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ABSTRACT 

A chloroplast DNA-dependent RNA polymerase has been 

purified 350 ,000-fold from pea. The purification procedure 

includes the following steps: 100,000 x g centrifugation, DE-52 ion 

exchange chromatography, ammonium sulfate precipitation, 

Sephacryl S-300 gel filtration and two sequential Mono-Q 

columns. The purified protein preparation was resolved into a 

predominant protein complex at 669 kDa by non-denaturing gel 

electrophoresis. Based on gel filtration chromatography the 

native molecular weight of the purified enzyme is approximately 

620,000. Using SDS-PAGE the purified enzyme is separated into 

ten polypeptides of 120, 110, 95, 84, 81, 75, 54, 51, 42, and 35 

kDa. The enzyme is completely dependent on an exogenous DNA 

template for activity. The 110 kDa polypeptide binds nucleotide 

triphosphates. The 42 kDa polypeptide cross-reacts with 

antiserum raised to the plastid encoded a-subunit protein. 

The enzymatic properties of the soluble RNA polymerase 

from pea chloroplasts were determined. The apparent energy of 

activation for the incorporation of UMP into RNA is 34 kcal!mole. 

The apparent Km value is 0.1 mM for GTP and the Vmax is 200 

pmol/min/mg. The optimal conditions for maximum enzyme 

activity were 2 mM KCl, 15 mM MgCl2 (or MnCl2), 400C and pH 

7 .9. The soluble enzyme activity is inhibited by (NH4)2S04, 

tagetitoxin and heparin. The bacterial RNA polymerase inhibitor 
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rifampicin inhibits chloroplast RNA polymerase enzyme activity 

completely at high concentration (lmg/ml). 

Slot blot hybridization, S 1 nuclease protection, and in vitro 

transcription assays were employed to demonstrate that the 

purified RNA polymerase selectively initiates transcription from 

higher plant psbA and rbcL promoters and the Euglena tRNAPhe 

promoter. Transcription occurs from supercoiled DNA templates 

but not from linear DNA templates. The soluble RNA polymerase 

does not transcribe from the higher plant 168 rRNA or tRNA 

promoter, and does not recognize the threonine attenuator (thra). 

-- -----------·· ·--------
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CHAPTER I 

INTRODUCTION 

Plants and Chloroplasts 

All animals rely on the uptake of organic compounds from 

their environment to provide both carbon skeletons for 

biosynthesis and energy that drives metabolic pathways. 

Photosynthesis in photosynthetic organisms is the only biological 

process of converting energy into organic matter, therefore 

supplying virtually all of the energy for the biosphere (Hoober, 

1984). During photosynthesis, electrons from water and energy 

from sunlight are used to convert C02 into carbohydrate. 

Molecular oxygen is an important by-product of photosynthesis in 

plants and algae. In higher plants, the process of photosynthesis 

occurs inside a cytoplasmic organelle called the chloroplast. 

Chloroplasts are thought to have evolved from oxygen-producing 

photosynthetic bacteria which lived symbiotically with primitive 

eukaryotic cells (Gray, 1989). 

In higher plants, the chloroplast is surrounded by an outer 

envelope consisting of two membranes (inner and outer) separated 

by an electron-translucent space. The internal membrane of the 
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chloroplast is organized into flattened sacs, termed thylakoids 

which are the sites of photosynthetic electron transport. Usually 

a major part of thylakoids are structured to form grana stacks. 

The space outside of the thylakoids and within the inner envelope 

is the stroma. The specialized function of the chloroplast is to 

provide and organize the machinery for converting light energy 

into useful biological energy. The processes of photosynthesis can 

be separated into the light and dark reactions. In the light 

reaction, energy from sunlight is trapped and used to reduce 

NADP+ and to produce ATP. Molecular oxygen is released as a by

product. The light reaction is located in thylakoid membranes. In 

the dark reactions, the ATP and NADPH produced in the light 

reaction are used for carbohydrate biosynthesis from C02 as the 

carbon source. This reaction is localized in the stroma. Other 

than photosynthesis, chloroplasts carry out many other 

biosynthetic reactions. The fatty acids and a number of amino 

acids are synthesized in the chloroplast stroma. The reducing 

power of light-activated electrons is used for the reduction of 

nitrite (N02·) to ammonium (NH4+) (Hoober, 1984). Chloroplasts 

also perform protein biosynthesis and nucleic acid biosynthesis. 

Intact chloroplasts can be isolated from many higher plant 

and algae species. Chloroplasts contain their own genetic 

material. The chloroplast DNA is a double stranded circular 

molecule with a size ranging from 120 to 180 ldlobase pairs 

(Palmer, 1985). The chloroplast genome exists in multiple copies 
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and is usually uniparentally inherited in a non-Mendelian 

fashion. 

The complete DNA sequences of Nicotiana tabacum 

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

(liverwort) (Ohyama iU....!!}., 1986), Oryza sativa (rice) (Hiratsuka 

iU....!!}., 1989) and Euglena gracilis strain Z (Hallick et al., 1993) 

chloroplast genomes have been determined. These higher plants 

contain nearly identical chloroplast genes. The organization of 

the Euglena chloroplast gene is different from that of a higher 

plant, but the number and nature of the genes are similar. A map 

of the complete chloroplast genome from tobacco is presented in 

Figure 1-1. Many chloroplast DNAs are characterized by two 

large inverted repeats (IR) that are separated by a large and a 

small single-copy region (LSC and SSC, respectively). Among the 

identified genes in higher plant chloroplasts, approximately half 

are involved in either transcription of DNA or translation of RNA 

into protein. There are 4 ribosomal RNAs, approximately 20 

ribosomal proteins, four subunits of chloroplast RNA polymerase, 

and 30 tRNAs. There are also 22 genes encoding proteins that are 

part of photosystem I and photosystem II. There are genes for six 

subunits of ATP synthetase, one gene for RUBISCO large subunit, 

six genes encoding NADPH dehydrogenase subunits, and about 40 

unidentified open reading frames. 

The transcription and translation of the chloroplast encoded 

genes depends on the chloroplast gene expression machinery. The 
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Nicotiana tabacum 
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Figure 1-1. Circular map of the tobacco chloroplast genome. IRA 

and IRB are shown by bold lines. Genes shown outside the circle 

are on A strand and transcribed counterclockwise. Genes shown 

inside the circle are on · B strand and transcribed clockwise. 

Asterisks indicate split genes. From (Sugi ura, 1987 ). 
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expression of the chloroplast genome is strikingly similar to 

prokaryotic gene expression (Mullet, 1988; Whitfeld and 

Bottomley, 1983). Many chloroplast genes are clustered into 

polycistronic transcription units reminiscent of Escherichia coli 

(E. coli) operons. Some of the chloroplast genes are preceded by 

the consensus "-10" (TATAAT) and "-35" (TTGACA) regions which 

are the essential sequence elements in prokaryotic promoters 

(Gruissem and Zurawski, 1985a; Gruissem and Zurawski, 1985b; 

Whitfeld and Bottomley, 1983). E. coli RNA polymerase has been 

used to express chloroplast genes in vivo and in vitro (Hanley

Bowdoin and Chua, 1987; Mullet, 1988). Ribosomal proteins are 

organized in operons in the chloroplast genome (Christopher and 

Hallick, 1989) similar to E. coli genome ribosomal protein 

operons. Chloroplasts have prokaryotic like 708 ribosomes 

(Hoober, 1984). Isolated chloroplasts are active in both 

transcription (Mullet, 1988) and translation (Nivison et al., 

1986). 

During plant development, chloroplasts arise from 

proplastids, an immature, small and nearly colorless plastid with 

few or no internal membranes (Hoober, 1984). Proplastids divide 

during embryonic development and during light induced 

development of chloroplasts. RNA levels and transcription rates 

increase during chloroplast biogenesis (Mullet, 1988) and the 

number of DNA molecules per plastid increases (Bendich, 1987). 

However, in spinach chloroplasts, DNA copy number drops from 
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160 copies/plastid in young leaves to 30 copies/chloroplast in 

mature leaves (Scott and Possingham, 1983). Since most proteins 

located in chloroplasts are not encoded by the chloroplast genome, 

the development of the chloroplast from proplastid requires 

coordination between chloroplast and nuclear transcription and 

translation systems. 

The chloroplast stroma contains, among other proteins, 

enzymes involved in C02 fixation, chlorophyll biosynthesis, amino 

acid biosynthesis, fatty acid biosynthesis, and starch metabolism. 

In higher plants, the major component of the protein in the 

soluble fraction is ribulose-bisphosphate carboxylase/oxygenase 

(RUBISCO), the key enzyme in C02 fixation. RUBISCO accounts 

for more than 50% of the soluble proteins from chloroplasts. In 

addition to RUBISCO, all other enzymes in the Calvin cycle are 

also located in the stroma. The chloroplast DNA polymerase and 

DNA-dependent RNA polymerases are also present in this soluble 

fraction. 

Large differences in transcription rates among plastid genes 

were measured using run-on transcription assays for plastids 

(Deng et al., 1987; Mullet and Klein, 1987). Recently, 

quantitative run-on transcription assays were developed (Rapp et 

al., 1992). Studies of different developmental stages led to a 

more dynamic view of chloroplast transcription. The transcription 

rates among chloroplast genes vary over 300-fold. Transcription 

rates are predictive of mRNA levels and protein abundance for 
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many plastid genes. The abundance of plastid-encoded proteins 

varies over 1000-fold in the barley chloroplast, with the large 

subunit of RUBISCO being the most abundant protein and the 

subunits of the chloroplast encoded RNA polymerase being the 

least abundant (Rapp .tl_sll., 1992). 

DNA-dependent RNA polymerase 

The molecule which carries genetic information in all living 

cells is deoxyribonucleic acid (DNA). Transcription of the DNA

encoded information is accomplished by the enzyme known as 

DNA-dependent RNA polymerase. The term "DNA-dependent 

RNA polymerase" is used to define the enzyme activity that 

catalyzes the sequential assembly of the four ribonuleotide 

triphosphates into RNA molecules using DNA as the template. 

The scheme of this reaction is shown in Figure 1-2. Through this 

reaction, the information contained in the DNA is transcribed into 

RNA molecules. The RNA molecules are used either as mRNA to 

direct the synthesis of specific polypeptides or are used as tRNAs 

and rRNAs in the protein synthetic apparatus. With the 

exception of some viruses, RNA polymerase activities are found 

wherever genetic information is encoded in DNA. Thus, in 

eukaryotic cells, RNA polymerase activity is found not only in the 

cell nucleus but also in mitochondria and chloroplasts. 

--. ···--·--------



n1 ATP 
+ 

n 2 CTP DNA + RNAP 
+ 

n 3 GTP M 2+ M 2+ + g or n 

n 4 UTP 

Figure 1-2. Sequential assembly of the four ribonucleotide 

triphosphates. 

24 
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DNA-dependent RNA polymerase activity was first 

demonstrated in 1959 in rat liver nuclei (Weiss and Gladstone, 

1959). The bacterial DNA-dependent RNA polymerase was 

identified in several laboratories shortly afterwards (Hurwitz itt 

ill.., 1960; Stevens, 1960; Stevens, 1961; Weiss, 1960). Bacterial 

RNA polymerase was subsequently purified from a number of 

bacterial species including E. coli (Chamberlin and Berg, 1962; 

Furth ~., 1962), Micrococcus luteus (Nakamoto ~., 1964), 

and Azotobacter vinelandii (Krakow and Ochoa, 1963). Until 1969 

most of the studies on animal enzymes were carried out on 

isolated nuclei or unpurified chromatin rather than on purified 

soluble enzymes. Since then, numerous eukaryotic nuclear RNA 

polymerases have been purified and their properties have been 

studied. Early attempts to purify RNA polymerase from a variety 

of tissues failed because the recovery of soluble enzyme was so 

low that residual enzyme activity was rapidly lost in further 

purification steps. This failure is related to the fact that a major 

portion of the RNA polymerase is strongly bound to the chromatin 

in a "tight" transcription complex insoluble in buffers of low ionic 

strength (Chambon ~., 1968). Since then, methods have been 

devised which produce higher yields of solubilized enzymes. RNA 

polymerase II has been purified to near homogeneity from more 

than 20 different organisms, including animal and plant tissues, 

cultured cells and lower eukaryotes (Sentenac, 1985). 
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Prokaryotes have one polymerase to transcribe all genes 

(Buhler~., 1986). The bacterial RNA polymerases are large 

molecules. The molecular mass of E. coli RNA polymerase is 450 

kilodaltons (kDa). The E. coli RNA polymerase consists of four 

major subunits, designated a (37 kDa), p (151 kDa), P' (155 kDa) 

and a (70 kDa) which are encoded by genes rpoA, rpoB, rpoC, and 

rpoD, respectively. Preparations also frequently contain a minor 

component ro (Burgess, 1969). Two active forms of the enzyme are 

currently known. They have been designated as RNA polymerase 

holoenzyme and core polymerase. The core polymerase lacks the 

sigma subunit which is present in the holoenzyme. Table 1-1 

illustrates the subunit structure and the genes that encode the 

subunits of E. coli RNA polymerase. Possible functions of the 

individual E. coli RNA polymerase subunits have been studied 

through genetic and biochemical analysis. The a subunit plays a 

major role in subunit assembly (Igarashi 1lL.al., 1991). The P 

subunit contains a catalytic site and binds to substrates 

(nucleotides) and along with the P' subunit is involved in template 

DNA binding (Grachev .e..L.i!l., 1989). The a subunit is the key 

subunit which confers transcription specificity. Several different 

0' subunits have been purified and the genes encoding them have 

been sequenced. The different a subunits seem to be required 

under different growth and environmental conditions (Doi and 

Wang, 1986). The a subunit is also the binding subunit to a third 



Table 1-1: Compositions of E. coli RNA polymerase 

(Burgess~., 1986) 

Gene Name Subunit Number of 
Amino Acids 

Molecular Mass 
(kDa) 

rpoA a 329 36.5 

rpoB p 1342 150.6 

rpoC P' 1407 155.2 

rpoZ (t) 90 10 

rpoD CJ7Q 613 70.3 

rpoH crs2 284 32 

27 
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prokaryotic promoter site up-stream of the -10 and -35 sites (UP 

element) (Ross ~., 1993). 

In contrast to prokaryotes, there are three nuclear DNA

dependent RNA polymerase activities. The three classes of RNA 

polymerase are designated as I, II, and III. RNA polymerase I 

synthesizes the 188 and 288 rRNA precursors. RNA polymerase 

II synthesizes mRNA and hnRNA, and RNA polymerase III 

transcribes 58 rRNA and the tRNA genes (Chambon, 1975; 

Roeder and Rutter, 1969). These three different nuclear enzymes 

are characterized by different sensitivity to a.-amanitin. a.

Amanitin has no effect on RNA polymerase I , inhibits RNA 

polymerase II at 10-9 -10-8M and inhibits RNA polymerase III at 

10-5 -10-4M (Chambon, 1975; Roeder and Rutter, 1969). Purified 

nuclear RNA polymerases consist of 10 to 15 subunits ranging in 

size from 16 kDa to 240 kDa (Buhler ~ .• 1986). Additional 

factors are needed for accurate transcription with all three 

enzymes. 

Of the three forms of RNA polymerase, RNA polymerase II 

is best studied at the structural level. This enzyme has a 

molecular mass of 500-600 kDa. It is composed of two large 

polypeptides (> 140 kDa) and several smaller components. The 

polypeptide composition is highly conserved in yeast, plants, 

insects and animals (Lewis and Burgess, 1982; Sentenac, 1985). 

Table 1-2 lists the subunits and genes of yeast RNA polymerase 

II. The three largest subunits of RNA polymerase II are modified 
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Table 1-2: Subunits and genes of yeast DNA-dependent RNA polymerase II 

(Young, 1991) 

Gene 

RPB1 

RPB2 

RPB3 

RPB4 

RPB5 

RPB6 

RPB7 

RPB8 

RPB9 

RPB10 

RPBll 

SDS-PAGE 
mobility 

Mr. x 1Q·3 

220 

150 

45 

32 

27 

23 

17 

14 

13 

10 

13 

Molecular Gene copy Stoichiometry Prokaryotic Modification 
weight number 

Mr. X 1Q·3 
homologue 

190 1 1.1 f3' phosphate 

140 1 1.0 ~ phosphate 

35 1 2.1 a phosphate 

25 1 0.5 

25 1 2.0 

18 1 0.9 

1 0.5 

17 1 0.8 

14 1 2.0 

5.4 1 0.9 

14 1 
--------------------------------------------------------------------------------------
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by phosphorylation. The largest subunit is approximately 220-

240 kDa. The largest subunits of enzymes I, II, and III are 

immunologically cross-reactive, suggesting the conservation of 

important domains in these subunits. The largest subunit is 

probably involved in binding the DNA template and the nascent 

RNA chain (Gungelfinger, 1983). The second largest subunit of 

enzyme II (140-150 kDa) has conserved immunological 

determinants and is conserved in size in all organisms. This 

second largest subunit is probably involved in binding DNA 

(Gungelfinger, 1983), the nascent RNA chain (Bartholomew .ru;__ru., 

1986) and nucleotide substrates (Grachev dJll., 1986; Riva ~., 

1987). It appears to participate in substrate binding and 

phosphodiester bond formation and is functionally homologous to 

the ~ subunit in bacterial RNA polymerase. The small 

polypeptides of enzyme B range in size from 10 to 40 kDa. One 

set of the small polypeptides is shared by all three forms of RNA 

polymerases (ABC27, ABC23 and ABC 14.5 in yeast). Their roles 

seem to be involved in DNA binding and some basic steps of 

transcription (Breant ~., 1983). Another set of polypeptides 

(B44.5, B23, B14.5 and B12.6) is found in enzyme B only. The 

exact function of this group is not clear. The third group of 

polypeptides (B32 and B16.5) can be removed under certain 

conditions. 

The genes for 11 yeast RNA polymerase II subunits have 

been isolated and sequenced [see review (Young, 1991)]. The 
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sequences of the largest subunits of the Drosophila, mouse, and 

yeast genes have extensive homology with the bacterial P' subunit. 

Similarly, the second largest subunit of the yeast and Drosophila 

enzymes were found to be homologous to the f3 subunit of E. coli 

RNA polymerase. The third largest subunit of yeast RNA 

polymerase II (B35) and E. coli ex subunit may also be partially 

homologous, because these two subunits are similar in size, 

sequence, stoichiometry, and their apparent roles in assembly. 

The first evidence for an organelle-localized RNA 

polymerase was based on the ability of yeast mitochondria to 

incorporate nucleoside triphosphates into RNA. This process was 

DNA template dependent (Rabinowitz and Swift, 1970). Since 

then, RNA polymerase has been purified from the mitochondria of 

many different species ranging from yeast (Tsai .tl_l!l., 1971) and 

Xenopus laevis (Wu and David, 1972) to rat (Reid and Parsons, 

1971). 

Chloroplast DNA-dependent RNA polymerases have been 

found in many higher plant and algal species. To date, 

chloroplast RNA polymerase has been partially purified from 

several species. Any further advances in the study of chloroplast 

RNA polymerase would allow direct comparison of the chloroplast 

RNA polymerases with the RNA polymerases from bacteria, 

nuclei, and mitochondria. 
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Thesis Outline 

In order to further our understanding of the transcriptional 

mechanisms of chloroplasts, it is essential to study chloroplast 

RNA polymerases. Two approaches have been employed. One is 

to sequence genes that encode putative subunits of chloroplast 

RNA polymerase and attempt to analyze the structure and, 

possibly, the function of the enzyme from the predicted amino acid 

sequences by comparison of the sequence domains. The other is to 

purify the RNA polymerase and to study structure and function of 

the individual subunits from the protein. 'rhe sequences of RNA 

polymerase subunits are known for several chloroplast genomes 

(Cozens and Walker, 1986; Hiratsuka ~., 1989; Hird ~., 

1989; Ohyama ~., 1986; Purton and Gray, 1989; Radebaugh, 

1990; Ruf and Kossel, 1988; Shinozald and Sugiura, 1986; Sijben 

.u_ru., 1986; Yepiz-Plascencia ~ .• 1990). Chloroplast genes 

similar to bacterial rpoA, rpoB and rpoC have been identified. 

The predicted amino acid sequences were obtained from sequence 

analysis of genes that encode the subunits of RNA polymerase. 

The structure and function of the chloroplast encoded subunits 

were predicted by comparison with known RNA polymerase 

subunits. The limitation of this approach is that it does not show 

how many subunits are in one enzyme since some subunits might 

be nuclear-encoded. In order to understand better transcription 

mechanisms in chloroplasts, it is essential to purify and 
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characterize the chloroplast RNA polymerase. Due to the low 

abundance of the enzyme, purification of the enzyme which has 

been attempted by several laboratories has been difficult. In this 

dissertation I describe the isolation and purification of the 

chloroplast soluble RNA polymerase from pea, the 

characterization of the physical properties of the enzyme, and the 

selective transcription of chloroplast genes by the purified 

enzyme. 

In chapter II, I describe the methods and procedures used to 

purify the chloroplast soluble RNA polymerase from pea. I will 

also identify the subunits in the enzyme and the correlation of 

some of the subunits to genome sequence and enzyme function. 

In chapter III, I present the results of the detailed analysis 

of the biochemical and physical properties of the soluble RNA 

polyll_lerase. 

In chapter IV, I explain the selective transcription of higher 

plant chloroplast DNA by soluble RNA polymerase. The effect of 

the structure of DNA template on the RNA synthesis is outlined. 

In chapter V, I discuss analysis of RNA synthesis in Euglena 

chloroplasts, based on run-on transcription assays. I will also 

present some of the properties of Euglena RNA polymerase 

activities in vivo and the differential inhibition of the two 

distinct RNA polymerase activities by chloroplast anti-rpoA, 

anti-rpoB, and anti-rpoC2 antibodies. 
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CHAPTER II 

THE CHLOROPLAST SOLUBLE RNA POLYMERASE FROM 

PISUM SATIVUM: ISOLATION, MOLECULAR WEIGHT 

DETERMINATION AND IDENTIFICATION OF POLYMERASE 

SUBUNITS 

Introduction 

Evidence for the existence of chloroplast DNA-dependent 

RNA polymerase was reported in 1954, when it was discovered 

that actinomycin D and fluoruracil inhibited chlorophyll synthesis 

(Meier ~., 1954; Smillie, 1962). Intact plastids from higher 

plants, such as spinach, were used for studies of RNA synthesis 

(Spencer and Whitfeld, 1967). Intact plastids were used for early 

studies of the chloroplast RNA polymerase because the enzyme 

could not be solubilized. The chloroplast RNA polymerase 

activity is tightly associated with the DNA template and the 

DNA-protein complex is closely associated the thylakoid 

membranes (Spencer and Whitfeld, 1967; Tewari and Wildman, 

1969). Triton X-100 was first used to solubilize the RNA 

polymerase-chromatin complex from the membranes of tobacco 

chloroplasts (Tewari and Wildman, 1969). However, the final 

------------. 
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concentration of the enzyme and its overall yield was extremely 

low. Several chloroplast RNA polymerases have been solubilized 

and partially purified through Triton X-100 solubilization 

followed by treatment of the complex with DNase I (Bottomley .!il 

&., 1971; Polya and Jagendorf, 1971a). The chloroplast RNA 

polymerases have been partially purified from maize (Kidd and 

Bogorad, 1980 ), wheat (Polya and Jagendorf, 1971a), pea 

(Rajasekhar ~., 1991; Tewari and Goel, 1983), spinach (Lerbs 

.!il..l!l., 1988; Lerbs ~., 1985), and Euglena (Hallick ~., 1976; 

Rushlow~., 1980). Because the chloroplast RNA polymerase 

binds tightly to the DNA and the thylakoid membrane, the 

enzyme has not been obtained in homogeneous form. The exact 

subunit composition, template preference, and locations (nuclear 

or chloroplast encoded) of the genes encoding the enzyme are 

unknown. Partially purified RNA polymerase from chloroplasts of 

spinach, pea, maize, and tobacco have resulted in preparations 

containing approximately 14 polypeptides with molecular mass 

ranging from 22 to 180 kDa (Lerbs !ll.J!J.,, 1988; Lerbs ~., 1985; 

Rajasekhar ~., 1991). 

Studies of chloroplast RNA polymerases in selective 

transcription and physical properties in Euglena and higher 

plants have suggested that there are two distinct chloroplast 

RNA polymerases (Joussaume, 1973; Greenberg et al., 1984; 

Gruissem ~., 1983). One RNA polymerase is tightly associated 

with chloroplast DNA and the thylakoid membrane. This activity 
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which primarily transcribes rRNA is referred to as TAC 

(transcriptionally active chromosome) (Greenberg ~., 1984). 

TAC can be solubilized from the membrane by treatment with 1% 

Triton X-100 (Hallick ~., 1976; Tewari and Goel, 1983). The 

other RNA polymerase, referred to as the "soluble enzyme", can be 

solubilized by adding 0.5 M salt to the lysed chloroplasts. The 

soluble RNA polymerase transcribes chloroplast tRNA (Greenberg 

ll.J.U,, 1984; Schwarz ~., 1981) and mRNA (Link, 1984; Orozco 

~., 1985; Zaitlin ~., 1989). The soluble and TAC RNA 

polymerase activities from Euglena and spinach have been shown 

to differ in physical properties (Briat !U_a!., 1979; Greenberg !Ui 

!!.!., 1984; Gruissem tl.J!!., 1983; Orozco ~ .• 1985; Rushlow !Ui 

!!.!., 1980) and the two activities respond differently to RNA 

polymerase inhibitors (Gruissem ~., 1983). 

Chloroplast genes with a high degree of DNA sequence 

similarity to bacterial RNA polymerase genes rpoA, rpoB, and 

rpoC have been identified and sequenced in several higher plant 

species (Cozens and Walker, 1986; Hiratsuka .ruwll., 1989; Hird !Ui 

!!.!., 1989; Ohyama ~., 1986; Purton and Gray, 1989; Ruf and 

Kossel, 1988; Shinozaki tl.J!!,, 1986; Sijben ~., 1986). In the 

Euglena chloroplast genome, however, only the DNA sequences 

similar to E. coli rpoB and rpoC are found (Radebaugh, 1990; 

Yepiz-Plascencia .tl..ll!., 1990). The chloroplast homolog of E. coli 

rpoC is encoded by the chloroplast as split genes (rpoC1 and 

rpoC2). The rpoC1 and rpoC2 genes correspond to the amino- and 
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carboxyl-terminal coding domains, respectively, of the P' subunit 

protein. 'rhe genes for chloroplast rpoB, rpoC1 and rpoC2 are 

cotranscribed (Hudson~., 1988; Yepiz-Plascencia .e..t....al., 1990). 

rpoA is transcribed with a cluster of ribosomal genes (Purton and 

Gray, 1989). rpoA mRNA levels are 30-fold more abundant than 

rpoB mRNA (Baumgarter et al., 1993; Rapp et al., 1992), 

suggesting that the expression of rpoA is regulated at the level of 

translation and protein stability. The only chloroplast RNA 

polymerase subunit genes identified to date are the chloroplast 

DNA encoded rpoA, rpoB, rpoC1 and rpoC2 genes. Genes for other 

chloroplast RNA polymerase subunits including polypeptides 

regulating transcriptional specificity, are probably encoded in 

nuclear DNA. The RNA polymerase genes encoded by chloroplast 

DNA are summarized in Table 2-1. rpoA, rpoB and rpoC1 encoded 

subunits are similar in size from differing species. The rpoA 

sequenced from all plant species studied so far encodes a 38 to 39 

kDa protein, which is very similar in size to E. coli RNA 

polymerase a subunit. The rpoB encoded p subunits are close in 

size at 120 to 124 kDa. The chloroplast RNA polymerase P 
subunit is smaller than the p subunits of E. coli RNA polymerase. 

The rpoC1 encoded P' subunits in higher plants are similar in size 

(78 kDa). However, rpoC2 encoded P" subunits vary in size, with 

Euglena P" the smallest (95 kDa) and maize P" the largest (180 

kDa). In most higher plants P" subunit is about 160 to 180 kDa. 



Table 2-1. Mr. (kDa) of chloroplast encoded RNA polymerase 

subunits 

Species rpoA rpoB rpoC1 rpoC2 References 

Spinach 38 120 78 154 1 

Maize 38 120 78 180 2 

Pea 38 133 3 

Tobacco 39 123 79 160 4 

Rice 39 123 79 174 5 

Liverwort 39 122 78 159 6 

Euglena 124 68 95 7 

1. Hudson .e.UU., 1988; Sijben .e.UU., 1986 

2. Hu and Bogorad, 1990; Hu ~., 1991; Ruf and Kosse!, 1988 

3. Cozens and Walker, 1986; Purton and Gray, 1989 

4. Shinozaki .e..t.._ru., 1986 

5. Hiratsuka ~., 1989 

6. Ohyama ~., 1988 

7. Radebaugh, 1990; Yepiz-Plascencia ll.Rl., 1990 

38 
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Evidence for the expression of the chloroplast encoded RNA 

polymerase genes as mRNAs (Hudson et al., 1988; Ruf and 

Kassel, 1988; Radebaugh, 1990; Yepiz-Plascencia ~., 1990) and 

protein (Purton and Gray, 1989) was reported. Experiments have 

been performed in an attempt to identify polypeptides in the 

chloroplast RNA polymerase that correspond to predicted 

chloroplast gene products. Antibodies raised against fusion 

proteins of spinach rpoA, tobacco rpoB and Euglena rpoC2 

strongly inhibited the chloroplast soluble RNA polymerase from 

spinach, pea, and Euglena, whereas no inhibition could be 

observed for TAC polymerases from spinach or Euglena 

chloroplasts (Little and Hallick, 1988). The conclusion of these 

experiments is that the protein products of chloroplast genes 

encode RNA polymerase subunits specify at least three subunit 

components of the chloroplast soluble RNA polymerase. The 

chloroplast soluble RNA polymerase has been partially purified 

from maize and the subunits encoded by rpoA, rpoB, rpoC1, and 

rpoC2 have been identified and partially sequenced (Hu and 

Bogorad, 1990; Hu .tl.J!.l., 1991). 

Recently the possibility of a nuclear-encoded chloroplast 

RNA polymerase has gained support from the observation that 

the plastid genome of the non-green parasitic plant Epifagus has 

lost the entire rpoB/C 1/C2 operon and the photosynthetic genes 

(Morden~., 1991). 'fhe remaining Epifagus plastid genes are 

transcribed, presumably, by a nuclear encoded RNA polymerase. 
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Chloroplast rpoB/C 1/C2 genes and rps 15 are transcribed in 

ribosome-deficient plastids in barley, indicating a nuclear 

encoded chloroplast RNA polymerase in higher plants (Hess llJ!!., 

1993). 

Despite numerous reports on the subunit composition of 

partially purified chloroplast RNA polymerase, a definitive 

subunit structure has not been determined. It is also unknown 

whether the soluble and TAC chloroplast RNA polymerase 

activities have any subunits in common. 

Characterization of the chloroplast RNA polymerase from 

higher plants is of particular interest for several reasons. First, 

detailed knowledge of the subunit composition of the complex is 

prerequisite for studying the mechanism of transcription. In this 

respect, the complex has been purified from spinach, maize, pea, 

and wheat. Second, differences in the genes encoding RNA 

polymerases suggest structural differences between chloroplast 

RNA polymerase from those of nuclei and bacteria polymerases. 

The purpose of this study was to develop a purification 

scheme which would yield a homogenous soluble RNA polymerase 

and to determine in detail the subunit composition of the enzyme. 

In chapter II, I report the purification of pea chloroplast soluble 

RNA polymerase and the identification of the subunits. 
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Materials and Methods 

Plant materials: Pea (Pisum sativum var. Little Marvel) seeds 

were obtained from Carolina Biological Supply. 

Chemicals: Nucleotide triphosphates were obtained from Sigma 

Chemical Co. DE-52 anion exchange resin was obtained from 

Whatman. Sephacryl S-300 gel matrix, gel filtration and native 

gel molecular weight markers, and an FPLC system were obtained 

from Pharmacia Chemical Co. SDS-PAGE molecular weight 

markers, coomassie brilliant blue R-250, and acrylamide were 

purchased from Bio-Rad Laboratories. Anti-rabbit antibody 

conjugated with horseradish peroxidase was obtained from 

Amersham International. [a.-32p] UTP was purchased from ICN. 

4-[N -<P·hydroxyethyl)-N -methylamino] benzaldehyde ester of ATP 

(ATPpA) was a generous gift from Dr. Stephan Glaser, Institut fiir 

Biochemie der Ludwig-Maximilians-Universitat. Antibodies to 

the chloroplast rpoA fusion protein of pea were a generous gift 

from Dr. John Gray, University of Cambridge. 

DNA template: Recombinant plasmid pEZC800.3 from Euglena 

chloroplast DNA (Marion-Poll tl..J!!., 1988) was used as a DNA 

template for assays of RNA polymerase activity during 

purification. pEZC800.3 contains a 628 bp Sau3A--Hindiii 

fragment of pEZC800 cloned in the BamHI and Hindiii sites of 
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the plasmid sp64 (Promega). The 628 bp fragment contains 

dimeric trnF-trnC genes which encode tRNAPhe and tRNACys, 

respectively. The restriction map for the DNA template is shown 

in Figure 2-1. The supercoiled plasmid DNA was isolated by the 

method of PEG precipitation (Sambrook ~., 1989). 

RNA polymerase assay: RNA polymerase activity was routinely 

measured by the incorporation of [a-32p] UTP into 

polynucleotides. The transcription reaction was performed by the 

method of Grussium (Gruissem ~., 1986b) with modifications. 

The reaction cocktail contained 25 mM Tris-HCl (pH 7 .9), 12.5 

mM MgCl2, 0.25 mM EDTA, 17% glycerol, 4 mM DTT, 500 J.lM 

ATP, 500 11M CTP, 500 11M GTP, 50 11M UTP, and 1 ).11 [a-32p] UTP 

(650 Ci/mmol). The reaction also contained 3 )lg of supercoiled 

pEZC800.3 template. The concentration of KCI varied. The 

enzyme was either diluted or desalted before assay. The final 

KCl concentration was less than 50 mM. The transcription 

reactions were started by mixing 38 ).11 of reaction cocktail with 12 

).11 of enzyme from the assay fraction. The mixture was then 

incubated for 60 minutes at 230C and the reaction was 

terminated by pipetting 10 ).11 of the reaction mixture onto 

Whatman DE-81 filter disks. 

DE-81 filter assay: The filter assay was by performed the method 

of Hallick ~. (1976). The incorporation of [a-32p] UTP into 
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Sau3a 
tmF tmC Hindiii 

I I H I I 

~180nt -I I 302nt 

I 628nt 

Figure 2-1. Structure of the DNA template used for transcription 

assays. The line represents the insert part of the plasmid 

pEZC800.3 containing two Euglena chloroplast tRNA genes. The 

open boxes are the genes encoding tRNAPhe and tRNACys. 
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RNA was measured by precipitating the transcription reactions 

onto Whatman DE-81 2.4 em filter discs. After the filters were 

air dried, they were washed six times for 10 minutes each in 0.5 M 

Na2HP04; once for 1 minute in distilled deionized H20; once for 1 

minute in 95% ethanol. The filters were air dried and the 

radioactivity which remained on the filters was determined in a 

Beckman LS 7000 model scintillation counter. 

Polyacrylamide gel electrophoresis: Sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) was carried out in 

a 14 em x 13 em x 1.5 mm, 10% (w/v) gel. The polyacrylamide gel 

contained 0.375 M Tris-HCl (pH 8.8) and 0.1% SDS (Laemmli, 

1970). A 4% acrylamide stacking gel (14 em x 1 em x 1.5 mm) was 

overlaid on top of the separating gel. Protein molecular weight 

markers were lysozyme (14.4 kDa), trypsin inhibitor (21.5 kDa), 

bovine carbonic anhydrase (31 kDa), ovalbumin (45 kDa), bovine 

serum albumin (BSA) (66.2 kDa), phosphorylase b (97 .4 kDa), P-

galaetosidase, (116.25 kDa) and myosin (200 kDa). Samples were 

prepared by mixing protein fractions with an equal volume of 

sample buffer (0.0625 M Tris-HCl, pH 6.8; 10% glycerol; 0.2% SDS 

(w/v); 80 mM P-mereaptoethanol). The mixture was boiled for 90 

seconds. Electrophoresis was conducted at a constant current of 

12.5 rnA overnight at room temperature. Non-denaturing 

polyacrylamide gel electrophoresis was performed using a 14 em x 

13 em x 1.5 mm gel with a linear gradient of 3% to 15% (w/v) 
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polyacrylamide containing 0.375 M Tris-HCl (pH 8.8). Protein 

molecular weight markers were aldolase (158 kDa), catalase (232 

kDa), ferritin (440 kDa), thyroglobulin (669 kDa). Samples were 

prepared by mixing with a 1/10 volume of sucrose-dye solution 

(50% sucrose, 0.1% bromophenol blue) and were immediately 

applied to the gel. The electrophoresis was conducted at a 

constant current of 10 mA for 33 hours at 40C. 

Protein determination: Two different methods were used for 

protein determination. ProteinR in Mono Q column fractions were 

estimated by measuring absorbance at 280 nm. A more accurate 

estimation of the protein was made by the Bradford method 

(Bradford, 1976) with modification by Pierce (Pierce Chemical Co) 

using BSA as a standard. 

Staining procedure: 1) Coomassie blue: The gel was stained in 

0.125% {w/v) coomassie brilliant blue R-250, 10% acetic acid, 50% 

methanol and destained in 7% acetic acid and 5% methanol. 2) 

Silver staining: The silver staining procedure of Wray et al. 

(1981) was used. The gel was fixed in 50% methanol overnight. 

The gel was then incubated in silver solution for 15 minutes and 

washed with distilled deionized water for 10 minutes. The gel 

was then incubated with the developing solutions (1% citric acid, 

formaldehyde). 



46 

Molecular weight determination: The molecular weight of native 

soluble RNA polymerase was determined by gel filtration 

chromatography. A 5 em X 107 em Sephacryl S-300 gel filtration 

column (Bio-Rad) was equilibrated with the gel filtration buffer 

containing 50 mM Tris-HCl (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 

12.5 mM MgCl2 and 4 mM DTT. The flow rate of the column was 

25 ml/hour. The column was calibrated with blue dextran (>2,000 

kDa), aldolase (158 kDa), catalase (232 kDa), ferritin (440 kDa), 

and thyroglobulin (669 kDa). For the gel filtration column, Vo is 

the column void volume which is equal to the elution volume for 

blue dextran. Vt is the total column bed volume. Ve is the 

elution volume for the protein. A corresponded Kav value was 

calculated for each protein using the equation 

Kav= 
(Ve- Vo) 

(Vt- Vo) 

The retention of each protein standard was determined by their 

peaks of absorbance at 280 nm. The retention times of RNA 

polymerase and RUBISCO were also obtained and their Kav 

values were calculated and compared. A calibration curve of Kav 

versus log (molecular weight) was graphed. The molecular weight 

of soluble RNA polymerase was obtained from this graph by 

locating the point on the curve which corresponds to the Kav value 

for the enzyme (Figure 2-13). The molecular weight of individual 
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subunits of RNA polymerase following SDS-PAGE was determined 

graphically (Weber and Osborn, 1969). A plot of relative mobility 

(Rr) versus log (molecular mass) was made. The equation used 

was: 
Rr = da/dr 

where d 8 was the distance migrated by the sample and dr was the 

distance migrated by the bromophenol blue dye. The standard 

curve was made by linking the points defined for each molecular 

weight marker. Then log (molecular mass) of RNA polymerase 

subunits was determined with Rr. 

Substrate labeling experiment: The reaction mixture contained 

25 Jll enzyme, 5 Jll DNA template, 30 Jll ATPpA (Grachev ~., 

1986) and transcription buffer with a final MnCl2 concentration of 

5 mM. The total reaction volume was 50 Jll. The reaction was 

incubated for 30 minutes at 370C. 1 Jll of 150 mM NaBH4 was 

added to the reaction and the mixture was incubated for 15 

minutes at ooc. 3 Jll of [a-32p] UTP (3000 Ci/mmol) was added to 

the reaction and incubated at 370C for another 30 minutes. 

Finally, 0.5% SDS was added to the reaction to denature the 

proteins, and the sample was electrophoresed on SDS-PAGE. The 

gel was stained and dried. The gel was autoradiographed and the 

film was exposed to determine the subunit that binds the 

nucleotides. 
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Western blot experiment: Proteins were separated in a 10% SDS 

polyacrylamide gel and transferred to nitrocellulose (Towbin ~ 

&., 1979). The blot was washed in 5% dried milk in low salt 

buffer (20 mM Tris-HCL, pH 8.0; 1 mM EDTA 0.1% Triton X-100 

and 0.15 M NaCl). The blot was then washed in the low salt 

buffer for 1 X 15 minutes and 2 X 5 minutes. The blot was treated 

with pea anti-rpoA serum. The blot was washed 1 X 15 minutes 

and 2 X 10 minutes in low salt buffer. The primary antibody

antigen complex was detected with a secondary goat anti-rabbit 

IgG serum (1:25000 dilution) conjugated with horseradish 

peroxidase. Incubation was for 1 hour at room temperature. 

After washing with low salt buffer, peroxidase activity was 

detected by reaction with luminol and H202 (Amersham, UK). 

Enzyme Purification (All procedures were performed at 40C). 

1. Isolation of intact chloroplasts: Intact chloroplasts were 

prepared from 7 kg of 10-12 day old pea plants using the methods 

of Gruissem ~. (1986b) scaled up 35-fold. Plant leaves were 

harvested with stainless steel razor blades and homogenized in 

1X GM Mix (1 mM NaPP, 50 mM HEPES, 6% Sorbitol, 1 mM 

MgCl2, 1 mM MnCl2 at pH 6.8) in a Polytron (Brinkman) tissue 

homogenizer at setting 2 with several two second bursts. The 

homogenate was filtered through four layers of Miracloth. The 

plant material was homogenized again and filtered. The filtrate 
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was centrifuged for one minute in a Beckman JS4 .2 rotor in one 

liter bottles at 4000 rpm. The pellets were resuspended in 1X GM 

mix and the resuspended chloroplasts were centrifuged for one 

hour at 4000 rpm in a J6B rotor through a 40%-80% Percoll 

gradient. Chloroplasts were recovered from the 40%-80% Percoll 

interface. Approximately 80% of the chloroplasts were intact. 

The isolated chloroplasts were washed twice with 1X GM buffer to 

eliminate the Percoll. 

2. Homogenization of chloroplasts: The washed chloroplasts were 

resuspended in buffer A (50 mM Tris-HCl pH 7 .9; 2 mM EDTA, 5 

mM DTT) at 35 ml buffer/lkg leaves and placed on ice for 30 

minutes. The chloroplasts were then lysed with a hand 

homogenizer. An equal volume of buffer B (50 mM Tris-HCl pH 

7.9; 25_% sucrose, 50% glycerol, 10 mM MgCl2, 2 mM DTT) was 

added immediately. Lysed chloroplasts were examined under the 

microscope to monitor the breakage. 

3. High speed centrifugation: (NH4)2S04 was added to the lysed 

chloroplasts to a final concentration of 0.5 M. The mixture was 

stirred on ice for 30 minutes and then centrifuged at 50,000 rpm 

in a Ti 70.1 rotor for four hours. The supernatant of the 

centrifugation, designated the soluble fraction, was used for 

further purification. The pellet, containing the TAC polymerase, 

was stored at -8ooc. 
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4. DE-52 cellulose anion exchange chromatography_: The 

supernatant from centrifugation was loaded onto a DE-52 column 

(8 em x 10 em) (300 ml) which had been equilibrated with 50 mM 

Tris-HCl pH 7.9, 10% glycerol, 12.5 mM MgCl2, 0.1 mM EDTA, 4 

mM DTT and 0.5 M (NH4)2804. The column was washed with 600 

ml of equilibration buffer. The DE-52 flow through was collected 

and pooled. 

5. Ammonium sulfate precipitation: (NH4)2804 was added to the 

fraction from the DE-52 column to 60% saturation. The mixture 

was stirred on ice for 30 minutes and centrifuged with a 8834 

rotor at 15,000 rpm for 30 minutes. The pellets were resuspended 

in a small volume of gel filtration buffer containing 50 mM Tris

HCl pH 7.9; 10% glycerol, 12.5 mM MgCl2, 10 mM KCl, 0.1 mM 

EDTA, and 4 mM DTT. 

6. 8ephacryl S-300 gel filtration chromatography: The 

resuspended pellets from the ammonium sulfate precipitation 

were loaded in seven aliquots to a Sephacryl 8-300 column (5 em x 

107 em) (500 ml), previously equilibrated with 50 mM Tris-HCI 

pH 7.9, 10% glycerol, 1.2.5 mM MgCl2, 10 mM KCl, 0.1 mM EDTA, 

4 mM DTT. The column was eluted with the buffer for eight hours 

and the active fractions were pooled. 
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7. Mono-Q FPLC ion exchange chromatography 1: The active 

fractions from the Sephacryl 8-300 column were pooled and then 

loaded onto a 1 ml Mono-Q FPLC column in seven aliquots at 50 

mM KCl concentration with the same buffer as used for the gel 

filtration column. The column was washed with buffer containing 

50 mM KCl to elute unbound proteins. The column was then 

eluted at a liner gradient of 50 mM to 625 mM KCl concentration 

in a 20 ml gradient and two step gradients at 625 mM and 1 M 

KCI. 

8. Mono-Q FPLC ion exchange chromatography 2: The active 

fractions from the first Mono-Q FPLC columns were pooled and 

desalted before loading onto the 1 ml second Mono-Q column at 50 

mM KCI. The buffer used for this column is the same as the first 

Mono-Q column. The column was washed and then eluted with a 

combination of a linear and step gradient from 50 mM to 625 mM 

KCl concentration in a 30 ml gradient and then a step gradient 

was applied at 1 M KCI. 

Results 

Purification of chloroplast soluble RNA polymerase --- The 

soluble RNA polymerase was purified from isolated intact pea 

chloroplasts. A flow chart of the purification procedure is shown 
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in Figure 2-2. The purification procedure includes the 

ultracentrifugation, ammonium sulfate precipitation, DE-52 

anion exchange columns, gel filtration chromatography, and two 

Mono-Q FPLC columns resulting in a homogeneous enzyme 

preparation. After homogenization of the intact chloroplasts, a 

100,000 x g centrifugation step at 0.5 M (NH4)2S04 was used to 

remove the photosynthetic membranes. This initial step is 

different from a·n earlier purification of the TAC polymerase from 

pea (Rajasekhar ~., 1991; Tewari and Goel, 1983) where 12.5% 

Triton X-100 was used to disrupt proteins bound to the thylakoid 

membrane. The proteins tightly bound to DNA and thylakoid 

membrane, such as the TAC polymerase, would be solubilized 

under 1% Triton X-100 (Hallick ~., 1976). These proteins 

could be released into the soluble fraction thereby contaminating 

the soluble fractions. With the absence of Triton X-100, the high 

speed centrifugation step eliminates the membrane bound 

proteins, the DNA bound proteins, and most of the nucleic acids in 

the chloroplast. At 0.5 M (NH4)2S04 concentration, the loosely 

bound DNA-binding proteins, such as the soluble RNA 

polymerase, were released. The supernatant resulting from the 

centrifugation was loaded onto a DE-52 cellulose anion exchange 

column in 0.5 M (NH4)2S04. Free nucleotides and 33% of the 

proteins from the soluble extract are removed by DE-52 

chromatography. The active fraction after DE-52 chromatography 

was nucleotide free, and the enzyme activity was completely 
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Figure 2-2. Flow chart of purification of chloroplast soluble RNA 

polymerase. 
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dependent on exogenous DNA template and nucleotides. Enzyme 

activity was concentrated to a small volume by precipitation with 

60% saturation with (NH4)2S04. SDS-PAGE of protein fractions 

following chloroplast lysis, 100,000g centrifugation, DE-52 

chromatography, and ammonium sulfate precipitation is shown in 

Figure 2-3. The predominant protein contaminant at this step is 

RUBISCO large subunit with a molecular weight of 54,000. 

The Sephacryl S-300 gel filtration column was used to 

separate proteins based on size. Chloroplast RNA polymerase, a 

protein complex larger than 500 kDa, should be excluded on the 

Sephacryl S-300 column while most chloroplast proteins are 

retained. The resuspended ammonium sulfate pellet was divided 

into seven aliquots. Each aliquot was applied to a 5 em x 107 em 

Sephacryl S-300 column. A representative column profile was 

shown in Figure 2-4. Soluble RNA polymerase activity was eluted 

in fractions 7-9. The gel filtration resulted in a 30 fold enzyme 

purification and resulted in the recovery of 34% of the initial 

activity with only 0.2% of the initial proteins retained. SDS

PAGE analysis of coomassie blue stained proteins of Sephacryl S-

300 column fractions is shown in Figure 2-5. The enzyme activity 

is well separated from the major protein contamination, which 

peaks in fraction 19 and 20. Most of the protein in fractions 16 to 

22 can be identified as RUBISCO large subunit with a molecular 

weight of 54,000. This column efficiently separate RNA 

polymerase from proteins smaller than 500 kDa. The 
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Figure 2-3. SDS-PAGE of initial purification steps. Proteins 

were run on a 10% polyacrylamide gel. Protein bands were 

visualized by coomassie blue staining. Left MW is high molecular 

weight marker. Right MW is low molecular weight marker. Total 

lysed chloroplast proteins (lane 1). Supernatant following the 

100,000 X g centrifugation (lane 2). Active fraction from DE-52 

column (lane 3). Ammonium sulfate precipitation pellet (lane 4 

and 6). Supernatant of ammonium sulfate (lane 5 and 7). 
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molecular mass of pea RUBISCO is approximately 560 kDa 

(Andrews and Lorimer, 1985). The reason activity is lost is 

because of freezing and thawing of the sample. In addition, 

during the gel filtration, the enzyme is diluted and some 

dissociation of the multimeric RNA polymerase could occur. Such 

a phenomenon was observed during gel filtration of RUBISCO 

(Smrcka, 1990). Peak fractions of the Sephacryl S-300 column 

were also analyzed via SDS-PAGE with silver staining (Figure 2-

6). Silver staining is 100 times more sensitive than coomassie 

blue staining. From Figure 2-6, a complex mixture of proteins is 

still present in the active fractions. RUBISCO large subunit at 

54 kDa is apparent. Several polypeptides in 100-180 kDa range 

are evident. At this stage of purification, the enzyme had been 

purified 120-fold from lysed chloroplasts. Subunits of soluble 

RNA polymerase could not be identified. 

Two-thirds of the active fractions from the Sephacryl S-300 

column were loaded onto a 1 ml Mono-Q FPLC column in seven 

aliquots in order to achieve a good separation of the RNA 

polymerase from the rest of the proteins. The buffer used at this 

step includes 50 mM Tris-HCl (pH 7 .9), 10% glycerol, 12.5 mM 

MgCl2, 0.1 mM EDTA, 4 mM DTT and 50 mM KCI. The enzyme 

activity was eluted at 425 mM KCl in all seven columns (Figure 

2-7). More than 98% of the protein remaining after the Sephacryl 

S-300 column could be removed by FPLC Mono-Q chromatography. 

-----------------
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Figure 2-4. Chromatography profile of Sephacryl S-300 column. 

The fractions correspond to the fractions in Figure 2-5. Closed 

circles: activity indicated by pmol. Closed triangles: amount of 

protein indicated by the absorbance at 595 nm. 
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Figure 2-5. Coomassie blue stained SDS-PAGE of the fractions 

from Sephacryl S-300 column. Molecular weight markers are 

indicated. Column fractions are indicated by the number above 

each lane. Active fractions are indicated by arrows. 

~~.,-- ----------
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Figure 2-6. SDS-PAGE of the silver stained Sephacryl S-300 

column active fractions. 
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The recovery of RNA polymerase activity was 50% of the activity 

before loading the enzyme onto the column. SDS-PAGE analysis 

of silver stained proteins of Mono-Q column I fractions is shown in 

Figure 2-8. The majority of proteins were eluted with the flow 

through and fractions 20-25. Many polypeptides are still present 

in the active fractions. 

The active fractions from two of the seven Mono-Q FPLC 

columns were pooled and desalted before loading onto the 1 ml 

Mono-Q column at 50 mM KCl concentration. The proteins were 

then eluted with a combination of linear and step gradients from 

50 mM to 625 mM KCl concentration in a 30 ml gradient. The 

enzyme activity was eluted at 350 mM KCI (Figure 2-9). The 

enzyme activity was eluted at a different salt concentration than 

on the first Mono-Q column. The KCl concentration of the loading 

buffer of the second column was perhaps different from that of the 

first Mono-Q column due to desalting. Based on the SDS-PAGE 

and protein content assays, it appears that all contaminating 

proteins from the first Mono-Q column have been removed except 

for trace amounts of RUBISCO and another polypeptide at 60 kDa 

(Figure 2-10). Though commonly believed to be the largest 

subunit of RNA polymerase (Briat and Mache, 1980; Kidd and 

Bogorad, 1980; Tewari and Goel, 1983), the 180 kDa polypeptide 

was not present in the active fraction. The 180 kDa protein had 

eluted off the column at fraction 11 (Figure 2-10). The final 

preparation represented a 350,000-fold enrichment of the enzyme 
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Figure 2-7. Elution profile of Mono-Q column I. Enzyme activity 

was eluted by a KCl gradient. Enzyme activities were measured 

as in Materials and Methods and are indicated by pmol (open 

circles). Protein was monitored by absorbance at 280 nm. 

Fraction size was 1 ml with a flow rate of 1 ml/min. 
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Figure 2-8. Silver stained SDS-PAGE of the fractions from Mono

Q FPLC column I. B: proteins before loading the column. F: Flow 

through of the column at 50 mM KCI. 5-22: correspond to the 

fraction numbers that have been collected. Arrows indicate the 

active fractions. 
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Figure 2-9. Elution profile of Mono-Q column II. Enzyme activity 

was eluted by a KCl gradient. Enzyme activities were measured 

as in Material and Methods and indicated by pmol (----). Protein 

was monitored by absorbance at 280 nm. Fraction size was 1 ml 

with a flow rate of 1 ml/min. 
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Figure 2-10. Silver stained SDS-PAGE of the fractions from 

Mono-Q column II. MW: molecular weight markers. 6-38 

correspond to the fraction numbers that have been collected. 

Fractions 17 and 18 are the active fractions. 
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activity with a recovery of 2% (Table 2-2). 

Polypeptide subunit composition identification --- Ten unique 

polypeptide bands were seen on the silver stained 10% SDS-PAGE 

from the active fractions of Mono-Q column II. These ten bands 

are consistent with the band pattern seen with other purification 

schemes (data not shown). Based on the molecular weight marker 

on the 10% SDS-PAGE, the molecular mass of these ten 

polypeptides in the pea chloroplast RNA polymerase complex are: 

120, 110, 95, 83, 81, 75, 54, 51, 42 and 35 kDa (F'igure 2-11). The 

molecular weight of all ten subunits combined is approximately 

749,000. Since these ten polypeptides are present in the active 

fractions, the template dependent chloroplast soluble RNA 

polymerase may consist some or all of these ten polypeptides. 

Non-denaturing polyacrylamide gel --- There is only one 

predominant protein in the most purified sample of soluble RNA 

polymerase when analyzed by non denaturing polyacrylamide gel 

(Figure 2-12). The protein has a size of 669 kDa. The same 

protein was detected with antibody against rpoA fusion protein 

(data not shown). At 420 kDa, there are trace amounts of 

RUBISCO contamination. 



Table 2-2. Purification of pea chloroplast soluble RNA polymerase 

FRACTIONS PROTEIN ACTIVITY SPECIFICACTMTY PURIFICATION PROTEIN AC!MTY 
(mg) <UnitY' (Unttslmg) FOID YlEID RECOVERY 

Lysed Chloroplast 4554 38051 8.35 1 100% 100% 

100,000Xg 
centrifugation 3000 56480 18.82 2.25 65.9% 100% 

DE-52 column 1925 48720 25.31 3.03 42.3% 100% 

Ammonium sulfate 
precipitation 1161 37812 32.56 3.9 25.5% 99.4% 

Sephacryl S-300 13 12900 993 120 0.28% 34% 

Mono Q column 1 b 0.24 1572 6550 784 0.005% 4% 

Mono Q column 2c 0.0002 600 6000000 359000 2% 

a. One unit equals incorporation of 1 pmol of UTP in 40 min at 230C. 
b.The protein yield and activity recovery are calculated based on the two-thirds sample applied on the column. 
c. The activity recovery W2S 50% of the activity loaded on the column, so the number here is 2%. The protein 

content was estimated based on the different amount of E. coli RNA polymerase on the silver stained 
SDS-PAGE. 

0'\ 
'-I 
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Figure 2-11. Molecular weight determination of the identified 

RNA polymerase subunits. 
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Figure 2-12. Non-denaturing polyacrylamide gel of the purified 

soluble RNA polymerase. Lanes 1 and 3 are the molecular weight 

markers. Lane 2 is fraction 17 from Mono-Q column II. 
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Molecular weight determination --- ·The molecular weight of 

native soluble RNA polymerase was determined by gel filtration. 

Pharmacia gel filtration standards were used as molecular weight 

markers. The holoenzyme produced a sharp peak with an 

apparent molecular mass of 620 kDa (Figure 2-13). As a control, 

the molecular weight of pea RUBISCO was also determined with 

the same column and molecular weight standards. The 

experimental value of 420 kDa for RUBISCO is significantly lower 

than the known molecular weight of 560,000. Thus the purified 

RNA polymerase is probably larger than 620 kDa. 

Substrate labeling experiment --- A substrate binding 

experiment was performed in order to determine which 

polymerase subunit identified on the SDS-PAGE is the nucleotide 

binding subunit. A comparison of the protein staining pattern 

with the autoradiography revealed that the subunit with a 

molecular weight of 110,000 became labeled (Figure 2-14). This 

is the polypeptide found to bind substrate in a partially purified 

spinach chloroplast RNA polymerase (Lerbs-Mache, 1993). The 

second largest subunit of wheat germ RNA polymerase II (Grachev 

et al., 1986) and the J3 subunit of E. coli RNA polymerase 

(Grachev et al., 1989) have substrate binding sites that can be 

labeled. Based on amino acid sequences of nuclear RNA 

polymerases and E. coli RNA polymerase, labeling sites have been 

predicted. The chloroplast rpoB encoded subunit has the affinity 



71 

0.6 

.~ ~ 0.4 

0.2 

0.0 +-------r------.-----,r-----.--...... ....... ---r---.--t 

100 400 000 800 1000 

Molecular mass (kDa) 

Figure 2-13. Molecular weight determination of native RNA 

polymerase by Sephacryl S-300 gel filtration chromatography. 

For each molecular weight marker, Kav was calculated and was 

plotted versus log (molecular weight). The best fitting line 

defined by these points was found. Arrow A indicates soluble 

RNA polymerase. Arrow B indicates RUBISCO. 
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Figure 2-14. Substrate labeling of the substrate binding subunit. 

The substrate labeling experiment was done as in Materials and 

Methods. The gel was autoradiographed and the molecular weight 

marker are indicated. The 110 kDa polypeptide that is labeled is 

indicated by an arrow. 
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labeling sites (Yepiz-Plascencia, personal communication). The 

substrate labeling experiment demonstrated the 110 kDa subunit 

is similar to the p subunit of E. coli RNA polymerase. 

Western blotting of RNA polymerase by anti-rpoA serum --

The maize chloroplast soluble RNA polymerase has been shown to 

contain chloroplast encoded RNA polymerase subunits (Hu and 

Bogorad, 1990; Hu ~., 1991). By using ALPA (antibody-linked 

polymerase activity) and in situ hybridization, Little and Hallick 

(1988) demonstrated that the pea, spinach, and Euglena soluble 

RNA polymerase contains rpoA, rpoB and rpoC 1 encoded 

subunits. In order to determine if the purified RNA polymerase 

contained the a subunit which is encoded by rpoA in pea 

chloroplast DNA, a protein blot of purified soluble RNA 

polymerase was allowed to react with pea anti-rpoA serum. The 

42 kDa polypeptide was detected by the antibody (Figure 2-15). 

Hence, the a subunit is a component of the soluble RNA 

polymerase. The 42 kDa polypeptide was the same size as the 

polypeptide detected in pea chloroplast crude extract (Purton and 

Gray, 1989). 

Discussion 

Despite a significant amount of research on the purification 
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Figure 2-15. Western blot of soluble RNA polymerase with 

antiserum from rpoA encoded fusion protein. Molecular weight 

markers are shown on the side. Arrow points at the rpoA encoded 

subunit from purified RNA polymerase from pea chloroplasts. 
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and characterization of higher plant chloroplast RNA 

polymerases, it is not a very well understood enzyme, partly due 

to the extremely low abundance of this protein. In addition, it is 

a very unstable enzyme due to the multisubunit composition. In 

this chapter I have described the purification to near homogeneity 

of soluble RNA polymerase from pea chloroplast. The purification 

scheme represents a 170-fold improvement compared to a 

previous report on partial purification of the RNA polymerase 

from pea chloroplast (Rajasekhar !ll...!!l., 1991). In addition, the 

subunit composition has been identified and the native molecular 

weight of the holoenzyme has been determined. This is the first 

time the chloroplast soluble RNA polymerase has been purified 

from a higher plant with high specific activity and to near 

homogeneity. 

Ten polypeptides are identified in the soluble polymerase. 

Some of the subunits were described in previous reports 

(Rajasekhar !l.iJ!.!., 1991; 'fewari and Goel, 1983), but some have 

not been identified before. Eleven polypeptide bands were 

detected in a previous purification (Rajasekhar et al., 1991; 

Tewari and Goel, 1983). The crucial difference between our work 

and the previous work on pea is that we used the soluble fraction 

from lysed chloroplasts while Rajasekhar ~ solubilized the 

chloroplast proteins first in 12.5% Triton X-100. Triton X-100 at 

1% has been shown to solublize membrane proteins and the 

proteins that are tightly bound to DNA including the TAC 

-------- ----· 
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polymerase (Hallick ~., 1976). Therefore, I suggest that the 

subunits previously identified may be a mixture of at least two 

RNA polymerase activities. The two RNA polymerases might 

share some common core subunits essential to the polymerization 

reaction but differ in others that would generate the specificity of 

an enzyme for recognition of different promoters. 

I used the highly selective affinity labeling technique 

developed by Grachev and collaborators (Grachev ~., 1986) to 

investigate the active site of the soluble RNA polymerase. A 110 

kDa polypeptide is the subunit with an active site found to 

covalently bind the ATPpA linked dinucleotide. This dinucleotide 

was found covalently attached to E. coli p subunit (Grachev ll.lll., 

1989) and to the second largest subunit in wheat germ RNA 

polymerase II (Grachev et al., 1986) as well as yeast RNA 

polymerases I, II, and III (Riva ~., 1987). Thus, the 110 kDa 

subunit appears to participate in substrate binding and 

phosphodiester bond formation and is functionally homologous to 

the P subunit in bacteria and the second largest subunit (140-150 

kDa) in nuclear RNA polymerase. Recently, Lerbs-Mache 

proposed that the 110 kDa polypeptide of spinach plastid RNA 

polymerase is a single subunit enzyme (Lerbs-Mache, 1993). 

Lerbs-Mache's work demonstrated that the 110 kDa subunit is an 

essential subunit in all the chloroplast RNA polymerases. I have 

not yet been able to detect an immunological reaction of the 110 

kDa subunit to the antibody to the E. coli core enzyme. The 110 
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kDa subunit in spinach also do not cross-react to E. coli enzyme 

antibody (Lerbs-Mache, 1993). This suggests the 110 kDa subunit 

might have limited homology to the E. coli RNA polymerase 

subunit. 

Of the ten subunits, the 42 kDa polypeptide is identified as 

being the a subunit encoded by the chloroplast rpoA gene. The 

110 kDa subunit is identified as the p subunit by function. The 

51 and 54 kDa subunits in pea chloroplast RNA polymerase were 

identified as the nascent RNA binding subunits by a 

photolabeling technique (Khanna d.l!.l., 1991). The two largest 

subunits of eukaryotic RNA polymerase are conserved and contain 

DNA-binding, nascent RNA binding, and nucleotide binding 

properties (Bartholomew dJ!!,, 1986; Gungelfinger, 1983; Hanna 

and Meares, 1983). There is strong evidence that the two largest 

subunits of RNA polymerase II are functionally and structurally 

similar to the P and P' subunits in the bacterial enzyme. I have 

not determined if the 120 and 110 kDa subunits would bind 

nascent RNA and DNA templates. The pea chloroplast rpoC2 

gene which encodes the P" subunit has been sequenced. It encodes 

a 133 kDa polypeptide (Cozens and Walker, 1986). The predicted 

amino acid sequences of the rpoC2 gene products from spinach, 

tobacco, liverwort, pea, the E. coli RNA polymerase C-terminal 

portion of the P' polypeptide, and the largest subunit of yeast 

RNA polymerases II and III share highly conserved domains 

(Hudson~., 1988). Generally, the rpoC2 encoded protein is the 
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largest subunit in the chloroplast RNA polymerase. I speculate 

that the 120 kDa subunit is theW' subunit encoded by rpoC2. 

The molecular mass of the native polymerase enzyme is 620 

kDa determined by comparing its Kav value in gel filtration 

chromatography to Kav values of molecular weight standards. 

The molecular weight of native enzyme is also determined by the 

non-denaturing gel to be 669 kDa. Considering the experimental 

and calculation error from both the column and the gel, the 

estimation of molecular weight from both methods agrees well. 

This soluble RNA polymerase is larger than the TAC polymerase 

from pea which is approximately 500 kDa (Tewari and Goel, 

1983). Taking the approximate molecular weight of the ten 

polypeptides in the most purified fraction, the combined subunit 

molecular weight would result in a value of 749,000 for the 

holoenzyme, larger than the measured native enzyme size. The 

difference in the molecular weight may result from: 1) The native 

enzyme may be more compact than the ten free subunits, the 

molecular weight of the native enzyme appears to be smaller than 

that of ten subunits combined. The apparent difference between 

the molecular weight of holoenzyme and combined molecular 

weight of subunits can also be demonstrated with the RUBISCO 

enzyme. The combined molecular mass from the eight large 

subunits and eight small subunits of RUBSICO is 560 kDa. But 

on both the gel filtration column and the non-denaturing gel, the 

native molecular mass of RUBISCO is 420 kDa, generating a 
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difference of 140 kDa. 2) Both the gel filtration column and the 

non-denaturing gel could not accurately determine the molecular 

weight of the native enzyme. For an enzyme of this size, only one 

molecular weight marker, thyroglobulin with 669 kDa, is 

available within the range of interest. This increases the error of 

the calculation. 3) One or more of the ten subunits may be a 

contaminant. Perhaps one of the subunits is generated by 

proteolysis from another polypeptide. It seems likely that the 

native protein consists all the subunits. The stoichiometry of the 

subunits could not be determined. In both E. coli RNA 

polymerase (Burgess ~., 1986) and yeast RNA polymerases II 

(Young, 1991), there are two ex subunits in the holoenzyme. From 

research on the rate of transcription and the RNA level in 

chloroplasts, it was suggested that more ex subunits than P and P' 

subunits are expressed in barley chloroplast (Rapp ~., 1992). 

One subunit of the E. coli RNA polymerase that plays a 

crucial role in transcription is the sigma subunit. This is the only 

subunit in the bacterial RNA polymerase that has not been 

positively identified in the chloroplast RNA polymerase. The 90 

and 33 kDa polypeptides in spinach chloroplast are 

immunologically related to the cr factor of E. coli RNA polymerase 

(Lerbs dJ!.!., 1988). Tiller ~. (1991) isolated three different 

transcription factors from mustard chloroplasts which resemble 

bacterial cr factor. The molecular mass of these factors are 67, 52, 

and 29 kDa. Each of these polypeptides enhanced DNA-binding 
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and transcriptional specificity when added to E. coli RNA 

polymerase core enzyme and chloroplast DNA containing specific 

promoters. Each of the factors mediates the binding to promoters 

of the chloroplast genes psbA, trnQ, and rps 16, with differing 

efficiencies. I believe that the a-factor like subunit is not an 

essential component of the soluble RNA polymerase. The purified 

RNA polymerase has transcriptional specificity. The factors 

purified by Tiller et al might be transcription factors for 

chloroplast RNA polymerase. Therefore, I speculate that the 

chloroplast soluble RNA polymerase resembles the nuclear RNA 

polymerase II in structure. There is no clear identification of a a 

factor in the RNA polymerase II. The removal of the two 

polypeptides, B32 and B16.5, from RNA polymerase II yields an 

enzyme with a significantly impaired activity on a non-selective 

template (Dezelee ~., 1976; Ruet ~., 1980). 

Exhaustive attempts were made using fusion-protein 

antiserum from Michael Little (Little and Hallick, 1988) and the 

bacterial major sigma subunit monoclonal antibody to identify ~, 

~"and sigma-like subunit of the purified soluble RNA polymerase 

without any positive results. I also used E. coli core enzyme 

antiserum to test for any subunits immunologicaly related 

between E. coli and pea chloroplast. No cross reaction was 

detected. 

The chloroplast RNA polymerase subunits are summarized 

in Table 2-3. In general, the TAC polymerase is reputed to have 
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Table 2-3. Comparison of the subunits of chloroplast RNA 

polymerases from different species 

------------------------------------------------------TAC TAC Soluble Soluble TAC Soluble 
Enzyme Enzyme Enzyme 

(Euglena)a (Spinach)b (Spinach)c (Maize)d (Pea)e (Pea) 

116 69 150 180 150 120 

83 60 145 140 130 110 

24 55 110 120 115 95 

34 102 110 110 84 

15 80 100 95 81 

75 95 85 75 

64 85 75 54 

58 75 48 51 

53 70 44 42 

48 55 39 35 

38 42 27 

34 40 

27 38 

1 2 

a. Narita, J.O., Rushlow, K.E. and Hallick, R.B. (1985). 

b. Briat, J.F. and Mache, R. (1980). 

c. Lerbs, S., Brautigam, E. and Parthier, B. (1985). 

d. Kidd, G.H. and Bogorad, L. (1980). 

e. Tewari, K.K. and Goel, A. (1983). 
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fewer subunits than soluble RNA polymerase, except for pea 

chloroplasts. The composition of soluble enzyme is a mixture of 

polypeptides ranging from 27 to 180 kDa. Unlike eukaryotic 

nuclear RNA polymerases, the soluble RNA polymerases have 

several subunits in the size range of 50 to 95 kDa. Some of these 

subunits are found in both TAC and soluble RNA polymerase 

(Lakhani~., 1992). 

The ultimate purpose for purifying pea chloroplast soluble 

enzyme is to determine if there are two or more RNA polymerases 

in the chloroplast and if there are differences in genes specific for 

different enzymes. It was clearly demonstrated that the soluble 

RNA polymerase transcribes mRNA and tRNA genes and TAC 

transcribes rRNA genes in higher plants (Gruissem !U.J!.!,, 1983; 

Joussaume, 1973). In some species such as Euglena, the soluble 

RNA polymerase transcribes tRNA genes and TAC transcribes 

rRNA genes (Greenberg .ruwll., 1984). The enzyme I have purified 

has specificity for mRNA promoters (see chapter IV). It has been 

reported that there are two RNA polymerases in pea chloroplast, 

which share some subunits (Lakhani et al., 1992). The 

chloroplast RNA polymerase from all sources share some common 

subunits, such as 110, 75, and 40 kDa. It is possible that the core 

polymerase is different for transcription of different genes. The 

association of common factors with the core enzyme yields 

functional RNA polymerase complexes that transcribe different 

genes. 



CHAPTER III 

CHARACTERIZATION OF PHYSICAL AND BIOCHEMICAL 

PROPERTIES OF THE CHLOROPLAST SOLUBLE RNA 

POLYMERASE FROM PEA 

Introduction 
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DNA-dependent RNA polymerases play an important role in 

the synthesis of RNA and the control and regulation of RNA 

synthesis. The complexity and importance of these processes to 

the cell are reflected in the multiple forms of RNA polymerases 

found in eukaryotic cells (Chambon, 197 5) and multiple sigma 

factors in prokaryotic cells (Doi and Wang, 1986). DNA

dependent RNA polymerases isolated from prokaryotes, 

eukaryotes, and mitochondria have been thoroughly examined 

using in vitro systems in an attempt to reconstruct the precise 

conditions involved in in vivo transcription. Detailed 

characterization of each RNA polymerase enables more accurate 

comparisons between different RNA polymerases. During the 

course of studies of RNA polymerase, a large amount of data has 

accumulated on the physical properties of the RNA polymerases. 

RNA polymerases have been categorized into specific classes 
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depending upon their subunit structure, localization, physical 

properties, and transcriptional specificity. Physical properties of 

RNA polymerases by different purification methods have been 

compared. In eukaryotes, RNA polymerases have been classified 

into three types according to subunit structure, sensitivity to 

specific drugs and inhibitors, preference for DNA template, and 

ionic strength for RNA synthesis (Chambon, 197 5). The 

sensitivity of prokaryotic RNA polymerase to rifampicin is one 

factor used to distinguish prokaryotic RNA polymerases from 

eukaryotic RNA polymerase (Meilhac dl!!., 1972). 

Research on the properties of the RNA polymerases provided 

information on the functions of the subunits. For example, the 

inhibition of E. coli RNA polymerase activity by rifampicin is 

caused by the tight binding of the drug to the p subunit of the 

enzyme, therefore blocking RNA chain initiation and possibly 

preventing the binding of the initial nucleotide triphosphate to 

the enzyme (Wu and Goldthwait, 1969). RNA chain elongation is 

not affected by rifampicin (Sippel and Hartmann, 1968). 

Information gathered from studies of physical properties in vitro 

is important in understanding the nature of RNA polymerase and 

its DNA-enzyme interactions. Experimental conditions, such as 

temperature and ionic strength, affect the double helix structure 

of the DNA template, thus affecting the transition of the RNA 

polymerase-DNA "closed complex" to the "open complex" (Hawley 

and McClure, 1980). 
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In the previous chapter, I described the purification of a 

soluble RNA polymerase from pea chloroplasts. Chloroplast 

soluble RNA polymerase is a complex enzyme that consists of ten 

different subunits. Early studies on selective transcription and 

physical properties of Euglena chloroplast RNA polymerase led to 

the speculation that there are two RNA polymerases present 

inside chloroplasts (Greenberg et al., 1984; Gruissem et al., 

1983). One is tightly bound to the chloroplast DNA and is termed 

TAC. Another is in the soluble fractions and is known as the 

"soluble enzyme". The two chloroplast RNA polymerases from 

Euglena show differences in physical properties (Greenberg~., 

1984; Greenberg et al., 1985). For example, the optimal 

temperature for Euglena chloroplast soluble RNA polymerase is 

250C while that for TAC is 350C. The optimal salt concentration 

is also different for these two enzymes. The soluble activity has 

an optimal KCl concentration of 50 mM while that of TAC is 300 

mM. The first evidence in higher plants that there are also two 

RNA polymerase activities is that they are isola ted from different 

chloroplast subfractions (Joussaume, 1973). In maize, the two 

RNA polymerase activities (Zaitlin cl..._ftl., 1989) were separated 

and identified. Most recently, Lakhani et al (1992) reported a pea 

chloroplast RNA polymerase activity that only transcribes mRNA. 

However, a direct comparison of purified TAC and soluble RNA 

polymerases has not been done in any species. Most of the 

characterization experiments were performed with relatively 
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crude extracts of these enzymes and some of the properties might 

not reflect the properties of the purified enzyme. The use of crude 

extracts of RNA polymerases have also generated confusing and 

unreproducible data. The biochemical and physical properties of 

chloroplast RNA polymerase reported by many groups might be 

due to the mixing of both RNA polymerases. It is therefore hard 

to compare the same enzyme activity from different sources. So 

far, there have been only two reported enzyme kinetic analyses 

that have been performed on the chloroplast RNA polymerase of 

wheat (Polya and Jagendorf, 1971b) and Euglena TAC (Hallick itt 

.al .• 1976). 

In this chapter, I provide a detailed investigation of the 

enzyme kinetics and the physical properties of purified pea 

chloroplast soluble DNA dependent RNA polymerase, including a 

temperature activity profile, a pH activity profilef the effect of 

salt concentration, and resistance to drugs. 

Materials and Methods 

Chemicals: Most of the chemicals used are the same as in chapter 

II (Materials and Methods). Tagititoxin was purchased from 

Egentechnology, Wisconsin. Heparin, Triton X-100 and rifampicin 

were obtained from Sigma Chemical Company (St. Louis, MO). 
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RNA transcription assay: A standard RNA transcription reaction 

was usually prepared by adding 12 ~1 of the desalted active Mono

Q column fractions to 38 ~1 of a transcription reaction cocktail. 

The final concentrations contributed by the reaction cocktail in a 

50 ~1 reaction were 25 mM Tris-HCl (pH 7.9, 370C), 12.5 mM 

MgCl2, 0.25 mM EDTA, 17% glycerol, 4 mM DTT, 500 ~M ATP, 

500 ~M CTP, 500 ~M GTP, 50 ~M UTP, 1 ~1 [a-32p] UTP (650 

Ci/mmol), and 3 ~g of supercoiled pEZC800.3 template. The 

soluble RNA polymerase was in the following buffer: 50 mM Tris

HCl (pH 7.9, 40C), 12.5 mM MgCI2, 0.1 mM EDTA, 10% glycerol, 4 

mM DTT, and 30 mM KCI. The transcription reactions were 

started by mixing cocktail with the enzyme. The mixture was 

incubated for 60 minutes at 370C, unless otherwise stated, and 

the reaction was terminated by pipetting the reaction mixture 

onto Whatman DE-81 filter disks. 

Effect of salt concentration.:. Transcription reactions were 

prepared by mixing 12.5 ~1 of soluble RNA polymerase, 34.5 ~I of 

reaction cocktail and 3 ~1 of various concentrations of KCI, 

(NH4)2S04, MgCl2 and MnCI2 to yield the final desired salt 

concentration. The reactions were carried out at 370C for 60 

minutes and RNA synthesis was measured by the DE-81 filter 

assay. When the effect of KCI and (NH4)2S04 were determined, 

the concentration of MgCl2 in the final reaction mixture was 12.5 
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mM. When the effect of MgCl2 and MnCl2 were determined, the 

concentration of KCl in the final reaction mixture was 3.5 mM. 

Thermal stability of soluble RNA polymerase: Individual 

aliquots of soluble RNA polymerase were incubated for 30 

minutes at ooc, 15oc, 23oc, 3ooc, 37oc, 42oc, 55oc, and 650C. 

Then, 38 J.!l of transcription reaction cocktail was added to the 

soluble RNA polymerase and the reaction mixtures were 

incubated at 370C for 60 minutes. The amount of RNA synthesis 

was determined by filter assay. 

Effect of temperature: Aliquots of transcription reaction 

mixtures were preincubated for 5 minutes in a water bath with 

desired temperatures ranging from 150C to 650C. Then, 12 J.Ll of 

soluble RNA polymerase was added to the reaction mixtures and 

incubated for 60 minutes at the desired temperatures. The 

incorporation of [cx-32P]UTP into RNA was measured by the DE-

81 filter assay. 

Effect of pH: Eleven 1.0 M Tris-HCl solutions were prepared 

ranging from pH 7 to 9 at room temperature. The pH of all of the 

solutions were measured again at 37oc, generating the pH values 

of 6.12 to 8.69. Then, each of the 1.0 M Tris-HCl solutions was 

used to prepare an individual transcription cocktail as described 
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above. The transcription reactions were incubated at 370C for 60 

minutes. RNA synthesis was measured as described above. 

RNA synthesis at different temperatures: Four different water 

baths with temperatures ranging from 150C to 370C were 

prepared. An individual reaction cocktail of 80 J.Ll containing all 

of the reaction mixtures except the enzyme was preincubated for 5 

minutes at the desired transcription temperature. 20 J.Ll of 

soluble RNA polymerase was then added to the reaction cocktail 

and transcription reactions were incubated in the water bath. For 

reactions at 150C, 22oc, 290C, duplicate 5 J.Ll aliquots were 

pipetted out of the reaction mixture at 5 minute, 10 minute, 15 

minute, 20 minute, and 30 minute intervals. For reactions at 

37°C, the time intervals for terminating RNA synthesis reaction 

were 2 minutes, 5 minutes, 10 minutes, 20 minutes and 30 

minutes. The incorporation of [a-32p] UTP into RNA was 

determined by the DE-81 filter precipitation assay (Hallick iU_ill., 

1976). 

Effect of RNA synthesis inhibitors: The effect of tagetitoxin, 

heparin, and rifampicin on RNA synthesis was studied by treating 

the soluble RNA polymerase with the desired concentration of 

drug in the reaction cocktail and without the DNA template for 30 

minutes at 370C prior to the transcription reaction. Serial 

dilutions of the inhibitors were made. The DNA template was 
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added to the preincubation mixture and the reactions were carried 

out at 370C for 60 minutes. 

Kinetic analysis: The initial reaction rates were determined at 

various concentrations of GTP from 0.01 mM to 0.75 mM, while 

other nucleotides were at the saturating concentration of 500 IJ.M 

each. The reaction was started by adding purified RNA 

polymerase to the reaction cocktail as in the standard assay, 

except with a different concentration of GTP. Then 10 j.J.l of 

transcription mix were removed at 5 minutes and 10 minutes, 

respectively. The reactions were incubated at 230C. The 

incorporation of [a-32P] UTP into the RNA transcripts was 

measured by precipitated radioactive counts on the DE-81 filter. 

Results 

Cation specificity--- The purified pea chloroplast soluble 

RNA polymerase displayed a very narrow optimum activity with 

divalent cations (Figure 3-1, Figure 3-2), with 70% inhibition of 

the UMP-incorporation into RNA between 15 mM to 20 mM Mn++ 

and 60% inhibition of the activity between 15 mM to 20 mM Mg++. 

The transcription reaction by the enzyme requires Mg++ and Mn++. 

The optimal concentration for both Mg++ and Mn++ is 15 mM. No 

transcription was obtained at 0 mM concentration of either Mg++ 
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or Mn++. However, Mg++ cannot substitute for Mn++ since tests 

for Mn++ performed under the optimum Mg++ concentration also 

produced a optimum Mn++ of 10 mM (data not shown). 

The in vitro transcription of the purified RNA polymerase 

was extremely sensitive to salt concentration. The lowest KCl 

concentration used in the experiment was 2 mM. The enzyme 

activity decreased in a linear fashion with the increase of KCl and 

(NH4)2S04 concentration (Figure 3-3, Figure 3-4). At 100 mM 

concentration of either KCl or (NH4)2S04, the soluble enzyme 

activity is completely inhibited. At 50 mM KCl , the common 

optimum salt concentration for soluble polymerase, only 40% of 

the enzyme activity remained. The inhibition by (NH4)2S04 is 

similar to that reported for maize chloroplast polymerase 

activity. Compared to the pea chloroplast RNA polymerase that 

transcribes rRNA genes (Sun .tl...al., 1989; Tewari and Goel, 1983), 

the soluble RNA polymerase is more sensitive to salt. The 

soluble enzyme transcriptional activity decreases rapidly, 

retaining only 10% of activity at 50 mM (NH4)2S04. 

Thermal stability --- The soluble polymerase is unstable 

under normal purification conditions. Inactivation of the soluble 

RNA polymerase occurs in less than 24 hours when the enzyme is 

in chromatography buffer at 400. The enzyme activity from the 

crude extract was completely gone after a few hours at room 

temperature (data not shown). However, the enzyme maintains 
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Figure 3-1. Effect of MgCl2 concentration on RNA synthesis by 

pea chloroplast soluble RNA polymerase. 

averages of two independent experiments. 

The results are 

Two independent 

experiments were also performed and the results are the same as 

shown in this figure. 
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Figure 3-2. Effect of MnCl2 concentration on RNA synthesis by 

pea chloroplast soluble RNA polymerase. 

averages of two independent experiments. 

The results are 
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Figure 3-3. Effect of increasing concentration of KCl on the 

incorporation of 32p UMP into RNA by pea chloroplast soluble 

RNA polymerase. The results are averages of duplicate 

determinations. 
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Figure 3-4. Effect of increasing concentration of (NH4)2S04 on the 

incorporation of 32p UMP into RNA by pea chloroplast soluble 

RNA polymerase. 

determinations. 

The results are averages of duplicate 
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excellent activity for more than two years at -800C. Thermal 

stability over a wide range of temperatures was assayed by 

incubating the enzyme for half hour at different temperatures and 

then quantitating the remaining activity (Figure 3-5). The 

enzyme activity incubated at ooc is defined as 100% active. The 

enzyme activity was very stable to preincubation temperatures 

from ooc up to 450C. Virtually no loss of activity was noticed in 

incubation up to 450C. Short time incubation at 290C and 370C 

actually enhanced the activity at the normal assay temperature. 

However, the enzyme activity was completely lost at 55°C. 

Temperature Optima ---- Polymerization by soluble RNA 

polymerase occurred over a narrow range of temperatures, 

reaching a maximum at approximately 400C with pEZC800.3 as 

template (Figure 3-6). RNA synthesis decreased drastically 

above 400C and below 300C. There is only one-third of maximal 

activity at 230C and 550C. 

pH dependence --- The pH dependence profile of purified 

soluble RNA polymerase is shown in Figure 3-7. The enzyme is 

highly active in a broad pH range. At 370C, the maximum 

transcription occurred at pH 7 .9. At pH 8.5 there was 75% 

activity and at pH 7, 75% activity remained. One feature of this 

purified enzyme different from that of pea chloroplast TAC 

(Tewari and Goel, 1983) is the broad range of enzyme activity 
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Figure 3-5. Thermal stability of chloroplast soluble RNA 

polymerase. The purified chloroplast soluble RNA polymerase 

was preincubated for 30 minutes without DNA template at the 

temperatures in the above figure. The remaining RNA polymerase 

activity was determined by the incorporation of 32p UMP into 

RNA at 370C. Activity remaining was calculated relative to RNA 

polymerase samples incubated at ooc for 30 minutes. The results 

are averages of duplicate determinations. 
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Figure 3-6. RNA synthesis by the chloroplast soluble RNA 

polymerase as a function of temperature. 

averages of duplicate determinations. 

The results are 



99 

120 

100 

t 
~ 

00 

J 
00 

40 
~ 

ID 

0 
6.0 6.5 7.0 7.5 8.0 8.5 9.0 

pH 

Figure 3-7. Effect of pH on the RNA synthesis by soluble RNA 
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from pH 7 to pH 9 without significant loss of activity. However, 

when the pH is below 7 ~ the enzyme activity was reduced 

dramatically. 

Characterization of the RNA polymerase activity The 

purified RNA polymerase activity was completely dependent upon 

the exogenous DNA template. The synthesis of RNA by soluble 

RNA polymerase was measured as a function of incubation time 

at different temperatures, as shown in Figure 3-8. Aliquots of the 

mixture were removed at each time point. The most purified 

enzyme reached the maximum incorporation 30 minutes after 

incubation (data not shown) under normal assay conditions. The 

incorporation will remain constant for up to two hour's incubation. 

As the transcription reaction temperature was lowered from the 

optimum of 37oc, the initial rate of RNA synthesis decreased. 

The activation energy for the pea chloroplast soluble RNA 

polymerase can be calculated from an Arrhenius plot. The 

relationship between the rate constant of a reaction k, and the 

activation energy, Ea, is given by the Arrhenius equation: 

Slope = 
d(logk) 

d(ltr) 
=-

Ea 

2.3R 

where k equals Vmax/[E], and Ea the activation energy. The gas 

constant, R, is 1.98 calories/mole OK. Graphing log k against the 

reciprocal of the absolute temperature is the Arrhenius plot. 
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Since the amount of enzyme used is the same in every reaction 

and the Km value for the enzyme is a constant value, log pmol/min 

(initial reaction rate) was used instead of Vmax/(E]. From the 

Arrhenius plot of the temperature dependence (Figure 3-9), the 

RNA polymerase has an apparent activation energy (Ea) of 34 

kcal/mole over the temperature range of 15 -370C. 

RNA synthesis inhibitors --- In order to obtain more 

information on soluble RNA polymerase, several inhibitors were 

tested for their effect on the incorporation of nucleotides. The 

effects of tagetitoxin on the purified RNA polymerase was tested, 

as shown in Figure 3-10. 50% inhibition occurred at 10-7 M 

tagetitoxin concentration and the toxin inhibits RNA polymerase 

activity completely at 10-5 M. Inhibition by heparin was also 

investigated (Figure 3-11). When different concentrations of 

heparin were incubated with the purified enzyme, the enzyme 

activity declined sharply from 100% at 10-6 M to 0% at l0-5 M. 

Rifampicin, a highly selective inhibitor of bacterial RNA 

polymerase, does not inhibit the purified pea chloroplast soluble 

RNA polymerase at concentrations below 1 mg/ml (Figure 3-12). 

Kinetic analysis--- Steady state kinetic parameters should 

be determined for the various forms of polymerase as a basis for 

comparison. Since the enzyme utilizes four substrates, the first-
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Figure 3-8. RNA synthesis by purified chloroplast soluble RNA 

polymerase at different temperatures. Reactions were performed 

under standard polymerase assay conditions. Reaction mixtures 

without the enzyme were preincubated at the indicated 

temperatures, and the reactions were initiated by adding RNA 

polymerase to the reaction mix. Time points were taken at 2, 5, 

10, 15, 20, and 30 minutes after polymerase addition. Closed 

squares represent 150C, open circles 22oc, closed triangles 290C 

and closed circles 370C. 
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Figure 3-9. Arrhenius plot of log pmol/min versus 1/T. 
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order conditions were created by varying the concentration of one 

substrate in the presence of an excess of other substrates. Initial 

reaction rates were measured at different substrate 

concentrations. The initial rate of RNA synthesis plotted as a 

function of [GTP] concentration is shown in Figure 3-13. Figure 3-

14 illustrates the Lineweaver-Burk plot (lN versus 1/(8]). 

Estimations of apparent Km and Vmax was performed by fitting 

these data for several concentrations of GTP. Enzyme activity is 

expressed as pmol of product formed per min. per mg of protein. 

The V versus [8] plot showed typical Michaelis~Menten kinetics. 

The Km of purfied soluble RNA polymerase for GTP is 0.1 mM. 

The Vmax of purified soluble RNA polymerase is 200 

pmol/min/mg. 

Discussion 

One of the goals of these studies was to characterize the 

purified soluble RNA polymerase and compare the behavior of the 

soluble enzyme with TAC polymerase that had been purified 

previously. Tewari and Goel (1983) have isolated an RNA 

polymerase that transcribes rRNA genes in pea chloroplasts. 

This enzyme was further purified and characterized (Rajasekhar 

ll.J!.!., 1991; Sun ll.J!.!,, 1986). An RNA polymerase activity that 

transcribes mRNA has been reported in pea chloroplast. 
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Figure 3-10. Inhibition of the in vitro RNA synthesis by 

tagetitoxin on pea chloroplast soluble RNA polymerase. Purified 

pea chloroplast soluble RNA polymerase was mixed with different 

concentrations of inhibitors in the reaction buffer without adding 

the template. Reactions were incubated for 60 min at 370C. The 

results are averages of duplicate determinations, and similar 

data were obtained in a separate experiment. 
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Figure 3-11. Effect of increasing heparin concentration on in vitro 

RNA synthesis by chloroplast soluble RNA polymerase. The 

results are averages of duplicate determinations, and similar 

data were obtained in a separate experiment. 
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Figure 3-12. Effect of increasing rifampicin concentration on RNA 

synthesis by chloroplast soluble RNA polymerase. The results 

are averages of duplicate determinations. 
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Figure 3-13. Effect of varying GTP concentration on the kinetics 

of RNA synthesis by purified RNA polymerase. V: Initial 

velocities of [a-32p] UTP incorporation. Assay conditions were as 

described for determination of activity (see Materials and 

Methods). The results are averages of duplicate determinations. 
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Figure 3-14. Double-reciprocal Lineweaver-Burk plot based on 

data presented in Figure 3-13. 



110 

Immunological experiments have demonstrated that the two 

chloroplast RNA polymerases from pea have three subunits in 

common (Lakhani ~., 1992). Here, the chloroplast soluble 

RNA polymerase purified from pea chloroplast has been 

characterized. At this purification stage, it is possible to 

compare the differences between the two RNA polymerases. The 

purified enzyme, we believe, contains all the factors necessary for 

selective in vitro transcription. 

RNA synthesis by soluble RNA polymerase is very sensitive 

to salt. This is partly due to the inhibition of RNA chain 

initiation. Although the profiles of KCl and (NH4)2S04 inhibition 

are similar for both pea chloroplast RNA polymerase activities 

(Sun~., 1986; Tewari and Goel, 1983), the salt concentrations 

for complete polymerase activity inhibition are different. The pea 

chloroplast soluble polymerase was completely inhibited at 100 

mM (NH4)2S04 while TAC polymerase activity was only inhibited 

by 50%. The soluble enzyme activity decreases rapidly, retaining 

only 10% of activity at 50 mM (NH4)2S04 while the TAC activity 

still retains 75% activity (Tewari and Goel, 1983). Partially 

purified chloroplast soluble RNA polymerase from maize is also 

very sensitive to salt. At 50 mM (NH4)2S04, only 50% of the 

maize soluble RNA polymerase activity remains. The two 

different RNA polymerase activities in Euglena show different 

optimum concentration requirements for KCl (Greenberg ~., 

1984). The Euglena chloroplast soluble RNA polymerase has an 
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optimum activity at 50 mM KCI while TAC is highly active up to 

200 mM KCI. E. coli RNA polymerase activity is enhanced by salt 

concentrations up to 200 mM KCl, inhibition occurs at KCl 

concentration of 400 mM (Maitra and Barash, 1969; Richardson, 

1970). The inhibition is due to the inability of the enzyme to bind 

to the DNA template at the higher KCl concentration. Nuclear 

RNA polymerase I from calf thymus has an optimum activity at 

low ionic strength {below 40 mM (NH4)2S04)} while high ionic 

strength {100-120 mM (NH4)2S04)} is required for optimum RNA 

polymerase II activity (Chesterton and Butterworth, 1971; 

Lentfer and Lezius, 1972). The chloroplast soluble RNA 

polymerase activity behaves most like the nuclear RNA 

polymerase I. 

Previous experiments with partially purified RNA 

polymerases from higher plants and Euglena had shown that the 

higher plant chloroplast RNA polymerase requires both Mg++ and 

Mn++ for optimal activity (Kidd and Bogorad, 1980; Sun !l.Lill., 

1989). However, both Euglena chloroplast RNA polymerases were 

inhibited by Mn++ (Greenberg .e.t._ru., 1984). Like all nuclear RNA 

polymerases, the soluble RNA polymerase has higher activity at 

optimal Mn++ concentration than at optimal Mg++, The optimal 

ionic strength and the relative stimulating effects of Mg++ and 

Mn++ are only relevant to the reaction conditions, they should not 

be considered as invariant characteristics. The optimum ionic 

strength and Mg++ and Mn++ concentration are dependent upon 
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the nature of DNA (natural or synthetic), the state of the DNA 

(native or denatured), and its concentration in the reaction 

(Gissinger et al., 1974; Mandel and Chambon, 1974). The 

sensitivity of RNA polymerase to high salt concentrations has 

physiological implications of interest. Mature chloroplasts of 

higher plants appear to have internal K+ and Cl- concentrations in 

vivo between 100 to 300 mM (Larkum, 1968; Nobel, 1969), enough 

to inhibit RNA polymerase completely. Table 3-1 summarizes the 

properties of all the purified and partially purified chloroplast 

RNA polymerases from higher plants and from Euglena. 

Both the temperature and pH profiles were different than 

expected. Since enzyme inactivation occurred at 55oc, the decline 

of the activity after 400C is due to the inactivation of the enzyme. 

Since the enzyme is stable up to 400C (Figure 3-5), the 

temperature optimum may reflect the configuration change of the 

enzyme at a higher temperature and the relaxation of the double 

helix structure of the DNA template at a higher temperature. 

Studies by several groups have shown that the two RNA 

polymerase activities have two different optimum temperature 

requirements (Greenberg~., 1984; Greenberg~., 1985; Kidd 

and Bogorad, 1980). In spinach, soluble enzyme has a optimum 

temperature of 250C while TAC has an optimum temperature of 

350C. In Euglena, the soluble RNA polymerase is most active at 

250C while TAC is most active at 300C. The pea chloroplast TAC 

polymerase has an optimum temperature of 300C (Tewari and 
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Goel, 1983). The temperature profile of pea chloroplast soluble 

RNA polymerase was similar to the that observed for other RNA 

polymerases, except the optimum temperature of the pea soluble 

enzyme is 400C which is higher than optimum temperature of 

Euglena and spinach soluble chloroplast RNA polymerase. 

However, soluble RNA polymerase from maize has a temperature 

optimum of 480C (Table 3-1). The wheat chloroplast RNA 

polymerase has a temperature optimum at 480C (Polya and 

Jagendorf, 1971b). Since the wheat RNA polymerase was 

solubilized by 1% Triton X-100 and uses the exogenous wheat 

chloroplast DNA as a template, it is uncertain if this enzyme is 

actually a mixture of both TAC and soluble polymerase. The E. 

coli RNA polymerase is most active at 300C in transcribing rRNA 

genes (Travers, 1974), and RNA polymerase from Bacillus 

stearothermophilus. has a optimum temperature on T7 DNA at 

480C (O'Donnel and Zillig, 1969). 

Different pH optimum values were observed for the pea 

chloroplast soluble and TAC RNA polymerases. The pea chloroplast 

TAC RNA polymerases has a sharp optimal activity peak at pH 

8.5 (Tewari and Goel, 1983). The Euglena chloroplast TAC 

polymerase has a pH optimum at 7.6 (Hallick tl_al., 1976). The 

pea soluble RNA polymerase has a pH optimum at 7.9 at 370C. 

The optimum pH of soluble enzyme is significantly lower than 

that of the TAC polymerase. TheE coli RNA polymerase has a pH 

optimum of 7.7 to 8.3 using T7 DNA as template. The nuclear 
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Table 3-1 Comparison of physical properties of chloroplast RNA 

polymerases 

------------------------------------------------------Property Optimal Optimal Optimal Optimal Optimal Optimal 
Mg++ Mn++ pH temperature KCl (NH4)2S04 

---------------------- --------------------Soluble 
polymerase 15mM 15mM 7.9 40 OmM OmM 
Pea 

TAC 
polymerase lOmM 5mM 8.5 30 OmM OmM 
Pea (a) 

Soluble 
polymerase lOmM OmM 25 50mM 
Euglena (b) 

TAC 
polymerase lOmM OmM 7.6 30 > 200mM 
Euglena (b, c) 

Soluble 
polymerase 25mM 5mM 48 <50mM OmM 
Maize (d) 

Soluble 
polymerase lOmM OmM 25 40mM 80mM 
Spinach (e) 

TAC 
polymerase 20 mM 0 mM 35 0 mM 
Spinach <0-----------------------------------------------------

a. Tewari et al., 1983; Sun et al., 1986 
b. Greenburg et al., 1984 
c. Hallick et al., 1976; Rushlow, 1980 
d. Bottomly et al., 1971 
e. Gruissem et al., 1983; Orozco et al., 1985 
f. Briat et al., 1979, 1982 

------·-----------
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RNA polymerases I and II of calf thymus exhibit pH optima of 

around 8 (Gissinger .e..t.....al., 197 4). The pea chloroplast soluble 

RNA polymerase pH profile has more similarity to eukaryotic 

nuclear polymerase I and II than to the E. coli RNA polymerase. 

The purified pea chloroplast soluble RNA polymerase 

activity is very stable at the in vitro transcription temperatures. 

In fact, when the RNA polymerase is heated at 420C for 30 

minutes, the enzyme activity is stimulated by 10% (Figure 3-5). 

Euglena TAC on the other hand, was extremely heat unstable 

(Rushlow, 1980). Following incubation at 370C for only two 

minutes, the Euglena TAC lost 66% of its polymerase activity. 

Compared to E. coli RNA polymerase, which retained 75% of its 

activity after 10 minutes of incubation at 430C (O'Donnel and 

Zillig, 1969), and to RNA polymerase II, which retained 50% of its 

activity when incubated for 10 minutes at 420C (Kornberg, 1974), 

the soluble RNA polymerase resembles the bacterial enzyme more 

than the nuclear RNA polymerase II. 

At lower temperatures, the decrease in the initial rate of 

RNA synthesis is primarily due to inefficiency in RNA chain 

initiation (Fuchs .d.J!.l., 1967; Rhodes and Chamberlin, 1975). At 

low temperature, E. coli RNA polymerase cannot form open 

complexes on T7 DNA because of failure of separation of the DNA 

strands (Fuchs ~., 1967; Rhodes and Chamberlin, 1975). As 

the temperature increases, a transition state occurs at 180C and 

the open complex formation can proceed (Mangel and Chamberlin, 
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1974). The energy of activation for RNA synthesis was calculated 

from an Arrhenius plot. The purified soluble RNA polymerase has 

an activation energy of 34 kcallmol. By comparison, the Euglena 

TAC value is 22 kcal/mol and E. coli DNA polymerase activation 

energy 17 kcal/mol (McClure and Jovin, 1975). I could not 

precisely determine the transition state temperature from the 

available data (Figure 3-9). The transition state temperature 

could be lower than 150C. The E. coli RNA polymerase transition 

state temperatures are 180C and l.70C with T7 and T4 DNAs, 

respectively, and l.60C for bacterial DNA (O'Donnel and Zillig, 

1969; Fuchs~., 1967; Rhodes and Chamberlin, 1975). 

The inhibition of eukaryotic DNA-dependent RNA 

polymerase activities by various inhibitors can be diagnostic for a 

particular RNA polymerase species. a-Amanitin, for example, 

inhibits RNA polymerase II at 10-9 -10-8 M and RNA polymerase 

III at 10-5 -l0-4 M while it has no effect on RNA polymerase I 

(Chambon, 1975). A variety of inhibitors have been described 

which inhibit chloroplast RNA polymerase activity under both in 

vivo and in vitro conditions (Bottomley !tl....ftl., 1971; Hallick ~., 

1976; Mathews and Durbin, 1990; Sun~., 1986). Tagetitoxin, 

a bacterial phytotoxin produced by Pseudomonas syringae pv. 

tagetis, causes chlorosis in developing plant leaves. The biological 

effect is attributed to the inhibition of chloroplast RNA 

polymerase. Using crude spinach chloroplast polymerase 

extracts, Mathews and Durbin (1990) demonstrated that 
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tagetitoxin inhibited chloroplast RNA polymerase activity 

completely at 10-5 Min vitro; This inhibition resulted from the 

inhibition of RNA synthesis, not the degradation of newly 

synthesized RNA. The purified pea chloroplast soluble RNA 

polymerase activity is also inhibited completely by tagetitoxin at 

10-5 M concentration. There are differences in the inhibition of 

the crude spinach chloroplast RNA polymerase and purified pea 

chloroplast RNA polymerase by tagetitoxin. For example, at 10-7 

M tagetitoxin, purified soluble RNA polymerase activity was 

inhibited by 50%, while the crude spinach chloroplast RNA 

polymerase activity was inhibited by 10%. The difference is 

probably due to the lower protein concentration of purified enzyme 

than crude RNA polymerase extract. E. coli RNA polymerase is 

also inhibited by 10-5 M tagetitoxin, while bacteriophage SP6 and 

T7 RNA polymerases are not affected by tagetitoxin (Mathews 

and Durbin, 1990). Among the eukaryotic RNA polymerases, RNA 

polymerase III from many species is inhibited by tagetitoxin 

(Steinberg ~., 1990). On the other hand, wheat germ RNA 

polymerase II is insensitive to tagetitoxin (Mathews and Durbin, 

1990). The exact mechanism of tagetitoxin inhibition is not very 

clear. Research on spinach chloroplast RNA polymerase has 

indicated that the toxin does not impede phosphodiester bond 

formation, but most probably acts at the level of product release 

by the transcription complexes (Corda ~., 1992), suggesting 

that the mechanism of inhibition of chloroplast RNA polymerase 
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by tagetitoxin resembles the inhibition mechanism of nuclear 

RNA polymerase II by a-amanitin which inhibits all steps in the 

RNA polymerase catalyzed reaction except initiation (Chambon, 

1974). 

Heparin inhibits the solubilized chloroplast TAC 

polymerase activity completely at 10-2 M (Sun !ll...J!.l., 1986) and 

the Euglena chloroplast soluble RNA polymerase at 2 J.lg/ml (1.1 X 

10-2 M) (Gruissem ~., 1983). However, the TAC polymerase 

from Euglena is insensitive to heparin concentrations as high as 

0.5 M (100 J.lg/ml) (Rushlow, 1980). RNA polymerase binds to 

heparin in a non-specific interaction. The inhibition by heparin is 

the result of binding of the inhibitor to the DNA binding site on 

the enzyme (Zillig ~., 1970). RNA polymerase bound tightly to 

DNA in stable open-complexes is resistant to heparin attack 

(Saucier and Wang, 1972), which explains why the purified soluble 

RNA polymerase and other partially purified chloroplast RNA 

polymerases free of DNA are sensitive to heparin while Euglena 

TAC is heparin resistant. 

Rifampicin inhibits bacterial RNA polymerase by preventing 

formation of the first dinucleotide bond (Sippel and Hartmann, 

1968), it exhibits no effect on eukaryotic RNA polymerase 

(Chambon, 1974). Prokaryotic or eukaryotic nature of the RNA 

polymerases has been distinguished based on sensitivity to this 

inhibitor. The soluble RNA polymerase was resistant to 

rifampicin up to 1 mg/ml, compared to the total inhibition of E. 
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coli RNA polymerase at 1 to 5 J.Lg/ml (Hartmann rl..ftl,, 1967). The 

chloroplast RNA polymerases are resistant to rifampicin at 

extremely high concentrations regardless of the degree of 

purification (Bottomley~., 1971; Briat mwu., 1979; Hallick ~ 

&., 1976). This property of chloroplast RNA polymerase 

resembles the characteristics of phage T7 RNA polymerase 

(Chamberlin and Ring, 1973). Like chloroplast soluble RNA 

polymerase, unusually high concentrations of rifampicin will also 

inhibit both nuclear RNA polymerases I and II (Meilhac .e..t..__&., 

1972), but the inhibition mechanism in these enzymes are 

probably different from those of E. coli RNA polymerase. 

Steady state kinetic parameters for various polymerases are 

an important basis for comparison of the different enzyme 

activities. Since the polymerase enzyme uses four nucleotides as 

substrates, first order conditions were achieved by determining 

constants for one nucleotide in the presence of excess of the other 

nucleotides. Since there is speculation about the presence of two 

different RNA polymerases in chloroplast, enzyme kinetic 

parameters may be useful to distinguish different enzymes. 

Wheat RNA polymerase apparently has two Km values for ATP; 

one at a lower substrate concentration with Km of 0.05 mM, and 

the other at a higher substrate concentration of 0.14 mM (Polya 

and Jagendorf, 1971b). The pea chloroplast soluble RNA 

polymerase has an apparent Km value of 0.1 mM. The two Kms 

observed for wheat could be due to a mixture of two RNA 
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polymerases in the crude enzyme preparation. The two Kms also 

could be the result of the wheat enzyme having different Km's for 

different nucleotides as observed in E. coli RNA polymerase 

(Anthony~., 1969) and TAC polymerase from Euglena (Hallick 

~., 1976). Both E. coli RNA polymerase and TAC polymerase 

from Euglena have different apparent Km's for each of the four 

nucleotides. The apparent Km for GTP is 0.15 mM for E. coli RNA 

polymerase and 2.5 J.LM for TAC polymerase from Euglena. 

Another possible explanation for the two Km values of wheat 

chloroplast RNA polymerase is that the one Km value is for 

initiation and another Km is for the polymerization. The E. coli 

RNA polymerase Km for initiation was determined by varying 

only one nucleotide triphosphate concentration, the Km for 

polymerization was determined while varying all four nucleotide 

triphosphate concentrations (Anthony~., 1969). E. coli RNA 

polymerase has an apparent Km for initiation of 0.15 mM and an 

apparent Km for polymerization of 0.015 mM. Pea chloroplast 

soluble RNA polymrase has only one Km for GTP with a value of 

0.1 mM, which is different from the results previously described 

for wheat chloroplast RNA polymerase (Polya and Jagendorf, 

1971b). 

Knowledge of the physical and biochemical properties of 

RNA polymerase from chloroplast and the comparison of these 

properties to those of nuclear and bacterial enzymes are essential 

to understanding the control of chloroplast RNA transcription. 
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The direct comparison of the purified chloroplast soluble RNA 

polymerase and TAC polymerase yielded some interesting results. 

The chloroplast soluble and TAC RNA polymerases from pea have 

similar ionic strength and Mg++ optima, however the temperature 

and pH profiles are different. Comparison of chloroplast soluble 

RNA polymerase to nuclear and bacterial RNA polymerases did 

not yield conclusive results as to whether the chloroplast RNA 

polymerase is prokaryotic or eukaryotic in nature. Many of the 

chloroplast soluble RNA polymerase properties are similar to 

both nuclear and bacterial RNA polymerases properties. More 

research needs to be conducted in order to understand the nature 

of this enzyme. 



CHAPTER IV 

SELECTIVE TRANSCRIPTION OF HIGHER PLANT 

CHLOROPLAST DNA BY CHLOROPLAST SOLUBLE RNA 

POLYMERASE 

Introduction 
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One of the major purposes for purifying the chloroplast 

soluble RNA polymerase was to use the purified enzyme for 

studying the transcriptional mechanisms in chloroplasts in an in 

vitro transcriptional system. RNA polymerases must be able to 

recognize specific nucleotide sequences on the DNA template, and 

then initiate RNA synthesis at these sites. The enzyme must 

also be able to catalyze the incorporation of nucleotides into an 

RNA chain. The enzyme also terminates the RNA synthesis by 

either recognizing specific nucleotide sequences in the DNA (stop 

signals), or by special factors (termination factors). 

The cr factor of E. coli RNA polymerase has a specific role as 

an initiation factor for transcription. The cr factor enables the E. 

coli RNA polymerase core enzyme to recognize the start signals 

along the DNA molecule. In the absence of cr, the RNA polymerase 

core enzyme functions very poorly in vitro in transcribing DNA 
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templates (Hinkle .ei..Jtl., 1972). When 0' is present, random 

initiation of RNA by RNA polymerase is eliminated (Bautz ~., 

1969), and correct initiation sites are selected. The prokaryotic 

promoter contains two common sequences of six nucleotides 

occurring approximately at -35 (TTGACA) and -10 (TATAAT) from 

the initiation sites. The a70 binds to this promoter site to 

initiate transcription. E. coli contains more than one kind of a 

factor. For example, the a32, a heat shock protein, recognizes a 

promoter that differs considerably from the a70 standard 

promoter (Grossman .!ll...lli., 1984). 

Promoters for RNA polymerase II, like those for bacterial 

polymerase, are located upstream of the start site for 

transcription. The one element of RNA polymerase II promoter 

closest to the start site is called the "TATA box" with a consensus 

sequence of TATAAAA located at -25 to -30 upstream from the 

start of transcription. The TATA box sequence closely resembles 

the E. coli -10 sequence of TATAAT. Mutation of a single base in 

the TATA box severely impairs promoter activity. Additional 

elements are located between -40 and -110, and many contain a 

CAAT box (GGNCAATCT). A 60 kDa protein from mammalian 

cells binds to the CAAT box (Jones ill..J!l., 1985; Myers .e..t.__ru., 

1985). 

Even though RNA polymerase I synthesizes only a single 

product, the pre-rRNA transcript, a consensus promoter has not 

yet been identified for this enzyme. Strong homologies are 
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detected only for a few very closely related species at regions -45 

and +10 (Sommerville, 1984). 

The promoters for eukaryotic nuclear RNA polymerase III 

are located inside the genes themselves. This promoter was first 

discovered based upon analysis of deletions at the 5' end of the 

Xenopus 58 rRNA gene (Bogenhagen ~., 1980; Sakonju ~., 

1980). An internal sequence lying between positions +50 and +84 

of the 58 gene was defined as essential for initiating synthesis of 

58 RNA. Other genes transcribed by RNA polymerase III, 

including tRNA genes also possess internal elements (Lassar .Q1 

.ru., 1983). 

Transcription in eukaryotes is more complex than in 

prokaryotes. Eukaryotic RNA polymerases do not recognize their 

promoters on purified DNA molecules. Instead, transcription 

factors (TF) are bound to the DNA for the initiation of RNA 

synthesis. The transcription factors are distinct from cr factors in 

that they bind to DNA independently of the RNA polymerase. 

Polymerases I, II, and III recognize different promoters and 

require different transcription factors ---designated as TFI, TFII, 

and TFIII, respectively. TFIIIA was the first transcription factor 

to be characterized. TFIIIA acts on a polymerase III transcribed 

58 rRNA gene (Ginsberg~., 1984) and is the prototype for the 

"zinc finger" family of sequence-specific DNA-binding proteins. A 

crucial transcription factor for polymerase II is TFIID. TFIID is 

also called the TATA factor because it binds to the TATA box 
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(Workman and Roeder, 1987). TFIID is required for the 

transcription of most genes transcribed by polymerase II. Once 

the TATA factor has bound to the DNA at a promoter, it tends to 

remain in a stable transcription complex that can mediate 

multiple rounds of transcription by polymerase II (Davison ~., 

1983; Sawadogo and Roeder, 1985; Workman and Roeder, 1987). 

A prokaryotic terminator is usually a palindromic GC-rich 

region followed by an AT-rich region on the DNA template. In 

some sites, E. coli RNA polymerase requires termination factor p 

for transcription termination (Platt, 1986). In addition top, the 

nusA protein enables E. coli polymerase to recognize a 

characteristic class of terminating sites that differ from p 

termination sites (Greenblatt and Li, 1981; Schmidt and 

Chamberlin, 1984). 

Among the chloroplast genes that have been cloned and 

sequenced, there are remarkable resemblances to the prokaryotic 

gene features (Whitfeld and Bottomley, 1983). Many chloroplast 

genes are organized in polycistronic transcription units, some 

chloroplast genes have a prokaryotic-like promoter (Gruissem and 

Zurawski, 1985a; Gruissem and Zurawski, 1985b; Whitfeld and 

Bottomley, 1983). Many chloroplast mRNA and tRNA genes have 

the consensus "-10" (TATAAT) and "-35" (TTGACA) promoters 

regions, which are similar to prokaryotic promoters. Most 

chloroplast promoters are recognized by E. coli RNA polymerase 

(Bottomley and Whitfeld, 1979). 168 rRNA genes also contain a 
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prokaryotic promoter consensus sequences which is implicated in 

correct transcription in vitro (Lescure .!ll...lll., 1985; Sun !tLJ!l., 

1989). However, a 14 bp sequence (CDF2) upstream of the 

spinach chloroplast 168 rRNA start site is an essential promoter 

element (Baeza tl.J!.l., 1991). 

The purified and partially purified chloroplast RNA 

polymerases selectively transcribe chloroplast genes. Partially 

purified TAC RNA polymerases from spinach and pea selectively 

transcribe rRNA (Briat et al., 1979; Sun et al., 1986) while 

partially purified soluble RNA polymerases from mustard and 

maize transcribe mRNA (Link, 1984; Zaitlin et al., 1989). 

Chloroplast RNA polymerase fails to initiate at bacterial 

promoters with high efficiency, nor does it start transcription at 

chloroplast DNA sequences which can function as genuine 

promoter regions for the E. coli RNA polymerase (Briat .tl...J!.l., 

1987). Therefore, the precise nature of the chloroplast promoter 

and transcription initiation conditions in chloroplasts is 

unknown. 

Termination sites of rbcL from spinach (Zurawski .tl...J!.l., 

1981) and maize (Mcintosh~., 1980), as well as psbA from 

spinach (Zurawski .e..Ll!.!., 1982) have been studied. It has been 

assumed that transcription termination in higher plant 

chloroplasts also displays prokaryotic features (Whitfeld and 

Bottomley, 1983; Zurawski and Clegg, 1987). The spinach 
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chloroplast RNA polymerase crude extract terminates efficiently 

at several prokaryotic terminators (Chen and Orozco, 1988). 

The purified soluble RNA polymerase is an ideal system for 

studying selective in vitro transcription. The complete sequencing 

of chloroplast DNA and the characterization of many chloroplast 

gene promoters has made it possible to study specific in vitro 

transcripts. Many genes have been cloned into plasmids and are 

readily available as DNA template. 

This chapter contains the discussion of the data on the 

study of selective transcription of chloroplast DNA in vitro. The 

in vitro RNA products are characterized by slot blot 

hybridization, S 1 nuclease protection, and electrophoresis of the 

transcripts. The effects of altering DNA template topology is also 

discussed. Experiments have also been performed to investigate 

whether the purified RNA polymerase would recognize the 

bacterial terminator thra. No study of selective in vitro 

transcription has previously been done with such a highly purified 

chloroplast RNA polymerase. 

Materials and Methods 

Chemicals: Enzymes and chemicals were purchased from BRL 

(Gaitherburg, MD), New England Biolabs (Beverely, MA), U. S. 

Biochemicals (Cleveland, OH), Bio-Rad (Richmond, CA), Promega 
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(Madison, WI), and Sigma Chemical Company (St. Louis, MO). 

Bluescribe (pBS+/-) vectors were purchased from Stratagene (La 

Jolla, CA). Host bacterial cells were E. coli strain XL1-Blue. 

Plasmid DNA template constructio..n.;, Recombinant plasmid 

pEZC800.3 is from Euglena chloroplast DNA (Marion-Poll ~., 

1988). DNA templates for template specificity experiments are 

from a variety of sources. The trnM2 gene and promoter from 

spinach and pLC394 which contains the psbA gene promoter and 

G-free cassette from spinach are generous gifts from Dr. Wilhelm 

Gruissem. The 16S which contains a 16S promoter from tobacco 

is constructed from a BamA33 clone made by Dr. Mark Hildebrand 

(Hildebrand .e.t_ru., 1985). The pTZ19-PLsrra (Chen and Orozco, 

1988) clone is a gift of Dr. Emil Orozco, Jr. Supercoiled plasmid 

DNA was isolated by PEG precipitation. The recombinant 

plasmids used as DNA templates are summarized in Table 4-1. 

For the synthesis of antisense RNA, the DNA template inserts 

were cloned into the pBS+ vector. Restriction maps and the 

orientation of the DNA template inserts in the pBS+ vector are 

shown in Figure 4-1. 

Molecular cloning: The 12.29 kb BamA33 clone was kindly 

provided by Dr. Hildebrand. The 510 bp HincH and Sphi 

restriction digest product of BamA33 containing trnV, and 67 bp 

of 16S rDNA were subcloned into pBS+ vectors using standard 
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Table 4-1. Plasmid DNAs used as template 

for selective transcription 

Vector Species Genes or Reference 
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promoter --------------
pEZC800.3 pSP64 Euglena trnF-trnC 1 

trnM2 pBR322 Spinach trnM2 2 

pLC394 pUC13 Spinach psbA 3 

16S pBR322 Tobacco 16S rDNA 

pTZ19-PLsTa pTZ19 Spinach rbcL 4 

1. Marion-Poll~., 1988 

2. Gruissem and Zurawski, 1985a 

3. Tonleyn, Ph. D. thesis. 

4. Chen and Orozco, 1988 
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trnM2 

EcoRI Hindlll 

T7+~11 -----e===::3~_LI +- T3 
..... ------290 nt 

pLC394 

Hindlll coRI 

T3+~ PH//////u//u/$Hffu//&u$)'//uh';W/A?/HH//Hh'/H/ffi I + T7 
11---------530 nt • I 

168 

EcoRI Hindlll 

T7+ I ...._I_ 7+T3 
~147nt 

Figure 4-1. Physical map of plasmid DNAs used for anti-sense 

RNA synthesis. The boxes on the maps indicate the site of the 

genes. The region in pLC394 marked by the shaded box 

corresponds to the G-less cassette. The direction of transcription 

from a chloroplast promoter are indicated by the arrows. The 

direction of transcription from the T7 or T3 promoter is indicated 

by the arrows beside the promoters. 
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methods (Sambrook ~;; 1989); This DNA was then digested 

with Sty! to remove the trnV while retaining the 168 promoter 

and 67 nt of the 168 rRNA gene; The resulting DNA insert was 

then cloned into the pBR322 vector for the in vitro transcription 

assay. 

In vitro transcription of chloroplast genes: The transcription 

reaction by chloroplast soluble polymerase was as described in 

chapter III. GTP was omitted when pLC394 was the DNA 

template. The transcripts were DNase treated and then used 

either for slot blot hybridization, 81 nuclease protection assay, or 

electrophoresis on 4% polyacrylamide SM urea gel. The RNase T1 

treatment of transcripts from pLC394 G-free cassette was 

performed as follows: The transcription reaction was as described 

in chapter III. 60 units of RNase Tl were also added to the 

reaction. After 60 minutes at 370C, the reaction was terminated 

by adding 1 j.Ll of RQ1 DNase and incubation was continued at 

370C for 15 minutes. A 280 j.Ll mixture containing 50 mM Tris

HCl (pH7 .5), 1% SDS, 5 mM EDTA, 20 Jlg/ml tRNA, and 200 Jlg/ml 

protease K was added to the reaction and incubation was 

continued at 370C for 30 minutes. The mixture was then 

extracted with phenol :chloroform and precipitated with ethanol. 

Pellets were washed with 70% ethanol and dried. RNA was 

resuspended in formamide dye and heated to 950C for 2 minutes 

prior to electrophoresis on a 4% polyacrylamide-aM urea gel. 
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Surface tension agarose gel; The RNA transcripts synthesized 

from supercoiled DNA template were electrophoresed on an 

agarose-formamide gel. The agarose was prepared by dissolving 

0.84 g agarose with 50.4 ml DEPC-H20 by heating 1 minute in a 

microwave oven. When the agarose was cooled to 550C, 7 ml lOX 

MOPS [4.624 g MOPS, 2 ml 0.5 M EDTA, 0.33 ml 3M NaOAC (pH 

7) in 100 ml] with 12.6 ml 37% formaldehyde were added. Then 

the agarose was poured onto a glass plate of 14 em x 16 em. The 

samples were prepared in 2 J.J.l H20, 5 J.J.l formamide, 2 J.J.l 

formaldehyde, 1 J.J.l lOX MOPs, 1 J.J.l 400 J.J.g/ml EtBr, and 

electrophoresed at 60 mAmp for 6 hours in lX MOPS. 

Prepar§!tion of antisense tr§!nscripte; The DNA inserts encoding 

the promoter and gene sequences of trnF-trnC from Euglena 

(pEZC800.3), trnM2 from spinach, psbA from spinach (pLC394), 

and 168 from tobacco were recloned into the pBS+ vector. The 

plasmid DNAs were linearized by digestion with either EcoRI or 

Hindi!! restriction enzymes and then extracted with 

phenol:chloroform and ethanol precipitated. The linear DNA 

samples were then washed twice with 70% ethanol, dried and 

resuspended in DEPC-treated water at a concentration of 1 J.J.g/ul. 

A small portion of the linear DNA samples were run on a 1% 

agarose gel to insure that all of the DNAs were linearized. The 

DNAs were then used as templates for the synthesis of anti-sense 

RNA transcripts (Sambrook d.J!.l., 1989). The antisense RNAs 
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were synthesized using either T3 or T7 DNA dependent RNA 

polymerase. The total reaction volume is 100 J.Ll, containing 20 J.Ll 

5X transcription buffer, 10 mM DTT, 500 J,LM of ATP, CTP, GTP 

and UTP, 2 J.Lg DNA template, and 3 J,Ll T3 or T7 RNA polymerase. 

The reactions were carried out at 370C for 60 minutes. The 

synthesized RNA was phenol:chloroform extracted and ethanol 

precipitated. The RNAs were resuspended in DEPC-treated water 

and quantitated by detecting the absorbance at 260 nm. 

Preparation of slot blots: GeneScreen membranes and Whatman 

3 MM filter paper were cut to fit a commercial slot blot manifold. 

Both the membrane and the paper were soaked briefly in DEPC

treated water. 1 J,Lg of each of the anti-sense RNAs was prepared 

in DEPC-treated water. The RNAs were denatured by boiling for 

2 minutes then chilled on ice. The RNAs were blotted to the 

membrane without further treatment. The membranes were 

removed from the manifold, air dried, and UV-cross linked before 

being placed in Seal-a-Meal bags for hybridization. 

Slot blot hybridization: The blots for each individual transcript 

were hybridized in a separate bag. The slot blots were 

prehybridized at 500C for more than four hours in 50% deionized 

formamide, 2X SSC, 1% SDS, and 0.1 J.Lg/ml herring sperm DNA. 

The hybridization buffer and conditions were the same as the 

prehybridization, but with the addition of 32P-labeled RNA 
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transcripts. The slot blots were hybridized for 16 hours at 5ooe. 

The blots were then washed twice at room temperature for 15 

minutes with 2X SSe and twice at 65oe for 45 minutes with 2X 

SSe, 1% SDS, then twice at room temperature for 15 minutes 

with 0.1X SSe. The blots were pat dried with tissue paper and 

exposed to Fuji medical X-ray film. 

Sl nuclease protection assay: S 1 nuclease protection assays were 

carried out according to the method of Sambrook (Sambrook .!ll....al., 

1989). The supercoiled recombinant DNA plasmids pEZe800.3, 

trnM2, pLe394, and 168 were used as templates for synthesis of 

RNA transcripts by chloroplast soluble RNA polymerase. 

Uniformly unlabeled anti-sense RNAs were synthesized as noted 

before. SP6 polymerase was used to synthesize a transcript from 

pEZe 800.3 as a positive control for the S1 nuclease protection 

experiment. SP6 polymerase transcripts (6 x 104 cpm) were used 

as probes. For the soluble RNA polymerase transcripts, all of the 

32P-labeled RNA transcripts were used as probes. 100 ng of 

DNA-free antisense RNA was combined with aliquots of 32P-RNA 

probes and vacuum dried. The nucleic acid pellets were 

resuspended in 30 ).11 of S1 hybridization buffer (80% deionized 

formamide; 40 mM PIPES, pH 6.4; 400 mM Nael; 1 mM EDTA). 

The mixtures were heated to 85oe for 15 minutes, transferred to a 

5ooe water bath, and incubated overnight. 300 ).11 of S1 nuclease 

buffer (5X buffer: 1.25 M Nael; 150 mM NaOAe, pH 4.6; 5 mM 
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ZnS04; 25% glycerol) with 1 unit/J,Ll, 3 units/J.Ll, and 5 units/J,Ll S 1 

nuclease were added to the hybridization buffer and the samples 

were incubated at 370C for 1.5 hours. The S1 nuclease reactions 

were then stopped by adding 80 J,Ll of S 1 stop buffer (4 M 

NH40AC, 50 mM EDTA, 50 J,Lg/J.Ll tRNA) and 820 J.Ll of ethanol. 

The nucleic acids were precipitated, washed twice with 70% 

ethanol and dried. The samples were resuspended in 4 J,Ll of 

formamide loading dye and electrophoresed through a 6% 

polyacrylamide-1M urea sequencing gel. The gel was dried and 

the DNA fragments visualized by autoradiography. 

Results 

Selective transcription of higher plant chloroplast promoters 

by chloroplast soluble RNA polymerase ---- The initial attempt to 

determine if the purified soluble RNA polymerase selectively 

transcribes RNA was done by slot blot hybridization. Slot blots 

of DNA-free antisense RNA were prepared and hybridized to 32p. 

RNA synthesized by the soluble RNA polymerase. Since I used 

transcription of supercoiled pEZC800.3 to monitor the 

purification of soluble RNA polymerase, the blots with specific 

antisense RNA to trnF-trnC were also hybridized to chloroplast 

RNA polymerase transcripts for comparison. The results of the 
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slot blot analysis are presented in Figure 4-2. Transcripts from 

both supercoiled pEZC800.3 and pLC394 hybridized to the 

antisense RNA, but no transcripts from supercoiled 168 and 

trnM2 could be detected by slot blot hybridization. The results 

suggested the soluble RNA polymerase selectively transcribes 

psbA of spinach and trnF-trnC from Euglena. The transcription 

start site was determined by 81 nuclease protection experiments. 

Using supercoiled DNA template, 32P-RNA probes were 

synthesized by purified soluble RNA polymerase from pEZC800.3, 

pLC394, trnM2, and 168. 8P6 polymerase was used to synthesize 

RNA transcripts as positive controls for this experiment. The 

results of the analysis are illustrated in Figure 4-3. The largest 

protected fragment of the 8P6 polymerase synthesized RNA from 

pEZC800.3 is a 628 nt RNA. The 628 nt fragment is a full length 

RNA synthesized from the 8P6 promoter. A fragment of 440 nt 

was protected from pea chloroplast soluble RNA polymerase 

synthesized 32P-RNA using pEZC800.3 as DNA template. The 

440 nt fragment was most likely the transcript from the Euglena 

chloroplast tRNA promoter. The result shows that purified pea 

chloroplast soluble RNA polymerase starts transcription 

initiation from the Euglena chloroplast tRNA promoter. The 

antisense RNA protected a 530 nt RNA synthesized by 

chloroplast RNA polymerase using pLC394 as template. The 530 

nt fragment is the full length transcript size using the psbA 

promoter. There are no protected fragments from trnM2 and 168 
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A B 

Figure 4-2. Slot blot hybridization of RNA transcripts 

synthesized by chloroplast soluble RNA polymerase. Lane A: 

Hybridization of RNA synthesized from supercoiled template. 

Lane B. Hybridization of RNA synthesized from linearized 

template. The templates used for transcription are indicated on 

the left side. 



138 

Chloroplast 
SP6 

trnF-C trnF-C trnM2 psbA 16S 

+-- SP6 

+-- psbA 

+-- trnF-C 

Figure 4-3 . 81 nuclease protection analysis of transcription 

initiation site. 32p labeled RNAs synthesized by chloroplast 

soluble RNA polymerase from supercoiled templates (Table 4-1) 

were hybridized to anti-sense RNA and treated with S 1 nuclease . 

The resulting protected fragments correspond to the full length 

transcripts from different promoter sites. The arrows indicate 

the full length protection product from each promoter. 
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templates. 81 protection results are consistently correlated with 

the slot blot hybridization data. Purified pea chloroplast soluble 

RNA polymerase transcribed Euglena tRNA, but not spinach 

tRNA from supercoiled templates (Figure 4-4). An RNA 

transcript was produced using Euglena supercoiled pEZC800.3 as 

template (Lane 1). The same size RNA transcript was also 

observed from T7 polymerase synthesized RNA using supercoiled 

pTZ19-PLsTa (Lane 3). However, no transcript can be detected for 

trnM2 (Lane 2), indicating that no RNA transcript was made by 

the purified soluble RNA polymerase. Lane 1 of Figure 4-5 is the 

RNA transcript by the purified soluble RNA polymerase from pea 

using the spinach rbcL gene from supercoiled template pTZP19-

PLsTa. There are no RNA transcripts from the linear pTZP19-

PLsTa template. All of these experiments suggest that the 

soluble RNA polymerase only initiates transcription from psbA 

and rbcL. When I used T7 polymerase to transcribe the pTZ19-

PLsTa, the T7 polymerase initiated transcription from both 

supercoiled and linear templates (Figure 4-5, Lane 3, Lane 4). 

Transcription of supercoiled and linear DNA template by 

purified chloroplast RNA polymerase --- A negatively supercoiled 

form of DNA template is required for efficient in vitro 

transcription by highly purified RNA polymerases from maize and 

spinach (Briat ~., 1987; Zaitlin ~., 1989). The effect of 

template topology on the pea chloroplast RNA polymerase was 
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1 2 3 

Figure 4-4 . In vitro transcription products from supercoiled DNA 

templates on 1% agarose-formamide gel. Lane 1: transcripts from 

pEZC800.3 made by the chloroplast soluble enzyme. Lane 2 . 

transcripts from trnM2 made by the chloroplast soluble enzyme. 

Lane 3. transcripts from pTZ19-PLsTa made by T7 polymerase. 
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1 2 3 4 5 6 

+ G-less 
+ PT7 run-off 

+PT7Ta 

Figure 4-5. RNA transcripts synthesized by chloroplast soluble 

RNA polymerase and T7 polymerase using supercoiled and linear 

template. Lane 1. transcripts of supercoiled pTZ19-PLsTa made 

by chloroplast RNA polymerase. Lane 2. transcripts of linear 

pTZ19-PLsTa made by chloroplast RNA polymerase. Lane 3. 

transcripts of supercoiled pTZ19-PLsTa made by T7 RNA 

polymerase. Lane 4. transcripts of linear pTZ19-PLsTa by made 

T7 RNA polymerase. Lane 5. transcripts of supercoiled pEZC 

800.3 made by chloroplast RNA polymerase. Lane 6. RNase Tl 

treated transcripts of supercoiled pLC394 made by chloroplast 

RNA polymerase. 
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determined through slot blot hybridization experiments. The 

results are illustrated in Figure 4-2. The hybridization of 

transcripts from a supercoiled DNA template that contained 

chloroplast DNA promoter synthesized by chloroplast soluble 

RNA polymerase is in lane A. The hybridization of transcripts 

from a linear DNA template that contained chloroplast DNA 

promoter synthesized by chloroplast soluble RNA polymerase is 

in lane B. The purified soluble RNA polymerase only transcribed 

RNA from supercoiled psbA and Euglena trnF-trnC DNA and not 

from the trnM2 and 168 DNA (Figure 4-2, lane A). The purified 

RNA polymerase did not transcribe RNA from a linear pLC394 

and pEZC800.3 template (Figure 4-2, lane B). The effect of 

template topology was also determined using the spinach 

chloroplast rbcL promoter. As expected, the purified chloroplast 

RNA polymerase did produce RNA from supercoiled pTZ19-PLsTa 

template but no RNA was synthesized using linear pTZ19-PLsTa 

as template (Figure 4-5 lanes 1 and 2). T7 RNA polymerase, 

however, produced RNAs from the supercoiled and linear pTZ19-

PLsTa templates (Figure 4-5, Lanes 3 and 4). 

The chloroplast soluble RNA polymerase does not recognize the 

prokaryotic terminator t.hr.a --- A sequence resembling the 

prokaryotic transcription terminator has been found in rbcL from 

spinach (Zurawski et al., 1981) and maize chloroplast DNA 

(Mcintosh .!il.J!..l,, 1980). The spinach chloroplast RNA polymerase 
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did not terminate at the rbcL termination site (Chen and Orozco, 

1988), but did terminate transcription at the threonine 

attenuator (thra) and the ribosomal RNA B and C operon <.r..r.nB 

and r.rnC) terminators. I have already shown that the purified 

soluble RNA polymerase from pea initiated transcription on psbA 

and rbcL genes from spinach. To determine if the enzyme 

terminates transcription at fua, supercoiled and linear pTZ19" 

PLsTa DNA were used as templates for both chloroplast and T7 

RNA polymerases. The results are illustrated in Figure 4"5, The 

T7 polymerase produced RNAs from both supercoiled and linear 

pTZ19"PLsTa template (Figure 4"5, lanes 3 and 4). The RNAs 

synthesized from the supercoiled pTZ19"PLsTa template by T7 

polymerase were a large RNA and a transcript of 365 nt. This is 

the transcript terminated at thra. T7 polymerase produced two 

transcripts from linear pTZ19"PLsTa template, one is the 365 nt 

transcript from thra, the other is the 493 nt run"off transcript. 

The chloroplast soluble RNA polymerase, on the other hand, 

produced a transcript from supercoiled DNA, but the 227 nt 

transcript terminated at thra was not detected. 

Selective transcription of T3 promoter by chloroplast soluble 

RNA polymerase """ When I first attempted to determine the 

selective transcription of DNA templates by purified RNA 

polymerase, I cloned all the DNA template inserts into the pBS+ 

vector because of the convenience of its restriction sites. The 

- --·-------------
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results from in vitro transcription and S 1 nuclease protection 

assays were confusing. It seemed that the transcripts started at 

a different site than the predicted chloroplast promoter site. The 

slot blot hybridization technique was used to investigate the 

nature of the problem. Both supercoiled and linear templates 

were used to synthesize RNA by purified RNA polymerase. The 

linear templates from both orientations were used (Figure 4-1). 

The synthesized RNAs were hybridized to the sense or antisense 

RNA blotted onto the GeneScreen membrane. The results are 

shown in Figure 4-6. The column marked "Sense RNA" indicates 

the RNA synthesized from the chloroplast promoter encoding 

strand. The "Antisense RNA" are the RNAs synthesized from the 

strand opposite to the chloroplast promoter. The synthesized 

RNAs are from the template with the same transcription 

direction as to T3 promoter regardless of the orientation and the 

type of chloroplast promoter in the DNA template. There are no 

differences observed in transcription from supercoiled or linear 

DNA templates. This is a different result than when chloroplast 

DNA is used as template. Therefore, I conclude the purified RNA 

polymerase also synthesizes RNA from the T3 promoter. 
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Figure 4-6. Slot blot hybridization of soluble RNA polymerase 

synthesized RNA from the T3 promoter. 
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Discussion 

The first prerequisite for determining whether an in vitro 

transcription system represents a viable model for the study of 

transcription in vivo is whether the RNA synthesis is accurately 

initiated on the DNA template. Perhaps the most important 

evidence that the soluble RNA polymerase is different from the 

TAC polymerase purified from pea is the difference in selective 

transcription of chloroplast DNA. Using both a slot blot 

hybridization technique and S 1 nuclease protection assays, I 

demonstrated that the purified soluble RNA polymerase 

selectively transcribes Euglena tRNA and spinach mRNA genes 

and initiates the RNA synthesis at the correct chloroplast 

promoter (Figure 4-2 and Figure 4-3). The purified soluble RNA 

polymerase also transcribes the spinach rbcL gene (Figure 4-5 ). 

This suggests that the soluble RNA polymerase initiates 

transcription exclusively from the mRNA genes of higher plants. 

TAC RNA polymerases purified from pea and spinach chloroplasts 

have been shown to specifically transcribe 168 rRNA genes (Briat 

.!ll....l!.l., 1987; Sun .fll..J!.l., 1986). These results suggested that 

transcription initiation control in chloroplast is different from 

that of prokaryotes. The failure of transcription from a trnM2 

promoter by the purified RNA polymerase suggests that there are 

differences in initiation for higher plant mRNAs and tRNAs. 

Many chloroplast tRNA genes, such as the trnR and trnS1 which 
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have an internal promoter, do not exhibit typical "-35" and "-10" 

sequences (Gruissem et al., 1986a). The trn8 1 promoter 

resembles the 58 rRNA and tRNA genes transcribed by a 

eukaryotic nuclear RNA polymerase III. The 58 rRNA and tRNA 

genes also start initiation from an internal promoter. trn8 1 has 

been shown to compete with trnM2 for the same chloroplast RNA 

polymerase or common transcription factors. 

Comparisons of the sequence of putative chloroplast 

promoter regions with prokaryotic promoters, and the o.bservation 

that E. coli RNA polymerase recognizes certain chloroplast 

promoters, have led to the notion that the chloroplast promoter 

has prokaryotic features. However, more recent results have 

suggested that chloroplast promoters are more complex and more 

diverse than their prokaryotic counterparts. When the structures 

of the promoters of Chlamydomonas reinhardtii atpB and 168 

rRNA encoded genes were analyzed in vivo, deletion analysis of 

the 168 rRNA gene and atpB promoter showed that the two 

promoters differ structurally (Klein~., 1992). The promoter of 

the 168 rRNA gene appears to resemble prokaryotic promoters 

while the atpB promoter is located at -22 from the start site. 

The psbA promoter in mustard has also been found to 

contain a sequence resembling the eukaryotic 'TATA' box at the 

-22 position in addition to the prokaryotic promoter (Eisermann 

~., 1990; Link and Langridge, 1984). 
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The chloroplast TAC RNA polymerase purified from pea 

selectively transcribes the 16S rRNA genes using either 

supercoiled or linear DNA template (Sun f.Lru., 1986; Sun ~., 

1989). The regions between -66 to +30 are necessary for specific 

transcription of the 16S gene (Sun et al., 1989). There are 

canonical TTGACA and TATAAT sequences in the 16S promoter 

region. Disruption of this region resulted in transcription 

inactivation (Sun llJ!.!,, 1989). 

It is evident that at least two RNA polymerases exist in pea 

chloroplast. One transcribes mRNA and the other transcribes 

rRNA. I believe the regulation of transcription initiation for 

chloroplast mRNA, tRNA and rRNA genes are all different. There 

are two possibilities. a). A third enzyme that has not been 

discovered transcribes tRNA. So far, there is no evidence 

supporting this hypothesis. b). Chloroplast tRNA and mRNA are 

transcribed by the same enzyme but need different transcription 

factors for initiation. 

The preference of a supercoiled DNA template by the soluble 

RNA polymerase has been observed many times (Chen and Orozco, 

1988; Zaitlin ~., 1989). It is not surprising that the pea 

chloroplast soluble RNA polymerase also preferred supercoiled 

DNA templates. The enzyme does not seem to have a preference 

for supercoiled DNA when using the T3 promoter for synthesis. 

A transcriptionally-active extract from spinach chloroplast 

can terminate transcription in vitro at the theronine attenuator 
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site (Chen and Orozco, 1988). Using the same plasmid DNA 

template I have shown here that the purified soluble RNA 

polymerase was able to initiate RNA synthesis but unable to 

terminate transcription at the .tlu:a site. llll:a is the strongest 

known terminator for chloroplast RNA synthesis (Chen and 

Orozco, 1988). The failure of termination by the soluble RNA 

polymerase from pea may be due to the loss of specific factors 

during purification required to recognize the terminator. 

The transcription by the soluble RNA polymerase at a T3 

promoter is rather surprising. Although T7 and T3 RNA 

polymerases are highly specific for their respective promoters, T3 

RNA polymerase can transcribe RNA from a T7 promoter and vice 

versa (Klement .tl.J!l., 1990). The T3 and T7 RNA polymerases are 

single polypeptide enzymes with a molecular weight of about 110 

kDa (McGraw cl.J!l., 1985). This is similar in size to the 110 kDa 

subunit in soluble RNA polymerase that binds substrate. A 110 

kDa single polypeptide RNA polymerase found in spinach 

chloroplast is capable of transcription from the T7 promoter, and 

not from the spinach rbcL promoter (Lerbs-Mache, 1993). 

A point of continual controversy has been the question of 

whether chloroplast transcription systems are more 

representative of prokaryotes or eukaryotes. This can be looked 

at from the point of the RNA polymerase or the DNA template. 

The soluble RNA polymerase shares more characteristic features 

with eukaryotic nuclear RNA polymerase than with prokaryotic 
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RNA polymerase. The chloroplast DNA, however, has many 

characteristics of a bacterial genome. As is evident from in vitro 

studies, the chloroplast RNA polymerase has quite distinct 

characteristics compared to the prokaryotic RNA polymerase. 

Further experiments using purified RNA polymerase will be 

important to further our understanding on the mechanism of 

transcription control in chloroplast. 

-----··------ ··-·-· 
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CHAPTER V 

DIFFERENTIAL INHIBITION OF EUGLENA GRACILIS 

CHLOROPLAST RNA POLYMERASE ACTIVITIES IN VIVO BY 

RPOA, RPOB AND RPOC2 FUSION PROTEIN ANTIBODIES 

Introduction 

Euglena gracilis is a unicellular protist which exhibits 

characteristics similar to both animal and plant cells. Euglena 

will grow in the absence of light in heterotrophic culture using 

sugars, alcohols, fats, or amino acids as an energy source. 

Euglena will grow photosynthetically when grown in autotrophic 

media under light and C02. The proplastids in heterotrophic 

grown Euglena will develop into fully functional chloroplasts upon 

exposure of cells to light (Schiff and Schwartz bach, 1982). 

The chloroplasts of Euglena are well characterized. The 

chloroplast genome has been completely sequenced (Hallick !li.J!l., 

1993), and consists of a 143 kilo base pair circular DNA molecule. 

Euglena DNA is similar to the higher plant chloroplast genomes 

in gene content but differs significantly in both gene arrangement 

and structure. 
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There are several differences between Euglena chloroplast 

DNA and that of higher plants; First, Euglena chloroplast protein 

coding loci differ from plants in terms of numbers, types, and 

positions of introns. Second, Euglena chloroplast protein loci are 

interrupted by group II and group III introns instead of group I 

and group II introns found in plants (Christopher and Hallick, 

1989). Third, a distinctive type of intron-within-intron called a 

twintron was found in the Euglena chloroplast genome (Copertino 

and Hallick, 1991). 

Euglena chloroplast DNA is transcribed by chloroplast DNA

dependent RNA polymerases. Three chloroplast encoded RNA 

polymerase subunit genes -- rpoB, rpoC 1, and rpoC2 -- have been 

identified and sequenced in Euglena (Radebaugh, 1990; Yepiz

Plascencia ~., 1990). The rpoB, rpoC1, and rpoC2 genes are co

transcribed. 

The isolation of a transcriptionally active chromosome 

(TAC) from the chloroplasts of Euglena gracilis was first reported 

by Hallick et al (Hallick aru., 1976). The physical properties of 

the enzyme have been studied. TAC from Euglena has been 

purified and found to consist of three subunits -- 116, 83 and 24 

kDa (Narita ~., 1985). 

Biochemical and physical evidence of two RNA polymerase 

activities in chloroplasts was first reported for Euglena 

(Greenberg~., 1984; Gruissem ~., 1983). One polymerase 

is tightly bound to the chloroplast DNA. This activity is referred 
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to as TAC. The second enzyme is referred to as the soluble 

enzyme. TAC transcribes rRNA genes while soluble RNA 

polymerase transcribes mRNA and tRNA genes (Greenberg cl....1!1., 

1984). The physical properties are different between the two 

enzymes. Euglena TAC activity is resistant to rifampicin and 

heparin, and tolerant to high salt concentrations. The soluble 

polymerase activity, on the other hand, is sensitive to heparin and 

high salt concentrations (GreenbeTg ~., 1984). '?'o date, the 

Euglena chloroplast soluble RNA polymerase has not been 

purified, and its subunit composition is not known. 

My first project in Dr. Hallick's laboratory was to determine 

the inhibition of RNA polymerase activities in Euglena lysed 

chloroplasts by the fusion protein antibodies using run-on 

transcription assays. I also characterized RNA polymerases in 

Euglena lysed chloroplasts using run-on transcription assays. 

Antibodies to the fusion proteins of spinach rpoA, tobacco rpoB, 

and Euglena rpoC2 gene products were made by Dr. Mike Little 

(Little and Hallick, 1988). The run-on transcription assay had 

also just been developed in Dr. Gruissem's lab at University of 

California, Berkeley and Dr. Mullet's lab at Texas A&M 

University. This part of my project will be discussed in chapter 

V. 

. -------·- ----
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Materials and Methods 

Isolation of Euglena chloroplasts: Euglena gracilis strain Z were 

grown autotrophically to a density of 1.5 - 2 x 106 cells at 250C 

with continuous illumination as previously described (Rushlow !U 

ru., 1980). Cells were harvested by centrifugation at 4000rpm for 

1 minute in a Beckman J6B rotor. Intact chloroplasts were 

isolated by the method of Hallick (Hallick .e..Lru., 1982). The 

chloroplasts were aliquoted, frozen immediately, and stored at 

-8ooc. 

Euglena chloroplast DNA: Recombinant DNA plasmids used for 

the detection of in vitro synthesized RNA are listed in Table 5-l. 

Run on transcription reaction by lysed chloroplasts: The intact 

chloroplasts in buffer A (10 mM Tris-HCl, pH7 .6, 1 mM EDTA, 5 

mM DTT) were lysed by the use of a Duncan hand homogenizer 

with light stroking for 5 to 6 times. Then 25 Jll of the lysed 

chloroplasts (containing 5 x 105 plastids) were mixed with 25 Jll 

of 2 X reaction mixture. The final reaction mixture contains: 17 

mM Tris-HCl, pH7 .6, 10 mM MgCl2, 0.1 mM EDTA, 2 mM DTT, 

17% glycerol, 500 JlM ATP, 500 JlM CTP, 500 JlM GTP, 50 JlM UTP, 

and 5 Jll [cx-32p] UTP (800 Ci/mmol). The reaction was carried out 

at 270C for 60 minutes. The reaction was terminated by 

incubating with 1 Jll RQ1 DNase at 370C for 15 minutes. The 



Table 5-l. Plasmid DNAs used for Southern 

slot blot hybridization 
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-------------------------------------------------------------Plasmid Vector Genes Reference 

pEZC516 

pEZC514 

pEZC738.1 

pPG14-17 

pBS+ 

pBR322 

pBR322 

pBS+ 

trnA, trnL 16S 

trnL, psbA 

rbcL 

trnL, trnR, yrnN, trnV 

1. Early, J. and Hallick, R. B., unpublished. 

1 

2 

3 

4 

2. Hallick, R. B., Hollingsworth, M. J., and Nickoloff, J. A. (1984). 

3. Gingrich, J. C., and Hallick, R. B. (1985) 

4. Marion-Poll, A., Hibbert, C.S., Radebaugh, C.A. and Hallick, 

R.B. (1988). 
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RNA was phenol:chloroform extracted twice, and ethanol 

precipitated. Then, the RNA was resuspended in DEPC-treated 

water. 

Quantitation of chloroplast-synthesized RNA: Southern slot blots 

were used to quantitate 32p labeled RNA synthesized in the lysed 

chloroplasts. Slot blot preparation was as described in chapter 

IV (Materials and Methods) with the following modifications. 

Plasmid DNAs containing inserts from specific chloroplast genes 

were denatured and blotted to GeneScreen Plus membrane. The 

blot was treated in denaturing buffer (1.5 M NaCl and 0.5 M 

NaOH) for 10 minutes, then emerged in neutralization buffer (3 M 

NaCl and 0.5 M Tris-HCl, pH 7 .0) for 10 minutes. The blot was 

then air dried. Prehybridization and hybridization conditions are 

the same as described in chapter IV. The 32p labeled RNA 

synthesized in lysed chloroplasts was used as a probe. The blot 

was then washed and autoradiographed. For quantitative 

measurements, the densitometer readings of the 

autoradiographed blots were obtained. 

Effect of MgCb: 25 J.!l of lysed chloroplasts were mixed with 25 J.!l 

of reaction buffer containing different MgCl2 concentrations. The 

final MgCl2 concentrations were 10, 15, 20, 25, 30, 40, and 50 

mM. The slot blot data were analyzed as described above. 
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Effect of Triton X-100 and iagetitoxjn; 25 JJ,l of reaction cocktail 

containing 1% final concentration of Triton X-100 was mixed with 

25 JJ,l of lysed chloroplasts; 25 JJ,l of lysed chloroplasts were also 

preincubated with 10 JJ,M tagetitoxin for 10 minutes at room 

temperature. The run-on transcription reactions were performed 

and the data was quantitated as described above. 

Inhibition of chloroplast RNA polymerase activities by fusion

protein antibodies; The inhibition of RNA polymerases by 

antibodies were determined by preincubation of the lysed 

chloroplasts with antibody at 250C for 30 minutes followed by 

run-on transcription for 60 minutes. The lysed 

chloroplast/antibody ratios were 5/30, 10/30, 20/30 (JJ-1/J.Ll). The 

transcription and quantitation of the RNA products were as 

described above. 

Results and Discussion 

Quantitation of lysed chloroplast synthesized chloroplast 168, 

psbA, rbcL, and tRNA transcripts --- In order to test if the run-on 

transcription of chloroplast DNA occurs in isolated Euglena 

chloroplasts, the abundance of the RNA corresponding to the 

selected genes transcribed by the chloroplast RNA polymerases 

were determined by slot blot hybridization. In this experiment, 

.. - --------------
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plasmid DNAs containing fragments of the selected genes 16S, 

psbA, rbcL and tRNA were applied to the GeneScreen Plus 

membrane with serial-diluted DNA and these blots were probed 

with 32p labeled RNA synthesized by the lysed chloroplasts. 

Since the immobilized DNA is gene specific, the radioactivity was 

due to the specific chloroplast transcripts of psbA, rbcL, 16S, or 

tRNA. 

The results of the slot blot analysis are shown in Figure 5-1. 

16S and tRNA are the most abundant RNAs while rbcL is the 

lowest level among the RNAs analyzed. Variation in plastid RNA 

levels for different genes could be due to differences either in 

transcription rate or RNA stability. Since reactions were for 1 

hour or less, the differences in the levels of RNA hybridized to the 

DNA were most likely due to differences in transcription rate. 

The transcription rate of psbA gene is much higher than that of 

rbcL. In vitro studies using spinach chloroplast genes 

demonstrated that the relative promoter strength of psbA and 

rbcL was 1.6/1.0 (Gruissem, W. and Zurawski, G., 1985a). Using 

lysed chloroplast run-on transcription assays Rapp ~ (1992) 

demonstrated that the transcription rate of psbA was 6-fold 

greater than rbcL. In plant, psbA encoded D1 protein is much less 

abundant than RUBISCO. The higher transcription rate for psbA 

suggested a lower RNA stability of psbA than rbcL or a higher 

protein turnover rate of D1, a 32 kDa protein in photosystem II, 
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Figure 5-1: Quantitation of chloroplast gene transcripts: Slot blot 

analysis of Euglena chloroplast 168, psbA, rbcL, and tRNA 

transcripts. The plasmid DNAs applied to each slot are listed on 

the right side . 
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than of RUBISCO. In barley chloroplasts, rbcL RNA has been 

found to be 8-fold more stable than psbA mRNA (Rapp ~., 

1992). 

Effect of Mg++ ---- Both TAC and soluble RNA polymerase 

activities require Mg++ for in vitro transcription. However, the 

responses to the increasing Mg++ concentrations differ (Greenberg 

!U.__W.., 1984). The soluble polymerase has a sharp optimum 

activity at 10 mM Mg++, while TAC has a broad peak of activity 

around 10 mM Mg++. Using run-on transcription assays, the 

mRNA and rRNA synthesized in lysed chloroplasts by the two 

different RNA polymerases did not show any dramatic differences 

in the response to changing Mg++ concentration (Figure 5-2). The 

optimal concentrations for both polymerases were 15 mM Mg++. 

At 50 mM Mg++, both polymerases have only 35% maximum 

activity. The difference in the results of in vitro and lysed 

chloroplasts transcription assay could be due to the nature of the 

DNA template. The optimum ionic strength and Mg++ 

concentration are dependent upon the nature of DNA (natural or 

synthetic), the state of the DNA (native or denatured), and the 

DNA concentration in the reaction (Gissinger ~., 1974; Mandel 

and Chambon, 1974). In lysed chloroplasts, both RNA 

polymerases used the same template, the chloroplast genome, 

while in vitro, only the TAC polymerase uses chloroplast genome 

for RNA transcription. The soluble RNA polymerase uses 
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recombinant plasmid DNA for template. The difference could also 

be due to the difference in vivo and in vitro. The enzyme 

properties could be influenced by other protein components in the 

transcription reaction. In lysed chloroplasts, all the components 

for in vivo RNA synthesis are present while highly purified TAC 

might lose some factors for RNA synthesis, therefore affecting the 

sensitivity to Mg++ at higher concentration. 

Effect of Triton X-100 and tagetitoxin --- TAC was initially 

isolated from Euglena by detergent lysis of chloroplasts in 1% 

Triton X-100 followed by chromatographic fractionation via gel 

filtration (Hallick ~., 1976). The highly purified Euglena TAC 

RNA polymerase activity is unaffected by Triton X-100 over a 0.4 

to 8.4% concentration range (Rushlow, 1980). When 1% Triton X-

100 was incubated with the lysed chloroplast transcription 

reactions, the synthesis of all four RNAs were inhibited (Table 5-

2). The synthesis of 168 was inhibited 66% while the synthesis of 

psbA and tRNA were inhibited by more than 75%. The lower 

degree of inhibition of rbcL (57%) was most likely due to the 

reading error of the densitometer because the rbcL transcription 

rate is much lower than psbA and tRNA. The weak signal of rbcL 

would result in a greater reading error. Triton X-100 solubilizes 

the TAC RNA polymerase-chromatin complex from the thylakoid 

membrane. The inhibition of TAC polymerase by Triton X-100 in 

lysed chloroplasts might be due to the dissociation of the enzyme-
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Figure 5-2. Effect of Mg++ on the RNA synthesis by lysed Euglena 

chloroplasts. 



Table 5-2. Inhibition of lysed chloroplast RNA synthesis 

by Triton X-100 and tagetitoxin 

Treatment 
RNA 1% Triton X-100 10 J..LM tagetitoxin 

------------------------------------------------------168 66% 100% 
Percent psbA 76% 100% 
inhibition rbcL 57% 100% 

tRNA 77% 100% 

163 
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DNA complex from the membrane. The inhibition also might be 

due to the dissociation of transcription factors from the enzyme

DNA complex. Triton X-100 inhibition of soluble RNA polymerase 

in lysed chloroplasts could be due to the dissociation of the 

multimeric enzyme complex or the dissociation of other 

transcription factors of the soluble enzyme. 

The effect of tagetitoxin on higher plant chloroplast RNA 

polymerase was discussed in chapter III. I demonstrated here 

that at 10 J.!M, tagetitoxin completely inhibits both soluble and 

TAC RNA polymerase activities in lysed chloroplasts (Table 5-2). 

Since in a lysed chloroplast run-on transcription system, in vivo 

initiated transcripts are elongated in vitro, the inhibition of 

tageti toxin occurs on the RNA chain elongation step. 

Differential inhibition of the two RNA polymerases by fusion 

protein antibodies --- The effects of the antibodies on both mRNA 

and rRNA synthesis initiated in vivo by lysed chloroplasts were 

determined (Figure 5-3, Figure 5-4). Transcription inhibition by 

the fusion protein antibody was determined by slot blot 

hybridization (Figure 5-3). The anti-rpoB and anti-rpoC 

antibodies had little effect on 168 rRNA synthesis while psbA 

mRNA synthesis was inhibited. The inhibition of RNA synthesis 

was not the result of RNase contamination since the antibodies 

purified via DEAE-Affi-Gel Blue column were free of detectable 

RNase. The effect of antibody concentration on both TAC and 

.. -··-·--·----
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soluble RNA polymerase is illustrated in Figure 5-4. 

Preincubation of anti-rpoA antibody with lysed chloroplasts 

inhibits both rRNA and mRNA synthesis at higher antibody 

concentrations. But the degree of inhibition is greater for mRNA 

synthesis. When log of antibody is 2, mRNA synthesis was 

inhibited by 50% while rRNA synthesis was not inhibited. Under 

any antibody concentration, the rRNA synthesis was not inhibited 

by either anti-rpoB or anti-rpoC antibodies, while mRNA 

synthesis was inhibited up to 80% by anti-rpoB antibody and 50% 

by anti-rpoC antibody. Little and Hallick (1988) have 

demonstrated that tRNA synthesis by partially purified Euglena 

and spinach soluble RNA polymerases was inhibited by the fusion 

protein antibodies. However, rRNA synthesis by Euglena and 

spinach TAC polymerase was not affected, suggesting that the 

chloroplast encoded rpoA, rpoB, and rpoC 1 specifies three of the 

subunits in soluble RNA polymerase. Transcripts from the 

spinach, maize, and pea chloroplast rpoA genes have been 

detected by northern hybridization (Purton and Gray, 1989; Ruf 

and Kossel, 1988; Sijben llJ!l,, 1986). Using antibodies to a rpoA 

fusion protein, the rpoA gene product is found to be synthesized 

inside the pea chloroplast (Purton and Gray, 1989). Most 

recently, maize chloroplast encoded rpoA, rpoB, rpoC1, and rpoC2 

products have been identified and sequenced from a maize 

chloroplast soluble RNA polymerase preparation (Hu and 

Bogorad, 1990; Hu !tl...J!l., 1991), proving the rpoA, rpoB, rpoC1, 
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and rpoC2 encoded polypeptides are essential components of 

chloroplast RNA polymerase. 
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