturation 

analysis and fragmentation with restriction enzymes (Vedel, Quetier, 

and Bay en, 1976). In this study, I chose to measure the contour length 

of ILL tabacum chloroplast DNA by electron microscopy, to compare with 

the molecular size determined by restriction enzyme mapping analyses. 

17 
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Methods 

The covalently closed circular chloroplast DNA was isolated 

according to the methods described by Kolodner and Tewari (1975a). 

This procedure with few modifications is described in the following 

paragraphs. The yield of covalently closed circular DNA was usually 

about 10 ug/kg of leaf tissue. 

Circular Chloroplast DNA Isolation 

Three to six month old plants of Nicotiana tabacum were kept in 

total darkness from 24-48 hours before harvesting. A typical 

extraction utilized 1 kg of leaves. Leaves three inches or less in 

length were used. Fresh tissue was usually used and leaf material kept 

longer than 3 days after harvesting was never used. The leaf material, 

including midribs, was washed 3 times in ice cold distilled water and 

allowed to drain. The leaves were homogenized in a modified Waring 

blendor, which contains a stack of razor blades rather than the usual 

blendor blades. Blendor speed was controlled by altering the line 

voltage with a rheostat. Batches of 125 g were homogenized in 500 ml 

of buffer A, (0.33 M Mannitol, 0.05 M Tris pH 8.0, 0.003 M EDTA,.1% 

BSA, 0.001 M 2-mercaptoethanol) by three 5-second bursts at 3/4 maximum 

blendor speed. Homogenates were filtered into 1 liter bottles through 

4 layers of cheesecloth and 2 layers of Miracloth (Calbiochem). The 

resultant four liters of crude cell extract were centrifuged at 500 rpm 

in the Beckman J-6 for 15 min. This step pelleted nuclei. The crude 

chloroplast supernatant was decanted and centrifuged for 20 minutes at 

2,800 rpm in the J-6. The resultant chloroplast pellets were 



resuspended in 200 ml Buffer A containing 0.01 M MgCl2 and 50 ug/ml 

DNase I (added as fresh crystals). The crystaline DNase I (Sigma,type 

IV) was stored less than 6 months after purchase. The chloroplast 

suspension was incubated for 1 hour at 0°C. The DNase digestion was 

stopped by adding 600 ml of Buffer B (0.3 M sucrose, 0.05 M Tris pH 

8.0, 0.02M Na2EDTA) to the suspension, mixing and centrifuging at 2,800 

rpm in the Beckman J-6 centrifuge for 20 minutes. The pellet was 

resuspended and washed in 600 ml buffer B two more times. The final 

pellet was resuspended in 48 ml of Buffer C (0.01M Tris, 0.002M EDTA, 

12% Na Sarcosyl pH 8.0) Predigested Pronase (Sigma) at lOmg/ml was 

added to a final concentration of 50 ug/ml and the suspension incubated 

at 37°C for 45 minutes. The DNA was extracted 3 times with equal 

volumes of 0.1 M Tris saturated phenol (this neutralizes the phenol). 

The resultant pink colored supernatant was diluted with 2 volumes of 

cold absolute ethanol and stored at -20°C overnight. The precipitate 

was collected by centrifugation at 5000 rpm for 20 min in the Sorvall 

SS-34 rotor at 4°C. The nucleic acid pellets were combined and washed 

with 60% ethanol, 0.02M Na Acetate pH 7.0. The final pellet was 

drained and resuspended in 30 ml of 2X concentrated buffer C. 

CsCl gradients 

The dissolved DNA was divided into 5 ml aliquots in six 13.5 ml 

nitrocellulose tubes that had been soaked overnight in a solution of 

10% Na Sarcosyl, 0.01 M EDTA pH 8.0. Five grams of CsCl (sequanal 

grade, Pierce) were added to each tube and allowed to dissolve with 

gentle mixing. 200 ul of ethidium bromide (10 mg/ml) were added to 



each tube. The remainder of the volume of the tubes were filled with 

light mineral oil that had been washed with 1.5 M CsCl in buffer C. 

Care was taken, after addition of ethidium bromide, not to expose the 

gradients to white light by working in a darkened room. The gradients 

were centrifuged from 36-48 hr at 32,000 rpm in the Beckman SW 41 

Rotor. The lower of the two fluorescent DNA bands were withdrawn from 

the six gradients and pooled in a fresh nitrocellulose centrifuge tube. 

The pooled DNA solution was diluted to a volume of 6 ml by adding fresh 

CsCl-ethidium bromide solution (p=1.57,ethidum bromide 200 ug/ml,in 

buffer C) . This tube was again filled with light mineral oil and the 

gradient was centrifuged for 36-48 hr. Figure 2-1 shows one of these 

gradients after centrifugation. The upper band contains linear nuclear 

and chloroplast DNA, and open circular chloroplast DNA. The lower band 

contains supercoiled, covalently closed circular chloroplast DNA. Both 

upper and lower bands were collected. Ethidium bromide was removed by 

batch extraction with the Na+ form of Dowex 50W-X8. The Dowex was 

converted to the sodium form by washing beads with one volume of 0.1 N 

NaOH and neutralizing the Dowex with 0.1 M NaEDTA pH 8.0. Three 

extractions usually removed all of the ethidium bromide as monitored by 

ultraviolet fluorescence. The DNA was dialysed against four 500 ml 

changes of 0.05 M NaCl,0.01 M Tris pH 8.0 ,0.01 M EDTA, over a 24 hour 

period. The dialysis tubing was treated by boiling in EDTA solution 

before use. 

DNA was also isolated in a relaxed circular form by the method 

of Herrmann et al. (1975). Visualization of large circular molecules 

was made from several DNA preparations of both types. 



'Figure 2-1. CsCl Ethidium bromide gradient — Ethidium bromide CsCl 
gradient of a preparation of chloroplast DNA. extracted 
using the Kolodner procedure. As described in the text, 
the clear top one half of the tube's contents is mineral 
oil. The lower of the two bands contains the covalently 
closed circular molecules. The photograph was taken with 
a 35 mm camera using Kodak Ektachrome film. 
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DNA Spreading Techniques 

Both the Kleinschmidt and the aquaeous formamide procedure were 

utilized in this work (Evenson, 1977; Kolodner and Tewari, 1975a). 

Supercoiled preparations of chloroplast DNA at a concentration of 20 

ug/ml (0.05 M Nacl, 0.01 M Tris. pH 8.0,0.01 M EDTA), were nicked, 

before spreading, by irradiating with 1000 rads of hard gamma rays from 

a^^Cs source. This service was provided by the Department of Nuclear 

Engineering, University of Arizona, Tucson, Arizona. A "Langmuir" 

trough, fabricated from molten parafin in a small glass petri dish, was 

utilized for monolayer spreading. Plastic rods coated with parafin 

were used to clean the surface of the hypophase solution. 

The Kleinschmidt technique utilized NH^ Acetate buffer. The 

100 ul spreading solution was made by mixing 5 ul of irradiated 

chloroplast DNA solution with 2 ul of phi X174 RFII DNA (20 ug/ml,New 

England Biolabs), 7.5 ul cytocrome C stock solution (1.0 mg/ml, Sigma), 

10 ul 5.0 M NH4Acetate, pH 8.0-.01 M EDTA, and 75.5 ul H 0. This 

solution was spread onto a hypophase of 0.25 M NH ̂ Acetate, 0.005 M 

EDTA pH 7.7. 

For the aquaeous formamide technique the spreading solution 

contained 40 ul formamide, 5 ul nicked chloroplast DNA, 2 ul phi X174 

RF II stock, 7.5 ul of cytocrome C stock, 10 ul of 1.0 M Tris pH 8.0 -

0.001 M EDTA, and 35.5 ul of distilled E^O. This solution was spread 

on a hypophase of 0.01 M Tris - 0.001 M EDTA pH 7.8, 5% formamide. The 

concentration of chloroplast DNA in the spreading solutions is 5 ug/ml 

and the concentration of phi X174 RFII DNA is about 0.4 ug/ml. 
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DNA solutions were spread on a 40 cm2 surface from a glass slide 

ramp, which had been previously coated with hypophase solution, 

drained, and air dried. The protein DNA film was allowed to stabilize 

for 1-2 minutes. Samples were then picked up on Pelco 200 mesh copper 

handle grids which had been coated with a film of formvar. (Formvar 

films were always made fresh the day before use, by coating glass 

slides in a .35% solution of formvar in ethylene dicloride) . Grids, 

containing DNA protein films, were sequentialy washed in 60 % ethanol 

for 30 sec, stained in 5x10"^ M Uranyl acetate, 0.001 M HC1, 90% 

ethanol for 30 sec, and then dehydrated for 10 sec in isopentane. The 

stained and dehydrated grids were allowed to dry on Whatman #1 filter 

paper. Before being examined for DNA molecules, the stained grids were 

shadowed with 1.5 cm of 8 mil platinum-paladium wire (80:20) in a 

Denton vacuum evaporator at an atmospheric pressure of 4-6 x 10~6 

torr. The grids were rotated during shadowing at a rate of 50 rpm. 

After preparation of the grids, tabs were removed and the specimens 

examined at 50 K.V. in an Hitachi 500 transmission electron microscope. 

Fifty um objective apertures were used throughout this work. High 

quality photographs were made using Kodak 4463 electron image film. 

Contour lengths of DNA molecules were determined by measurement of 

molecules enlarged 34,000 times. Tracing of contour lengths was done 

with a Numonics graphics digitizer. 
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Results 

The methods employed here resulted in preparations of high 

contrast in which DNA molecules were easily measured. Rapid scanning 

of grids at magnifications as low as 10,000 X was possible. Grid 

squares usually contained only one large DNA molecule and several phi 

X174 RF II monomers. Since I used two types of spreading techniques, I 

have presented in Figure 2-2 an example of typical DNA molecules spread 

under each condition. The DNA spread in formamide is less kinky in 

appearance than the DNA spread by the aquaeous technique. It seemed 

possible that the two different spreading conditions could affect the 

length-to-base-pair ratio. The same could hold true for different 

areas on the grid. Also, minute changes in magnification occur because 

of changes in focusing that are made when examining different parts of 

a single grid or after changing grids. For these reasons I have 

expressed the size of the chloroplast DNA molecules measured here in 

terms of phi X174 RF II DNA unit lengths. Three phi X174 RF II 

molecules were measured in the vicinity of the chloroplast DNA molecule 

being measured. Each chloroplast DNA molecular length was divided by 

the average length of the phi X174 RF II molecules spread nearby. The 

molecular weight of phi X174 RF II DNA has been determined as 5,375 

base pairs or 3.54 megadaltons. 

Figure 2-3 illustrates the 3 major arrangements in which the 

chloroplast DNA molecules are observed. It can be seen from the highly 

super coiled molecule in Figure 2-3a that the chloroplast DNA molecules 

could not be accurately measured in this form. This supercoiling 

reduced the total contour presented for shadowing. Since the spreading 
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Figure 2-2. Electron micrographs of chloroplast DNA spread under 
different conditions, a) aitrnonium acetate, b) formairri.de. 
Bars are 10 microns. 
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Figure 2-3. Typical examples of chloroplast DNA. molecules as viewed by 
electron microscopy, a) supercoiled. b) partially super-
coiled. c) open circular. Ihe small molecules in these 
micrographs are 0X174 replicative forms (EF). Bars are 10 
microns. 



technique cannot discern the total length of tightly coiled DNA 

molecules, those molecules which were supercoiled to a degree of more 

than 40% were not measured. 

Figure 2-4 presents the sizes of 58 molecules measured against 

phi X174 DNA. The histogram in Figure 2-4 indicates that there was a 

large spread in the sizes of these DNA molecules. The mean size in phi 

X174 lengths of the chloroplast DNA from this data is 28.8 phi X174 

units which represents a total molecular weight of 100 megadaltons or 

150 kilobasepairs. The standard deviation is 3.6 x phi X174 lengths or 

12.6 megadaltons. The coefficient of variability is 11.6%. 
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Figure 2-4. A histogram of 58 contour length measurements of open 
circular chloroplast DNA molecules. — The sizes of the 
molecules are presented as multiples of the length of 
phi X174 replicative forms cospread with the chloroplast 
DNA molecules as internal standards. 
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Discussion 

The data in Figure 2-4 indicates that there is a large 

deviation in contour lengths of the chloroplast DNA. molecules examined. 

This variation has been observed by other investigators (Herrmann et 

al., 1975). This distribution may be real but is probably due 

primarily to the many possible variables which may alter the lengths of 

DNA during spreading. Examination of phi X174 RF molecules like those 

in Figure 2-3c suggest that the panhandle structures formed by kinks in 

the DNA molecule which I frequently observed generally caused the 

measured length to be 10% shorter than completely open molecules. A 

histogram of 30 phi X174 DNA molecules picked at random is shown in 

Figure 2-5. This Figure demonstrates that these molecules have a 

length variation similar to the chloroplast DNA molecules. Table 2-1 

suirmmarizes the data presented in Figures 2-4 and 2-5. 

Possibly some of the variation observed is real. In 

comparison, DNA molecules examined and characterized by Kolodner and 

Tewari, (1975a) were obtained from very young and actively growing 

plants. For example, DNA from peas was obtained from 4 to 10 day old 

seedlings (Kolodner and Tewari, 1975b) . Kolodner and Tewari (1975a) 

describe the size distributions of DNA molecules from several plant 

species. In all cases they observed circular dimers at a frequency of 

2.3% (Kolodner examined 200-300 molecules from different 

preparations). They also describe the presence of concatenated dimers 

and replicating forms of both the rolling circle and Cairns type 

(Kolodner and Tewari, 1975d). 
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Fiaure 2-5. A histogram of contour lengths of a random selection of 
phi X174 RFII molecules. — The lengths of the 30 mole
cules presented here vasre averaged and the lengths of 
these same molecules plotted as rrultiples of the mean 
length. 
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Table 2-1. A summary of the information presented in Figures 2-4, and 
2-5 

DNA numbers of molecules mean length S.D. C.V. 
(x phi X174) (x phi X174) (%) 

chloroplast 58 28.8 3.600 11.6 
phi X174 30 1.0 0.096 9.8 



Although the numbers are not presented in Figure 2-4, I have 

examined DNA molecules from several DNA preparations. Contour length 

measurements were not made on all of this data due to the absence of an 

internal standard. After observing more than 500 molecules from 

several different DNA preparations, I have not seen a single circular 

or concatenated dimer and only two molecules with bubbles which could 

be either den loops (the DNA was spread on formamide) or replication 

intermediates (D loops). This suggests the chloroplast DNA in the leaf 

tissue I used for DNA isolation is rather quiescent with respect to 

replication and recombination. Tobacco leaf tissue can only be 

obtained in sufficient quanities for this type of DNA preparation from 

plants that are at least 3 months old. Often the plants I obtained 

tissues from were much older. This means that, biologically speaking, 

the leaf tissue I used was aged somewhat more than the material used 

for preparation of pea DNA. It would be interesting to examine the 

DNA from young tobacco seedlings when techniques for preserving the 

intact chloroplast DNA from crudely lysed plant cells are developed. 

One could compare DNA isolated from these young plants with the DNA I 

extracted from more mature tissue. 

It is interesting to speculate as to why there may be a small 

amount of size variation in the circular chloroplast DNA preparations 

which I examined. It is known that U. tabacum is an allotetraploid 

from a cross of sylvestcis x IL_ tomentosiformis. (Sheen, 1972). 

Evidence exists from plant cell fusion studies that chloroplast DNA 

genomes from two different species do not coexist very well in the same 

cell. Cell fusions that contain nuclei from one Nicotiana species and 



33 

chloroplast DNA from two species (as determined from the isoelectric 

focusing patterns of their RuBP carboxylase polypeptides) grow very 

poorly (Chen, Wildmanr and Smith, 1977). The plants produce tumorous 

growths very similar in appearance to undifferentiated callus tissue, 

or like that produced from crown gall infections. Other types of 

NigQtiana plant hybrids, those which contain cytoplasm (including 

chloroplast DNA) from one species and nuclei from another and produced 

by interspecific crosses, exhibit the male sterile trait (Frankel, 

Scowcroft, and Whitfeld, 1979). The chloroplast DNA in these hybrids 

is affected. As previously mentioned in chapter 1, Eco R1 digestion 

patterns of the chloroplast DNA from several of these male sterile 

lines all having U. tabacum cytoplasm, exhibit some variation in 

digestion patterns. This variation is observed after inbreeding of no 

more than 20 generations. The observed variation in restriction 

patterns among the chloroplast DNA of different male sterile lines is 

more extensive than the variation between different Nicotiana species 

examined by Eco R1 digestion. These observations of chloroplast DNA 

variation in chloroplast DNA restriction patterns are difficult to 

explain with the present limited knowledge of chloroplast molecular 

biology. 

Let us suppose a certain amount of size variation in chloroplast 

DNA exists. Evidence exists that certain restriction fragments of 

maize chloroplast DNA do not occur in stoichiometric amounts (Bedbrook 

and Bogorad, 1976). This may be due to low frequency deletions and 

additions of portions of the chloroplast DNA, but do not involve 

sequence differences. (The presence of a unique set of restriction 
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fragments precludes sequence differences) . These changes may occur 

because of cell differentiation, spontaneous mutation, replication 

errors, or aging. If this process were a specific normal event that is 

interrupted or inhibited in the male sterile lines, this could lead to 

the divergence observed. On the other hand the association of nuclei 

with incompatible cytoplasmic elements could produce a cellular 

combination which would allow an increase in events which are mutagenic 

such as replication errors, incompatability of transcriptional, and 

translational machinery, or recombination mechanisms. These problems 

could allow increases in point, frameshift, and nonsense mutations, 

translocations, deletions, and inversion rates. Closer examination of 

these chloroplast DNA molecules by techniques such as denaturation 

mapping and heteroduplex methods are needed to determine the type and 

extent of intramolecular heterogeneity, if any, that exists. 

Characterization by mapping of NJU tabacum chloroplast DNA with 

restriction enzymes as discusssed in the next chapter reveals no 

observations which would support the existence of sequence 

heterogeneity, yet statistically the electron microscopic data can not 

refute it. 



CHAPTER 3 

RESTRICTION ENZYME ANALYSIS AND MAPPING OF EL TABAOJM CHLQROPLAST DNA 

Introduction 

Historically, the analysis of mutations and genes in living 

organisms has been accomplished through breeding. The problems 

associated with dissecting special gene functions of eucaryotic 

organisms through the medium of genetic crosses are many. The major 

problem with higher plants is the length of the life cycle. It is 

usually several months between generations and takes as much as three 

years to determine the linkage of one mutant phenotype. The defect 

incured by these mutations then may take 5, 10 or more years to dissect 

using classical biochemical approaches such as enzyme assays, protein 

purifications, polyacrylamide gel electrophoresis, etc. 

The recent discovery of restriction enzymes which cleave DNA at 

specific sequences has allowed DNA from any source (plants, animals, 

bacteria, chloroplasts, mitochondria, kinetoplasts) to be fragmented 

into specific pieces containing defined portions of the genome. The 

discovery of these enzymes has allowed the development of methods 

designed to isolate genes and to study their products in vitro. The 

concomitant discovery of the DNA ligase enzyme (Weiss and Richardson, 

1967), bacterial plasmids, transducing phages (Bukhari , Shapiro, and 

Adhya, 1977), and more recently animal viruses, in particular SV40 

(Nathans, 1979), along with the restriction enzymes has reduced the 

35 
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time required to study a gene to a few months or years rather than the 

tens of years required for classical approaches. 

This new technology has been particularly helpful in the study 

of chloroplast DNA (Coen et al.f 1977). The chloroplast DNA of higher 

plants, as well as N. tabacum. has a kinetic complexity on the order of 

100 megadaltons (Bedbrook and Kolodner, 1979) . There are about 30 

copies/ thloroplast or about 3000 copies of this DNA in a mesophyll 

cell of a leaf (Siegel, 1974). Due to the multiple copies of this DNA, 

it is difficult to isolate mutations in chloroplast genes. Even if it 

were easy to isolate mutations, it is difficult to select for mutant 

phenotypes as no definitive clues exist as to which specific functions 

are carried on this DNA. This uncertainty in choosing a selection 

factor is largely due to the extensive role that nuclear DNA plays in 

maintaining the structural and functional integrity of the higher plant 

chloroplast. In addition recent experiments designed to produce hybrid 

plants by cell fusion has indicated that two chloroplast types, and 

consequently their DNA's, cannot coexist in the same cell (Chen, 

Wildman, and Smith, 1977). 

Rationale for Constructing a Restriction Map 

The study of chloroplast DNA has been pursued by plant 

biologists because genes carried on the DNA are very likely involved, 

either directly or indirectly, with photosynthesis and other processes 

that are instrumental in controlling plant productivity. In addition, 

as mentioned in Chapter One the plant cell, in particular the 
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chloroplast, can be used as a model for the study of basic biological 

and medical problems dealing with nuclear-cytoplasmic interactions. 

The genus Nicotians. is one of the few groups of organisms in 

which it is feasible to study cytoplasmic genes by classical means. 

However, chloroplast DNA functions may be investigated by the modern 

molecular biological techniques mentioned in the beginning of this 

chapter. In order to locate genes on chloroplast DNA the construction 

of a restriction map is necessary. After this is accomplished, DNA 

clones of different portions of the chloroplast genome can be analysed 

with respect to gene content by in vitro transcription and translation 

into proteins of these cloned DNA fragments (Bedbrook et al., 1978; 

Bottomley and Whitfeld, 1978; Coen et al., 1977) . Identification of 

the products produced by each fragment can be accomplished by 

comparison to known and newly identified plant proteins, especially 

those found in cloroplasts. The combination of old and new approaches 

will allow unambiguous location assignments of these genes on the 

restriction map. The research efforts in our laboratory are aimed at 

locating the genes encoding the proteins of the chloroplast ribosome. 

To facilitate this goal I have undertaken and mapped the cleavage sites 

of several restriction enzymes on the chloroplast DNA of Nicotiana 

tabacum var Samsun. The interest in chloroplast ribosomes is based on 

the idea that regulation of gene expression between chloroplast and 

nuclear DNA lies primarily at the level of translation. Regulating the 

synthesis of ribosomal polypeptides would have a large effect on the 

regulation of synthesis of other proteins being made in the 

chloroplast. 
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Methods 

Chloroplast isolation 

Chloroplast DNA was prepared from a crude preparation of 

purified chloroplasts isolated on sucrose gradients (Tewari and 

Wildman, 1966) or by DNase digestion of chloroplasts separated from 

nuclei via differential centrifugation (Kolodner and Tewari, 1975a). 

Washed chloroplasts were then lysed with detergent and the DNA isolated 

on a step gradient composed of either CsCl, KI, or Nal (Herrmann et 

al., 1975; Anet and Strayer, 1969; Wolf, 1975). 

One hundred forty grams of U. tabacum leaves with midribs 

intact were homogenized with 2 volumes of Buffer A (0.3 M Mannitol, 

0.001 M EDTA, 0.05 M Tris, .1% BSA, 0.003 M 2-mercaptoetanol pH 8.0), 

using a Waring blendor equipped with stacked razor blades as a 

homogenizer (Zaitlin and Bourque, pers. canm.) Blendor speed is 

controlled by varying the line voltage with a rheostat. The leaves 

were initially blended at 1/2 speed to gently break up the leaves. 

Complete homogenization was then obtained with two 5 sec bursts at full 

power. The brei obtained was filtered through 2 layers of Miracloth 

and 2 layers of cheesecloth. The filtrate was then centrifuged at 2000 

x g for 1 minute. The resultant pellets were resuspended in Buffer A to 

a volume of 48 ml and layered on 6 sucrose step gradients in the 

Beckman SW 27 rotor. Gradients were constructed in sterilized thin 

wall polyallomer tubes. Gradient solutions were buffered with 0.01 M 

Tris pH 7.8, 0.02 M MgC^ and autoclaved. The following gradients were 

used: 12 ml 60% sucrose, 12 ml 45% sucrose, 9 ml 20% sucrose. After 

applying the organelle suspension, the gradients were centrifuged at 



19,000 rpm for 2 hours. Most of the chloroplasts were found at the 

25%-45% interface. Nuclei could be obtained from the pellet at the 

bottom of the tube. The chloroplast bands were collected, mixed with 

an equal volume of Saline-EDTA (0.15 M NaCl, 0.10 M EDTA pH 8.0) and 

pelleted at 12,000 x g for 30 min. The pellets were resuspended in 

Saline-EDTA and repelleted twice at 12,000 x g for 15 min. 

In some cases chloroplasts were isolated by a different method. 

This procedure produced DNA in lower total yield and lower average 

molecular weight. However, contamination with nuclear DNA was minimal. 

Five hundred grams of leaf material were homogenized and 

filtered as described above, except the buffer to tissue ratio was 1.5. 

The filtrate was then centrifuged at 50 x g for 5 min. This step 

partially removed nuclei. The supernatant was recentrifuged at 1000 x g 

for 10 min. and the resulting pellet suspended in 100 mis. Buffer A 

supplemented with 0.01 M MgCl2 and 75 ug/ml DNase 1. Digestion was 

carried out at 0°C for 30 min. The chloroplast suspension was then 

mixed with 100 ml Buffer A which contained 0.02 M EDTA (Buffer C) and 

centrifuged at 3000 x g for 10 min. The pellet was resuspended in 

Buffer C and repelleted 3 more times. 

DNA Isolation 

The washed and pelleted chloroplasts obtained by either method 

above were mixed with 10 ml Saline-EDTA, 10 ml Tris-EDTA (0.02 M Tris 

pH 8.0, 0.05 M EDTA), 10 ml saturated CsCl or 10 ml saturated Nal, in 

Tris-EDTA, 50 ul of predigested Pronase (25 mg/ml) and, 2 ml 10% Na 

Sarcosyl. The viscous mixture was incubated at 37°C for 30 minutes. 
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It was then chilled on ice and 14 ml of saturated CsCl or 19 ml of 

saturated Nal were added. This solution was centrifuged at 12,000 x g 

for 10 minutes. The subnatant was removed and diluted to 54 ml by 

addition of Saline-EDTA. After thorough mixing the dilute chloroplast 

lysate was divided equally among six 14 ml nitrocellulose tubes that 

had been pretreated by soaking overnight in 0.01 M EDTA pH 8.0 

containing 10% Na Sarcosyl. The 9 ml of homogenate in each tube were 

underlayered with 3 ml of a high salt cushion containing ethidium 

bromide and buffered with Tris-EDTA, pH 8.0. If CsCl was used, the 

cushion contained 5 ug/ml ethidium bromide and had a density of 1.700. 

In the case of Nal the ethidium bromide concentration was 25 ug/ml and 

the density was 1.650. 

The step gradients were placed in the buckets of the Beckman 

SW41 rotor and centrifuged at 22,500 rpm for 18 hours at 20°C. After 

centrifugation the fluorescent DNA bands were visualized by ultraviolet 

illumination. The single fluorescent DNA bands are pooled and the 

ethidium bromide extracted by shaking with Tris-EDTA-saturated Isoamyl 

alchohol. Dye removal was monitored by ultraviolet illumination. 

Absence of visual fluorescence indicated complete removal of ethidium 

bromide. The DNA was dialysed at 4°C against four 500 ml changes of 

Buffer D (0.05 M NaCl, 0.01 M Tris pH 8.0, 0.001 M EDTA) over a 24 hour 

period. The DNA concentration was usually between 50 and 200 ug/ml. 

Restriction Enzyme Isolations 

Most of the enzymes utilized were purchased (New England 

Biolabs). In order to facilitate the analysis of the double digests in 



two dimensions I have purified three enzymes: Eco RI, Sal I, and Xba 

I. Eco RIf was purified according to the procedure of Thomas and Davis 

(1975). Sal I was prepared by the procedure of Greene et al. (1978) . 

Xba I was purified by the method of Zain and Roberts (1977) up to the 

DEAE cellulose fraction. The enzyme activity was then purified on a 

cibacron blue sepharose column essentially as described by George and 

Chirikjian (1978). Assays of all enzymatic activities were made using 

the gel method of Sharpe, Sugden and Sambrook (1973) using appropriate 

DNA substrates. As an example Figure 3-la shows Xba I assays of DEAE 

cellulose gradient fractions using tobacco chloroplast DNA as a 

substrate. The enzyme activity elutes from DEAE cellulose in fraction 

35 as shown by the digestion pattern obtained. The fractions eluted 

from the cibachron blue sepharose column were assayed using T5 DNA 

(Figure 3-lb). The Xba I activity elutes in a broad peak starting at 

fraction 30. Eco RI enzymatic assays utilized Lambda CI857S7 DNA 

whereas Sal I was assayed using pBR322 plasmid DNA. Lambda DNA and 

pBR322 DNA were not useful for assaying Xba I activities as they are 

partially modified against the enzymatic activity (Lambda DNA) or 

contain no site which the enzyme Xba I recognizes (pBR322) r(Zain and 

Roberts, 1977; Sutcliffe, 1978). 

The amount of enzyme that each preparation contained was 

measured in the following manner: a set of duplicate assay tubes 

containing 1 ug of DNA in 50 ul of the digestion buffer appropriate for 

the enzyme assayed were set 15). 1 ul amounts of purified enzyme were 

added at zero time to each of 20 tubes and allowed to incubate at 37°C. 

At 5-10 minute intervals, samples were removed and the enzymatic 
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GRADIENT FRACTIONS 
5 15 25 35 45 55 65 75 85 95T5Xba 

20 25 30 35 40 45 50 55 

Figure 3-1. Assay of Xba I activity at various steps of purification.— 
a) Assay of various column fractions collected from the 
gradient elution from the DEAE cellulose purification step. 
N. tabacum chloroplast DNA was used as substrate. Xba I 
enzyme obtained commercially was used to digest T5 DNA in 
the lane labelled T5. b) Assay of gradient fractions 
eluted from the cibachron blue affinity column. T5 DNA 
was used as substrate. 



activity stopped by addition of 10 ul of a solution containing 0.1 M 

EDTA, 80% glycerol, 0,01% bromophenol blue, 0.01 M Tris pH 8.0 (stop 

solution) and immediately heating at 60°C for 15 minutes. By examining 

the extent of cleavage of the substrates of each of the different 

samples it was easy to determine the minimum amount of time that was 

required for a given volume of purified enzyme reagent to digest 

completely 1 microgram of DNA substrate. The concentrations and total 

units of activity obtained from these three preparations are listed in 

Table 3-1. The activities of Eco PJ, Sal lf and Xba I have been stable 

for more than 1 year in 50% glycerol at -20°C. 

DNA Digestion Procedures 

Published procedures describing the isolation, activity, and 

preparation of each enzyme also recommend an optimal chemical 

environment for cutting DNA with that enzyme. In the case of Eco RI, 

however, it has been established that lowering the salt concentration 

and pH of the digestion mixture reduces the specificity of this 

particular enzyme (Polisky, et al., 1975). This implies that enzyme 

activity is present in other than ideal conditions. I observed that 

the Sal I enzyme was functional under many ionic strength conditions 

other than those recommended by commercial suppliers. Table 3-2 lists 

the enzymes used in this work and the digestion conditions recommended 

by the supplier of the enzyme. Since the chloroplast DNA preparations 

were rather dilute and attempts to concentrate the DNA caused extensive 

degradation or loss of DNA, it seemed efficacious to define a reaction 

mixture in which all of the enzymes were functional. Initially, I 
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Table 3-1 The yield of restriction enzyme activity on purification of 
the enzymes from freshly grown bacterial cells. 

Enzyme grams of cells 

Xba I 5.0 
Sal I 8.5 
Eco RI 60.0 

units/ml total units 

2 3,000 
20 300,000 
5 150,000 

These enzymes were prepared in the laboratory and were predominantly 
used in developing the two dimensional gel procedure. The enzymatic 
activities,stored in 50% buffered glycerol, are stable after one years 
storage at -20°C. 

Table 3-2. The restriction enzymes used in this work. 

# Enzyme Sequence Reaction conditions 

1 Sal I 5f GTCGAC 31 0.150 M NaCl, Buffer 1 
2 Kpn I 51 GGTACC 3' 0.006 M NaCl, Buffer 1 
3 Sma I 51 CCCGGG 3' 0.020 M KC1, Buffer 1 
4 Xho I 51 CTOGAG 3' 0.150 M NaCl, Buffer 1 
5 Xba I 5* TCTA.GA 3' 0.150 M NaCl, Buffer 1 
6 Bam HI 51 GGATCC 3' 0.150 M NaCl, Buffer 1 
7 Eco RI 51 GAATTC 3* 0.100 M NaCl, Buffer 1 

Buffer 1 is 0.006 M Tris.,pH 8.0,0.006 M MgCl2,o.006 M 
2-mercaptoethanol,100 ug/ml Bovine Serum Albumin. 



found that the Sma I enzyme could be used to digest chloroplast DNA 

under conditions which were very different from those recoitmended. The 

procedure developed was to use an aliquot of DNA in 0.05 M NaCl, 0.01 M 

Tris (pH 8.0) 0.001 M EDTA, add 1/10 volume of sterile 1.0 M MgCl2 pH 

8.0 and mix with a two-fold excess of the supplier's enzyme units. (An 

enzyme unit as specified by New England Biolabs, is that amount of 

enzyme activity that is required to digest 1 ug of DM. in 15 minutes in 

the optimal digestion buffer described for each enzyme.) Incubation 

was carried out at room temperature from 2 to 4 hours. This procedure 

resulted in complete digestion of chloroplast DNA whereas at standard 

conditions more enzyme units were required because Sma I was partially 

inactivated at 37°C. All of the other enzymes could be used in this 

same manner except other enzymes could be incubated at 37°C with more 

efficient cutting activity. 

In the case of double digestions it was sometimes necessary to 

digest the DNA at different ionic strengths for each of the enzymes. 

In those cases the enzyme requiring the lower NaCl concentration was 

used first, salt was then added along with the second enzyme and the 

mixture further incubated to allow completion of the digests. For 

example, 1 microgram of chloroplast DNA at a concentration of 75 ug/ml 

could be digested with Sma I and Bam HI in the following manner: 13.3 

ul of DNA in 0.05 M NaCl, 0.01 M Tris pH 8.0, 0.001 M EDTA. were mixed 

with 2 ul each of 0.1 M MgCl2 pH 8.0 and Sma I enzyme reagent (2 

units). The volume was brought up to 20 ul with distilled H20 and 

incubated at 23°C for 2 hours. After completion of the first 

incubation, 2 ul of 5.0 M NaCl(pH 8.0) and 3 ul of Bam HI enzyme (2 
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units) were added. The concentration of NaCl was raised to 0.150 M by 

addition of the extra salt. This mixture was then incubated at 37°Cf 

the temperature optimum for Bam HI, for 1 hour. This procedure 

resulted in the complete digestion of Sma I and Bam HI sites present in 

chloroplast DNA. Cn the other hand simultaneous addition of Sma I and 

Bam HI enzymes at either reaction condition resulted in partial 

digestion by one of the enzymes. 

Enzyme reactions were stopped by addition of 1/10 volume of 

0.10 M EDTA, 80% glycerol, 0.01 M Tris pH 8.0r 0.01% bromophenol blue 

(stop solution), and heated 15-30 min at 60°C. These were immediately 

used for electrophoresis or frozen at -20°C. Alternatively, if 

reactions were to be used for various double digests and completeness 

of the first enzymatic reaction was desired, a small aliquot of the 

reaction mix was taken for analysis (usually 0.25 ug DNA) and the mix 

frozen without the addition of the stop solution. These procedures 

resulted in enzymatic digestion mixtures which were stable until their 

use in electrophoresis if stored frozen at -20°C. 

Gel Electrophoresis 

Depending on the size of the fragments analysed, agarose gels 

of varying concentrations or, in the case of very small fragments, 

polyacrylamide-agarose composite gels, were utilized. In addition, 

three primary electrophoresis buffers were used. Appendix A lists the 

names and formulas of TAE, TBE and TPE Buffers and source references. 

TAE is my own modification of a published electrophoresis buffer 

recipe. 
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Most electrophoretic separations were performed on a horizontal 

slab gel apparatus, constructed according to the general design 

described by McDonell, Simon, and Studier (1977). Briefly, the entire 

apparatus was constructed of plexiglass. The horizontal bed was 20 

centimeters square. On each end, an L-shaped 1% agarose "wick" made 

contact with the electrode tank. The total voltage drop used from 

electrode to electrode was approximately 1.5 times the actual gradient 

across the 20 cm gel itself. The agarose wicks also provided 

resistance. Measurements of voltage gradients across the gel bed 

itself were occassionally made with a volt-ohm meter to be sure the 

buffer in the wicks was not depleted and the desired voltage gradient 

across the gel was obtained. Gels containing varying percents of 

agarose were used depending on the purpose of the experiment. For 

molecular weight analysis of DNA fragments ranging from 6 to 25 

megadaltons, 0.5-0.6% agarose gels in TAE Buffer were used. Gel 

concentrations from 0.7 to 1.0% were used to measure fragments between 

1 and 10 megadaltons. However, complete separation of even the largest 

fragments occurred on 0.8% gels and this concentration was used if all 

size classes of fragments ranging from 0.5 to 30 megadaltons were to be 

retained on one 20 cm long gel. 

In order to determine if all of the fragments generated by 

various enzymes were retained by agarose gels, several enzyme digests 

were run on 2.5% polyacrylamide-.5% agarose composite gels which were 

constructed according to the methods of Bourque and Naylor (1971). 

These gels were originally formulated for separation of several species 

of ribosomal RNA found in leaf cells. The effective fractionation 
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range is 0.1 to 2 megadaltons for RNAs and about 0.1 to 10 megadaltons 

for DNA. 

Two Dimensional Analysis of Double Digests. Most of the data which 

allowed construction of a physical map was produced by 2 dimensional 

separation of double digests. In these experiments enzymatic digestion 

products of chloroplast DNA were separated on 3 mm ( or in some cases 2 

mm) diameter agarose tube gels. For example, Sal I digestion products 

were optimally separated on 0.6% agarose gels in TAE electrophoresis 

buffer and Xba I digestion products were separated on 0.75% gels in 

either TBE or TAE. Best results were obtained if the gels were poured 

and aged from 8 to 24 hours before use. Just before use the gels were 

extruded 1-2 mm from the electrophoresis tube and trimmed with a razor 

blade by rapidly passing the blade over the flat end of the gel tube. 

This created a flat smooth surface perpendicular to the direction of 

electrophoresis. Since the gels would not adhere to the plexiglass 

tubes in which they were formed, the bottoms of the gel tubes were 

covered with nylon stocking mesh and held in place with an "0" ring cut 

from tygon tubing. 

In most experiments 1 ug digests were applied in 10 ul samples 

to 3 mm diameter gels. Most DNA samples were so dilute that 1 ug was 

not contained in 10 ul, therefore, the completed digestion mixture 

containing digested DNA, EDTA, bromophenol blue and glycerol was 

concentrated by evaporating the H20 under vacuum. The glycerol 

prevented corrplete drying, and could be added to give the desired 

concentration of 100-200 uc/ml. It was later found that samples of 1 

ug could be applied in as much as 50 ul and still produce good 
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separation of digestion products. On 2 nm diameter gels, samples of 1 

ug were always applied in 4-5 ul. 

In initial experiments, for convenience and improved 

resolution, samples were separated in a voltage gradient of 2 volts/cm 

over a period of 14 hours in TBE. However, since the mobility of DNA 

is higher in TAE, excellent results could also be obtained for 

separation of Sal I fragments on 0.6% agarose gels with TAE in a 

voltage gradient of 5 volts/cm for 6 hours. 

After the first dimension separation was completed the gel was 

removed and soaked in 15 ml of sterile I^o in a screw-cap culture tube 

for 1 hour. The E^O was then decanted, replaced with 15 ml of the 

appropriate digestion buffer for the second restriction enzyme chosen, 

and the gel soaked for an additional hour. The gel was then placed in 

a sterile container consisting of a 16 cm glass tube with an inside 

diameter of 2 mm wider than the gel, and sealed on either end with 

sterile rubber vacutainer stoppers. The gel was inmersed in fresh 

digestion buffer and 10-20 ul of restriction enzyme containing 20 to 

200 units of activity, depending on the enzyme, was added. The tube 

was then incubated at the digestion temperature required for the enzyme 

used for at least 8 hours. The digestion buffer was then drained and 

replaced with 1 ml TPE buffer containing 100 ul of stop solution. The 

gel was incubated at 60°C for 20 minutes. 3 mm gels were then welded 

into a 3 mm slot preformed into the horizontal slab gel used for the 

second dimension separation. Molten agarose of the same concentration 

as the first dimension gel was used as cement. The second dimension 

agarose gel was always at least .05% more concentrated than the first 



50 

dimension gel. Best results were obtained when TBE electrophoresis 

buffer is used in this dimension. Spots tended to streak if TAE was 

used. The slot for placing the first dimension gel and sample wells for 

standards were formed in the following manner: The unslotted edge of 

the comb used to form wells was set into the molten gel to be used for 

the second dimension. After the agarose solidified the comb was 

reversed and the slotted side was inserted into the newly formed 

trough. Sample wells were made on either end of the trough by pouring 

a small amount of molton agarose between three or four teeth of the 

comb. This procedure provided sample wells for standards and a 15 cm 

trough in the center for placement of the first dimension gel. 

After the first dimension gel was welded in place, aliquots of 

Eco RI digests of Lambda DNA (Thomas and Davis, 1975) and/or T5 DNA 

(Gabain, Hayward, and Bujard, 1976) as well as appropriate chloroplast 

DNA digests were placed into the sample wells on the edges of the 2nd 

dimension slab gel. A voltage gradient of 2-5 volts/cm was then 

applied until the marker dye traveled 20 cm, usually about 16 hours at 

2 volts/cm. 

In experiments in which the second dimension enzyme was other 

than Sal I, Xba I, or Eco RI (the enzymes which I purified) 2 mm 

diameter first dimension gels were used. This was done in order to 

optimize the efficiency of diffusing the enzyme into the first 

dimension gel and complete the digest. In these experiments the second 

dimension slab gel was cast in an upright position between two glass 

plates separated by 2 mn spacers. The first dimension gel was welded 

into place with agarose of the second dimension gel. Lambda CH857S7 



51 

Eco RI digests were molded into agarose cylinders of the same diameter 

as the first dimension. This alternate way of applying standards was 

used as mobilities of fragments of standards applied in a liquid sample 

indicated that all the fragments of the standard entered the gel before 

the fragments of the first dimension gel. Applying the Eco RI standard 

fragments in a solid matrix similar to that of the first dimension gel 

eliminated this problem. 

Gel Staining and Photography 

Throughout this work the same general procedure as outlined in 

the following paragraphs was followed: The gel containing DNA bands 

was immersed in 500-1000 ml of electrophoresis buffer containing 0.5 to 

1 ug/ml ethidium bromide. Staining proceeded for at least 2 hours. 

The gels were destained in H2o for one half hour and placed on an 

ultraviolet trans illuminator consisting of a box with an ultraviolet 

filter which passes long wavelength ultraviolet generated by a bank of 

black light fluorescent bulbs. The illuminating surface, which 

consists of the 23x33 cm filter, acts as a table on which the stained 

and destained gel can be uniformly illuminated. Viewing of the gel 

through safety glasses which eliminate ultraviolet light allows 

examination of the DNA bands. 

Permanent records were made by taking 35nm photographs of all 

gels. Best results and highest contrast were obtained using Kodak High 

Contrast Copy film # 5069 with a red # 25(a) Vivitar filter. Care was 

taken to level the focal plane of the camera with the plane of the gel 

on the light box so that the entire gel image was in focus. Long 
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exposures of up to 10 minutes allowed visualization of as little as 20 

nanograms of DNA in a single spot. Often none of the spots on the two 

dimensional gel could be seen with the naked eye. 

Data Analysis 

All separations of chloroplast DNA fragments were run on gels 

which contained 2 or more lanes of Eco RI digests of Lambda CT857S7 or 

T5 bacteriophage DNA (Thomas and Davis, 1975; Gabain, Hayward, and 

Bujard, 1976). In some cases the Lambda DNA was partially digested 

contributing additional molecular weight markers (Villems, Duggleby, 

and Broda, 1978). Figure 3-2 shows the fragmentation patterns of 

Lambda CI857S7 and T5 DNA digested with Eco RI along with a Sal I and 

Xba I-Sal I digest of chloroplast DNA. The molecular weights of the 

bands of the bacteriophage DNAs used as molecular weight markers are 

indicated. 

For ease of interpolation it was desirable to obtain a 

standard curve in the form of a straight line. The mobility of DNA 

fragments in solid matrices such as agarose depends on their molecular 

weight. The relationship between mobility and molecular weight is a 

complex exponential function. Simple log transforms of the data points 

allowed a straight line fit with correlation coefficients of 0.995 or 

better. However all of the error terms were associated with molecular 

weights in the range of 5 to 12 megadaltons. This approach was 

discarded in favor of the graphical method finally used. 

Molecular weights of DNA fragments were calculated by plotting 

the distances migrated of the molecular weight standards verses the 
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1 Figure 3-2. Eco RI digests of Lambda CI857S7, and DNA. — The mole
cular V7eights of fragments used as molecular weight 
standards are indicated on the right. 
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size on 2 cycle log by log graph paper. This approach was found to be 

most useful as the relationship between size and electrophoretic 

mobility is different over different molecular weight ranges. 

Estimates of molecular weights of various fragments were made from at 

least 5 independent measurements. The molecular weights of fragments 

on two-dimensional gels was correlated both by estimation of fragment 

molecular weights on one dimensional gels and by normalization of the 

molecular weights of all the spots on the 2 dimensional gels. A 

complete illustration of these methods is found in Appendix B. 



Initial experiments involved cutting of chloroplast DMA with 

various enzymes to obtain an enzyme digestion pattern which would yield 

the smallest number of fragments generated by a single enzyme. 

Ordering these fragments would begin a physical map on which other 

enzyme sites could be more easily located. Of the enzymes I used, Sal 

I generated the smallest number of fragments, (10), with molecular 

weights ranging in size from 17.0 megadaltons to 1.8 megadaltons 

(Jurgenson and Bourque, 1979). Subsequent experiments were designed to 

dissect, and order the 10 fragments produced by the Sal I enzyme. 

Double digests with Sal I and other enzymes permitted identification of 

fragments generated by these enzymes which contained Sal I sites. 

Figure 3-3 displays various enzyme digests of M. tabacum 

chloroplast DNA. Mot all of the enzyme digests in this figure were run 

on the same gel concentration. For comparison, I have included Eco RI 

digests of Lambda DNA and or T5 Eco RI digests with each gel 

concentration illustrated. The enzymes that I used for mapping studies 

discussed in this section are Sal I, Sma I, Kpn I, and Xba I. Sal I 

produces 10 fragments, each of which have unique molecular weights. 

Sma I produces 18 fragments, several of which are duplicate in size. 

Four of the Sma I fragments are sequence duplicates. Xba I produces 21 

fragments ranging in size from 1.0 to 17.0 megadaltons. The location 

of all of the Sma I and several of the Xba I fragments have been 

determined relative to the Sal I restriction fragments. Fragmentation 

patterns of the other enzyme digests were used to verify and confirm 
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Figure 3-3. Chloroplast DNA digested with the seven enzymes used in this work. — Code letters 
are indicated at the left of each fragment. These code designations are used through
out the text to identify a particular fragment. Smal (a), Xba I (c), Sal I (d,g), 
Bam HI (f), Eco RI (i), Xho I (k), Kpn I (1), Lambda digested v/ith Eco RI (b,e, j), and ££ 
an Eco RI partial digest of Lambda (h). 



the order of the Sal I-Sma I restriction map constructed by the 

experiments described in this chapter. 

To be certain that Sal I produced only 10 fragments, the 

smallest being 1.8 megadaltons, and to examine the suitability of other 

enzymes for restriction mapping I separated the small fragments 

generated by these enzymes on 2.5% polyacrylamide-0.5% agarose gels. 

One of these gels shown in Figure 3-4 illustrates that Eco RI, Xba I, 

Bam HI, and Xho I all generate many small fragments down to a few 

hundred base pairs in length. Sal I however (Figure 3-4a), does 

indeed genrate 10 fragments, the smallest being 1.8 megadaltons. 

Ethidium bromide fluorescence can be used to quantitate the 

amount of DMA present in a band on a gel since the amount of 

fluorescence is directly proportional to the quantity of DMA present in 

the band. If one takes in to consideration the molecular weight of the 

stained DM band being quantitated by this means and the total DNA 

present in the band relative to the other DNA bands of the same digest, 

one can deterimine if more than one fragment is present in that 

particular band. Visual inspection is usually sufficiently accurate 

to make an estimate of the numbers of copies present in a band. A more 

reliable means is to make a densitometer trace of the fluorescence 

pattern of the gel or of a negative photograph of the gel. Still more 

reliable, and the means which I primarily use, is to digest each band 

of a particular enzyme digest with other enzymes and find the total 

molecular weight of the double digestion fragments produced by this 

secondary digestion. This total should be some integer multiple of the 
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Figure 3-4. 

'M 
, A , 

Restriction enzyme digests separated on a 2.5% 
polyacrylamide-0.5% agarose slab gel. — Chloroplast 
DNA. digested with Sal I (a), Sal I and Xba I (b), 
Xba I (c), Xho I (d), Hind III (e) , Bam HI (f), 
Eco RI (g). Lambda DNA digested with Hind III and 
Eco RI (h), Eco RI (i). 
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molecular weight of the original fragment(s) thus determining the 

numbers of different fragments of the same molecular weight. Tables 

3-3 and 3-4 list the names of the enzymes, the molecular weights of the 

fragments produced by each enzyme digest the numbers of copies of 

fragments as determined by relative fluorescence intensities and/or two 

dimensional double digestion gels, and coded designations for each 

fragment. The code designations for each fragment itemized in Tables 

3-3 and 3-4, and illustrated in Figure 3-3 will be used to identify 

particular fragments throughout this discussion. 

The rationale for constructing a restriction map relies on the 

ability to show overlapping fragments between digestion products 

generated from different enzymes. One of the ways this can be 

accomplished is by taking fragments generated by one enzyme and 

separately cutting each fragment with another enzyme and cataloging the 

products produced. Reversing the order of digestion will generate all 

the same double digestion products, but they will be associated as 

parts of the fragments generated by the second enzyme. To make the 

task of obtaining data of this type easier it is advantageous to use 

enzymes that cut a minimum number of times and whose double digestion 

products with other enzymes are unique with respect to molecular 

weight. Easy identification of the double digestion products is then 

possible. These requirements are ideal and probably cannot be expected 

to be completely achieved. However, through the process of screening 

the digestion patterns generated by the enzymes illustrated in Figure 

3-3 and various combination between them, I have determined that the 

enzymes Sal I and ana I most nearly meet these criteria. 
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Table 3-3. A list of fragments produced by Sal I, Sma I, Kpn 1, and 
Xho I. 

Sail (MW) # Smal (MW) # Kpnl (MW) # Xhol (MW) # 

1 A 17.06 1 a 16.45 1 K01 20.15 1 1 13.70 1 
2 B 14.60 1 b 13.81 1 K02 16.80 2 2 11.00 1 
3 C 13.50 1 c 10.14 1 K03 12.01 1 3 9.50 1 
4 D 12.25 1 d 6.80 2 K04 9.03 1 4 7.34 2 
5 E 10.37 1 e 6.12 1 K05 7.13 1 5 7.00 1 
6 F 9.44 1 f 5.42 2 K06 4.08 1 6 6.24 1 
7 G 7.82 1 g 4.67 1 K07 2.74 1 7 5.34 2 
8 H 7.00 1 h 3.32 2 K08 2.55 1 8 5.20 1 
9 I 3.34 1 i 2.48 2 K09 2.19 1 9 3.53 1 
10 J 1.83 1 j 2.05 2 K10 1.98 1 10 3.26 1 
11 k 1.72 1 11 2.34 1 
12 1 1.30 2 12 1.85 2 
13 13 1.70 1 
14 14 1.40 1 
15 15 1.10 1 

Total 97.11 95.65 95.46 95.03 

Each fragment is identified by the designations used in Figure 3-3. The 
total molecular weight of the chloroplast genome is 95.8 megadaltons 
with a standared deviation of 0.5 megadaltons. The molecular weights 
(MW) are expressed in megadaltons. Several size classes of fragments 
of each enzyme digest of chloroplast DNA are duplicated. This 
duplication is indicated under the heading, #. 
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Table 3-4. A list of the fragments generated by the enzymes Xba I, 
Bam HI, and Eco RI. 

Xbal (MW) # Bam HI (MW) # Eco RI (MW) # 

1 X01 16.90 1 B01 13.00 1 E01 4.81 1 
2 X02 11.61 1 B0 2 11.13 1 E02 4.21 1 
3 X03 7.69 1 B03 6.44 1 E03 4.00 1 
4 X04 6.00 1 B04 5.68 1 E04 2.70 2 
5 X05 5.02 1 B05 4.63 2 E05 2.20 1 
6 X06 4.33 1 B06 3.29 2 E06 1.93 1 
7 X07 3.71 1 B07 3.10 1 E07 1.85 2 
8 X08 3.31 3 B0 8 2.98 1 E08 1.73 1 
9 X09 3.01 1 B09 2.77 2 E09 1.55 1 
10 X10 1.85 1 B10 2.18 1 E10 1.44 1 
11 Xll 1.74 2 Bll 2.01 1 Ell 1 39 1 
12 X12 1.65 2 B12 1.90 1 El 2 1.34 2 
13 X13 1.45 2 B13 1.83 1 E13 1.27 1 
14 X14 1.36 1 B14 1.80 1 E14 1.19 1 
15 X15 1.34 1 B15 1.62 1 E15 1.14 2 
16 X16 1.32 2 B16 1.50 1 E16 1.10 1 
17 X17 1.30 1 B17 1.49 1 E17 1.03 1 
18 XI8 1.28 1 B18 1.45 1 El 8 .98 1 
19 XI9 1.25 2 B19 1.35 1 
20 X20 1.23 1 
21 X21 1.20 1 
22 X22 1.10 2 

Total 95.20 70.94 45.02 

Stoiciometrys for these fragments have not been determined accurately. 
Molecular weight estimates of the total genome size have not been made 
using the data from digestion patterns generated by Eco RI and Bam HI. 
Code designations are the same as shown in Figure 3-3. 



Figure 3-5 illustrates digestions of Xba I, Sma I, Sal I, and 

double digestion combinations Sal I-Sma I, Xba I-Sma I, and Sal I-Xba 

I. These digestions indicate that all of the Sal I fragments with the 

possible exception of H are cleaved at least one time by Sma I and that 

all the Sal I fragments except I are cleaved by Xba I. A two 

dimensional separation of a Xba I-Sal I double digest with separation 

of Xba I fragments in the first dimension and subsequent digestion of 

these fragments by Sal I in the gel and separation in the second 

dimension is shown in Figure 3-6. Five arrows point to double 

digestion products that can be readily identified. Oily one of these 

double digestion products is unique in molecular weight. In subsequent 

discussions of two dimensional double digests the first dimension 

separation will be indicated first, followed by an asterisk (*) then 

the name of the enzyme used to make the secondary digest in situ, 

before second dimension separation. For example, the gel described in 

Figure 3-6 is an Xba I*Sal I double digest. 

The reciprocal experiment of that shown in Figure 3-6, i.e. a 

Sal I*Xba I separation, is shown in Figure 3-7. This illustrates that 

each of the Sal I fragments is cleaved several times by Xba I. Most of 

the fragments resolved in experiments like this are actually fragments 

generated solely by the action of Xba I. Analysis of these data and 

those of Figure 3-6 does not by itself yield a complete map of the 

chloroplast genome. What can be derived is a map of Xba I sites on 

each Sal I fragment. For example, fragments I and J as illustrated in 

Figure 3-7 are not cleaved by the action of Xba I as their mobility 

remains the same as the background nuclear DNA with which they 



63 

Figure 3-5. Double and single digests of cliloroplast DNA. — Lanes 
containing .various combinations of Gal I, Xba I, and 
Sraa I digestion patterns are illustrated. 
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Figure 3-6. Two dimensional separation of Xba I-Sal I (Xba I*Sal I) 
double digest of chloroplast DNA. — Arrows point to the 
readily identifiable double digestion products. 
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Figure 3-7. A Sal I*Xba I separation. — Letters A-J indicate the 
origins of the Sal I fragments of the first dimension 
separation. Under each letter is a column of double 
digestion products generated by Xba I. 
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comigrated in the first dimension. A listing of the Xba I and Xba 

I-Sal I fragments contained in each of the 10 Sal I fragments is 

provided in Table 3-5. Those fragments which can be positively 

identified as Xba I fragments are indicated in Table 3-5. Closer 

examination of the experiments illustrated in Figures 3-6 and 3-7 

indicate the presence of a duplicated sequence in this chloroplast DNA 

molecule. For example, the two 3.0 megadalton fragments generated by 

cleavage of X-l and X-2 by Sal I may be the same size because they are 

the same sequence. Observations of a similar nature can be made in 

Figure 3-7 by examining the Xba I digestion products of C and G. 

Figure 3-8 is an illustration of an experiment which elegently 

illustrates the presence of a large region of duplicated sequences. 

This experiment is an Eco RI partial digest of a Xba I digest. The 

presence of many fragments that are common to both X-I and X-2 

indicates a high degree of homology between the two fragments, perhaps 

as much as 10 megadaltons. 

Analysis of Sma I-Sal I digests confirmed the presence of a 

large repeat region and provided information that was more useful for 

construction of a restriction map. Examination of one dimensional 

separations of a Sma I-Sal I double digest like that in Figure 3-5 

indicated that all or most of the Sma I fragments were cleaved by Sal 

I. Since Sma I generates only 12 bands this indicated that all of the 

10 Sal I restriction sites might produce cuts in different Sma I 

fragments. A Sna I*Sal I separation is illustrated in Figure 3-9. The 

inset in the upper right hand corner of Figure 3-9 is of another gel of 

this type in which the separation of the highest molecular weight 



Table 3-5. A listing of the Xbal an Xba I-Sal I fragments found on 
each Sal I fragment. 

Sal I fragment 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 

Molecular weights of fragments 
produced by digestion with Xbal 

14.5,1.6,1.4 
7.7*,4.2*,1.6,1.4 
5.7*,3.2*,3.0*,1.4 
9.0,1.4*,0.8*,0.7 
3.0,1.8,1.7,1.4*,1.3*,0.8,0.7 
4.8*,4.8* 
3.2*,3.0*, 
2.6,1.9*,1.8*,0.4,0.3 
3.3 
1.8 

The list is incomplete as many fragments are extremely small. Those 
fragments derived by Xba I digestion only are indicated by an asteric 
(*). 
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figure 3-8. An Xba I*Eco RI partial digest. — The rov;s of double 
digestion products that arise from the two largest Xba I 
fragments are indicated by the molecular weight of the 
fragments written just above the first dimension origins 
of the.fragments. 



Figure 3-9. A Sma I*Sal I separation. — The insert in the upper right 
corner is an illustration of the fragments generated by 
Sal I from Sma I fragments a,b,c,d,e, and f. 



fragments is more clearly illustrated. Analysis of six different Sma 

I*Sal I patterns yields a list (Table 3-6) of double digestion products 

which are produced by Sal I cleavage of Sma I fragments. These 

cleavages correspond to 10 Sal I sites. The Sma I-Sal I double 

digestion fragments in Table 3-6 are designated a number such as SS-1, 

SS-2, SS-3, SS-13, SS-13' etc. A lower number is used to designate a 

higher molecular weight. Primes indicate a fragment of the same size 

as a different fragment of the same number. Table 3-6 also lists the 

molecular weights of each double digestion fragment. The sum of the 

molecular weights of the double digestion products equals the molecular 

weight of the entire chlorcplast DNA genome, 96 megadaltons. 

Analysis of Sal I*Sma I digestions produced patterns like that 

illustrated in Figure 3-10. All the fragments displayed in Figure 3-9 

are now arranged as products of the 10 Sal I fragments. Arrows point 

to the seven pairs of fragments of equal size. These fragments are 

designated with the same numbers used for them in Table 3-6. These 

experiments substantiate the conclusion, based upon staining intensity, 

that there are two fragments each of Sma I fragments d, f, h, i, and 1. 

A complete listing of the SS fragments with respect to their origin in 

Sal I fragments A-J appears in Table 3-7. 

Construction of a Sma I-Sal I Restriction Map 

Examination of the fragment lists in Tables 3-6 and 3-7 allow 

nearly unambiguous ordering of all the Sma I and Sal I restriction 

sites. From Table 3-6 we can see that ana I fragment a contains the 

double digestion products SS-2, SS-5, and SS-12. From Table 3-7, SS-2 
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igure 3-10. A Gal I*Gma I pattern. — All of the spots present in 
Figure 3-9 are present here. A faint background of spots 
is also present which results from an unidentified DNA 
contaminant. Arrows point to the pairs of fragments that 
are .identical in molecular weight. 
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Table 3-6. A listing of the Sma I fragments and the Sma I-Sal I 
double digestion fragments derived from these fragments. 

SS- 2(6.99) SS- 1(9.40) SS- 3(5.96) SS-10(3.50) SS- 6(5.46) SS- 4(5.51) 
SS- 5(5.46) SS- 7(5.07) SS- 8(4.23) SS-13(3.00) SS-19(0.60) 
SS-12(3.06) 

SS- 9(4.00) SS-11(3.35) SS-14(2.65) SS-15(1.80) SS-16(1.60) SS-18(1.25) 
SS-19(0.60) SS-17(1.45) 

SS-20(0.50) 

The double digestion fragments are designated by SS numbers as 
described in the text. Molecular weights of each fragment are listed 
in parenthesis next to the code name for the fragment. 
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Table 3-7. A listing of all the Sma I-Sal I double digestion fragments 
as they are derived from the Sal I fragments. 

A 

SS- 1 (9.41) 
SS-10 (3.50) 
SS-14 (2.53) 
SS-18 (1.25) 

B 

SS- 3 (5.96) 
SS- 4 (5.51) 
SS-15 (1.80) 

C 

SS- 5 (5.46) 
SS-11 (3.35) 
SS-13 (3.00) 
SS-16 (1.60) 

D 

SS- 7 (5.07) 
SS-101(3.50) 
SS-14*(2.65) 
SS-18*(1.25) 

E 

SS- 4*(5.51) 
SS- 9 (4.00) 
SS-19 (0.60) 

F G H I J 

SS- 6 (5.46) SS-11* (3.35) SS-2 (6.99) SS-12 (3.06) SS-17 (1.45) 
SS- 8 (4.23) SS-13* (3.00) SS-19*(0.06) 
SS-20 (0.50) 

The fragments are identified by the SS code names that were used in 
Table 3-6. 



74 

is Sal I fragment Hf SS-12 is Sal I fragment I and SS-5 is contained in 

Sal I fragment C. This produces an order of 3 Sal fragments of either 

C-H-I or C-I-H. Sma I fragment b in Table 3-6 contains double 

digestion fragments SS-1 and SS-7. SS-1 is contained in A and SS-7 is 

contained in D, therefore A and D are adjacent. Sma I fragment c 

contains SS-3 and SS-8. SS-3 is part of B and SS-8 is part of F. B is 

adjacent to F. Identical fragments d, and d' are each cleaved one time 

by Sal I. For now, we will assume that these fragments are identical 

in sequence. SS-10 is found in A, the identical fragment SS-101 is 

part of D. The other fragments found in d and d1, SS-13 and SS-131, 

are found in C and G respectively. This means that A is adjacent to 

either C or G and that D is adjacent to the fragment (C or G) which A 

is not. The alternatives are indistinguishable on the basis of these 

data. Thus the possible orders of six of the ten Sal I fragments are: 

G-D-A-C-E-I, G-D-A-C—I-H, G-A-D-C-H-I, G-A-D-C-I-H. These arrangements 

are diagrammed in Figure 3-11. We also know that B is adjacent to F 

and that these fragments are bounded by J and E. Both J and E may be 

on one side or one to each side of the B-F pair. 

Looking back at Table 3-6, e is composed of SS-6 and SS-19. 

SS-6 in Table 3-7 is part of F and SS-19 or 19' is found in J or E. 

This confirms the previously made conclusion that J or E are next to F. 

Fragment f contains SS-4 and SS-41. Neither SS-4 and SS-41 contain Sal 

I sites and are identical to f and f'. In Tkble 3-7 we see that B and 

E each contain one of these fragments. Fragment g contains SS-9 and 

SS-19 fragments. Fragment E contains SS-9. The SS-19 fragment that is 

adjacent to SS-9 cannot be in E because they are separated by one of 
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Figure 3-11. Diagramatic representations of the four possible 
arrangements of Sal I fragments G,D,A,C,H and I. 



the Sal I sites that generates E. Therefore, as mentioned previously, 

the SS-19 contained in E must be adjacent to SS-6 which, from Table 

3-6, is adjacent to the other SS-19 fragment. For the sake of argument 

we will call this SS-19' and it is found to be part of E. Recall that 

SS-6 is part of F, therefore E is adjacent to F. Since SS-9 is in E 

and is adjacent to SS-19 and SS-19 is part of J then J is next to E. 

Therefore, the order of the four remaining Sal I fragments is B-F-E-J. 

The information leading to this conclusion is diagrammed in Figure 

3-12. 

SS-11 is found in C, and SS-11 is part of C. Sma I fragment i 

is also untouched by Sal I enzymatic activity. SS-14 is in A and 

SS-141 is in D. Sma I fragment j is also composed of two identical size 

fragments. One is cleaved by Sal I, the other is not. The uncleaved j 

is designated SS-15 and is found as part of B. The other j fragment 

(j1) is cleaved into two products designated SS-17 and SS-20. SS-17 is 

part of J and SS-20 is part of G. Therefore, J and G are adjacent. 

From Figure 3-10 and Table 3-7 fragment k, uncleaved by Sal I and 

designated SS-16, is part of C. Fragment 1, again two identical 

fragments, designated SS-18 and SS-181, are found as parts of A (SS-18) 

and D (SS-181) . The map order of the Sal I fragments arrived at by 

this analysis is (A,D)-G-J-E-F-BP-(I,H)-C. The ordering of the Sma I 

fragments is correspondingly somewhat ambiguous and is listed as 

follows: b-(i,l)-d-h-k-a-(f,j)-c-e-f '-g-j'-d'-U',1'). 

Some of the assignments of Sma I-Sal I double digestion 

products listed in Tables 3-6 and 3-7 on the bases of Figures 3-9 and 

3-10 are questionable. Sma I-Sal I double digestion fragments SS-6 and 
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Figure 3-12. Diagramatic representation of the arrangement of 
fragments B,F,Ef and J and the specific Sma. I fragments 
that correlate with this arrangment. 
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SS-5 are very close in molecular weight and cannot easily be 

distinguished. Figure 3-13 is a Sma I*Xba I digest pattern. If we 

examine the Xba I digestion products of Sma I fragments a and e 

(designated by arrows in Figure 3-13) and compare those products with 

the arrangement of Xba I digestion products of Sal I fragments in 

Figure 3-7 we can identify Xba I fragments that are part of the Sma I 

fragments in question. In Figure 3-13, arrows point to the 3.0 and 3.3 

megadalton fragments contained in a. Fragments of this size are found 

as products only of either C or G. This means that a overlap of C by g 

is indicated and not F which is the alternative. In addition, e 

contains a 4.8 megadalton Xba I fragment which is also found in F 

indicating overlap. 

Another problan with the data in Figures 3-9 and 3-10 is that 

the smallest Sal I fragment, J, has run off of the first dimension. 

The digestion products of J have not been precisely identified as being 

those listed. However, experiments like that shown in Figure 3-14 

confirm that J is adjacent to G. The double digestion in Figure 3-14 

is a Kpn I*Sal I separation. The two 16.8 megadalton fragments of K-2 

are digested into six separate fragments. These fragments in Figure 

3-14 are labeled 1, 2, 3, 4, 5, 6 in order of decreasing molecular 

weight. Fragment 1 of 10.2 megadaltons and fragment 3 of 6.8 

megadaltons constitute one of these 16.8 megadalton fragments. 

Evidence for this is presented in chapter four. Fragments 2,4,5,and 6 

comprise the other 16.8 megadalton fragment. Again as discussed in 

chapter 4 fragment 2 in Figure 3-14 is identical to Sal I fragment G. 

This fragment has a molecular weight of 7.7 megadaltons. Fragment 4 
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Figure 3-13. A Sma I*Xba I separation. — Arrows point to the 
fragments produced by second dimension digestion of 
fragments a and c that support the proposed order of 
Sal I and Sma I restriction fragments. 
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Figure 3-14. A Kpn I*Sal I double digest separation. — The numbers 
refer to double digestion products produced by cleavage 
of the two K-2 fragments with Sal I 



has a molecular weight of 5.4 megadaltons. This fragment represents 

the portion of Sal (A,D) that is adjacent to G. The total molecular 

weight of these fragments is 13.1 megadaltons which leaves 

approximately 4 megadaltons to be accounted for. But, as indicated by 

an arrow pointing (Figure 3-13) to 7 there is no 4 megadalton digestion 

product present. Instead, there are two smaller fragments (5,6) in the 

range of about 2 megadaltons. One of these fragments is J. Therefore, 

J is next to G. 

Another experiment which supports the proposed order of B-F-E 

is illustrated in Figure 3-15. It has been reported that certain 

antibiotics inhibit the activity of restriction enzymes by changing the 

conformation of the DNA substrate. Actinomycin D has been reported to 

preferentially inhibit the action of restriction enzymes which act on 

sequences located in G-C rich regions (Nosikov, Braga, and 

Polyanovskii, 1977). It has been shown that specific partial digests 

of lambda DNA can be generated when the levels of actinomycin D are 

high enough in digestion mixtures. This has purportedly been 

accomplished because certain restriction sites are in regions of the 

DNA sequence which have a lower affinity for the antibiotic (A-T rich) 

and are available for cleavage by the endonuclease at higher 

concentrations of antibiotic than other sites,which are in sequences 

(G-C rich) that absorb the antibiotic more rapidly. 

I examined the effect of actinomycin D on the activity of Sal I 

on chloroplast DNA. In this experiment increasing concentrations of 

actinomycin D were added to duplicate reaction mixtures containing 0.5 

ug DNA and 1 unit of Sal I enzyme activity. Digestions were carried 
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Figure 3-15. The effect of different concentrations of Actinomycin 
D on the activity of Sal I on chloroplast DNA. — 
Concentrations of the antibiotic in each reaction mix 
are: a) .500 mM, b) .200 irM, c) .100 mM, d) .080 imM, 
e) .050 rtiM, f) .020 mM, g) .010 mM, h) .001 nM. The 
lanes on the far right and left are Eco RI digests of 
T5 DNA. 



out for 1 hr. Figure 3-15 illustrates the response to the various 

treatments of the antibiotic. Increasing the level of antibiotic 

gradually eliminated all but three of the Sal I restriction fragments. 

The fragments generated at ~all concentrations of actinomycin D are 

presumably produced by cleavage of sites in A-T rich regions of the 

chloroplast DNA molecule and consequently are less suseptible to 

inactivation by actinomycin D. Since fragments B,F, and E are produced 

by Sal I cleavage even at the highest concentrations of actinomycin D 

the simplest explanation would be that there are only four sites that 

are being cleaved and that these sites delineate fragments B,F, and E 

which are adjacent. This verifies the map positions made previously. 

Attempts at using this approach to analyse the partials generated by 

actinomycin D inhibition in two dimensional gels failed as it seemed 

impossible to remove enough actinomycin D from the first dimension 

separation to allow Sal I enzyme to completely digest the partial 

fragments in the first dimension. 
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Discussion 

A least-squares method for analysing the validity of 

restriction maps from available data has been devised (Schroeder and 

Blattner, 1978). Once the order of restriction sites was determined as 

described, I was interested in eliminating any fractional deviations 

that resulted from errors in measurement of fragment molecular weights. 

I obtained independent estimates by gel electrophoresis of the 

molecular weights of all the fragments generated by Sal I, Sma I, and 

Sal I-Sma I double digestion. Then, I used the method of Schroeder and 

Blattner to assess whether errors in judgement in assigning the 

location of the fragments had occured. The Sal I-Sma I restriction map 

arrived at from the data in chapters 3 and 4 and verified by the least 

squares analysis is illustrated in Figure 3-16. A listing of the 

computer program used to analyse this map and compare it to the 

original data which generated it is found in Schroeder and Blattner 

(1978) . To implement this program, each site is given a coordinate 

number. On the Sal I-Sma I restriction map there are 28 sites. The 

sites are numbered in clockwise order on the circular map starting with 

the left side of fragment D. A linear representation of the map and 

the numbers associated with each restriction site is illustrated on a 

schematic line graph below the circular map in Figure 3-16. Each 

fragment is then identified by a set of numbered coordinates. For 

example, fragment D is identified by the coordinate pair (1,5) , G by 

the coordinates, (5,8), d' by (4,5) d by (25,26) etc. The input data 

lists all the coordinate intervals and corresponding molecular weights 

of each fragment interval derived from electrophoretic analysis. The 



85 

b 

h 

k 

Sail 

Sma J 

2 3 4 5 6 78910 II 1213 14 15 1617 1819 20 21 2223 24 25 26 2728 29 
—-- * 

i i N I  i ~k i i 

D  G  J  E  F  B I H  C  

Figure 3-16. A map of the Sal I and Sma I restriction sites. — This 
map is constructed according to the rationale presented 
in the text based upon the data presented in the text. A 
schematic scale drawing of this map is illustrated below 
the circle. The nuttiers on the line drawing were vised to 
represent the coordinates of each site when the least 
squares program is utilized. 



86 

program performs a least squares fit of this data and minimizes 

absolute deviations of the size of each interval. Data output lists: 

input data, normalized values for each input interval, and fractional 

deviations. Intervals in which there are no data input values are 

simply entered as 0.00. This does not affect the calculations and is 

ignored in the least squares analysis. 

Figure 3-17 lists the input and output of the data analysed for 

the Sal I-Sma I restriction map. Fractional deviations from those 

measured are mostly less than 1% indicating that systematic errors in 

molecular weight measurement are not present in the data used to 

construct this map, except, perhaps in lower molecular weight 

measurements. 

Comparison of this restriction map to data of this type 

obtained from other plant species suggests possible similarities in 

sequence between the DNAs (Herrmann, Whitfeld, and Bottomley, 1980) . 

It has been reported that extensive homology exists between higher 

plant chloroplast DNAs (Lairppa and Bendich, 1979) . A complete 

discussion of these similarities is found at the end of chapter 4 since 

positioning of the rENA genes is eminently germane to the observations 

made. However, the mapping indicates that repeat regions as delineated 

by Sma I fragments d(d') , i (i') ,1 (1') , and h(h')r are about 15 

megadaltons in size and in inverted orientation with respect to each 

other. Therefore, the inverted repeat region of Nicotiana tabacum is 

about the same size as that found in spinach, corn, oats, and 

Chlamydomonas (Kolodner and Tewari, 1979). 



87 

UM • ut'lnltion »' '» «»»• -II 

. n J  . . . . .« . . . .«» 
IHtfitl AttlHM by „ M •fur *11 *•» »»*»*• '">* w * w 

IHIIfl ivfttlwtt of <>*• sit«# *1" 
» !»»»"• "I" •«* ""lift • if r*it • 0*>w eooraintt* 0.0 l».W 

4 5.0 9.0 
1 6.3 1.3 
% 0*6 2.9 
» 12.* 3.9 
ft 19*3 3.1 
? 19.0 3.9 
fl 19. 5 0.9 
» 20*9 1.4 

10 21. 9 0.6 
11 29.9 *•1 
12 31.1 9.6 
13 31.7 0.3 

37.1 9.4 
15 <>1.3 <••2 
10 47.2 5.? 
17 49 »C 1.4 
16 &*•> 5.9 
19 99.6 1.3 
20 je.d 3.1 
21 65.6 7.0 
22 71.2 5.9 
2) 7i«ft 1.6 
2* 76.2 3.i 
29 79.2 3.0 
26 02*0 3.6 
27 o}.3 2.5 
2a 06*6 1.3 
29 96.C 9.4 

original 60«PUt«J cmn j# 
1 i 1,1 3.0 -C.71 
2 3 1*3 1.3 -0.it 
1 • 2.9 £.9 -0.2? 
+ » 3.5 J • 5 0. oi 9 6 3.0 J.l 4.it 6 t 3.3 3.5 3. 7t 
7 9 0.9 0.5 i.oi e 9 1.9 i.H -j. 7* 
9 10 0.6 0 • o -2.74 10 li <••0 *. ?* 11 U 5.5 3.6 Q.tft 

12 14 0.6 0.6 0. 16 13 U 9.9 5.4 -O.0l 1* 19 <••2 <*.2 -1.9* 1> lo c«G 5.9 id ir 1*6 1.0 0. U 17 Id >. 5 5,5 0. 3*. 16 19 u.o i. i IvtO. Jt 19 20 3.1 3.1 -0.lt 20 21 /.0 7.0 -0. 3* 21 22 5.5 5.3 -0. 1« 22 23 1.6 1.6 w. 01 23 24 3.3 J.i 0* U 24 29 3.0 3.0 1 * 3t 2) 2o 3.9 3.0 i. 71 2ft 27 2.9 2.3 . 0.2? 27 28 1.3 1.4 0. It 2a i 9.* 9.<» 0.3t 1 9 1^.3 12,4 U,4l » (t 7.b 7.1 -9.91 ft 10 1.6 2.0 7. 74 10 13 10.4 10.2 -l.il 13 19 9.4 V , t> i.?t IS 19 14.6 14.5 -0. 71 
21 *> 13.1 la.4 2> 1 17.1 16. d -1. 9< 4 6 6*8 b.r 7 >1 2.0 i«•) -4, m 9 11 *. 7 4.6 -1.21 12 *4 6.0 0.0 -0. £ i 1* 16 v.* lu.l 1ft 22 16.6 16. 7 o. o ? 2« 2ft o.t» b,b 2ft I 14.4 14.3 tVM U Co •>lti 1 for aoJiti on*1 data Ult • 0 on*1 data 

t|0946y« 

Figure 3-17. A copy of the output of the least squares program 
used to fit the restriction map. 
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The frequency of cleavage of N. tabacum chloroplast DNA by the 

various restriction enzymes is similar to the frequencies with which 

they cut corn and spinach DNAs. This is expected as the frequency of 

occurence of a given sequence is dependent to some degree on base 

composition. The base compositions of these DNAs are virtually 

identical. 

During the analysis of chloroplast DNA I have observed that 

nuclear DNA seems to be resistant to attack by some restriction enzymes 

but not others. Most of the chloroplast DNA preparations I used also 

contained varying amounts of nuclear DNA. The nuclear DNA is present 

in these preparations in a distribution of molecular sizes ranging 

between 100 and 20 megadaltons. Of the enzymes I used I have observed 

that Sal I, Sma I, and perhaps Eco RI cannot cut nuclear DNA. Data 

which support this conclusion are found in the figures of this chapter 

which illustrate digestion patterns of chloroplast DNA. Digestion of a 

mixture of chloroplast and nuclear DNA with Xba I, Kpn If Xho I or Bam 

HI reduces the band of nuclear DNA to a background smear (Figures 3-3, 

3-5 , 3-7, and 3-13). This background of DNA is distributed throughout 

the molecular weight range separated by the agarose gel. Digestion 

with Sal I or Sma I (Figures 3-3, 3-6, 3-9, and 3-14) leaves the band 

of nuclear DNA intact. An argument can be made that the differences 

observed are simply due to differences in frequencies of recognized 

sequences. This argument does not explain several observations. 

First of all Sal I and Kpn I cut at sites of the respective 

palindromic sequences 5 'GTCGAC31 and 51GGTACC31 which have the same 

base composition and thus would be expected to occur on a random basis, 
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with the same relative frequency on the same DNA molecules. In fact, 

Kpn I cleaves chloroplast DNA 11 times and Sal I cuts 10 times. Yet, 

Kpn I reduces the average molecular weight of nuclear DNA whereas Sal I 

does not. In addition, Sma I which cuts chloroplast DNA more 

frequently than either Kpn I or Sal I does not seem to digest nuclear 

DNA. Sma I cuts the sequence 5'CCCGGG31. 

Analysis of the fate of nuclear DNA on the two dimensional gel 

photos illustrated in this chapter provides convincing evidence for 

these conclusions. In the Xba I*Sal I experiments illustrated in 

Figure 3-6 it is observed that the nuclear DNA which was cleaved by Xba 

I in the first dimension is present as a discreet, diagonally oriented, 

background line. The DNA in this line is migrating as though it were 

the same size as it was after the Xba I digestion. Sal I has cut 

several chloroplast DNA Xba I fragments but none of the nuclear DNA. 

In the reciprocal experiment (the Sal I*Xba I illustrated in Figure 

3-7) it is observed that Xba I causes the nuclear DNA to be cleaved as 

it is separated into a smeary streak on the left of the photograph. 

The other 2 dimensional gels (Figures 3-9, 3-10, and 3-14) illustrated 

in this chapter confirms that Sal I, or Sma I does not attack nuclear 

DNA. Use of Kpn I in the second dimension was not done as of this 

writing, since Kpn I would not digest DNA in situ in agarose gels. 

There may be a simple explanation for the differences in 

cutting ability of the various enzymes. It is known that nuclear DNA 

of H. tabacum as well as other higher plant nuclear DNA's contain 

5-methyl-cytosine. Chloroplast DNA does not contain significant 

quantities of 5-methyl-cytosine or any other modified base. A recent 
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compilation of DNA bouyant densities and base compositions has 

indicated that the percent of 5-methyl-cytosine in H. tabacum nuclear 

DNA is about 26% of the cytosines present in this DNA (Kirk and 

Tillney^Bassett, 1978). In addition, according to these data other 

nuclear DNA's may contain nearly the same amount. The presence of the 

modified base 5-methyl-cytosine could account for the observed 

differential cutting ability of the different restriction enzymes. It 

has been demonstrated that several enzymes are inhibited by 

5-methyl-cytosine (Mann and Smith, 1977). All of the enzymes which do 

not cut nuclear DNA have at least 4 cytosine nucleotides in the 

sequences which they recognize. If the sequence which a restriction 

enzyme recognizes is modified, and this modification inhibits the 

activity of the enzyme, then one would expect the frequency of cut 

sites to be reduced on the modified DNA. I propose that Sal I, and 

Sma I are inhibited by the presence of modified bases in the sequences 

which they recognize but Kpn I, Xba I, Xho I and perhaps Bam HI are 

not. This observation provides a tool which can be used to distinguish 

between nuclear and chloroplast DNA. 



CHAPTER 4 

MAPPING OF RIBOSOMAL RNA GENES BY HYBRIDIZATICN 

Introduction 

This chapter deals with the hybridization experiments used to 

determine the map positions of 16S and 23S rRNAs on the N. tabacum 

chloroplast DNA. As reviewed in Chapter Che, these genes have been 

located, using similar procedures, on the chloroplast DNAs of 

Chlamydomonas reinhardii. mays. Eualena gracilis. Soinachia 

oleracea. and Pisum sativum. Restriction map locations exist for all 

of the rRNA genes of each organism except Pisum sativum. My main 

interest in mapping these genes was to compare tabacum chloroplast 

DNA organization with other higher plant chloroplast DNAs. 

The restriction mapping studies described in chapter 3 indicate 

the presence of a large repeat region of about 15 megadaltons in 

length, as delineated by the four pairs of identical Sma I fragments 

found in this region. It has been reported in other chloroplast DNAs 

that the rRNAs are located in two cistrons. Each cistron containing a 

set of rRNA genes is located in each of the repeat regions. The N. 

tabacum chloroplast DNA restriction map derived in chapter 3 indicates 

that the repeats are probably in inverted order, but it is not entirely 

certain from the data presented in chapter 3. 

To accomplish the mapping of these rRNA genes, I used the 

hybridization technique of Southern (1975). rRNA was extracted from 
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ribosomal subunits and labeled in vitro with Comparison of 

hybridization signals to DNA restriction digest patterns has allowed 

unambigous mapping and ordering of Sma I, Xho I, Kpn I, Eco RI, Bam HI, 

Xba I and Sal I sites in the inverted repeat region. 
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DNA purification 

DNA was purified, digested with restriction enzymes, and 

analysed on agarose gels by the methods described in chapter 3. 

Ribosomal RNA. Purification 

Ribosomes were extracted and purified from 150 g of leaves by 

the following procedure: 

Leaf material was harvested on the day of extraction. Leaves 

2-5 cm in length were washed in distilled H20 and drained. All 

subsequent operations are carried out at 4°C. One hundred fifty grams 

of leaves were suspended in 300 ml of extraction buffer in a Waring 

Blendor. Extraction buffer is composed of 0.050 M Tris pH 7.5, 0.025 M 

KC1 , 0.025 M MqCl^i 0,004 M 2-mercaptoethanol. The leaves are 

completely homogenized by blending for 5-10 minutes. Cell debris and 

unbroken tissue is removed by filtration thru Miracloth. The volume of 

the extract is measured and the concentration of Mg++is adjusted to 

0.025 M by adding 2.5 M MgC^ stock. Chloroplast membranes, nuclei, 

mitochondria and other large organelles are removed by centrifugation 

at 100,000 x g for 45 min. The supernatant is recovered and the 

ribosomes are pelleted through a 1.35 M sucrose cushion buffered with 

extract buffer. Centrifugation at 100,000 x g for 8 hr are required to 

recover 90% of the ribosomes. After pelleting the supernatants are 

discarded, and the ribosome pellets are allowed to dissolve in 

extraction buffer overnight at 4°C. 
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The resultant ribosome suspension is clarified at 12,000 x g 

for 30 min to remove a fine precipitate and dialysed for 18 hr against 

extraction buffer containing 0.0025 M Mg4-1" . This dialysis step 

dissociates the 70S ribosomes but not the 80S type (Bourque and 

Wildman, 1973). The 30S and SOS ribosomal particles are then purified 

on isokinetic sucrose gradents (McCarty , Vollmer, and McCarty, 1974). 

Gradients used were formulated for particles with a density of 1.2 and 

were buffered with extraction buffer (Capel and Bourque, 1980). 

Gradients are run either in the Beckman Ti 14 zonal rotor which 

contains a gradient volume of 650 ml, or on gradients in the SW27 

swinging bucket rotor, with gradient volumes of 35 ml. Ti 14 gradients 

have a 5% sucrose top concentration. SW27 gradients have a 10% sucrose 

top concentration. Formulae for construction of gradients are found in 

Appendix D. Separation time in the Ti 14 is 16 hr at 180,000 x g, the 

time required in the SW27 is 16 hr at 80,000 x g. Figure 4-1 shows a 

trace of a ribosome separation from a zonal rotor gradient. Peaks are 

labeled to identify the material separated on this gradient. The 

portions of the gradient containing 50S and 30S ribosomal subunits are 

collected. Two volumes of absolute ethanol are added to these 

fractions and the ribosomes are precipitated at -20 C overnight. The 

precipitated ribosomes are collected by centrifugation at 17,000 x g 

for 30 min. The pellets are washed with 70% ethanol containing 0.05 M 

Na acetate, pH 8.0, and repelleted. The ribosomes were then 

resuspended in 0.1 M NaCl, 0.5 M Tris-HCl pH 8.5, 0.10 M VlgCl , 2% Na 

Sarcosyl. 



95 

80S 

F - l - P  
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Figure 4-1. An ultraviolet absorbance trace of a sucrose gradient 
separation of IL. tabacum ribosomes. — The sedimentation 
values of each peak are indicated. This gradient was run 
in a Beckman Ti 14 zonal rotor. 
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The dissolved ribosomes are extracted with buffer saturated 

phenol, until no interface material remains. The extracted RNA is 

precipitated by adding 1/10 volume of 2.0 M Na acetate, 0.1 M Tris-HCl, 

pH 7.0f and two volumes of absolute ethanol overnight at -2CPC. The 

purity of the rRNA and the degree of cross contamination is checked by 

electrophoresis on 2.5% polyacrylamide-0.5% agarose composite gels 

(Bourque and Naylor, 1971). Figure 4-2 shows the analysis of an rRNA 

preparation. As indicated by this analysis the 23S and 16S rRNAs are 

essentially intact but contain small amounts of low molecular weight 

RNAs. The low molecular weight RNAs are removed by repurifying the 

RNAs on isokinetic sucrose gradients. The 15% sucrose top 

concentration isokinetic gradients used for this purification are 

buffered with 0.2 M Na acetate, 0.01 M Tris-HCl, pH 7.0. Gradients are 

run at 130,000 x g for 21 hr in the Beckman SW27 rotor. Typical 

gradient scans are shown in Figure 4-3. The peak fractions are 

collected and precipitated with ethanol. The precipitated RNA is 

resuspended in 0.2 M Na acetate, 0.01 M Tris, pH 7.0 and again ethanol 

precipitated. The RNA is then dissolved in 0.2 M Na acetate-glacial 

acetic acid pH 4.7 and stored at -2CPC. Portions of this RNA are then 

iodinated in vitro. 

Iodination of rRNA 

Iodination of RNA is carried out in vitro using a modification 

of procedures previously described (Meeker, Thomas and Tewari, 1976). 

All operations are carried out in a hood in a shielded box designed for 

handling of high energy radioisotopes. A reaction mixture containing 
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Figure 4-2. Composite polyacrylamide-agarose gel analysis of rRNA. 
isolated from sucrose gradient purified riboscmes. — 
a) 23S rRNA frcm 50S subunits. b) 16S rRNA from 30S 
subunits. c) Total leaf KNA from tobacco leaves. 
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Bottom Top 

b 

23S 

Bottom Top 

Figure 4-3. Isokinetic sucrose gradient purification of rKNAs. — 
a) Separation of 16S rKNA. extracted frcm ribosames. b) 
Separation of 23S rKNA. extracted frcm 50S subunits. Arrows 
indicate the points of collection of the gradient-purified 
ENAs. 
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25 ug rRNA in a total volume of 1 ml is assembled in a stoppered serum 

-5 
bottle. The reaction mix contains 0.2 M Na acetate pH 4.7, 3.75x10 

125 
M KI, and 1.0 mC of carrier free I. A 0.23 M stock of T1C13 is 

prepared in ice cold acidified (pH 4.0 with 0.001 M HCl) distilled H^O 

just before use. Before adding the T1C13, the pH of the reaction mix 

is checked with pH paper and adjusted to 4.7 with 0.01 M HCl if 

necessary. TlCl^ is then added to the reaction mix to a concentration 

of 0.0023 M and the reaction mixture is heated at 6(JPc for 20 min in a 

water bath. The reaction is chilled on ice and stopped by adding 200 

ul of 0.1 M Tris, pH 9.0, 0.01 M 2-mercaptoethanol with a syringe 

through the serum stopper. The mixture is then heated at 60° C for 15 

min. This step removes unstable 5-iodouracil (Prensky, 1976). The 

reaction mixture is chilled and applied to a 1 cm x 20 cm column of 

Sephadex G-25 previously equilibrated with 0.2 M Na acetate, 0.01 M 

Tris, pH 7.0. The rRNA is eluted with this Tris-acetate buffer. Two 

peaks of radioactivity are eluted, the void volume peak contains the 

labeled PNA. Iodinated RNA fractions are pooled, extracted 3 times 

with buffer saturated phenol, and precipitated overnight at -2(PC by 

adding absolute ethanol to 60%. 

The iodinated RNA is recovered by centrifugation, washed 2 

times with 70% ethanol at -2(PC, and finally resuspended in 0.1 x SSC 

(Standard Saline Citrate) . The A26Qof the KNA is measured and 5 ul 

aliquots are counted in a Beckman scintillation counter using a H 

isoset. The specific activity of the RNA used for hybridization was 

between 2 and 5 x 10 6 cpn/ug. 
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Southern Blotting 

All hybridization solutions are made from deionized water that 

was further treated by passing through a column of neutralized Chelex 

100 (Biorad). All solutions are neutralized to pH 8.0, millipore 

filtered, and autoclaved. Agarose gels containing DNA bands were 

stained with ethidium bromide and photographed. A ruler was included 

in the photograph to facilitate later alignment of gel photo and 

autoradiograph of Southern hybridizations. The slab gels were cut into 

strips containing 4 or 5 lanes each, then soaked in 10 volumes of 0.25 

M HC1 for 15 minutes. The HC1 solution was changed 1 time during this 

incubation. The gel strips were then soaked in 10 volumes of 1.5 M 

NaCl, 0.5 M NaOH for 10 min. The NaCl-NaOH solution was changed and 

the gel was further soaked for 20 min. The base was then neutralized 

by soaking the gel in 0.5 M Tris, 3.0 M NaCl pH 7.0 for 45 min, 

changing the solution one time during this period. The denatured and 

neutralized DNA fragments were transferred to nitrocellulose exactly as 

described by Southern. Transfer was allowed to take place overnight. 

After transfer a pencil outline of the gel was traced on the 

nitrocellulose sheet. The excess nitrocellulose not covered by the 

dehydrated gel was removed with a razor blade. The dehydrated gel 

strip was then peeled from the nitrocellulose sheet. The DNA 

containing nitrocellulose was washed in 2 x SSC for 10 min and dried in 

a vacuum oven for from 2 to 4 hrs at 80°C. After cooling, the strip 

was then soaked with hybridization mixture and sealed in a polyethylene 

bag. Sears type 6542 Seal and Save bags were used. The bags were 

sealed with a Sears model 6590 bag sealer. Nitrocellulose strips with 
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attached DNA can be used for at least 2 months after transfer if stored 

in an evacuated dessicator. 

The hybridization mixtures contained, per ml, 2 x 10^ cpm 125i 

in either 16S or 23S rRNA. If radioactive 23S rRNA is used, a 10-fold 

excess of unlabeled 16S rRNA is added to compete with possible 

contaminating labeled 16S rRNA. If rRNA is used, a similar 

excess of 23S rRNA is added. In addition, 25 ug of phenol-extracted £. 

coli tRNA, 0.2% SDS, 0.002 M KI, 0.001 M EDTA, 0.025 M Tris pH 8.0, 4 x 

5sc, and 50% formamide are included in the hybridization mixture. 

Hybridization was for 14 hr at 47°C. Care was taken to assure that no 

air pockets were trapped in the bags. Lowest backgrounds were obtained 

when there was a 1-2 ml excess of hybridization mixture over that 

required to completely wet the filters. 

After the 47°C, 14 hr incubation period, the DNA containing 

filters were removed from the hybridization mixture and washed for 30 

minutes in hybridization mixture lacking RNA. The filters were then 

washed in 2 changes of 2 x SSC over a 30 minute period. Filters were 

then treated for 1 hr at 23°C with 25 ug/ml RNase A in 2 x SSC. (DNase 

activity had been removed from the RNase used by heating the 1 mg/ml 

RNase stock at 90°C for 20 min.) After treatment with RNase the 

filters were washed in 2 x SSC for 2 hr or until no radioactivity could 

be detected with a survey monitor. The washed filters were placed on 

Whatman #1 filter paper and dried in an evacuated slab gel drier. 

Wrinkles were removed from filters by compressing the nitrocellulose 

sheets between two sheets of Whatman #1 paper. The dried and flattened 

nitrocellulose strips were placed adjacent to a sheet of RP Royal 
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X-Omat film in a light tight X-ray film holder. Exposure times were 

reduced 30-40 fold by sandwiching the filter-film with Dupont lightning 

plus fluorescent screens. The X-ray folder containing fluorescent 

screens, nitrocellulose strips and X-ray film was weighted down with a 

sheet of glass and a lead brick at -80°C. Exposure times varied from 

2-10 days depending on the cpm bound to the filter. As few as 10 cpm 

of 125j per <^2 can be detected in 10 days using this procedure 

(Swanstrom and Shank, 1978). Autoradiographic films were compared to 

full sized prints of the stained gels that were used as a source of DNA 

fragments. Simultaneous transfer of 4 to 5 lanes of a slab gel 

directly onto one nitrocellulose sheet facilitated correct alignment 

and identification of those bands, in the different digest lanes, which 

hybridized to the labeled rKNAs used. 
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Results 

H. tabacum chloroplast DNA was digested with restriction 

enzymes and separated on agarose gels. The DNA fragments were 

transferred to nitrocellulose as described in Methods. 1251-16S or 

23S rRNA were used as probes. Figure 4-4 shows the restriction 

patterns generated by Sma I, Kpn I, Xho I,and Bam HI with the 

hybridization patterns of 23S and 16S rRNA to each. As indicated in 

Figure 4-4, 23 S shows homology to fragments i, 1, K-l, K-2, 3, 6, 12, 

and B-5. The molecular weights of these fragments, listed in Table 

3-3, and indicated in Figure 4-4 are respectively, 2.5, 1.3, 20.2, 

16.8, 9.5, 6.3, 1.8, and 4.2 megadaltons. Hybridization with 16S, as 

illustrated in Figure 4-4 yields homology to fragments d, i, K-l, K-2, 

4, and B-12. The respective molecular weights of the fragments are 

6.8, 2.5, 20.2 16.8, 7.4, and 1.9. Figure 4-5 illustrates 

hybridization of 23S and 16S rRNA to restriction patterns of N*. tabacum 

chloroplast DNA generated by Sal I and Xba I. Both the 23S and 16S 

hybridize to the same fragments; A, D, X-l, and X-2. The respective 

molecular weights of these fragments are 17.0, 12.3, 17.0, and 12.3 

megadaltons. 

Positioning and mapping of the fragments which show homology to 

16S and 23S relies on knowledge of the order of Sal I and Sma I 

restriction sites derived from construction of the restriction map 

described in chapter 3. Recall from chapter 3, that Sma I fragments d, 

i, and 1 (d,,il,l') are adjacent. The exact arrangement of i and 1 

(i',1') next to d (d1) being uncertain. I propose that the correct 

order of these two sets of three fragments is d-i-1 (d'-i'-l1) based 
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Figure 4-4. Southern hybridizations of 16S and 23S rRNAs to chloro-
plast DNA digested with A) Sraa I, B) Kpn I, C) Xho I and 
D) Bam I. — The molecular weights of the fragments 
showing hybridization are indicated in megadaltons. 1) 
Enzyme digestion pattern. 2) 23S hybridization pattern. 
3) 16S hybridization pattern. 
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Figure 4-5. Sal I (A), Xba I (B), and Xba I-Sal I(C) enzyme digests 
and hybridization patterns to 23S rRNA. — Ethidium 
stained gels are on the left and autoradiographs are on 
the right. The lane on the far left in A is an Eco RI 
digest of Lambda DNA. The gel in A was 0.6% agarose. The 
gel in B and C was 0.8% agarose. Molecular weights are 
given in megadaltons. 
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upon the observed hybridization pattern of these fragments to 16S and 

23S rRNA (Figure 4-4). d(d') and i(i') hybridize to 16S rRNA. i (i1) 

and 1 (11) hybridize to 23S rRNA. In addition these fragments are 

contained as parts of A, or X-l (d-i-1) and D, or X-2 (d'-i'-l1 ). 

The relationship of the Xho I, Kpn I, and Bam HI fragments is 

not immediately apparent by the hybridizations illustrated here. 

Mapping the restriction fragments generated by Xho I, Kpn I, and Bam HI 

is based on the realization that all fragments hybridizing to the rRNAs 

overlap. Using the hybridization data in Figure 4-4, the known 

location of Sma I, Sal I, and Xba I sites on the restriction mapf and 

new hybridization data created by various double and triple digests 

allows positioning of several Kpn I, Xho I, and Bam HI restriction 

sites in the regions containing the rRNA genes. 

As a consequence of this mapping, the data show, that the two 

repeat regions are in inverted order. Figure 4-5, as mentioned above, 

contains restriction patterns of Sal I, Xba I, and a double digest of 

Sal I and Xba I. The hybridization of these fragments to 23S rRNA is 

illustrated in Figure 4-5. Recall from Figure 3-5 that Xba I fragments 

X-l and X-2 are each respectively cleaved by Sal I to produce the 14.0 

and 9.2 megadalton fragments indicated in Figure 4-5. The other 

product of these Sal I-Xba I double digestions are two identical 

fragments of 3.0 megadaltons. 23S rDNA is contained only within the 

14.0 and 9.2 fragments (Figure 4-5c). The hybridization pattern of 16S 

is identical to the observed 23S patterns illustrated in Figure 4-5. 

It can be concluded that neither the 16S or 23S rRNA genes contain 
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Sal I or Xba I restriction sites. This is consistent with the 

restriction mapping data. 

Figure 4-6 illustrates the hybridization pattern of 16S and 23S 

rRNA to chloroplast DNA double digests generated by Sal I and other 

enzymes. These experiments were done in order to determine the 

location of the restriction sites in or distal to the rRNA genes and 

the Sal I sites nearest the rBNA genes. Fragments d and d' are cleaved 

by Sal I into fragments of 3.0 and 3.5 megadaltons. Only the 3.5 

megadalton fragment(s) contain 16S rRNA gene sequences (Fig. 4-6A) . 

K-l and K-2 are cleaved by Sal I to produce two fragments of 5.4 

megadaltons which contain 16S rRNA gene sequences (Fig. 4-6B) . These 

5.4 megadalton Kpn I-Sal I double digestion products also retain a 

portion of the 23S rDNA (Fig. 4-6B) . In addition, the 10.2 and 6.8 

megadalton Sal I-Kpn I double digestion fragments derived from K-2 each 

contain 23S gene sequences. In Xho I-Sal I digests fragment 3 is 

cleaved by Sal I to produce 3.5 and 6.0 megadalton products (Figure 

4-6C). Only the 6.0 megadalton Xho I-Sal I double digestion product 

retains homology to 23S rRNA. Fragment 4 is cleaved by Sal I producing 

a fragment of 5.0 megadaltons which contains all of the 16S rDNA 

sequences. Fragments 6, and 12 are not cleaved by Sal I. 

Figure 4-7 shows hybridization patterns of 16S and 23S rRNAs to 

respective double digests of SSma I with Kpn I and Xho I and a Kpn I-Xho 

I double digest. Sma I fragment d is not cleaved by either Xho I or 

Kpn I. Fragment i is cut by both Kpn I and Xho I. The 2.00 megadalton 

fragment generated by cleavage of i by Kpn I retains sequences 

homologous to 23S and 16S rRNA (Figure 4-7A). The 1.8 megadalton 
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A B C  

Figure 4-6. Double digests between Sal I and Sma I (A), Kpn I (B) 
Xho I (C) and hybridization patterns of 23S (2), and 
16S (3) rENAs. — Gel patterns are indicated by (1). 
Molecular weights are given in megadaltons. 
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B 
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18-
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Figure 4-7. Southern hybridizations of double digests between Snna I 
and Kpn I (A), Sraa I and Xho I (B), and Kpn I and Xho I 
(C). — Hybridization patterns are indicated to the right 
of each gel pattern (1). (2) 23S rRNA, (3) 16S rRNA. 
Molecular weights are given in megadaltons. 
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fragment generated by Xho I digestion of i retains only 23S rDNA 

sequences (Figure 4-7B) . Fragment 1 is not cleaved by Kpn I but is 

reduced by Xho I to a fragment of 1.00 megadalton which still retains 

the portion of the 23S rDNA (Figure 4-7A,B). A reconstruction of all 

the hybridization patterns and the location of Sal If Sma I, Xho I, Kpn 

I,and Xba I sites just described is diagrammed in Figure 4-8. 

Consideration of the sizes of fragments associated with the sites 

mapped in Figure 4-8, and the positions of these fragments on the 

restriction map produce the conclusion that the two repeat regions, 

which contain the rDNA cistrons are in an inverted order. The data 

pertinent to this result are illustrated in Figures 4-4, 4-6, and 4-7. 

The logic which produces this conclusion is described in the following 

paragraphs. 

Southern hybridization of 23S and 16S rRNA to Kpn I digestion 

fragments shows (Figure 4-4C) that both 16S and 23S rRNA hybridizes to 

two Kpn I fragments (20.2 and 16.8 megadaltons). Hybridization of 23S 

rRNA occurs with Xho I fragments of 9.5, 6.2 and 1.9 megadaltons 

(Figure 4-4B). Double digestion of the Xho I fragments with Sal I cuts 

the 9.5 megadalton fragment to give a 6.0 megadalton fragment which 

hybridizes to 23S rRNA (Figure 4-6C). Double digestion of Xho I 

fragments with Kpn I (Figure 4-7C) cleaves the 1.9 megadaltons Xho I 

fragment to a 0.3 megadalton fragment and one of 1.6 megadaltons which 

still hybridizes to 23S rRNA. The 0.3 megadaltons Kpn I-Xho I fragment 

has run off the gel shown in Figure 4-7C. 16S rRNA hybridizes to a 

single Xho I fragment of 7.4 megadaltons (present in two copies) which 

is cleaved by Sal I to yield two copies of a fragment (5.0 megadaltons) 
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Figure 4-8. Location of 23S and 16S rRNA. genes and the Kpn I, Xho I, 
and Xba I restriction sites used to locate the rRNA genes 
on the Sal I-Sma I restriction map. 
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which still hybridize to 16S rRNA (Figure 4-6C). Kpn I does not cleave 

the 7.4 megadalton Xho I fragment (Figure 4-7C). When digested with 

Kpn I and Sal I, (Figure 4-6B) 23S rRNA hybridizes to fragments of 

10.2, 6.8, and 5.4 megadaltons whereas 16S hybridizes only to a 5.4 

megadalton fragment (present in two copies) of tobacco chloroplast DNA. 

Further examination of Sal I digestion products of Kpn I 

fragments on two dimensional gels (Figure 3-14) reveals that the 20.2 

megadaltons Kpn I fragment is cleaved into products of 13.7 

megadaltons, 5.4 megadaltons, and a smaller fragment. The 16.8 Kpn I 

fragment is cleaved by Sal I into four major products of (10.2, 7.8, 

6.8 and 5.4 megadaltons) and two smaller fragments. These data reveal 

that the 16.8 megadaltons Kpn I band must consist of two different 

fragments of the same size, since the sum of the sizes of the six 

digestion products equals 34 megadaltons. Furthermore, as previously 

mentioned, these results (Figure 4-6 and 3-14) indicate that there are 

four Kpn I-Sal I fragments which have sequence homology to 23S rRNA. 

The 5.4 megadaltons Kpn I-Sal I fragment derived from the 20.2 

megadaltons Kpn I fragment and the 10.2, 6.8, and 5.4 megadaltons Kpn I 

- Sal I fragments produced by Sal I cleavage of the 16.8 megadalton Kpn 

I fragments. 

In sunroary, several observations have been made which confirm 

the presence of two copies each of 16S and 23S chloroplast rRNA genes 

on tobacco chloroplast DNA. The relative intensity of ethidium bromide 

fluorescence of the 1.9 and 7.4 megadalton Xho I fragments (Figure 4-4) 

indicate that they are both present as two copies per genome. Since 

they contain sequences homologous to 23S and 16S rENA, respectively, 
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the presence of two copies of each of these genes is indicated. This 

conclusion is further supported by the observation of the two other Xho 

I fragments (9.5 and 6.3 megadaltons) which also contain part of the 

23S rRNA genes. 

From the Kpn I and Sal I double digestion data it is clear that 

Kpn I cleaves each 23S gene at a point 5.4 megadaltons from a Sal I 

site. Since the 16S rRNA genes are located on the 5.4 megadalton Kpn 

I-Sal I fragments, it can be concluded that the 16s rKNA genes must be 

located between the Sal I sites and the 23S rRNA genes. 

The double digestion combinations Xba I-Kpn I (Figure 4-9A), Xho 

I-Xba I (Figure 4-9B) and the triple digest between Sma I, Kpn I, and 

Sal I (Figure 4-9B) support the mapping positions of the Kpn I and Xho 

I fragments that contain the rDNA. The sizes of the fragments 

predicted from the map in Figure 4-8 compare favorably with the 

experimental results in Figure 4-9. 

The position of Eco RI and Bam HI sites in the rDNA region can 

also be determined from hybridization data presented in Figures 4-4 and 

4-10. Figure 4-10 shows that 16S rRNA hybridizes to Eco RI fragments 

(E-4,E-7) of 2.75 and 1.8 megadaltons. 23S rRNA also hybridizes to the 

2.75 megadalton fragment. A partial Eco RI digest of tobacco 

chloroplast DNA (Figure 4-10A) shows hybridization of 16S rRNA to 

fragments of 1.8, 2.2,and 2.75 megadaltons. Again, 23S rRNA only 

hybridizes to the 2.75 megadalton fragment. These data verify results 

which were previously described (Sugiura and Kasuda, 1979) . The 

proposed order of Eco RI generated fragments of Nicotiana tabacum DNA 

variety bright yellow, which were characterized by cloning of the 
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Figure 4-9. Southern hybridizations to double digests of Xba I-Kpn I 
(A), Xho I-Xba I (B), and a triple digestion among Sma I, 
Kpn I, and Sal I (C). — Hybridization patterns of 23S 
rRNA (2) and 16S rKNA are (3) indicated to the right of 
each gel pattern (1). Molecular weights are given in 
megadaltons. 
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Figure 4-10. Southern hybridizations to Eoo RI (A), Eco RI partial 
(B), Eco RI partial-Bam HI (C), and Bam Hl-Xho I (D) 
digests. — (1) Gel patterns, (2) 23S rRNA and (3) 16S 
rRNA hybridization patterns. Molecular weights are 
given in megadaltons. 
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fragments containing these genes, predicts the order of the rRNA 

containing fragments to be 2.75-1.8-0.40. The 2.20 megadalton fragment 

of the partial Eco RI digestion pattern which hybridizes to 16S rRNA is 

comprised of the partial fragment containing the 1.8 and 0.4 megadalton 

fragments. When the Eco RI fragments are cleaved by Bam HI and then 

hybridized to 23S and 16S rRNAs, results like those in Figure 4-10C are 

obtained. 16S rRNA. now hybridizes to a 1.5 megadaltons fragment and 

23S hybridizes to fragments of 2.75 and 2.2 megadaltons. Figure 4-11 

shows the positions of the Eco RI and Bam HI fragments on the Sal I-Sma 

I restriction map. Since Bam HI and Eco RI each produce only one 

fragment that hybridizes to 23S rRNA it is difficult to reconcile the 

Bam HI and Eco RI results in Figure 4-10 except to presume that Bam HI 

had not completely cut all of the 2.75 megadalton Eco RI fragment. The 

Bam Hl-Xho I digest in Figure 4-10C does agree with the diagrammed 

positions of the Bam HI fragments in Figure 4-11. 
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Figure 4-11. A diagram of the rRNA containing regions on the 
N. tabacum restriction map. — All sites mapped in 
chapter five are indicated. A possible intron in the 
23S rRNA is diagrammed. Molecular weights are given 
in megadaltons. 



118 

Discussion 

The hybridization data presented in this chapter suggest that 

there are two rDNA cistrons present on N. tabacum chloroplast DNA. 

These cistrons are separated by 15 megadaltons on the chloroplast DNA 

genome with one copy of each gene located in each of the 15 megadalton 

repeat regions. The rDNA cistrons as well as the repeat regions in 

which they are located are in inverted order. Comparison of this map 

to that constructed for spinach chloroplast DNA reveals that the 

location of the restriction sites for Sma I in this region are almost 

identical in spacing (Whitfeld, Herrmann, and Bottomley,, 1978). 

Comparison to other chloroplast DNAs is not possible as this enzyme was 

not used in the restriction mapping of other chloroplast DNAs. 

Closer examination of the region which contains homology to 23S 

on N. tabacum chloroplast DNA indicates the possibility that there may 

be an intron in this rDNA gene. The positioning of the restriction 

fragments which show homology to 23S rRNA as diagrammed in Figure 4-8, 

indicates that the length of DNA sequence having homology to 23S rRNA 

is 3.1 megadaltons; 1.0 megadalton larger than the 2.1 megadalton 23S 

rDNA. This is most certainly substantiated by cleavage with Kpn I. In 

Kpn I-Sma I double digests (Figure 4-7), at least 50-60% of the 

sequences coding for 23S rRNA is between the Kpn I site located in the 

23S gene and the 16S rRNA sequences. Also Xho I cleavage does not 

produce fragments between the 1.9 megadalton Xho I fragment and the 16S 

rRNA gene which has sequence homology to 23S rRNA. However a small 

portion (10%) of the 23S gene is located on the other side of this 1.9 

megadalton Xho I fragment. If 50% of the 23S rDNA gene sequence is 1.0 
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megadaltons and 10% is 0.2 megadalton, then these plus the 1.9 

megadalton Xho I fragment say that the total DNA region containing 23 S 

rDNA is at least 3.1 megadaltons. All of this suggests an intron of 

about 1.0 megadalton. This intron is indicated in Figure 4-11. More 

precise physical mapping with restriction enzymes that cut more 

frequently and Southern hybridization, to these digests and or 

examination of R loops by electron microscopy will be needed to confirm 

the presence of an intron. 

An intron has been demonstrated to exist in the 23S gene of 

Chlaraydomonas but not in any other chloroplast DNA gene. Furthermore, 

examination of data which positions the 23S rRNA or spinach chloroplast 

DNA suggests that there may be such an intervening sequence in this 

gene also (Whitfeld, Herrmann, and Bottomley, 1978). The length of DNA 

containing 23S gene sequences is about 3.0 megadaltons in spinach. 

This possibility was not noted by the authors of the spinach work. 



CHAPTER 5 

ESTIMATING THE CODING CAPACITY OF CHLOROPLAST DNA BY RIBOSOME BINDING 
TO SINGLE STRANDED CHLOROPLAST DNA 

Introduction 

The preceeding chapters have described a precise physical map 

of the chloroplast DNA molecule. This picture, while being 

informative, does not yield any insight as to the function of 95% of 

the DNA. This chapter describes attempts at utilizing a new technique 

to determine the number of genes that may be present on a DNA molecule. 

The technique relies on the assumption that the initiation codon on 

messenger RNA is AUG and that ribosomes initiate protein synthesis by 

incorporation of formyl-methionine as the N-terminal amino acid. This 

assumption is generally valid for procaryotic messages and appears to 

be true for chloroplast genes. It is known from in vitro protein 

synthetic studies that chloroplasts use f-Met to initiate translation 

of many polypeptides (Boulter, Ellis, and Yarwood, 1972) . Therefore, 

it is presumed that the technique described in this chapter is 

applicable to chloroplast DNA by the same mechanism which operates in 

the procaryotic systems for which it has been previously used. 

Initial observations which produced this system were made as a 

result of attempts to promote synthesis of gene products in vitro using 

phi X174 DNA as a message. It was discovered that £. coli ribosomes 

could be forced to synthesize polypeptides from a single stranded DNA 

template when incubated in the presence of neomycin (Thorpe and Ihler, 

120 
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1974) . However, the proteins produced from phi X174 DNA were not 

iirmunologically related to normal phi X174 protein products synthesized 

in vivo. Other experiments demonstrated that E. coli ribosomes could 

bind to single stranded DNA even in the absence of neomycin (Bretscher, 

1969). In light of the results of in vitro translation of DNA, studies 

were initiated to examine the nature of this binding. 

Again using phi X174 DNA as template, ribosomes were bound to 

the DNA under in vitro protein synthesizing conditions (Robertson, 

1975). DNasel was used to destroy any DNA not protected by bound 

ribosomes. Subsequent heat and sodium dodecyl sulfate treatment 

destroyed the DNasel activity, solubilized the bound ribosomes and 

preserved any DNA fragments that had been protected from DNase 

digestion by the ribosome. Sequence analysis of these fragments 

revealed the presence of a DNA sequence, similar to ribosome binding 

sites found on natural messenger RNAs, It was determined that the 

major DNA fragment present in these extracts is derived from the 

ribosome binding sequence of phi X174 gene G, the major coat protein. 

Since ribosome binding sites are principally involved in forming 

initiation complexes for protein synthesis on mRNA, it was presumed 

that the type of binding being observed was analogous to formation of 

pseudo "initiation complexes" on DNA. 

Further characterization of this phenomena led to the discovery 

that all the parameters and factors necessary for formation of natural 

initiation complexes were required for formation of the DNA-ribosome 

complexes (Calame and Ihler, 1977) . In addition, methods for 

visualizing these complexes through the medium of electron microscopy 
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were devised. It was demonstrated that no more than 9 ribosomes were 

observed on a single phi X174 DNA molecule. Additional 

characterization of this system using Lambda DNA as template, 

demonstrated the ability of this system to map genes on the DNA 

molecules examined (Calame and Ihler, 1978). 

This chapter describes the use of this system in making 

estimates of the number of ribosomes that bind to chloroplast DNA. 

Extrapolation of the number of ribosomes that bind is used to make 

estimates of the number of polypeptides that can be produced from 

chloroplast DNA. Actual mapping of gene sites was not done as clones 

of chloroplast DNA fragments were not available. 
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Preparation of Binding Components 

Components and reagents required for formation of ribosome-DNA 

complexes were prepared from E. coli 238 cells. E. coli 238 is a DNase 

I- derivative of E. coli K-12 (1100). This strain was obtained from G. 

Ihler, Dept. of Biochemistry, University of Texas , College Station, 

Texas (Calame and Ihler, 1977). Reagents and media used in this work 

are listed in Appendix E. Wet cell paste was obtained by growing 

strain 238 in 8.0 liters of S.L.B.H. medium to an optical density at 

660nm of 4.00. The culture was maintained in log phase throughout 

growth by periodic adjustments of pH to 7.8 and additions of glycerol 

(Greene et al., 1978). The yield of cells from 8 liters was 60 grams 

of wet cell paste. The intact cells were stored at -80°C and used as 

required. 

Ribosomes and components required for formation of initiation 

complexes were isolated from frozen cell paste by the Alumina grinding 

procedure (Anderson et al., 1967). Fifteen grams of frozen cells were 

mixed with 30g of alumina (Sigma type 305) in a mortar and pestle that 

had been precooled to -20°C. The mortar and homogenate were maintained 

at a temperature lower than 10°C during all subsequent purification 

steps. A small amount of Buffer A was added to the mixture to make a 

stiff paste. The paste was ground vigorously (20 minutes total 

grinding time). Care was taken to keep the temperature of the mixture 

between 4 and 10°C. Total time required to complete homogenization 

might be as much as one hr. After homogenization, 25 ml of buffer A 
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was added. Alumina and cell debris were removed from this mixture by 

centrifugation for 15 min at 3,000 x g. The amber supernatant was 

decanted and saved. This supernatant was repeatedly centrifuged at 

10,200 x g for 15 min until all white alumina powder was removed. The 

ribosomes were then pelleted from this supernatant by centrifugation at 

200,000 x g for 3 hr. The top 1/3 of the supernatant from this high 

speed spin was saved and frozen in 500 ul aliquots at -20°C. This 

supernatant fraction was used as a source of enzymes for the acylation 

and formylation of tPNA^et. 

The pellet from the high speed supernatant contained two 

layers: a hard proteinacious pellet, and a thin gelatinous upper layer 

covering the pellet. The gelatinous layer consisted mainly of DNA and 

was easily removed by rapidly rinsing the pellets with Buffer A. The 

remaining transparent amber pellet contained ribosomes. The ribosomes 

were then resuspended in Buffer C and allowed to dissolve. A white 

precipitate was removed from this solution by centrifugation at 10,000 

x g for 10 min. The ribosomes are then repelleted by high speed 

centrifugation. This washing step was repeated at least 2 more times. 

Resuspending ribosomes by soaking the pellets overnight in Buffer C at 

4°C did not impair their activity. 

Ribosomes and associated initiation factors (IF) were separated 

for use in some experiments. To prepare these ribosomes and IFs, the 

first ribosome pellet described above was dissolved in Buffer B instead 

of Buffer C. After high speed centrifugation the supernatant contained 

ribosome free initiation factors. The Initiation factor-free ribosomes 

found in the pellet were washed in Buffer C as described above. 
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Initiation factors were concentrated by salting out with 70% NH4so4. 

The precipitate was collected, resuspended in 1 ml of Buffer D and 

dialysed at 4°C against Buffer D overnight with several 500 ml changes. 

Pellets of either crude or washed ribosomes were resuspended 

in Buffer C at concentrations of 1000 units/ml as 50 ul aliquots. 

These stock ribosomes were frozen in dry ice acetone and stored at -80° 

C until used. An aliquot of ribosomes was thawed only once and used 

without refreezing. Yields of ribosomes varied from 10-25 mg of 

purified ribosomes per gram wet weight of frozen cell paste. Ribosomes 

were quantitated both by the Biorad protein assay and optically by 

assuming 60 ug of ribosomes per A^g unit (Staehlin and Maglott, 1971). 

These independent measurements of protein concentration agree within 

1%. 

Transfer RNA®^et was obtained from commercial sources (Sigma, 

St.Louis). This transfer FNA was acylated in vitro with ̂ S methionine 

(Amersham). Methionine was simultaneously formylated in the same 

reaction. The charging reaction mixtures typically contained 100 ug 

tKNA^et, 200 uC 35S methionine (2500 C/mmole) 0.025 M folinic acid, 

0.0075 M ATP, 0.050 M Tris pH 7.4, 0.012 M MgCI^, 0.010 M KC1, 0.003 M 

2-mercaptoethanol and 250 ug of protein from the high speed 

supernatant, which contains the acylase and transformylase enzymatic 

activities, in a reaction volume of 0.50 mis. Reaction mixtures were 

assembled on ice without the enzymes, warmed to 37°C for 5 minutes in a 

bath, and the reaction initiated by addition of enzymes. The 

reaction was followed by assay of trichlorolacetic acid (TCA) 

precipitable counts in 1 ul aliquots taken at 5 minute intervals for 35 
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minutes (Stanley, 1974). The reaction mixture was then frozen on dry 

ice acetone and stored at -20°C while TCA precipitates were being 

assayed. The 1 ul samples were added to 1 ml samples of water 

containing 100 ug of Bovine Serum Albumin. Four mis of ice cold 5% TCA. 

were added to each 1 ml sample. The samples were chilled on ice for 15 

minutes. The TCA precipitates were each collected on glass fibre 

filters (Whatman GFA). Each precipitate sample was washed with three 5 

ml aliquots of 5% TCA, air dried for 1 hr, and counted in a Beckman 

liquid scintillation counter using a isoset. 

Figure 5-1 shows typical kinetics of this reaction. Maximum 

incorporaton always occured at about 10 min. If the rate of 

incorporation was still linear, indicating that the reaction had not 

gone to completion after 35 min, the sample could be rethawed and the 

incubation continued for 30 more minutes, again taking samples for TCA 

precipitation each 5 min. This step was never required. After 

satisfactory incorporation levels were observed, reactions were 

terminated by addition of 55 ul of 2 M potassium acetate pH 6.0 and an 

equal volume of 0.2 M potassium acetate buffered phenol. The tENA 

mixture was phenol extracted repeatedly in order to remove all 

interface material (usually 3 times). The tRNA was then precipitated 

from the aqueous supernatant with an equal volume of ethanol at -20°C 

from 4-20 hr. The tRNA was collected by centrifugation, dissolved in 

Buffer E, placed in EDTA treated dialysis tubing, and dialysed against 

Buffer E for 4 hr against three 1000-fold changes. Quantitation of 

absorbance at 260 nm and TCA precipitable counts of the dialysed tRNA 

were made. Using this information and the supplier's assay of the 
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Figure 5-1. tENA acylation kinetics. 



128 

methionine accepting activity of the tRNA, specific activities of tRNAs 

were determined on the basis of cpm/picomole of isoaccepting activity. 

Specific activities varied but were in the range of 10 00-50 00 

cpn/picomole in all preparations. 

DNA used in these experiments was denatured by dialysis against 

0.1 N NaOH for 4 hr at 4^C. The base was removed by exhaustive 

dialysis against 0.001 M Tris pH 7.8. Denaturation in this way was 

done to hydrolyze any residual RNA that may be present in the 

preparations. Purity of chloroplast DNA used in these experiments was 

assessed both by digestion with restriction enzymes and by the 

renaturation analysis technique (changes of bouyant density on CsCl 

density gradients) of Whitfeld and Spencer (1968). Chloroplast DNA 

used in all experiments was considered to be at least 90% pure. 

Binding assays were carried out in 100 ul volumes containing 

the various components in different concentrations depending on the 

experiment. The binding assay mixture used to obtain maximum binding 

of ribosomes to chloroplast DNA contains: 0.040 M NH4C1, 0.006 M 

MgAcetate, 0.010 M Tris, pH 7.5, 2.0 mg/ml ribosomes, 100 pmoles of 

fMet-tRNA^Met, 0.0002 M GTP,and single stranded chloroplast DNA. 

Ribosomes were diluted 1:1 with Buffer C and preincubated at 37°C for 5 

min before use. Binding assays were initiated by addition of diluted 

preincubated ribosomes to the rest of the mixture. Incubation was 

carried out at 37°C. Binding assays were terminated by dilution with 2 

mis of Buffer F at 4°C. The complexes were collected on millipore 

(0.45 um) HAWP filters and washed with 10 ml of Buffer F. The filters 

were then air dried and counted in Triton:Toluene scintillation fluid. 
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Results 

In order to demonstrate specific binding of ribosomes to 

denatured DNA. it was necessary to characterize the binding reaction and 

to determine the necessary optimal conditions required for that 

reaction. In addition, published literature values of ionic strength 

requirements for normal initiation complex formation prompted me to 

examine these parameters also. I proceeded on the assumption that if a 

component of the binding reaction was necessary for complex formation 

then altering the concentration of that component should alter the 

number of complexes formed. 

Initial pilot experiments were unsuccessful. Examination of 

all the components of the assay revealed that possibly the 

35 
S-methionine had not been formulated. The preparation of acylated tRNA. 

used in these experiments was done in a reaction mixture which did not 

contain added folinic acid, as it has been reported that the high speed 

supernatant used as a source of charging enzymes contained a 

significant amount of endogenous formyl donor (Marcker, 1965) . The 

next preparation of tRNA contained folinic acid in the labeling 

mixture. This tRNA was active in producing filterable counts. Figure 

5-2a is an autoradiograph of a 7% polyacrylamide gel in which tRNA 

preparations were analysed. The autoradiograph shown represents an 18 

hr exposure of the dried and stained gel. A track containing RNA of 

both the inactive and active RNA preparations is illustrated. These 

35 
results show that both preparations contain tRNA acylated with S 

methionine. Figure 5-2b shows the results of an experiment in which 

RNase A digestion products of the two tRNA preparations are analysed on 



130 

« 

I 2 

* 

> • 

Or 
"I-*:-

« • !  

Figure 5-2. a) Autoradiograph of labeled tENA preparations; (1) 
binding inactive preparation, (2) binding active pre
paration separated on 7% polyacrylamide. b) Autoradio
graph of the RNase A products of the tRNAs illustrated 
in a high voltage paper electrophoresis separation at 
pH 3.5. The extra lane in b is a methionine standard. 
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high voltage paper electrophoresis. As expected the active preparation 

(lane 2) contains extra spots. Comparison with the literature 

confirmed that these extra labeled oligonucleotides result from the 

formylation of the methionine attached to tRNA (Marcker, 1965). These 

experiments confirm that the binding reaction being assayed requires 

formylmethionine on the initiator tRNA and that non-formylated 

methionyl tRNA (Figure 5-2b, lane 1) does not participate in the 

reaction. 

Figures 5-3 and 5-4 illustrate results obtained when different 

components of the binding reaction are varied. Figure 5-3a illustrates 

that the formation of complexes occurs at an optimum NH4+ ion 

concentration of 0.040 M. This value is comparable to that found for 

normal initiation complexes. Figure 5-3a also indicates that native 

DNA does not produce binding which is dependent on NH ̂ +ions. In fact, 

the addition of no DNA to the binding mixtures gave the same results as 

the use of native DNA. Similarly the optimum MgH- concentration was 

determined to be 0.006 M, in agreement with values obtained for 

ribosome mKNA complexes (Anderson et al., 1967). 

Figure 5-3b shows that the minimum required time for completion 

of these binding reactions is about 25 min. In these experiments 

identical 100 ul reactions containing: 200 ug ribosomes, 5 ug denatured 

DNA and 40 pmoles of fMet tRNA, in the standard reaction mixture were 

assembled. Samples were taken in 5 min intervals through 40 min. The 

average results from several different experiments are presented in 

Figure 5-3b. All subsequent assays allowed reactions to take place for 

25 min. Optimization of ribosome concentration and IF concentration 
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was determined using the ionic strength optima indicated above. 

Reactions in which IF were optimized contained an excess (3 mg/ml) of 

ribosomes and vice-versa. 

Figure 5-3c shows that maximum binding occurs at a ribosome 

concentration of 2 mg/ml. Figure 5-4a says that IF are also important 

as varying their concentration changes the number of complexes formed. 

Optimum concentrations for IF have been determined to be 500 ug/ml. 

These experiments determined that both IF and ribosomes influence the 

number of complexes formed. Once this was established, all experiments 

used ribosomes that were not stripped of initiation factors. 

Most importantly, Figure 5-4b illustrates the effect of adding 

different amounts of DNA to these reaction mixtures. The 100 ul assays 

in experiments of this type contained optimal salt conditions, 200 ug 

crude ribosomes, and 40 pmoles of fMet tRNA (1000 cpm/pmole). 

Denatured DNA (chloroplast, nuclear, or bacteriophage) stimulates 

formation of radioactive complexes retained on filters in a linear 

fashion. Native DNA in parallel concentrations produces complexes 

which do not demonstrate concentration dependence. In fact, addition 

of no DNA has the same effect as native DNA. Binding of counts by 

native DNA was used as a measure of background activity in all 

experiments. 

The experiments designed to estimate the numbers of genes on 

chloroplast DNA (any DNA for that matter) rely on the assumption that 

one mole of fMet-tRN?Pyiet-dependent bound ribosomes to DNA corresponds 

to the presence of one gene per mole of that DNA. This assumes 100% 

efficiency of binding. In order to approach this efficiency, I have 
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conducted experiments in which a given quantity of DNA has been 

titrated with increasing numbers of pmoles of tENA until there was no 

increase in the numbers of complexes formed. An experiment of this 

type is shown in Figure 5-5. At the indicated concentrations of 

fMet-tENA®y!et added to the reaction mixture, I assayed duplicate sets 

of binding to 6.2 ug denatured DNA and used the binding to 6.2 ug of 

native DNA as background. The data as shown in Figure 5-5a indicate 

that 80 pmoles of tRNA are required to saturate the binding of 6.2 

micrograms of denatured DNA. In order to make an estimate of the 

number of binding complexes obtained in these experiments, one must 

convert the number of counts bound into pmoles of tRNA and thus pmoles 

of ribosome binding sites. Dividing this number by 6.2 ug of DNA 

produces a ratio of pmoles tRNA bound/ug. Multiplying this by 97.0 

produces the number of picomoles of tENA bound/picomole of chloroplast 

DNA. Thus we come up with a number of ribosome binding complexes 

formed per chloroplast DNA molecule. The data in Figure 5-5b 

reexpresses the data in Figure 5-5a in terms of picomoles bound/pmole 

DNA. This type of experiment suggests that there may be close to 200 

ribosome binding sites present on chloroplast DNA. This implies the 

existence of 200 distinct polypeptides that may be encoded on this DNA. 

Similar experiments to those described above were performed 

using nuclear DNA. Denatured nuclear DNA also binds ribosomes whereas 

native nuclear DNA does not. In several experiments I tried to 

determine the gene density on nuclear DNA by saturating the sites with 

excess tENA but was not able to do so. Ribosomes bind in a linear 

dependence with nuclear DNA concentration to levels as high as 3.5, 
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pmoles/ug (the highest level assayed),200% higher than the maximum 

level obtained using chloroplast DNA (Figure 5-6). 

Several attempts were made to visualize the ribosome DNA 

complexes formed in these experiments. The Kleinschmidt technique was 

used to mount stabilized and fixed complexes for viewing with 

transmission electron microscopy. Since the ribosome-DNA complexes are 

very unstable under conditions required for spreading single stranded 

DNA, elaborate procedures were devised to fix the ribosomes to the DNA 

molecules (Calame and Ihler, 1977) . Binding mixtures contain many 

unbound ribosomes, which if not eliminated would make it difficult to 

discern accurately the identity of true ribosome DNA complexes. To get 

rid of these unbound ribosomes the complexes were first purified on 

10-30% linear glycerol gradients, buffered with 0.010 M K Phosphate, pH 

7.5, 0.010 M Mgd-2. After separation, 5 ml gradients were fractionated 

into 200 ul fractions. Fifty ul were assayed for radioactivity and 100 

ul were used as a source of complexes for Kleinschmidt spreading. 

Figure 5-7 shows two gradients, one which had a binding mixture without 

DNA added (Figure 5-7a) , and one in which 10 ug of denatured 

chloroplast DNA was added (Figure 5-7b). A small peak of radioactivity 

is coincident with the 70S ribosome peak in Figure 5-7b but not in 

Figure 5-7a. Fractions prepared from the gradient in Figure 5-7b were 

prepared for electron microscopy. Fractions coincident with the 70S 

peak contained many ribosomes and consequently made interpretation of 

any DNA-ribosome complexes that were present difficult (Figure 5-8a). 

Fractions containing more rapidly sedimenting material than the 70S 
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Figure 5-7. Ultraviolet absorbance traces and radioactivity profiles 
of gradients which were used to separate complexes formed 
in the absence (a) and presence (b) of chloroplast DNA. 



140 

Figure 5-8. Electron microscope visualization of ribosome-DNA 
complexes isolated from a linear glycerol gradient. — 
a) a.specimen prepared from a fraction in the 70S 
region of the gradient. b,c, and d are from fractions 
of the gradient closer to the bottcm of the gradient 
than the 70S peak. 
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region yielded structures which looked much like those depicted in 

Figures 5-8b, 5-8c, and 5-8d. 
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Discussion 

The length of DNA found in frames b,c, and d of figure 5-7 is 

about 10 megadaltons. There are about 2 ribosomes bound per megadalton 

of chloroplast DNA. This result agrees with the observed saturation 

fMet 
values obtained for binding of fMet-tKNA . These data say that 200 

ribosomes bind to one molecule of chloroplast DNA, and therefore 

perhaps 200 polypeptides are coded by chloroplast DNA. Even though the 

binding of these ribosomes to single stranded DNA is specific it would 

be difficult at this stage to map all of the locations of these 

ribosomes on a DNA of this size (45 um) which has no distinct 

secondary structural features to be used as markers for orientation of 

the molecules. (In addition mapping of genes at this stage of 

investigation is not warranted as we know very little about what genes 

are present.) The mapping of genes, as ribosome binding sites, on 

defined fragments of a restriction map would be a rapid and efficient 

way of identifying the number of polypeptides potentially produced by a 

given DNA fragment and the location of the genes for these proteins. 

Many estimates have been made of the number of genes located on 

chloroplast DNA of higher plants. Most calculations have been made 

using an average molecular weight of a protein, converting this to a 

minimum number of codons or base pairs required for each protein, and, 

given the molecular weight of chloroplast DNA minus that required of 20 

tHNAs and for two sets each of 5S,(4.5S), 23S, and 16S rENAs, and have 

yielded an estimate of the number of proteins ranging from 100-250 

polypeptides (Bogorad, 1975; Kirk and Tillney-Bassett, 1978) . 

Recently attempts have been made to deduce experimentally the number of 
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proteins produced by chloroplast DNA. In vitro protein synthesis has 

produced 80-100 proteins of differing molecular weights (Bottomley and 

Whitfeld, 1978) . Binding RNA polymerase to cloned restriction 

fragments of maize chloroplast DNA has been used to determine the 

average number of promoters of a segment of maize chloroplast DNA 

containing the 16S rKNA. gene (Schwarz et al.f 1978). Mapping of 3 RNA 

polymerase sites on a segment of 3,200 bases extrapolates to 120 genes 

for each maize chloroplast DNA molecule. Transcriptional mapping of C. 

Reinhardii chloroplast DNA indicates the presence of 60 promoters on 

each DNA molecule (Surzycki, Surzycki, and Lutz, 1976). 

Recent reports have estimated the number of tRNAs encoded by 

spinach chloroplast DNA at 20 (Driesel et al.f 1979). The amino acid 

specificity of these genes has been identified. These genes plus the 

80-100 polypeptides predicted from in vitro protein synthesis plus the 

6(8) rRNAs says that there are a minimum of about 110-130 genes on 

chloroplast DNA. One thing that this estimate overlooks is that the 

analysis of polypeptides produced by in vitro protein synthesis, is the 

presence of duplicate genes. Fifteen megadaltons of the chloroplast 

genome is repeated. This total of 30 megadaltons represents 31% of the 

chloroplast DNA genome. Suppose that 30% of the polypeptides 

characterized by protein synthesis and gel electrophoresis are actually 

products of these duplicate genes. Thai the estimates of the numbers 

of genes present on the chloroplast DNA would be revised upward to 

100-120 proteins. If genes are present that exist as noncontiguous 

units they would not be processed in these in vitro systems to produce 

the correct messages. The RNA polymerase binding experiments have 
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similar problems. Genes located in operon-like arrangements may only 

have one promoter to initiate the synthesis of an entire set of gene 

products. 

The binding of ribosomes to single stranded DNA to form 

complexes with ribosome binding sites does not suffer from these 

problems. However, this approach may over estimate rather than 

underestimate the number of genes located on this DNA. Both strands of 

the chloroplast DNA become available for binding. It is possible that 

there are sequences which are not part of any gene that resemble a 

ribosome binding site. These sequences will create false signals and 

be counted as genes. Presumably the ribosome binding assay is 

monitoring specific initiation complex formation, however it is an in 

vitro assay and, like all in vitro assays may not have the same 

fidelity as in vivo. In addition, single stranded DNA is not the 

normal template which binds ribosomes. This fact alone may cause non 

specific binding of ribosomes regardless of the most stringent 

conditions imposed on the binding reaction. In any case the number of 

genes that is assayed by ribosome binding, for reasons mentioned above, 

is probably closer to the actual number than that obtained by either 

speculation or other experimental methods. 



CHAPTER 6 

DISCUSSICN 

The discovery of restriction enzymes in the early 1970's has 

allowed the development of new approaches to the study of genes and 

their functions. The applications of this new genetics has greatly 

facilitated studies of plant genomes in particular. 

The experiments and characterization described in this 

dissertation are only a beginning in a series of endeavors designed to 

discern the functions of chloroplast DNA. The construction of the 

restriction map, mapping of rRNA, and determination of the numbers of 

potentially functional genes are essential prerequisites to the pursuit 

of this goal. This is true because of an inability to study the gene 

functions via isolation of mutations and the mapping of these functions 

through genetic crosses. 

The problems presented by classical genetic aproaches has 

stimulated interest in pursuing molecular approaches which can be used 

to dissect the plant genome (Rubinstein et al., 1979). The ability to 

obtain large quantities of a discrete DNA sequence via the newly 

developed claiing techniques has stimulated development of In vitro 

methods which allow production of gene products. Study of RNA. 

synthesis and protein synthesis has produced methods which can be used 

to study gene products made from naked DNA (Zubayf 1973; Levy, 1974). 

Present technology utilizes £. coli RNA polymerase to synthesize RNA 
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transcripts from DNA In vitro. This RNA is then used in cellular 

extracts designed to make proteins from this RNA. These methods can 

and are being used to study chloroplast DNA (Coen, et al., 1977). 

Characterization of proteins synthesized In vitro will enable the 

identification of gene products of chloroplast DNA. 

Mapping genes by in vitro methods while, theoretically sound, 

has major difficulties. First and foremost, proteins synthesized in 

vitro can not be identified unless an extensive catalogue of known 

cellular proteins has been compiled. This has not been done for a 

chloroplast of any organism, let alone the proteins of the whole cell. 

Conservatively, the effort involved for just one species, U. tabacum. 

will require several generations of investigation. In addition recent 

discoveries in the biology of cellular macromolecules creates an 

overall view of cellular structure and function that is becoming 

increasingly complex. 

Recent discoveries in the area of KNA metabolism have uncovered 

the interesting phenomena of discontinuous genes. DNA sequences coding 

for immunoglobins, hemoglobins, ovalbumin, rRNA and yeast tRNA to 

mention a few have been found to contain one or more sequences which 

interrupt the DNA sequence which codes for the protein or KNA product. 

The function of these interruptions or introns is presently very 

speculative. This type of gene structure has been demonstrated in 

organelle DNAs, including a chloroplast DNA gene. The 23S rRNA of 

Chlamydomonas contains such an intron (Rochaix, 1978) . This 

observation of interruptions in the coding sequence of genes must be 

considered in analysing the proteins produced by in vitro transcription 
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and translation mechanisms. Transcription of genes from DNA templates 

in vitro, which have introns, will produce mRNAs which contain the 

non-coding inserts. In vitro systems would not contain the enzymes 

necessary for proper processing of these precursor mRNA molecules. 

Consequently, proteins synthesized may not necessarily resemble 

proteins made in vitro. However, preliminary experimental evidence 

indicates that this may not be a serious problem in the study of 

chloroplast proteins. (Bottomley and Whitfeld, 1978). 

Data presented in this dissertation characterizes the 

chloroplast DNA from Nicotiana tabacum. Physically it is similar in 

size to other higher plant chloroplast DNAs that have been studied. 

The molecular weight is 96 megadaltons, a size similar to other higher 

plant chloroplast DNAs. This DNA also has a base composition similar 

to that of other chloroplast DNAs. Most interestingly, it shares the 

feature of a large repeated sequence that exists in an inverted order. 

This inverted repeat sequence contains the chloroplast ribosomal RNA 

genes. 

It is interesting to speculate as to the biological function of 

this inverted repeat sequence in chloroplast DNA. Bacterial plasmids 

which have been constructed to contain extensive repeats in both tandem 

and inverted arrangements may be used for comparison. The presence of 

extensive repeated sequences in a supercoiled circular DNA molecule, 

such as chloroplast DNA, facilitates intramolecular recombination. 

Recent studies with DNA gyrase (Mizuuchi et al., 1980) and molecules 

containing both inverted and tandem repeats suggest that the inverted 

orientation would withstand possible inactivation by intramolecular 
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recombination better than similar molecules which have repeated 

sequences in tandem. Therefore it is possible that genes which exist 

in inverted, repeated sequences would be stabilized by arrangements in 

which two identical copies of each gene are also present in inverted 

order. Other possibilities have previously been proposed (Kolodner and 

Tewari, 1979). Reasons for the presence of two copies of a sequence on 

chloroplast DNA. which collectively represent one third of the available 

coding capacity are, at best, speculative with present knowledge. 

However, the reported absence of an inverted repeat in at least one 

higher plant, peas, (Kolodner and Tewari, 1979) argues that the utility 

of inverted repeat sequences may be compensated by other mechanisms as 

well. 

If the genes present in the inverted sequence are stabilized 

and present in a higher copy number than the rest of the genome, it is 

tempting to suggest that the rRNA genes and others which may be present 

are necessary for active maintenance of protein synthesis in the 

chloroplast. For example, inverted sequences in spinach chloroplast 

DNA contain genes for rRNA and several tRNA species (Dreisel et al., 

1979). Perhaps synthesis of chloroplast ribosomes is facilitated by 

transcription of multiple copies of these genes, thus allowing the RNA 

and/or ribosomal protein synthetic rates to be increased to levels 

above those which might be achieved by transcription of single copy 

genes. Since, in E. coli. ribosomal protein genes are located close to 

rRNA and tRNA genes (Nomura and Post, 1980), it is likely that genes 

for ribosomal proteins might also exist in the inverted repeat region 

of tobacco chloroplast DNA. Given that the average size of a 
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chloroplast ribosomal protein is about 20,000 daltons (Capel and 

Bourque, 1980), approximately 40 of these genes could be present in the 

repeat sequence. Identification of those ribosomal protein genes (and 

other protein genes) which might be present in the repeat sequence, and 

those encoded in the rest of the chloroplast DNA. molecule or in nuclear 

DNA may help elucidate the nature and mechanisms of interactions that 

must occur with nuclear genes to maintain and regulate chloroplast 

structure and function. 



APPENDIX A 

ELECTROPHORESIS BUFFERS 

1. TBE (Tris-Borate-EDTA) 

lOx 
.089M Tris 108.0 g/1 Tris Base 
.089M Boric acid pH 8.0 55.0 g / 1  Boric acid 
.0025M EDTA 9.3 g / 1  Na EDTA 

2. TPE (Tris-Phosphate-EDTA) 

lOx 
.030M NaH PO 41.4 g/1 
.036M Tris base pH 7.8 3.6 g / 1  
.001M EDTA(acid) 2.9 g / 1  

3. TAE (Tris-Acetate-EDTA) 

lOx 
.040M Tris base 48.4 g/1 
.033M NaAcetate pH 7.7 27.22 g / 1  
.029M Acetic acid 16.6 mls./l 

Millipore all electrophoresis solution stocks. They need not be 
sterile. 
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APPENDIX B 

CALCULATION OF THE MOLECULAR EIGHTS OF DMA RESTRICTION FRAGMENTS 

Molecular weights of chloroplast DM fragments are calculated 

most accurately by plotting the mobilities of internal standard markers 

on log graph paper and then calculating molecular weights of unknown 

bands from this standard curve. Each gel from which molecular weight 

measurements were computed contained several lanes in which Eco RI 

digests of lambda and T5 DNA were separated. As mentioned in Chapter 

31 this approach was taken in favor of one in which a line of 

regression was computed using the same standard values and an 

electronic calculator. Figure 1 is a plot of molecular weight vs 

distances migrated for a 0.6% agarose gel. The points plotting the 

solid line are the measured values for Eco RI restriction fragments of 

both T5 and lambda DNA. If the points on this curve, which are listed 

in Table 1, are fit by linear regression analysis they produce the 

straight line indicated by the dashed line. This comparison shows that 

the least squares fit of the standard points induces an error of as 

much as 2 megadaltons for fragments in the 8-15 megadalton range, on 

this gel concentration. These 2 megadaltons represents an error of 

13.3% in the molecular weight estimate of an unknown fragment of this 

size. 
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The molecular weights of fragments presented in Tables 3-3 and 

3-4 have standard deviations of .5 megadaltons for fragments 10 

megadaltons or larger and .05 or less for smaller fragments. 
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Table B-l. The data used to construct the curve in Figure 1. 

DNA Fragment MW Dist. Migrated (cm) 
(megadaltons) 

Lambda(Eco RI) 15.8 6.52 
Lambda(Eco RI) 13.7 6.90 
Lambda (partial) 8.22 8.55 
Lambda( partial) 6.50 9.55 
Lambda(partial) 5.86 10.05 
Lambda(Eco RI) 4.84 11.40 
Lambda(Eco RI) 3.73 12.85 
Lambda(Eco RI) 3.48 13.10 
Lambda(Eco RI) 3.02 14.20 
T5 29.0 5.60 
T5 19.0 6.13 
T5 16.0 6.50 
T5 9.0 8.70 



APPENDIX C 

ISOKINETIC SUCROSE GRADIENT FORMULA 

These Isokinetic gradients are constructed in a constant volume mixing 

chamber. 

1. Beckman T-14 zonal rotor gradients 

1. the mixing chamber volume is 250 ml 

2. 5% sucrose to start 

3. load 100 ml 48% sucrose 

4. fill rotor with 41% sucrose 

5. the gradient volume is 609 ml 

2. Beckman SW 27 gradients 

1. the 206.9 ml mixing chamber volume is 10% sucrose 

2. the reservoir is 28.3% sucrose 

3. the total gradient volumes is 33.5 ml for each of 6 gradients 

3. These gradients are buffered with 0.0025 M Tris pH 7.5, 0.0025 KC1, 

0.0025 M MgCI^, and run at 4°C. 
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APPENDIX D 

BUFFERS AND SOLUTIONS USED IN CHAPTER 5 

A. .010 M Tris pH 7.4 
.010 M MgOL 
.060 M NH4CI 
.006 M 2-mercaptoethanol 

B. .010 M Tris pH 7.4 
.010 M HgCU 
2.000 M NH4ci 
.006 M 2-mercapoethanol 

C. .020 M Tris pH 7.5 
.010 n MgCl-j 
.100 M NH.C1 
.002 M 2-mercapoethanol 

D. .020 M Tris pH 7.8 
.002 M MgCl-
.180 H NH4CI 

E. .002 H K Acetate pH 6.5 
.001 M MgCl2 

F. .100 M Tris pH 7.4 
.010 M Mg Acetate 
.050 M NH4ci 

Scintillation Coci<tail 

2001 ml Toluene 
999 ml Triton x 100 
0.5% PPO (2,5-diphenyloxazole) 
0.01% POPOP (p-bis[2-{5-phenyloxazolyl}]-benezene) 

S.L.B.H. bacterial growth medium 

1.10% Difco Bacto-tryptone 
2.25% Difco yeast-extract 
5.10% 1 M K2HP04 
1.57% 1 M K^POJ 
0.40% glycerol 
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