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The rpoB gene coding for a fi-like subunit (homologous to the E. coli DNA-

dependent RNA polymerase £ subunit) of the chloroplast DNA-dependent RNA 

polymerase was located on the chloroplast genome of Euglena gracilis distal to the 

rrnC ribosomal RNA operon. The complete nucleotide sequence of the gene was 

determined. The sequence includes 97 bp of the 5S rRNA gene, an intergenic spacer 

of 1264 bp, the rpoB gene of 4249 bp, 84 bp spacer and 67 bp of the rpoCl gene. The 

rpoB gene is of the same polarity as the rRNA operons. The organization of the 

rpoB and rpoC genes resemble the E. coli rpoB-rpoC and higher plant chloroplast 

rpoB-rpoCl-rpoC2 operons. The Euglena rpoB gene (1082 codons) encodes a 

polypeptide with predicted molecular weight of 124,288. The rpoB gene is interrupted 

by seven group III introns of 93, 95, 94, 99, 101, 110 and 99 bp, respectively, and a 

group II intron of 309 bp. All other known chloroplast rpoB genes lack introns. All 

the exon-exon junctions were experimentally determined by cDNA cloning and 

sequencing or direct primer extension RNA sequencing. Transcripts from the rpoB 

locus were characterized by Northern hybridization. Fully-spliced, monocistronic rpoB 

mRNAs, as well as rpoB-rpoCl and rpoB-rpoCl-rpoC2 mRNAs were identified. 

Unspliced intron-containing transcripts could not be detected in these experiments. 

The rpoB is the first gene in the RNA polymerase rpoB-rpoCl-rpoC2 transcription 

unit. The three genes are transcribed from a promoter located upstream the rpoB 

gene. The transcript is processed to mature monocistronic mRNAs. The relative 

abundance of the mono-, di- and tricistronic mRNAs appear to be similar in RNAs 
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isolated from photoautotrophic, heterotrophic and dark grown cells. The mature 5'-

and 3'- ends of the mature rpoB monocistronic transcripts were determined via SI 

nuclease mapping and primer extension RNA sequencing. 

In addition, the sequence of the 23S rRNA gene from the rrnC operon and the 

intergenic spacer between the rrnA and rrnB operon were determined. Transcription 

initiation for the ribosomal RNA transcription unit was examined via Northern 

analysis and SI nuclease mapping of chloroplast RNA that was in vitro 5'- end 

labelled. Two transcription initiation sites were mapped at positions +1 and -50 

upstream the 16S rRNA gene. The 3'-ends of the rrnA/rrnB and miC 5S rRNA were 

determined using SI nuclease protection experiments. The protected fragments were 

of identical size. The rpoB-Cl-C2 DNA sequence has been submitted to EMBL, 

accession number X17171, and the 23S rRNA DNA sequence was given the number 

X13310. 
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CHAPTER I 

INTRODUCTION 

Background 

Chloroplasts are cell organelles that were first described by Hugo von Mohl 

in 1837 as discrete bodies within the green plant cell (1). A few years later, it was 

demonstrated that chlorophyll resides in the chloroplast and is necessary for 

photosynthesis (1). The chloroplasts have their own DNA and replication, 

transcription and translation machineries (1, 2). The organellar gene expression and 

protein synthesis systems display a number of features reminiscent of prokaryotes (1, 

2). Chloroplast genes are expressed through distinct chloroplast DNA dependent 

RNA polymerases that are different from the nuclear enzymes. The unicellular 

protist Euglena gracilis contains numerous chloroplasts per cell. In the chloroplast of 

the photosynthetic unicellular protist Euglena gracilis, two different RNA polymerase 

activities have been reported (3, 4, 5, 6). One of the polymerases is tightly bound to 

the chloroplast DNA. This complex is called the transcriptionally active chromosome 

"TAC". A different RNA polymerase is found in a soluble extract and called "the 

soluble RNA polymerase". The two polymerase activities differ in their template 

requirements, response to KC1 and Mg+2 and sensitivity to heparin and detergents. 

The soluble enzyme transcribes tRNAs and mRNAs in vitro in the presence of 

exogenous cloned templates, whereas the "TAC" specifically transcribes rRNAs using 

the endogenous bound DNA (3, 4, 5). Similar RNA polymerase activities have been 

reported in higher plants (4). 
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Chloroplast ribosomes have sedimentation values of approximately 70S, similar 

to bacterial ribosomes and typically display prokaryotic antibiotic sensitivities. In 

addition, while elongation factors from E. coli and chloroplasts are fully 

interchangeable, the corresponding factors from the eukaryotic cell cytoplasm are 

usually not active on ribosomes from eukaryotic organelles (2). Chloroplast ribosomal 

RNAs and tRNAs are coded in the chloroplast genome (7). Approximately one-

fourth to one-third of the chloroplast ribosomal proteins are synthesized in isolated 

chloroplasts, while the others are absent and presumed to be produced in the 

cytoplasm (8). In 1986 the complete nucleotide sequence of the tobacco chloroplast 

genome (155,844 bp) was reported (9). This was followed by the report of the 

organizations and sequence of the Marchantia potymorpha (liverwort) chloroplast 

genome (121,024 bp) (10). Genes coding for rRNAs, tRNAs, protein genes and 

predicted protein coding genes were located (9, 10, 11). 

The Euglena gracilis chloroplast genome 

The Euglena gracilis chloroplast genome is a 145 kbp circular DNA (7). It is 

similar in several transcription units to the tobacco and liverwort chloroplast DNAs. 

The chloroplast DNA is fairly well characterized. The structure, physicochemical 

properties of the DNA, as well as restriction endonuclease digestion products of the 

chloroplast DNA have been reported (7). Experiments demonstrating that Euglena 

chloroplast DNA contains the genes for two major RNA species, 16S and 23S 

rRNAs, were first reported in 1967 by Scott and Smillie (7, 12). To this report a 

wealth of information has been added by the location and sequencing of tRNA genes 
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as well as protein coding genes (7). At present 26 tRNA genes, 5 rRNA genes and 

at least 36 protein coding genes have been identified on the Euglena gracilis 

chloroplast genome (Table 1-1). With the addition of the rpoB gene a total of 37 

protein coding genes can be listed. The genes encode enzymes or subunits of the 

enzymes involved in a variety of chloroplast functions such as photosynthesis, ATP 

synthesis, gene transcription and protein synthesis (7). 

A unique characteristic of the chloroplast DNA is the base composition. The 

average base composition as determined by direct chemical analysis is 75 mole % 

A+T and 25 mole % G+C (7). The base composition of specific fragments varies 

considerably. Fragments or regions containing ribosomal RNA genes are fairly G+C 

rich; for example, the 23S rRNA gene is 42% G+C (13), whereas exons of protein 

coding regions, for example ribosomal protein genes and rbcL are 31% G+C and 

39% G+C, respectively. In addition, introns from these two genes have a low G+C 

content, of 13 and 15%, respectively (14, 15, 16). This bias in base composition is 

more pronounced in regions corresponding to intervening sequences (introns). The 

introns are characterized by a very homogenous base composition that have a very 

high A+T content with T>A>G>C bias, with the exception of tufA introns, that 

present a higher A content (17). The presence of numerous genes containing introns 

appears to be a unique characteristic of Euglena genes. In the complete nucleotide 

sequence of the chloroplast from tobacco, liverwort and rice, 19, 20 and 18 genes, 

respectively, were found to contain introns, and approximately one-third of the split 

genes are tRNA genes (9, 10, 18). In contrast to higher plants, the Euglena tRNA 

genes lack introns and at least 70% of the known protein coding genes contain 



Table 1-1. Genes Identified on E. gracil is  strain Z chloroplast DNA 

Gene 

Type Designation . Gene Product 

Ribosomal RNA 16S rDNA 16S rRNA 
23S rDNA 23S rRNA 
5S rDNA 5S rRNA 
sl6S rDNA 
s5S rDNA — 

Transfer RNA trnA-VGC tRNAAla 

trnC-GCA tRNAcys 

trnD tRNAAsP 
trnE-UUC tRNAGlu 

trnF-GAA tRNA?he 
trnG- UCC tRNAG1v 
trnG-GCC tRNAG'y 
trnH-G UG tRNAHis 

trnl-GAU tRNAG|y 
trnK tRNALys 

trnL-CAA tRNALcu 

trnL-UAG rRNALeu 
trnL-UAA tRNALcu 

trnMe. CAU tP.NAMet
e 

trnMi-C AU tRNAMet; 
trnN-G UU tRNAAsn 

trnQ-UUG tRNAGln 

trnR-ACG tRNAArs 
trnS-GCU tRNAScr 

trnT- UGU tRNAThr 

trnV- UAC tRNAVaI 

trnW-CCA tRNATrP 
trnY- GUA tRNATyr 

trnP-TGG tRNAPro 

frn5-TGA tRNASer 
trnl- CAU tRNAIle 

Protein Rubisco 
rbcL Large subunit of Rubisco 



ATP synthase 
subunits 
atpA 
atpB 
atpF 
atpH 
atpl 

Photosystem I 
proteins 
psaA 
psaB 

Photosystem II 
proteins 
psbA 
psbB 
psbC 
psbD 
psbE 
psbF 
psbL 
psbl 

Cytochrome 
b6/f complex 
petB 
petE 

Elongation 
factor 
tufA 

Chloroplast 
ribosome 
rps2,3,4,  7,  8,  
11,12,14,19 

rpl2,  5,14,  
16,20,23,36 

CFi alpha subunit 
CFi beta subunit 

CFo subunit I 
CFo subunit III 
CFo subunit IV 

P700 chlorophyll a protein 
P700 chlorophyll a protein 

32-kD QB protein 
51-kD chlorophyll protein 
43-kD chlrophyll protein 

"D-2" protein 
9-kD cytochrome b559 subunit 
4-kD cytocrome b559 subunit 

4.8-kD I-polypeptide 

cytochrome b6 
41-kD subunit V 

Elongation factor Tu 

30S ribosomal subunit 
proteins analogous to E. coli 

S2, S3, etc. 
50S ribosomal-subunit 

proteins analogous to E. coli 
L2, L20, etc 



RNA 
polymerase 

rpoB 

rpoCl 

rpoC 2 

Chloroplast enzyme beta 
subunit 

Chloroplast enzyme beta' 
subunit (amino terminus 

half) 
Chloroplast enzyme beta' 
subunit (carboxy-terminus 

half) 
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introns (7,19). A minimum number of 50 introns, amounting to approximately 32 kb 

of the 145 kbp genome were detected by electron microscope studies of DNA-RNA 

hybrids (20). The number, position and type of introns appear to be distinct to the 

higher plant counterparts and unique to the Euglena chloroplast genome (7, 19). 

Group II-like introns are found in light induced as well as in constitutively expressed 

genes (14). Recently, Christopher and Hallick proposed a Group III category for 

small introns that are 93-111 nt in size, have a degenerate version of group II 5' and 

3' boundary sequences and are found predominantly in constitutively expressed genes 

(15). With the addition of the introns found in the rpoB gene (this dissertation and 

21), a list of 20 group III introns can be assembled. 

The rationale of this study 

Two different DNA-dependent RNA polymerase activities are responsible for 

the expression of Euglena chloroplast genes. The enzymes are designated as the 

"TAC" and the "soluble" (3, 4, 5). The mature mRNAs are translated by prokaryotic-

like ribosomes (2). At present, only some biochemical properties and partial 

purification of the enzymes have been reported (4, 5). One of the main difficulties 

encountered during the purification and characterization of these enzymes has been 

their low abundance and complex composition. An alternative strategy to try to 

characterize and understand the transcription machinery and its involvement in 

control of gene expression is the identification and characterization of potential 

RNA polymerase subunit genes. Once the nucleotide sequence of the genes are 

obtained, the amino acid sequence can be predicted, and computer assisted amino 
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acid alignment with other known analogous genes can be used to study relatedness 

and make inferences about structure and possible interactions with other subunits. 

A major goal of this research was to identify, clone and sequence the gene 

coding for a fi-like subunit of the chloroplast RNA polymerase. The organization and 

structure of the rpoB gene are the subject of Chapter II of this dissertation. The rpoB 

gene is located in the EcoRI fragments EcoF and EcoR, distal to the miC ribosomal 

RNA operon on the Euglena chloroplast genome (Fig. 1-1). The rpoB gene is of the 

same polarity as the rRNA operons. It is interrupted by seven group III and one 

group II introns. The rpoCl gene is located 84 bp downstream of this gene. The 

relative location of the rpoB gene on the chloroplast genome is shown in Fig. 1-1, 

along with the rRNA genes and some protein coding genes. The expression of the 

rpoB gene was studied via Northern analysis of RNA isolated from photoautotrophic, 

heterotrophic, and dark grown cells. SI nuclease mapping and primer extension RNA 

sequencing were performed to characterize the mature 5'- and 3'- ends. These results 

are presented in Chapter III. 

Chapter IV covers a totally different gene, the 23S rRNA gene. The 5' and 3' 

ends of this gene had been previously identified (22, 23, 24), and used as a guide for 

the cloning and sequencing. Several reports have indicated that the ribosomal RNA 

genes are transcribed as a single transcription unit, producing a primary transcript 

that contains 16S-trnI-trnA-23S-5S (7), however, a single transcription initiation site 

had not been mapped. Northern analysis using specific probes for 16S, 23S and 5S 

genes were carried out, but high molecular weight precursor transcripts were not 

consistently detected. To specifically map the transcription initiation site, the 
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psbD 
* 4 * 

psbC 

psbA 

rmMl 6S,23S,5S) 
tufA 

rps7,12,120 rrrtB (16S,  23S,5S)  

rrnC (16S,  23S.5S)  

psbL 

rpoCl 

' ,  rpoCl 

psbB 
i pelB 

atpB aa rbcL rpU6,U,5,  sS, 136, s14,  s2 
rpsi  

rpsl l  

atpA,  F,  11,1 

Figure 1-1. Circular map of the Euglena gracilis chloroplast genome . The relative 
location of the ribosomal RNA and protein coding genes are indicated. Asteriks and 
and gene names in inner and outer circle represent the DNA coding strand. The 
location of the rpoB and 23S rRNA genes, topics of this dissertation, are underlined. 
The relative positions of the EcoRI restriction fragments are indicated. 
Gene nomenclature is that proposed by Hallick and Bottomley . 
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5' tri- or diphosphate ends of primary chloroplast RNA transcripts were labelled 

utilizing the GTP transferase (capping) activity of vaccinia virus guanylyltransferase. 

The RNA labelled in' this manner was used to probe DNA blots and for SI mapping 

analysis of the 5'-end. Two different RNA transcripts were detected in the 

experiments. They map to the -50 and +1 positions of the 16S rDNA. Finally, with 

the addition of the nucleotide sequence data presented in this dissertation to the 

previously published Euglena chloroplast DNA sequence data, and the contributions 

from my colleagues in the laboratoiy, it is possible to assemble a composite DNA 

sequence data for two large regions of the chloroplast DNA. This represents 

approximately 90-95 kbp, or approximately two-thirds, of the 145 kbp Euglena 

chloroplast genome. 
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CHAPTER II 

ORGANIZATION OF THE E. GRACILIS CHLOROPLAST RPOB LOCUS 

Introduction 

Chloroplast genes are transcribed, and the resulting mRNAs are translated via 

plastid specific RNA polymerase(s) and ribosomes, respectively. In the chloroplast 

of the unicellular protist Euglena gracilis, two different RNA polymerase activities 

have been reported. One of the polymerases is tightly bound to the chloroplast DNA. 

This complex is known as the transcriptionally active chromosome ("TAC"). A 

different RNA polymerase activity is found in a soluble extract of the chloroplast 

("soluble") (3, 4, 5, 6). 

In E. coli the DNA dependent RNA polymerase is a protein complex 

composed of four different polypeptides designated a (MW 37,000), E (MW 151,000), 

£'(MW 155,000) and a (MW 70,000) that are encoded by the genes rpoA, rpoB, rpoC 

and rpoD, respectively. The subunit composition is a2M'a (25). Eukaryotic RNA 

polymerase genes coding for the largest and second largest subunits, homologues to 

the E. coli £ and JS'-subunits have been described (26,27, 28, 29). Lerbs et al. (1985), 

suggested that the genes coding for the chloroplast RNA polymerase were nuclear 

encoded (30). Subsequently, the equivalent of the E. coli rpoA (31), rpoB and rpoC 

(32) genes were reported in the spinach chloroplast genome. The three genes have 

been also identified in tobacco (9), liverwort (10), and rice (18). In chloroplasts, the 
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rpoC-like genetic information appears to be encoded in two genes, designated rpoCl-

rpoC2 (32). 

In the laboratory of Dr. Hallick, some of the research has been focused on the 

purification and characterization of the two different Euglena gracilis chloroplast 

DNA-dependent RNA polymerases. In recent years, an effort has been made to 

understand the relationship between chloroplast genes for RNA polymerase subunits 

and the known chloroplast polymerase activities. Little and Hallick (1988), showed 

that antibodies against fusion proteins that contained fragments of the chloroplast 

genes rpoA from spinach, rpoB from tobacco, and rpoC2 from Euglena, were able to 

immobilize a chloroplast RNA polymerase from spinach, pea and Euglena gracilis 

(33). The antibodies also inhibited the "soluble" enzyme active in tRNA and mRNA 

synthesis but had almost no effect on the activity of the Euglena "TAC" (33). 

The organization of the rpoB and rpoC genes (or rpoB-rpoCl-rpoC2) has been 

conserved throughout evolution. The same order is found in bacteria (34, 35) and in 

chloroplast from spinach (32), tobacco (9), liverwort (10) and rice (18). In our 

laboratory Cathy Radebaugh was already mapping and sequencing the Euglena 

gracilis rpoC gene when I arrived. I was assigned to map and sequence the rpoB gene. 

Based in computer analysis of partial DNA sequence, the rpoC gene was located in 

the EcoRI restriction fragment EcoG. It is flanked by the small fragments EcoR and 

EcoV (1-2 kbp) (7). A larger fragment EcoF (8 kbp) is adjacent to EcoR. Orozco et 

al previously identified and sequenced several tRNA genes in the EcoV fragment 

(36). Based on the partial rpoC DNA sequence and polarity of the gene, the initial 

hypothesis was that the rpoB gene was located in the proximal EcoR and EcoF 
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fragments. In this chapter, I present the complete nucleotide sequence of the Euglena 

gracilis chloroplast rpoB gene, the upstream region of the gene including 97 

nucleotides of the 3'-end of the 5SrRNA gene from the rrtiC operon for orientation 

(22), the spacer region between the rpoB and rpoCl genes and 67 nucleotides of the 

5'-end of the rpoCl gene. 

The rpoB gene is interrupted by 8 introns. Intron 8 (309 nt) belongs to the 

group II category. The remaining 7 introns belong to a new class of introns, 

designated as Group III (15), similar to the small introns described in Euglena tufA 

(17) and ribosomal protein genes (14, 15). All the exon-exon boundaries were 

experimentally determined by cDNA primer extension sequencing of the mRNA, or 

by cDNA synthesis, polymerase chain reaction (PCR)-amplification, and cloning and 

sequencing of the cDNA. The relatedness of Euglena gracilis chloroplast rpoB product 

to other similar polypeptides was evaluated by comparing its derived amino acid 

sequence with the amino acid sequences of the E. coli fc-subunit gene and the 

chloroplast homologues from tobacco, liverwort and spinach chloroplast genomes 

using computer assisted, multiple protein alignment algorithms. 

Materials and Methods 

Enzymes, chemicals and [a35S]dATP were purchased from BRL, 

(Gaithersburg, MD), NEN, Du Pont, (Boston, MA), BIO RAD, (Richmond, CA) and 

Sigma Chemical Company (St. Louis, MO). Bluescribe and Bluescript (+) and (-) 
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vectors were obtained from Vector Cloning Systems, (San Diego, CA). Sequenase 

kits were purchased from U.S. Biochemical Co. (Cleveland, OH). 

DNA subcloning and exonuclease III/S1 deletions 

Chloroplast DNA from Euglena gracilis Pringsheim, strain Z was isolated 

according to the procedure of (37). Recombinant plasmid pPGll, containing the 

EcoRI restriction fragment EcoF (Fig. 2-1) (22), was used as a source of the 5.14 kbp 

EcoRI-BamHI fragment of EcoF. This fragment was cloned into Bluescript and 

Bluescribe (-) vectors using JM101 or XLl-Blue E. coli cells as hosts (38). The 

resulting recombinant plasmids were designated pEZC931 and pEZC932,respectively. 

The EcoRI fragment EcoR (Fig. 2-1) was subcloned from plasmid pPG671 (15) into 

Bluescribe (-) in both orientations. The new plasmids are designated pEZC929 and 

pEZC930. A 2.0 kbp Hindlll fragment (Hind36), that overlaps the EcoF-EcoR (Fig. 

2-1) junction was isolated from Hindlll digested chloroplast DNA by agarose gel 

electrophoresis, eluted from the agarose using GeneClean (BIO 101, La Jolla, CA), 

and cloned into Bluescript (-) in both orientations. The new recombinant DNAs are 

designated pEZC935 and pEZC936. 

Plasmids DNAs were purified using a cleared lysis method (39) and linearized 

with two restriction enzymes for exonuclease III/S1 digestions. Overlapping, 

unidirectional deletion subclones were generated according to the procedure of 

Henikoff (40) with the following three steps: (i) unidirectional 3'-exonuclease III 

deletions into the chloroplast insert, (ii) SI nuclease digestion, and (iii) 

intramolecular blunt end religation. One restriction enzyme produced a 5'-end 
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overhang proximal to the chloroplast insert and susceptible to exonuclease III. The 

other enzyme produced a 3'-end overhang, proximal to the vector and resistant to 

exonuclease III deletions. The enzymes PstI and BamHI were used to double digest 

DNA of the recombinant plasmids pEZC929, pEZC930 and pEZC932, Kpnl and Sail 

for pEZC931; and Apal and Sail for pEZC935 and pEZC936. Approximately 1 fig 

of recombinant plasmid DNA per reaction were digested with a pair of the previously 

chosen restriction enzymes. After complete digestion, the DNAs were concentrated 

by ethanol precipitation, washed with 70% ethanol, vacuum dried and resuspended 

in exonuclease III buffer (50 mM Tris-HCl pH 8.0, 5 mM MgCl2, 1 mM DTT) 

containing 10 units of exonuclease III per fig of DNA and incubated at 37°C. 

Aliquots of 10 /zl containing approximately 1 fig of DNA were removed every 30 sec 

and the reactions stopped by adding 30 fi\ of 0.2 M NaCl, 0.5 mM EDTA, pH 8.0 

and the DNA collected by ethanol precipitation, washed twice with 70% ethanol and 

dried. The resulting DNA pellets were resuspended in 200 /il of SI nuclease buffer 

(250 mM NaCl, 1 mM ZnS04, 30 mM sodium acetate, pH 4.6, 5% glycerol), 

containing 12-15 units of SI nuclease and incubated at room temperature for 30 min. 

The reactions were stopped by adding 30 n 1 of stop buffer (0.5 M Tris-HCl, pH 8.0, 

0.125 mM EDTA) and 5 fi\ of 2 N NaOH, extracted twice with an equal volume of 

phenol-chloroform-isoamyl alcohol (50:48:2), followed by two chloroform-isoamyl 

alcohol extractions (24:1), and the DNA collected by ethanol precipitation. For 

intramolecular blunt end religation approximately 50 ng of DNA, based on the 

original concentration were incubated in ligation buffer (50 mM Tris-HCl pH 8.0,10 

mM DTT, 1 mM MgCl2, 0.7 mM ATP), containing 1 unit of T4 DNA ligase and 
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incubated at room temperature for 6-12 hours. Transformations were performed 

according to Hanahan (41), using XLl-Blue E. coli cells as hosts. Single stranded 

template DNAs were prepared using the defective phage M13K07 as a helper phage 

(42), and sequenced using [a35S]dATP and the dideoxy-chain termination method 

(43) with the Klenow fragment of DNA polymerase I or Sequenase (44). 

DNA sequence analysis 

Analysis of DNA sequence data was performed on IBM-PC/XT and PC/AT 

computers using the DNA and protein analysis programs of Mount and Conrad (45). 

The DNA sequence was translated to the amino acid sequence corresponding to the 

six potential reading frames. Long reading frames not interrupted by termination 

codons were compared to known protein sequences in the data base. The program 

FASTP (46) was used for initial homology searches with the derived amino acid 

sequences in the Protein Identification Resource (P.I.R) of the National Biomedical 

Research Foundation. A progressive multiple alignment method (37,48) was utilized 

to achieve the multiple sequence alignment of the fi-like subunit amino acid 

sequences on a DEC-Microvax computer. 

cDNA synthesis, DNA amplification and cDNA cloning 

Chloroplasts were purified from cell lysates by differential centrifugation and 

sucrose flotation (37). RNA was isolated by resuspending the chloroplasts in lysis 

buffer (0.5% SDS, 10 mM Tris-HCl pH 7.5, 1 mM EDTA, 5 mM DTT), extracting 

three times with an equal volume of phenol (saturated with 10 mM Tris-HCl pH 8.0, 

1 mM EDTA), followed by two extractions with chloroform-isoamyl alcohol (24:1), 
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and collected by ethanol precipitation. Before the RNA was utilized for cDNA 

synthesis, the DNA was digested with RQ1 RNase-free DNase (Promega 

Biotechnology, Madison, WI), followed by phenol and chloroform extractions and 

ethanol precipitation as previously described. 

Synthetic oligodeoxynucleotides for cDNA synthesis and PCR-amplification 

reactions were purchased from Promega Biotechnology. The primers 5'-

CTTTGAAGAAGTTCACC-3' (positions 2986-2970, Figs. 2-2 and 2-3) designated 

CI and 5'-GCTTTAATCTCTGAACCT-3' (positions 4651-4634, Figs. 2-2 and 2-3) 

designated C2, complementary to exons 8 and 9 respectively, were used to perform 

two separate cDNA synthesis reactions. The reactions contained 10 jug of DNA-free 

RNA and 280 ng of the appropriate primer and were performed using a cDNA 

synthesis kit (BRL). The resulting cDNAs were amplified by PCR using the Taq 

polymerase (Perkin-Elmer Cetus, Norwalk, CT.). The reactions contained the cDNA 

synthesis product from 5 ng of chloroplast RNA and 0.66 ng of a pair of cDNA and 

PCR primers (Cl-Pl and C2-P2, respectively). The oligodeoxynucleotide 5'-

GGTTTGGTAGAAGAGTTAAG-3' (positions 1528-1548, exon 2, Figs. 2-2 and 2-

3) was designated PI and 5'-GCTTAGTTCCTTTTTTGG-3' (position 3622-3639, 

exon 9, Figs. 2-2 and 2-3) was designated P2. The amplification cycle consisted of 1 

min of denaturation at 95°C, followed by 2 min of annealing at 45°C and 3 min of 

polymerization at 72°C. Amplification was repeated for 30 cycles. Amplified DNA 

fragments were digested with SI nuclease (70 units per ng of DNA) to produce blunt 

ends, electrophoresed through a 1% agarose gel, eluted from the agarose using 

GeneClean and cloned into Smal or HincII digested Bluescript or Bluescribe vectors. 
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The cDNA clones were designated pEZClOOO (Cl-Pl primers) and pEZClOOl (C2-

P2 primers), respectively. 

Primer Extension RNA sequencing 

The purified oligodeoxynucleotide primer 5'-CCCITTTTTAAAAAGGAGCG-

3' (positions 1530-1511, Fig. 2-2 and 2-3), designated C, and complementary to exon 

2, was 5'-end labeled with T4 polynucleotide kinase (39). A total of 15 /xg of 

chloroplast RNA and 2.0 X 106 dpm of 5'-end labeled oligodeoxynucleotide were 

combined in a tube and vacuum dried. The nucleic acid pellet was resuspended in 

10 Ml 200 mM KC1, 10 mM Tris-HCl (pH. 8.3 at 43°C), incubated at 85°C for 3 min 

and quickly cooled on ice. The mixture was allowed to anneal at 45°C for 1 hr and 

slowly cooled to room temperature. The primer extension reaction contained 5 units 

of AMV reverse transcriptase, 2 jul of annealing mixture, 1.5 fi\ of 5X reverse 

transcriptase buffer (100 mM Tris-HCl pH 8.3, 50 mM MgCl2, 25 mM DTT, 280 

Mg/ml actinomycin D), 300 mM of each dATP, dTTP, dCTP and dGTP and 160 /zM 

of one of the four dideoxyribonucleotides, except in the N-reaction which lacked 

ddNTPs. After incubation at 43°C for 45 min, 5 /xl of loading dye (95% formamide, 

20 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol FF) was added. After 

boiling for 2 min, the samples were electrophoresed through a 6% polyacrylamide, 

8 M urea sequencing gel and visualized by autoradiography. 
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Molecular cloning, organization and genomic DNA sequence of the rpoB gene 

The region of the Euglena gracilis chloroplast genome containing the rpoB 

gene was cloned as two different restriction fragments, the 5.1 kbp EcoRI-BamHI 

restriction fragment from EcoF (22) and the EcoRI fragment EcoR (restriction map, 

Fig. 2-1). In order to sequence across the EcoRI restriction site between EcoF and 

EcoR (Fig. 2-1), the 2 kbp Hindlll fragment, Hind36, was also sequenced. The 

complete nucleotide sequence (5760) of 100% of both strands of the rpoB locus, 

including the upstream spacer region, the 3'-end of the 5SrRNA , and the 5'-end of 

the downstream rpoCl gene was determined (Figs. 2-1 and 2-2). The sequence 

includes 97 bp of the 5S rRNA gene (22) followed by an intergenic spacer of 1264 

bp. The rpoB gene spans a region of 4248 bp. It is of the same polarity as the 

ribosomal RNA operons (22) and the rpoCl gene (C. Radebaugh, G. Yepiz 

Plascencia and R.B. Hallick, unpublished). The overall gene organization and the 

DNA sequencing strategy are shown in Fig. 2-1. 

Cloning and sequencing of cDNAs 

Identification of the exon-intron boundaries in the Euglena rpoB gene was 

much more difficult than with other Euglena chloroplast genes because of the 

relatively low conservation of amino acid sequences among chloroplast and 

prokaryotic rpoB-Wke, gene products. Exons were initially identified via the FASTP 

search algorithm, as encoding portions of polypeptides similar to other rpoB 

polypeptides. Introns were detected as very AT rich interruptions in putative coding 
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Table 2-1. Comparison of the base composition of introns and exons 
of the E. gracilis chloroplast rpoB gene 

rpoB Sjze A (%) T (%) C(%) G (%) 
introns 

Sjze 

IVS1 93 31(33.3) 47(50.5) 4(4.3) 11(11.8) 
IVS2 95 33(34.7) 51(53.7) 5(5.3) 6(6.3) 
IVS3 94 24(25.5) 60(63.8) 2(2.1) 8(8.5) 
IVS4 99 31(31.3) 54(54.5) 3(3.0) 11(11.1) 
IVS5 101 27(26.7) 63(62.4) 2(2.0) 9(8.9) 
IVS6 110 34(30.9) 56(50.9) 7(6.4) 13(11.8) 
IVS7 99 36(36.4) 52(52.5) 2(2.0) 9(9.0) 
IVS8 309 112(36.2) 159(51.5) 13(4.2) 25(8.1) 

Average 32.8% 54.2% 3.8% 9.2% 

rpoB exons Size A (%) T (%) C(%) G (%) 

EX1 39 12(30.8) 15(38.5) 3(7.7) 9(23.1) 
EX2 227 88(38.8) 71(31.3) 28(12.3) 40(17.6) 
EX3 83 36(43.4) 30(36.1) 6(7.2) 11(13.3) 
EX4 113 35(31.0) 46(40.7) 15(13.3) 17(15.0) 
EX5 219 77(35.2) 83(37.9) 20(11.9) 33(15.1) 
EX6 40 13(32.5) 13(32.5) 6(15.0) 8(20) 
EX7 142 47(33.1) 49(34.5) 15(10.6) 31(21.8) 
EX8 1333 482(36.2) 483(36.2) 139(10.4) 229(17.2) 
EX9 1053 373(35.4) 369(35.0) 125(11.9) 186(17.7) 

Average 35.8% 35.7% 11.0% 17.4% 
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regions. A comparison of the base composition of introns and exons is presented in 

Table 2-1. All the AT rich interruptions were found to contain in-frame termination 

codons. However, it was not possible to determine accurately the exon-intron 

boundaries from the genomic chloroplast sequence alone. Therefore, synthetic 

oligonucleotides primers were synthesized for PCR amplification of specific rpoB 

cDNAs. The primers correspond to conserved exon domains in the predicted rpoB 

polypeptide. The primers CI, complementary to the RNA-like sequence of exon 9, 

positions 2986-2970, and C2, complementary to exon 7, positions 4651-4634 were 

used for cDNA synthesis. The resulting cDNA reaction products were amplified by 

the PCR. For every amplification reaction a pair of primers (Cl-Pl or C2-P2) and 

the cDNA synthesis products were employed (see Materials and Methods). A 

diagram of the cDNA-PCR amplified DNA fragments is shown in Fig. 2-3. 

The PCR amplified DNA designated cDNA-1 is the product of the 

amplification of rpoB mRNA from the 3'-end of exon 2 through the 5'-end of exon 

8. It is a DNA fragment of 850 bp. cDNA-2 is the product of the amplification from 

the 3'-end of exon 8 to the 5'-end of exon 9. It is a DNA fragment of 720 bp. Both 

double stranded cDNA fragments were cloned and sequenced. The assignment of the 

splice boundaries for introns 2 through 8 is based on comparison of the cDNA and 

genomic sequences. Examples of the data from the genomic and cDNA sequences 

used to determine exon-intron boundaries are shown in Figs. 2-4 and 2-5. Direct 

sequencing of the spliced mRNA product, using a 20-nt primer complementary to 

exon 2, positions 1530-1511 (primer C), was employed to determine the sequence at 

the exonl-exon 2 junction (Fig. 2-5). Thus, all of the splice boundaries for the rpoB 
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100 
GGATCCACTTAAAACATTTCGAACTTGCAAGTTAAACATAAAGGGTAAATGGATACTTGGAAGGTTGCTTTCTGGGAAAAGCTTTTAGTGCCCTTATCGC 

200 
GAGTTTATTTATTAATATTGAGTATGTTTTTGATTGATTTTATGAATTTTGTCGATTTCTTTGTTAAAGTAGTTAAAATCTTTAAAGTTTTGATAAAAAA 

300 
TTTTTCTCTCAACAAGTTAAATAATAAAAAAACATCATGTTTGAACTTTTTGTAAAGAAATTTTTAAGACAATCTTTGAATAAAGAAAAAGTGACTCTTA 

400 
AAAATTTGAACTCTAATACTTTTTTGGTTATGATTTTTTGTCAATTTAATAATTATTTATACTATTGCTTAAAATTTTTTCTAATATTGAGCTAGTTTAA 

500 
ACTTTGTTATTTTACTATAATACCATAAATTTGCCAAACTTTCCTATTACAAGAATTGAAGATTGTTATTTTTTCAAGTTAGGACAAAAATTGTACGTCA 

600 
ATTTTGTTAAAAATACTTTAATTTTTTATGGTTTATTTTCTCTATTGTATGTGTAACACTTGACCTATTTATATTAGTAAAAATGGTTCTAATTTTATCA 

700 
AATTTCCATCTAATCAACTAAATATAGAATTAGAGCATCGTTTTCGTTATAAATTTCAATATAATATTTAATGAAAAAATTTTTTTAATAAAAGCCAAAT 

800 
TTTTATTAAATGGTAAGAACAAGTAATTTTTTTACAAAAAATATAAATTATTAAATTTTTAGAAAACTCCTATGATATGAAAAAAACAAGACAATAATTT 

• 900 
TTTAGTATCAAATTTAATAAAGAGGCAAhTTTTTCAATTTTTAAAGTTTTGAGTTAATAAAAACAATTTGTTCATATAATACCATTTTAATTTTTTCAAC 

1000 
TTTTTTGAAAAACTAATAGTTTTATGTAGTGTAATATCAAAATTTATGTTATAAAAAAACTATTATTTAACAAGAGTTCGTTTATTTTTTTCGAAAATTT 

1100 
ATTTATTTAACTCAGCATCTAATTTGTCTTTAATAATGGAGAGTAATGAAACTAAAAGAGAAGTAAGCATTAACAGGTTGGTTGCAAACTTCCGTAAGAA 

1200 
AGCCTTTGAAAATAAAGGATTAAAAAAGCTCGTTCTTGGTTAATTAATTTTGGCCATGAAAATAATGCGAAAAATAGTACTTCTGCAAAATTGTATAAAC 

1300 
ATCGAAGTAATTGTTTTAAAACATTATTTTTTTAAGGGAACTTTTTGTTTTATTAAATATTAAGGTTAGTTAATTTATATGCATTTAAAATTAATTTTAA 

1400 
AAAATCCATTATACTATTAATGTCAAATCAAAGAAACAGACTGTTTGAACTTTGTGAGAAATGGTAAATGGTTGTAGAGTACGCTCTAATTTATTAGATT 

RPOB MVNGCRVRSNLLD 
1500 

TGTGAATTAATTCTTAACTTTGGTTTTATTTATTACAAATAAATAAATAATTTTTTTTGGTATGTTTATGTTAGATAAAAATTTTACTGATGATACAACG 
I Q R 

1600 
AAATAGTTTTCGCTCCTTTTTAAAAAAGGGTTTGGTAGAAGAGTTAAGAAAAATAAAAGATATAGCTCATGAAGGCTTTAGGATAAGCTTTCAAACAGAT 

N S F R S F L K K G L V E E L R K I K D I A H E G F R I S F Q T D  
1700 

AATGTGAAATATAAAAAGCCTAAAATATCTGCTGAATTTGCATTGAAAAACGGGGAAACATACAGTTTATCTGTTCATATACCTGTTGAAGTTACCTATA 
N V K Y K K P K I S A E F A L K N G E T Y S L S V H I P V E V T Y  

1800 
ATAATATGTTCCTTGTTAGGAGAGATTTTTATTATTTTTCCTATTAATTTTATAATATATTTTTCATTATAATAATAAGTTTTTTTTTAGCAAAAAAGAA 
N N H F L V R 

1900 
TTTATTATCTTATTAAATAAATATATATTATTTGCAAAAATTCCTTTAATGACTGAAAAAGGTACGTTTATTTTTAACGGTAATAAAAGAATTATGGATG 

N K Y I L F A K I P L M T E K G T F I F N G N K R I M  
2000 

TGGTTTATATTATTACTTTTAATTTTTTATTAATTATATTTATAAGTTAATTTTTTTTTAATTTTTAGGTTTGAGTTTTTTTAATTCATTTTTAACCAAA 
V N Q 

2100 
TTATTCGTAGTCCTGGCGTTTATTTTGAAAAAAATCGTTATAATGATTCCATATTTGCGACGTTAATACCAACTTTTGGTAGTTGGTTAACTTTTAAAAT 
I I R S P G V Y F E K N G Y N D S I F A T L I P T F G S W L T F K I  

2200 
TGATGTGCGTTTTTAAATGTTATTTAGTAATTTGGATTTTTAAATTATATTTTTACATTAAATTAAATTCTTTTTTAAAATTGAAAATTTTTTATATTTG 

D 
2300 

GGTCAAGACGAGGGAATTTTCGTTAAAGTAGACAAAATAAAGACAGCTATACCTTTAATAAATTTTTTGAAATGCTTAGGCCTATCCCGAAAAAAATTTT 
Q D E G I F V K V D K I K T A I P L I N F L K C L G L S R K K F  

2400 
TTTTGTATCTTAACGATCCTATTTTTATAGAAACGTTACAAGAAAGTGAGTCTTATGGTATTAGATTGGAATTTTTCGAATTTTATAAAATATTTTTTCC 
F L Y L H D P I F I E T L Q E S E S Y G I R L E F F E F Y K I F F P  

2500 
AAACGAAGTTAATGTTCGTTTTTTGAGATTTTTATATGTTTGATTTTATTATTTTATATTATTTTTTTAGTTAATAAGATATTAATATTTTTTTTATTTT 

N E V H V R F 
2600 

TTCAGATGTTTTTTTATCTGAAAGGAAATGCCCGAAAATTTTTACGTTCAAAGTTTATGGATCTTGAGTTTATTCGTGTATTTTTTGTAATTTACAAAAG 
G N A R K F L R S K F H D  
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2700 

TTAAATTTTTTATAGATTATTTTAAAATTTTTTGATTTATTATTTTATGCCAGCATTATTAGCCGAGATTAAACACGTAAATATGATTTGGGTGAAGTAG 
P R K Y D L G E V  

2800 
GTCGCTTTAGGGTTAATACTAAAATTTATAGATCCGAATTTTTTCAAAGTAATAGAACTTTGCAACCCGAAGATGTTTTGGGTATAGCTCATTATTTGAT 
G R F R V N T K I Y R S E F F Q S N R T L Q P E D V L G I A H Y L I  

2900 
TGAGTTAAAGAAAGGTTGGGAAATAATGAAGAATAATAGTATCTTTATTTGTTTGTTTATTTAAATTTATTAAAATTTTTATTTATTATAAAAATTTTTT 

E L K K G 
. . 3000 

AGCAATATTTTATTAATGATACCTTTTGATGAGATCGATGATTTAAAAAACAAATTAGTACGTAGTATAGGTGAACTTCTTCAAAGTCAATTCCGAATTA 
M I P F D E I D D L K N K L V R S I G E L L Q S Q F R I  

3100 
TTTTAAATGAATTAGAATCTAGTTTAAAAGAAAAATTGATATTTCTTTATAAAAATCCTTCTGAAAAAACTTTTAGATTATCTAGATTTTTTAATTCTTA 
I L N E L E S S L K E K L I F L Y K N P S E K T F R L S R F F N S Y  

3200 
CTTTATAACTAATCGTATTCGAAAGTTTTTTTCTGTTAATCCACTTTCTCAATTGTTAGATGATACAAATTCTTTGTCTGAGCTTACACATAAAAGGAAG 

F I T N R I R K F F S V N P L S Q L L D D T N S L S E L T H K R K  
3300 

TTAAGTCCCTTTGGTCCTAATGGTCTTAATAAAGAAAGAACAAAGTTAGATGTAAGAGAAATAAATACTAGTCAATATGGAAGGGTTTGTCCTATTGAGA 
L S P F G P N G L N K E R T K L D V R E I N T S Q Y G R V C P I E  

. 3400 
CAAGTGAGGGAAAAAATGCTGGTTTGATTTTATCTTTAGCAAAAGATGTAAGAGTTGATAAGTATGGATTTTTAGAAAGCCCTTTTTATAAGGTTTTGAG 
T S E G K N A G L I L S L A K D V R V D K Y G F L E S P F Y K V L R  

3500 
AGGAAAGATAGAAACCAATAAAGGAATTTATTTTATTTCTTCTGCGCAGGAAAAATATTTTACAGTAGCTCCGTTTGATGTCTTTAGAAGTTCTCAAAGT 

G K I E T N K G I Y F I S S A Q E K Y F T V A P F D V F R S S Q S  
3600 

AATCTTTTAGATAAAAATAAGCTTCTAGGTGTTAAAAGAAGTAAAATTTTTTCATATTCTTTCTCAAAAAATATTGATTTTATAAGTATTTCAACAGATC 
N L L D K N K L L G V K R S K I F S Y S F S K N I D F I S I S T D  

3700 
AATTTACTTCATTAGGTACAGGCTTAGTTCCTTTTTTGGAGCATAACGATGCTAATAGGGTTCTTATGGGTTCAAACATGCAACGACAATCTCTTATTTT 
Q F T S L G T G L V P F L E H N D A N R V L M G S N M Q R Q S L  I  L  

3800 
ATTGGAAAAGGAAGTTCCTTTTATAAAAACTGGACGCGAGGCTTTAATTAATCGAGAAAGTGATGCCACGGTTTTAGCAAAAAGTAGTGGAAAAGTAATT 

L E K E V P F I K T G R E A L I N R E S D A T V L A K S S G K V I  
3900 

TATTCTAGTTTAAAAAAAATAGTTATTCAAGAGGAAGAATATTGTGCTAATATTGAATTTTTTAATAAAAATTATTCTTTTTTTAATTTATTGGGGTGCT 
Y S S L K K I V I Q E E E Y C A N I E F F N K N Y S F F N L L G C  

4000 
TAAATGAAATATCTCAAAAAAATTTTAAACTTATTAAAAAAGTTAACCAAAAAATTTATTTTTTAGAGTCTCCTAAGAAATCGAATCACGGTGTTTATAT 
L N E I S Q K H F K L I K K V N Q K I Y F L E S P K K S N H G V Y I  

• a a a a a a a a 4 1 00 
TCAGAAAATTCCTATTGTTCATGAAGGTGAGTGGGTTAGAAAAGGACAAATTATAGCTGATGGTATGAGTACATTAAGAGGTGGCATTTGTTTAGGAAAA 

Q K I P I V H E G E U V R K G Q I I A D G M S T L R G G I C L G K  
4200 

AATGTTTTGGTCGCGTACCTTGGATGGGAAGGTTATAATTTTGAAGATGCCGTAATTATTAGTGAAAGGCTTGTTTTTGAAGATATTTTTACTTCTATAC 
N V L V A Y L G U E G Y N F E D A V I I S E R L V F E D I F T S I  

4300 
ATATGAAAAAATTTAAAACTTTTATTGTAAATGATGAAAAAAAAGGTGTGCGAATTTAAATTTAGTTAATTTTGAAAATTTAATTCTTAATTTTATTTTT 
H M K K F K T F I V H D E K K G  

a a a a a a a a a  4400 
CGTAAATTTTGGTATAAATATTATTTAGAGATATTTAATTATAACTTTTATTTGTTTTTAAAATTATTAATTTTTTTTATAACTTTTTCAAAAATTTATA 

a a a a a a a a a  4500 
TTTAGCTTTTTTTCATATTTCATTATTAATGAAAAATTAAATTCAATTAAAATTTTTTGATTTAAATGAAAAATGTTTATTTTATTTAATAAAGCTAAAT 

a a a a a a a a a  4600 
CTATTATTAGTTTAGATGTTTAGTTTGAAAACGAATATTAATTTGTTAAGTTTTAAGAAAATATTAGTATGTTTATTCCTAATGCAAGTTTAAAAACTAT 

E N 1 S M F I P N A S L K T 1  
a  a  a  a  a  a  a  a  4700 

TAAAAACTTGAAAAATAATGGTATTATTAAAATAGGTTCAGAGATTAAAGCACAGGATGTTTTAATTGGAAGAATTAAAGTTAAGTTAAAAAATACGCCA 
K N L K N N G I I K I G S E I K A Q D V L I G R I K V K L K N T P  

4800 
AAAAATAAAATGTTAATAGCATTTTTTGGCAATAAGGTACGAAAAGACGTTTCTTTACGTTCTCCTCGCTCTTTGGTAGGTATTGTTACAAGTGTTGAGA 

K N K M L I A F F G N K V R K D V S L R S P R S L V G I V T S V E  
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4900 
TTTTATGTAAAAAGTCGAATTGTTCTGTTCTTATTCATGTTGCCGAAAAACGCAGAATACAAATAGGTGATAAAATTGCAGGACGGCATGGTAATAAAGG 
I L C K K S N C S V L I H V A E K R R I Q I G D K I A G R H G N K G  

5000 
TATAATTTCGAAAATTGTTCCGTCTATAGATATGCCTTTTCTTCCTGATGGTACACCTGTTGATATGATTTTAAATCCTCTAGGAATACCATCTAGAATG 

I  I S K I V P S I D H P F L P D G T P V D M I  L N P L G  I P S R H  
5100 

AATGTTGGTCAAGTCTTTGAAAGTTTGTTAAACTTGTCTTCTTTATTTTTGAAAGAAAGGTATAAAATTCAACCTTTTGATGAAGTCCAAACAAGTATGA 
N V G Q V F E S L L N L S S L F L K E R Y K I Q P F D E V Q T S M  

5200 
ATTCAAAATCTTTTGTGTATAAAAAATTAAATGAAGCGCGTAAAAGAACTAAAAAAGATTGGCTTTTTAATCCAAATTATCCAGGAAAAGCCTTTTTATA 
N S K S F V Y K K L N E A R K R T K K D W L F N P N Y P G K A F L Y  

5300 
TGATGGTAGAAATTGTAGGCCTTTTGATCACCCTGTAGCTTTTGGTTATGCGTATATTTTAAAATTAATACATATGGTTAAAGACAAAATTCATGCGAGA 

D G R H C R P F D H P V A F G Y A Y I  L K L I  H M V K D K I  H A R  
5400 

GTTACCGGCCCTTATTCTTCAGTAACTCAACAACCTTTACGTGGAAAATCGAAAAATGGTGGACAAAGGTTTGGGGAAATGGAGGTTTGGGCTATAGAAG 
V T G P Y S S V T Q Q P L R G K S K N G G Q R F G E H E V U A I E  

5500 
GATTTGGTGCTGCATATTTGTTGCAGGAGTTATTAACTATTAAATCTGATGATGTATTAAATAGATCAGAAGCGTTATTTAGTTTAATAAATGGTACTTA 
G F G A A Y L L Q E L L T I K S D D V L N R S E A L F S L I N G T Y  

5600 
TTTTTCTAAGCCAAATATTCCCGAAGCTTTCAAGTTATTTATTTTAGAAATGCAATCTTTATGTATTGATATTAAAATTTTTACAAATAATTATAAAAAA 

F S K P N I P E A F K L F I L E M Q S L C I D I K I F T N N Y K K  
5700 

TTCGATTAGTTAAATTTTTGAGTTATTTTTTTTTTTATGAAGTTTTTATGGTCAATTAAGACCTGATACTTATTTTTATTTATTTTTGTATTTATGAAAG 
F D * RPOC1 M K 

5760 
ATTATGTGAGAATAAAGATAGCTTCGCCACAACAAGTTTTAAGTTGGACGGAAAGATCTT 
D Y V R 1 K I A S P O Q V L S U T E R S  

Figure 2-2. Nucleotide sequence of the RNA-like strand for the Euglena gracilis 
chloroplast rpoB gene and flanking regions. The DNA sequence is given in the 5'- to 
3'- direction. The amino acid sequence as predicted from the nucleotide sequence 
using tha universal genetic code is shown below the second nucleotide in each triplet 
codon. The intron splice boundaries are underlined. The first 97 nucleotides are the 
3'-end of the 5S rRNA gene and the last 67 nucleotides are the 5'-end of the rpoCl 
gene (see text). 
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Figure 2-3. Genomic organization of the rpoB locus and the cDNA-PCR cloned fragments. Relative positions and 
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Figure 2-4. Chloroplast genomic and cDNA sequence analysis of the rpoB splice 
junctions. The DNA sequences for the genomic and cDNA clones are given to the 
left of the lanes from which they are read. Two arrows point to the 5'- and 3'-splice 
junctions in the genomic sequence and converge at the exon-exon junctions as a 
single arrow in the cDNA sequence. The sequence given on the left side corresponds 
to RNA-like for panel A, and the complement of the RNA-like strand for panels B 
and C. Lanes A, T, C, G contain the corresponding dideoxynucleotides. 
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Figure 2-5. Chloroplast genomic and cDNA sequence analysis of the splice junctions 
for rpoB intron 1. A 20mer (see text) was used to generate a dideoxy sequencing 
ladder with chloroplast RNA serving as the template for the reaction. The sequence 
given on the left side is the complement of the RNA-like strand. Two arrows point 
to the 5'- and 3'- splice junction in the genomic DNA sequence and converge as a 
single arrow in the cDNA sequence from the RNA sequencing reactions. Lanes 
A,T,C,G contain the corresponding dideoxynucleotides. Lane N is from a reaction 
without dideoxynucleotides and serves as a control for run-offs and random stops in 
the ladder. 
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introns were experimentally determined. The rpoB gene is interrupted by seven small 

introns of 93, 95, 94, 99, 101, 110, and 99 nt, and a larger intron of 309 nt beginning 

at positions 1400, 1720, 1898, 2105, 2423, 2564, 2816 and 4248 respectively (Figs. 2-

1, 2-2 and 2-3). 

Ribosome binding sites 

Within the 20 bases immediately preceding the start codon of the rpoB gene 

is a sequence complementary to both the 3'-end of the 16S rRNA from Euglena 

chloroplast (5'CAACUCCC-OH 3') and the experimentally determined ribo-

oligonucleotide binding sequences (5'CUCCC-OH 3') for the small ribosomal subunit 

of Euglena chloroplasts ribosomes (49, 2). The sequence 5'GTGAG 3' (-8 to -3) 

differs by one base from the sequence 5'GGGAG 3'(complementaiy to 5'CUCCC-

OH 3'). 

The Euglena rpoB gene product and its homology to bacterial and chloroplast RNA 

polymerase fi-subunits 

The Euglena rpoB gene spans a region of 4249 bp. The derived amino acid 

sequence of the exons is shown in Fig. 2-3. The ATG initiator codon for rpoB is at 

position 1363. The mature rpoB mRNA has a minimum size of 3.2 kbp. It encodes 

a polypeptide of 1082 amino acids with a predicted molecular weight of 124,288. This 

predicted molecular weight is in size close to one of the prominent polypeptides from 

the Euglena "TAC" RNA polymerase (118,000) (3). Based on the Northern analysis 

(described in Chapter III and C. Radebaugh, G. Yepiz Plascencia and R.B. Hallick, 

in preparation), rpoB is the first gene in the tricistronic rpoB-rpoCl-rpoC2 operon. 
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The ATG initiator codon for the rpoCl gene, lies 85 bp downstream of the rpoB 

termination codon. 

The FASTP algorithm was used to identify protein sequences in the PIR data 

base with similarity to the Euglena rpoB gene product. The only sequences that were 

selected with significant similarity scores were RNA polymerase subunits from 

chloroplast, bacteria and eukaryotic nuclei. A progressive multiple alignment program 

(47) was then used to compare the amino acid sequences of the selected bacterial, 

chloroplast and eukaryotic fi-like subunits. The sequences are aligned progressively, 

beginning with the most similar pair and continuing with the addition of the next 

most similar sequence or set of sequences. The Euglena chloroplast rpoB gene 

product was aligned with the fi-subunit sequence of E. coli (50) and S. typhimurium 

(51) RNA polymerase, and with the predicted polypeptides from chloroplast genes 

of tobacco (52), spinach (32), liverwort (10), rice (18), the partial sequence from 

Saponaria officinalis (53) and the homologous eukaryotic polypeptides from the 

Drosophila melanogaster locus DmRP140 (29) and the Saccharomyces cerevisiae locus 

RPB2 (28). The multiple protein alignment is shown in Fig. 2-6. 

We identified six highly conserved regions present in all the rpoB gene 

products: region I (114 amino acids, positions 14-128 in Euglena), region II (86 amino 

acids, positions 358-444), region III (46 amino acids, positions 518-564), region IV 

(152 amino acids, positions 667-819), region V (72 amino acids, positions 823-895) 

and region VI (93 amino acids, positions 940-1033). All the chloroplast amino acid 

sequences, including Euglena, have small deletions at the amino termini and a larger 

deletion centered at position 1000 when compared to the bacterial genes. Particularly 
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* ** * * ** * * 

E. .C. HVYSYTEKKRIRKDFGKRPQVLDVPYLLSIQLDSFQKFIEQDPEGQYGLEAAFRSVFPIQSYSGHSELQ-YV-SYRLGEPVFDVQ 83 
S. .T. HVYSYTEKKRIRKDFGKRPQVLDVPYLLSIQLOSFQKFIEQDPEGQYGLEAAFRSVFPIQSYSGNSELQ-YV-SYRLGEPVFDVQ 83 
S. .0. HLRDGNEGMSTIPGFNQ IQFEGFWRFIDQ- GLTEELSKFPKMEDTDQEIEFQLFVETYQLAEPLIKEK 67 
N. ,T. MLGDGNEGISTIPGFNQ IQFEGFCRFIDQ- GLTEELYKFPKIEDTDQEIEFQLFVETYQLVEPLIKER 67 
H. .P. H EIFILPEFGK IQFEGFNRFINQ- GLSEELSNFPIIEDIDQEFEFQIFGEQYKLAEPLLKER 61 
O.R. HLRNGNEGHSTIPGFSQ IQFEGFCRFINQ- GLAEELEKFPTIKDPDHEISFQLFAKGYOLLEPSIKER 67 
E. ,G. HVNGCRVR --SNLLDIQRNSFRSFLKK- GLVEELRKIKDIAHEGFRISFQ--TDNVKYKKPKISAE 61 

AA 

region I 
*** ** * ** ** * * *** 

E.C. ECQIRGVTYSAPLRVKLRLVIYEREAPEGTVKDIKEQEVYMGEIPLHTDNGTFVINGTERVIVSaLHRSPGVFFDSDKGKTHSSG 168 
S.T. ECQIRGVTYSAPLRVKLRLVIYEREAPEGTVKD1KEQEVYHGEIPLMTDNGTFVINGTERVIVSQLHRSPGVFFDSDKGKTHSSG 168 
S.O. DAVYESLTYSSELYVSAGLIU KTRREMQEQTILIGNIPLHNSLGTFIVNGIYRIVINQILQSPGIYYRSE—LDHNG 142 
N.T. DAVYESLTYSSELYVSAGLIU KNSRDMQEQTIFIGNIPLMNSLGTSIViJuIYRiViiJClILQSPGIYYRSE—LDHNG 142 
H.P. DAVYQSITYSSDVYVPAQLTQ KKKGKIOKQIVFLGSIPLMNSQGTFWNGVARVIINQILRSPGIYYNSE—LDHNG 136 
O.R. DAVYESLTYSSELYVSARLIF GF--DVQKQTISIGNIPIMNSLGTFIINGIYRIVINQILLSPGIYYRSE—LDHKG 140 
E.G. FALKNGETYSLSVHIPVEVTY NNHFLVRNKYILFAKIPLHTEKGTFIFNGNKRIMVNQIIRSPGVYF--EKNGYNDS- 136 

A A 
* * * t  «  •  •  •  •  •  •  «  t  «  «  •  I  •  •  • « %  «  •  

E.C. KVLYNARIIPYRGSULDFEFDPKDNLFVRIDR-RRKLPATIILRALNYTTEQILDLFFEKVIFEIRDNKLQMELVPERLRGETAS 252 
S.T. KVLYNARIIPYRGSULDFEFDPKDNLFVRIDR-RRKLPATIILRALNYTTEQILDLFFEKWFEIRDNiaQHELIPERLRGETAS 252 
S.O. ISVYTGTIISDUGGRSELEIDRKARIWARVSR-KOKISILVLSSAMGSNLREILD NVCYP 197 
N.T. ISVYTGT11SDUGGRSELEIDRKARIUARVSR-KQK1SILVLSSAHGLNLREILE NVCYP 197 
H.P. IPIYTGTLISNUGGRLKLEIDGKTRIUARISK-KRKVSILVLLLAMGLNLQNILD SVCYP 191 
O.R. ISIYTGT11SDUGGRSELAIDKKERIUARVSR-KQKISILVLSSAMGSNLKEILD NVSYP 199 
E.G. --IF-ATLIPTFGSULTFKIDQDEGIFVKVDKIKTAIPLINFLKCLGLSRKKFF-LYLNDPIFI—ETLQ ESES 187 

AA 

E.C. FOIEANGKVYVEKGRRITARHIRQLEKDDVKLIEVPVEYIAGKWAKDYIDESTGELICAANMELSLDLLAKLSQSGHKRIET L F 337 
S.T. FDIEANGKVYVEKGRRITARHIRQLEKDDIKHIEVPVEYIAGKWSKDYVDESTGELICAANMELSLDLLAKLSQSGHKRIETLF 337 
S.O. EIFLS 202 
N.T. EIFLS 202 
H.P. KIFLE 196 
O.R. EIFLS 204 
E.G. YGI RLE--- 210 

*  *  * * * * *  • •  •  •  •  m m  •  •  •  •  •  •  •  •  •  •  •  •  •  •  i  •  

E.C. TNDLDHGPYISETLRVDPTNDRLSALVEIYRMMR--PGEPPTREAAESLFENLFFSEDRYDLSAVGRHKFNRSLLR-EEIEGSGI 419 
S.T. THDLDHGPYISETVRVDPTNDRLSALVE1YRMMR--PGEPPTREAAESLFENLFFSEDRYDLSAVGRMKFNRSLLR-DE1EGSG1 419 
S.O. FLNDKEKKKI-GSKENAILEFYQQFACVGGDPVFSESLCKDLQKKFF-QQRCELGRIGRRNMNRRLNL-DIPENNTF 279 
N.T. FLSDKERKKI-GSKENAILEFYQQFACVGGDPVFSESLCKELQKKFF-QQRCELGRIGRRNHNRRLNL-DIPQNNTF 279 
H.P. FIKKNTKKEYPNSTEDAIVELYKHLYCIGGDLFFSESIRKELQKKFF-QQRCELGKIGRLNLNKKLNL-NVPENEIF 275 
O.R. FPNAKEKKRI-ESKEKAILEFYQQFACVGGDLVFSESLCEELQKKFF-QQKCELGRIGRRNHNRRLNL-DIPQNSTF 278 
E.G. FFEFYKIFFPNEVNVRFGNA-RKFLRSKFHDPRICYDLGEVGRFRVNTKIYRSEFFQSNRT 269 

AA A 

* * * *  * * * *  *  •  •  •  «  •  •  •  •  •  •  •  •  •  •  a *  «  •  • •  •  •  •  #  •  •  

E.C. LSKDDIIDVMKKLIDIRNGKGEVDD--IDHLGNRRIRSVGEMAENQFRVGLVRVERAVKERLSLGDLDTLMP--QDHINAKPIS- 499 
S.T. LSKDDII0VHKKL1DIRNGKGEVDD--IDHLGNRRIRSVGEHAENQFRVGLVRVERAVKERLSLGDLDTLMP--Q0MINAICPIS- 499 
S.O. LLPROILAAADHLIGMKFGHGTLDD-'HNHLKHKRIRSVADLLQDQFGLALVRLENWRGTISGAIRHKLIPTPQNLVTSTP— 360 
N.T. LLPRDILAAADHLIGLKFGMGALDD--MNHLKNKRIRSVADLLQDQFGLALVRLENWRGTICGAIRHKLIPTPQNLVTSTP— 360 
H.P. VLPQDILAAVDYLIKLKFGIGTID--DIDHLKNRRVCSVADLLQDOLKLALNRLENSVLFFFRGATKRKRLPTPKSLVTSTP— 355 
O.R. LLPRDVLAATDHLIGHKFETGILDDDDHNHLKNKRIRSVADLLQDQFGLALGRLQHAVQKTIRRVFIRQSKPTPQTLVTPTSTSI 363 
E.G. LQPEOVLGIAHYLIELK--KGMIPFDEIDDLKNKLVRSIGELLQSOFRIILNELESSLKEKLIFLYKN—PSEKTFRLSRFFNS 349 

region II 

E.C. —AA-VKEFFGSSQLSQFMVQNNPLSEITHKRRISALGPGGLTRERAGFEVRDVHPTHYGRVCPIETPEGPNIGLINSLSVYAQ 580 
S.T. ---AA-VKEFFGSSQLSQFHDQNNPLSEITHKRRISALGPGGLTRELAGFEVRDVHPTHYGRVCPIETPEGPNIGLINSLSVYAQ 580 
S.O. -LTTT-FESFFGLHPLSQVLDRTNPLTQIVHGRKLSYLGPGGLTGRTASFRIRDIHPSHYGRICPIDTSEGINVGLIGSLAIHAR 443 
N.T. -LTTT-YESFFGLHPLSQVLDRTNPLTQIVHGRKLSYLGPGGLTGRTASFRIRDIHPSHYGRICPIDTSEGINVGLIGSLAIHAR 443 
H.P. -LIHT-FKEFFGSHPLSQFLOQTHPLTEIVHKRRLSSLGPGGLTRRTASFQVRDIHASHYGRICPIETSEGHNAGLIASLAIHAK 438 
O.R. LLITT-YETFFGTYPLSQVFDQTNPLTQTVHGRKVSCLGPGGLTGRTASFRSRDIHPSHYGRICPIDTSEGINVGLTGSLAIHAR 447 
E.G. YFITNRIRKFFSVNPLSQLLDDTNSLSELTHKRKLSPFGPNGLNKERTKLDVREINTSQYGRVCPIETSEGKNAGLILSLAKDVR 434 
RP140 (446-490) PRQLHNILUGHLCPAETPEGAAVGLVKNLAL-HA 
RPB2 (511-555) PRQLNNTNWGLVCPAETPEGQACGLVKNLSL-HS 
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* .* * 

E.C. TNEY-GFLETPYRKVTD- - -GWTDEi HYLSAIEEGNYviAQANSNLOEEGHFVED" LVTCRSKGESSLFSRDQVDYMDVSTQQ 659 
S.T. TNEY-GFLETPYRRWD—GWTDEIHYLSAIEEGNYVIAQAHSHLDDEGHFVED--LVTCRSKGESSLFSRDQVDYMDVSTQQ 659 
S.O. IGPU-GSLESPYYEISERSKRV—QMLYLSPSRDEYYMLASGHSLALHQGIQEEQ--WPARYRQEFLTIAWEQVHFRSIFSFQ 522 
H.T. IGHH-GSLESPFYEISERSTGV—RMLYLSPGRDEYYMVAAGHSLALHQDIQEEQ--WPARYRQEFLTIAUEQVHLRSIFPFQ 522 
H.P. ISIL-GCLESPFYKI—SKLSHLEEIIHLSAAEDEYYRIATGHCLALDQHSQEEQ--ITPARYRQDFVAIAUEQVHLRSIFPLQ 517 
O.R. IDHWUGSVESPFYEISEKAKKKKERQWYLSPNRDEYYMIAAGNSLSLNRGIQEEQ--WPARYRQEFLTIAUEQIHVRSIFPFQ 530 
E.G. VDKY-GFLESPFYKVL-RGKIETHKGIYFISSAQEKYFTVAPFDVFRSSQSNLLDKHKLLGVKRSKIFSYSFSKHIDFISISTDQ 517 
RP140 YISV-GSQPSP1L 
RPB2 CISV-GTDPMPII 

region III 
. ** * . * . .*.. 

E.C. WSVGASLIPFLEHDDAHRALMGAHMQRQAVPTLRADKPLVGTGMERAVAVDSGVTAVAKRGGWQYVDASRIVIKVHE 738 
S.T. WSVGASLIPFLEHDDAHRALMGAMMQRQAVPTLRADKPLVGTGMERAVAVDSGVTAVAKRGGTVQYVDASRIVIKVNE 738 
S.O. YFSIGASLIPFIEHNDANRALHSSNHQRQAVPLSQSEKCIVGTGLERQVALDSGVLAIAEHEGKIIYTHTDKIVLLGNG 601 
H.T. YFSIGASLIPFIEHHDAHRALMSSHMQRQAVPLPRSEKCIVGTGLERQAALDSGALAIAEREGRWYTNTDKILLAGHG 601 
M.P. YFSVGASLIPFLEHNDANRALMGSNMQRQAVPLLKPEKCIVGTGIESQTALDSGSVTVSSHGGKIEYLDGHQIILSLKK 596 
O.R. YFSIGGSLIPFIEHNDANRALMSSHHQRQAVPLSRSEKCIVGTGIERQTALDSRVSVIAEREGKIISTHSHKILLSSSG 609 
E.G. FTSLGTGLVPFLEHNDAHRVLMGSNMQRQSLILLEKEVPFIKTGREALIHRESDATVLAKSSGKVIYSSLKKIVIQEEEYCAH1E 602 

it itit it * * * * ** * * 
E.C. --DEHYP GEAGID1YNLTKYTRSNQNTC1NQMPCVSLGEPVERGDVLADGPSTDLGELALGQNMRV 802 
S.T. --DEMYP GEAGIDIYNLTKYTRSNQHTCIHQMPCVSLGEPVERGDVLADGPSTDLGELALGQNMRV 802 
S.O. --HTV SIPLVHYQRSHKHTCMHQKPQIPRGHCVKKGQILADGAATVGGELALGKHVLV 657 
H.T. --DIL SIPLVIYQRSNKHTCMHQKLQVPRGKCIKKGQILADGAATVGGELALGKNVLV 657 
H.P. --KK1 DKHLIIYQRSHNSTCHHQKPKVEKQKYIKKGQILADGAATAHGELALGKHILV 652 
O.R. --KTI SIPLVTHRRSHKHTCHHQKPRVPRGKSIKKGQILAEGAATVGGELALGKNVLV 665 
E.G. FFHKHYSFFNLLGCLHEISQKHFKLIKKVHQKIYFLESPKKSHHGVYIQKIPIVHEGEUVRKGQIIADGMSTLRGGICLGKHVLV 687 
RP140 RELPAGINSIV 
RPB2 RELPAGQHAIV 

region IV * * *** ** hit tr* * * it hit it it it it it it 
E.C. AFMPWHGYHFEDSILVSERWQEDRFTTIHIQELACVSRDTKLGP-EEITADIPNVGEAALSKLDESGIVYIGAEVTGGDILVGK 886 
S.T. AFHPHNGYHFEDSILVSERWQEDRFTTIHIQELACVSRDTKLGP-EEI TADIPHVGEAALSKLDESGIVYIGAEVTGGDILVGK 886 
S.O. AYMPHEGYHFEDAVLISERLVYEDIYTSFHIRKYEIQTYVTSQGP-EKVTSEIPHLEAHLLRHLDKHGIVRLGSUVETGDILVGK 741 
H.T. AYMPUEGYNSEDAVLISERLLYEDIYTSFHIRKYEIQTHVTSQGP-EKVTNEIPHLEAHLLRHLDKNGIVMLGSUVETGDILVGK 741 
M.P. AYMPUEGYHFEDAILINERLIYEDIYTSIHIERYE1EARVTSQGP-EKFTHEIPHLDDYLLRHLDQHGIVLTGSUVETGDVLVGK 736 
O.R. AYMPUEGYHFEDAVLISERLVYEDIYTSFHIRKYEIQTDTTSQGSAEKITKEIPHLEEHLLRHLDRNGWKLGSUVETGDILVGK 750 
E.G. AYLGUEGYHFEDAVIISERLVFEDIFTSIHMKKFKT-FIVHDEKKGENISMFIPHASLKTIKHLKHHGIIKIGSEIKAQDVLIGR 771 
RP140 AILCYTGYNQEDSVILH (719-746) (795-818) DKLDDDGIIAPGIRVSGDDWIGK 
RPB2 AIACYSGYNQEDSMIMN (815-842) (891-914) DKLDEDGL!APGVRVSGEDVIIGK 

AA 

* * *  *  * *  * *  

E.C. VTPK—GETQLTPEEKLLRAIFGEKASDVKDSSLRVPHGVSGTVIDVQVFTRDGVEKDKRALEIEEMQLKQAKKDLSEELQILEA 969 
S.T. VTPK--GETQLTPEEKLLRAIFGEKASDVKDSSLRVPNGVSGTVIDVQVFTRDGVEKDKRALEIEEMQLKQAKKDLSEELQILEA 969 
S.O. LTPQMAKESSYAPEDRLLRAILGIQVSTSKETCLKLPIGGRGRVIDVRUIQKKGGSSYHP 801 
H.T. LTPQWKESSYAPEDRLLRAILGIQVSTSKETCLKLPIGGRGRVIDVRUIQKRGGSSYHP 801 
H.P. LTPQETEENLRAPEGKLLQAIFG1QVATSKETCLKVPPGGRGRVIDIRLISQEDHSAHTA 796 
O.R. LTPQIASESSYIAEAGLLRAIFGLEVSTSKETSLKLPIGGRGRVIDVKUIQRDPLDI 808 
E.G. IKVKLKN TPKNKMLIAFFGNKV--RKDVSLRSPRSLVGIVTSVEILCKKSNCS 822 

E.C. GLFSRIRAVLVAGGVEAEKLDKLPRDRULELGLTDEEKQNQLEQLAEQYDELKHEFEKKLEAKRRKITQGDDLAPGVLKIVK7YL 1055 
S.T. GLFSRIRAVLVSSGVEAEKLDKLPRDRULELGLTDEEKQHQLEQLAEQYDELKHEFEKKLEAKRRKITQGDDLAPGVLKIVKVYL 1055 
S.O. ETIHVYI 808 
H.T. ETIRVYI 808 
H.P. QIIHIYI 803 
O.R. MVRVYI 813 
E.G. VLIHV 827 
RP140 (868-939) CKIRV 
RPB2 (964-1035)... VKVRV 
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region V 

** ***_********_**,* ***_ *.... .*• 

E.C. AVKRRIQPGDKMAGRHGNKGVISKINPIEDHPYDENGTPVDIVLNPLGVPSRMNIGQILETHLGMAAKGIGDKINAMLKQQQEVA 1139 
S.T. AVKRRIQPGDKMAGRHGNKGVISKINPIEDMPYDENGTPVDIVLHPLGVPSRHNIGQILETHLGMAAKGIGDKINAMLKQQQEVA 1139 
S.O. SQKREIKVGDKVAGRHGNKGIISRILLRQDMPYLQDGRPVDHIFNPLGVPSRMNVGQ1FECSLGLAG SLLDRH—Y 883 
N.T. LQKREIKVGDKVAGRHGNKGIISKILPRQDMPYLQDGRSVDMVFNPLGVPLRMNVGQIFECSLGLAG SLLDRH—Y 883 
H.P. LQKRKIQIGDKVAGRHGNKGIISKILPRQDMPFLQDGTPIDMILSPLGVPSRMNVGQIFECLLGLAG SFLHKN—Y 877 
O.R. LQKREIKVGDKVAGRHGNKGIISKILPRQDMPYLQDGTPVDMVFNPLGVPSRMNVGQIFESSLGLAG DLLKKH—Y 887 
E.G. AEKRRIQIGDKIAGRHGNKGIISKIVPSIDMPFLPDGTPVDMILNPLGIPSRMNVGQVFESLLNLSS LFLKER—Y 901 
RP140 SSVRIPQIGDKFASRHGQKGTCGIQYRQEDMAFTCEGLAPDIIIHPHAIPSRMTIGHLIECLQGKLG 
RPB2 RTTKIPQIGDKFASRHGQKGTIGITYRREDMPFTAEGIVPDLIINPHAIPSRMTVAHLIECLLSKVA 

• •  *  •  •  •  • •  • • • • • * •  • •  •  

E.C. KLREFIQRAYDLGADVRQKVDLSTFSDEEVMRLAENLRKGMPIATPVFDGAKEAEIKELLKLGDLPTSGQIRLYDGRTGEQFERP 1224 
S.T. KLREFIQRAYDLGADVRQKVDLSTFSDDEVLRLAENLRKGMPIATPVFDGAKEAEIKELLKLGDLPTSGQITLFDGRTGEQFERP 1224 
S.O. RIAPFDER- YEQEASRKL- VFSELYEASKQTANPUVF—EPEYPGKSRIFDGRTGDPFEQP 939 
N.T. RIAPFDER- YEQEASRKL- VFSELYEASKQTANPUVF---EPEYPGKSRIFDGRTGNPFEQP 939 
M.P. RIIPFDER- YEREASRKL- VFSELYKASKKTTNPWLF—EPDNPGKNRLIDGRTGEIFEQP 934 
O.R. RIAPFDER- -YEQEASRKL- VFSELYEASKQTKNPWVF---EPEYPGKSRIFDGRTGDPFEQP 944 
E.G. KIQPFDEV- QTSMNSKSF- VYKKLHEARKRTKKDULF—HPNYPGKAFLYDGRNCRPFDHP 958 
RP140 (973-1049) ...GNEVMYNGHTGRKINAQ 
RPB2 (1068-1144) ...GFEVMYNGHTGKKLMAQ 

region VI 
* * *** * * * * * * * ***** * ** * ******* * * * *** ** *** * 

E.C. VTVGYMYMLKLNHLVDDKMHARSTGSYSLVTQQPLGGKAQFGGQRFGEMEVWALEAYGAAYTLQEMLTVKSDDVNGRTKMYKNIV 1309 
S.T. VTVGYMYMLKLNHLVDDKMHARSTGSYSLVTQQPLGGKAQFGGQRFGEMEVWALEAYGAAYTLOEMLTVKSDDVNGRTKMYKNIV 1309 
S.O. VIIGNPYILKLIHQVDDKIHGRSSGHYALVTQQPLRGRAKOGGDRVGEHEVWALEGFGVAHILQEMLTYKSDHIKARQEVLGTTI 1024 
N.T. VIIGKPYILKLIHQVDDKIHGRSSGHYALVTQQPLRGRAKQGGQRVGEMEVUALEGFGVAHILQEMLTYKSDHIRARQEVLGTTI 1024 
H.P. ITIGKAYMLKLIHQVDDKIHARSSGPYALVTQQPLRGRSRRGGQRVGEMEVUALEGFGVAYILQEMITIKSDHIRARYEVLGAIV 1019 
O.R. VLIGKSYILKLIHQVDEKIHGRSTGPYSLVTQQPVRGRAKQGGQRIGEHEVUALEGFGVAHILQEILTYKSDHLIARQEILNATI 1029 
E.G. VAFGYAYILKLIHMVKDKIHARVTGPYSSVTQQPLRGKSKNGGQRFGEMEVWAIEGFGAAYLLQELLTIKSDDVLNRSEALFSl I 1043 
RP140 VFLGPTYYQRLKHMVDDKIHSRARGPVQILVRQPHEGRARDGGLRFGEMERDCQISHGAA 
RPB2 IFFGPTYTQRLRHHVDDKTHARARGPHQVLTRQPVEGRSRDGGLRFGEMERDCHIAHGAA.... 

E.C. DGNHQMEPGM-PESFNVLLKEIRSLGINI EL EDE- 1342 
S.T. DGNHQMEPGM-PESFNVLLKE IRSLGINIEL EDEE 1343 
S.O. IGGTIPNPEDAPESFRLLVRELRSLALELNHFLVSERNFQINRMEA 1070 
N.T. IGGT1PNPEDAPESFRLLVRELRSLALELNHFLVSEKNFQINRKEA 1070 
M.P. TGEPIPKPNTAPESFKLLVRELRSLALEINHVIICEKNLKL-KLKA 1065 
O.R. UGKRVPNHEDPPESFRVLVRELRSLALELNHFLVSQKNFQVNREEV 1076 
E.G. NGTYFSKPNI-PEAFKLFILEMQSLCIDIKIFTNNYKKFD 1082 

Figure 2-6. Multiple alignment of the predicted polypeptide of the Euglena gracilis 
chloroplast rpoB gene with bacterial, chloroplast and eukaryotic homologues. The 
amino acid sequences of the proteins from E. coli, E.C., S. typhymurium, S.T., the 
chloroplast analogues from spinach, S.O., tobacco, N.T., liverwort, M.P. and rice 
O.R. Also included are regions of strong amino acid similarity from Drosophila 
DmRPMO and yeast RPB2. An asterisk (*) refers to identical amino acids in bacteria 
and chloroplast polypeptides. A period (.) refers to conservative replacement of 
amino acids in chloroplast and bacterial sequences. Vertical arrowheads indicate the 
location of the introns in the E. gracilis rpoB gene. The six highly conserved regions 
are underlined. 
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interesting is an insertion of 35 amino acids only present in the Euglena gene at 

positions 598-633. This is not a PCR artifact since the region was sequenced from 

two independently isolated cDNA clones. It is flanked by a poorly conserved 

upstream region, whereas, the downstream sequence has a higher amino acid 

similarity (region IV, amino acids 641-812 in Euglena). It corresponds to amino acids 

756-931 in the E. coli polypeptide that presumably take part in the formation of the 

enzyme-DNA binding site of the allosteric regulation center responsible for the 

interaction with ppGpp (54). In the Euglena polypeptide, the analogue to the E. coli 

Cys 764 residue (54), essential for the enzyme interaction with the DNA template is 

substituted by Tyr 649, but two Cys residues (out of total of 8), Cys 616 and Cys 680 

are present in close proximity. In the case of the E. coli polypeptide, most of the 

mutations conferring rifampicin and streptolydigin resistance have been localized to 

amino acids 511-576 (54). This region corresponds to the Euglena amino acid 

residues 365-429, region II. It contains 29 identical amino acids and 27 conservative 

replacements. A region of 118 residues (positions 932-1050) in E. coli is substituted 

by only 10 residues in Euglena (positions 813-823) and also in higher plant 

chloroplast homologues. This region was shown to be redundant in E. coli, since its 

deletion did not sufficiently influence enzymatic properties (54). Two of the most 

highly conserved regions, corresponding to regions IV and V, amino acids 796-819 

and 861-877 in Euglena, are homologous to the E. coli domains involved in 

nucleoside triphosphate binding (positions 1047-1070 and 1228-1244 in the E. coli 

polypeptide). These domains have been identified in E. coli by affinity labelling of 

the polypeptide with an initiating substrate analogue. They contain the lysine residues 
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Table 2-2. Overall amino acid similarity of the predicted 

E. gracilis rpoB gene product with bacterial 
(E. coli and S. typhimurium), chloroplast, (spinach, 

tobacco, liverwort and rice) and eukaryotic polypeptides. 

Gene Percent amino acid identity 

E. coli rpoB 38.0 
S. typhimurium rpoB 37.7 
Spinach rpobB 39.0 
Tobacco rpoB 39.1 
Rice rpoB 37.4 
Liverwort rpoB 35.2 
Drosophila DmRP140 22.7 
Yeast RPB2 21.9 
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and histidine 1237 that are situated in the nearest neighborhood to, or directly 

involved in, the formation of the active center of initiating substrate binding (54). 

The Euglena rpoB gene product has about 30% identity with homologous bacterial 

and chloroplast polypeptides at the amino terminus and a higher conservation of 48% 

at the carboxy terminus. The overall amino acid sequence identities with the 

bacterial, chloroplast and eukaryotic genes are summarized in Table 2-2. 

Codon Usage 

Codon usage in the Euglena rpoB gene is shown in Table 2-3. Codons ending 

in T are used more frequently than those having A, C or G in the third position. The 

number of codons ending in C or G are present in similar percentages. This 

preference has been observed in light induced as well as constitutively expressed 

genes (56, 57), and may reflect the bias of base composition in the Euglena 

chloroplast genome. However, small differences can be observed for the codon 

families with four base redundancy in the third position. Gingrich and Hallick (56) 

proposed that the bias in codon and isoaccepting tRNA usage might be a factor 

contributing to the translational regulation of chloroplast protein genes. Table 2-4 

shows a comparison of the codon usage of some light induced (rbcL, psbA, psaA-

psaB) (56, 57) and constitutively expressed Euglena genes (tufA-rpsl2-rps7rpl23-

rpl2-rpsl9-rpl22-rps3) (57, 14) and rpoB. The ratios of T/C:A/G might be related to 

the type of genes. The light induced genes show a high T/C:A/G ratio, tufA-rpsl2-

rps7, a low ratio, while rpl23-rpl2-rpsl9-rpl22-rps3 and rpoB are intermediate. Only 
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Table 2-3. Codon Usage for the E. gracilis chloroplast rpoB gene. 

Codon No. (%) Codon No. (%) 

TTT-Phe 75 (6.9) TAT-Tyr 34 (3.1) 
TTC-Phe 7 (0.6) TAC-Tyr 3 (0.3) 
TTA-Leu 60 (5.5) TAA-TER 0 (0.0) 
TTG-Leu 25(2.3) TAG-TER 1 (0.1) 
CTT-Leu 18(1.7) CAT-His 11 (1.0) 
CTC-Leu 0 (0.0) CAC-His 2 (0.2) 
CTA-Leu 3 (0.3) CAA-Gln 27 (2.5) 
CTG-Leu 0 (0.0) CAG-Gln 4 (0.4) 
ATT-Ile 61 (5.6) AAT-Asn 63 (5.8) 
ATC-Ile 1 (0.1) AAC-Asn 11 (1.0) 
ATA-Ile 37 (3.4) AAA-Lys 92 (8.5) 
ATG-MET 19 (1.8) AAG-Lys 19 (1.8) 
GTT-Val 40 (3.7) GAT-Asp 40 (3.7) 
GTC-Val 4 (0.4) GAC-Asp 4 (0.4) 
GTA-Val 17(1.6) GAA-Glu 49 (4.5) 
GTG-Val 2 (0.2) GAA-Glu 17(1.6) 
TCT-Ser 36 (3.3) TGT-Cys 8 (0.7) 
TCC-Ser 4 (0.4) TGC-Cys 2 (0.2) 
TCA-Ser 10 (0.9) TGA-TER 0 (0.0) 
TCG-Ser 4 (0.4) TGG-Trp 5 (0.5) 
CCT-Pro 26 (2.4) CGT-Arg 10 (0.9) 
CCC-Pro 3 (0.3) CGC-Arg 6 (0.6) 
CCA-Pro 9 (0.8) CGA-Arg 8 (0.7) 
CCG-Pro 2 (0.2) CGG-Arg 1 (0.1) 
ACT-Thr 17(1.6) AGT-Ser 28 (2.6) 
ACC-Thr 3 (0.3) AGC-Ser 2 (0.2) 
ACA-Thr 15 (1.4) AGA-Arg 24 (2.2) 
ACG-Thr 5 (0.5) AGG-Arg 9 (0.8) 
GCT-Ala 14 (1.3) GGT-Gly 35 (3.2) 
GCC-Ala 5 (0.5) GGC-Gly 7 (0.6) 
GCA-Ala 9 (0.8) GGA-Gly 20 (1.8) 
GCG-Ala 7 (0.6) GGG-Gly 3 (0.3) 



Table 2-4. Codon usage of light-induced versus constitutively expressed genes 

Light induced Constitutive 

rbcL psbA psaB- tufA-rps!2- rpl23-rpl2-rpsl 9-rpl22- rpoB 
psaA rps7 rps3 

Amino T/C A/G T/C A/G T/C A/G T/C A/G T/C A/G T/C A/G 
acid 

Leu(CT_) 11 1 8 0 26 7 7 9 12 3 18 3 

Ile(AT_) 18 2 26 2 74 31 32 33 49 29 62 37 

Ser(TC_) 13 4 10 13 55 36 10 15 26 16 40 14 

Pro(CC_) 12 8 10 6 42 18 15 18 27 8 29 11 

Thr(AC_) 19 14 9 5 44 38 16 37 26 14 20 20 

Ala(GC_) 35 9 21 11 76 40 18 29 21 10 19 16 

Arg(CG_) 24 1 9 1 18 5 12 28 26 8 16 9 

Gly(GG_) 38 12 24 6 91 37 11 39 32 27 42 22 

Val(GTJ 15 13 18 8 57 18 31 22 39 14 44 19 

Total 185 64 135 52 483 230 152 230 258 129 290 151 

Ratio 2.89:1 2.59:1 2.1:1 0.66:1 2.0:1 1.9:1 

N> 
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two of 61 amino acid codons are not utilized, CTC-Leu and CTG-Leu, codons AAA-

Lys and TTT-Phe are utilized 92 and 75 times respectively. The codons ATC-Ile, and 

CGG-Arg are utilized only once in a total of 1082 codons. 

Discussion 

Gene organization 

The organization of the rpoB-rpoC or (rpob-rpoCl-rpoC2) operon has been 

conserved throughout evolution. The same order is found in bacteria (34, 35) and in 

chloroplasts from spinach (32), tobacco (9), liverwort (10), rice (18) and Euglena 

gracilis. The location of the Euglena chloroplast rpoB-rpoCl-rpoC2 operon distal to, 

and in the same polarity as the ribosomal RNA operon has some additional similarity 

to the arrangement of these same genes in E. colLThe E. coli xpoB-rpoC genes are 

within the rif cluster (34, 35). The gene arrangement is rrtiB operon, 4 tRNA genes, 

tufB, rplK-rplA, rpU-rplL-rpoB-rpoC. The chloroplast equivalent of rplK(rplll), 

rplA(rpll), ipU(rpllO), and iplL(rpl7/12) are all believed to be nuclear encoded in 

plants. The juxtaposition of the Euglena RNA polymerase operon distal to the 

ribosomal RNA operons is perhaps noteworthy because of the overall similarity to 

the E. coli rif cluster. 

The large intercistronic region of 1.2 kb between rrnC and rpoB is at present 

unexplained. Large intercistronic regions are uncommon in chloroplast genomes. In 

Euglena chloroplast DNA, most intercistronic spacers are less than 100 bp length (7). 

Although a protein coding locus for this region can not be ruled out at present, we 

do not find any open reading frames in this region with similarity to known proteins 
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in the PIR data base. In addition, transcripts from this regions could not be detected 

from either DNA strand by Northern blot hybridization (see Chapter III). 

cDNA synthesis 

It would not have been possible to predict the rpoB exon-intron boundaries 

from the DNA sequence alone. Traditional techniques for cDNA synthesis involving 

oligo-dT primers were not suitable, since chloroplast mRNAs are not polyadenylated. 

The techniques of cDNA cloning and PCR amplification proved to be very useful for 

characterizing chloroplast RNA processing products. To our knowledge, this 

represents one of the first examples of cloned chloroplast cDNAs by PCR 

amplification. This approach should have wide applicability to future studies on 

organelle RNA maturation pathways. 

Properties of the rpoB introns 

The presence of introns in Euglena genes has been extensively documented 

(7). The number, position and type of introns appears to be distinct from the higher 

plant chloroplast genomes. In particular, all the higher plant chloroplast rpoB genes 

characterized thus far do not contain any introns (9, 10, 18, 32). Introns 1-7 of size 

93, 95, 94, 99, 101, 110 and 99 nt respectively, are of a category recently identified 

by Christopher and Hallick (15) as Group III. The 309 nt intron 8 is a group II 

intron. Until recently most of the introns found in Euglena protein genes were 

relatively large compared to the rpoB introns (7). The rpoB group III introns most 

closely resemble the three small introns reported for the tufA gene (17), the six small 

introns found in the ribosomal protein genes, rpl23, rps3 and rpsl9 and four introns 
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from rpsl4, rpll4, rps8 and rpll6 (14, 15). With the addition of the seven small rpoB 

introns, a list of 20 small introns can now be assembled. In addition to the Euglena 

Group III introns reported thus far (15), several group III introns have been found 

in the rpoCl-rpoC2 operon (C. Radebaugh, G. Yepiz Plascencia and R.B. Hallick, 

manuscript in preparation), and the rps4-rpsll operon (J. Stevenson, R. Drager, K. 

Nelson and R.B. Hallick, manuscript in preparation), and the rps2-atpI-atpH genes 

(R. Drager and R.B. Hallick, unpublished observations). The properties of the small 

rpoB introns that warrant their classification in Group III are as follows: 1) the 

introns are small and uniform in size (93-111 nt), 2) they have degenerate versions 

of the group II intron boundary sequences with the consensus sequences 5'-NTNNG 

(N=nucleotide) and ANNTNNNN-3' (Table 2-5) and 3) they lack the conserved 

secondary structure domains characteristics of Group II introns. To date, Group III 

introns are only known in Euglena chloroplast genes. Group III introns appear to be 

found predominantly in low abundance, constitutively expressed genes. 

Only the 309 nt rpoB intron 8 is a group II intron. The rpoB gene is not the 

only Euglena gene that contains both Group II and Group III introns. Other 

examples are rps3, rpll6 and rps8 (14,15). The properties of Group II introns include 

highly conserved 5'- and 3'- boundary sequences, a minimum size of >300 nt, and 

conservation of a core structural feature. The boundary sequences for rpoB intron 8, 

5'-GTGCGA and AGTTTTAT-3', match the consensus sequences for Group II 

intron splice boundaries (58, 59). This intron may be folded into a RNA secondary 

structure typical of Group II introns, with six helical domains radiating from a central 

core. The fifth helix is a 24 base-paired stem-loop and the sixth stem contains an 
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unpaired adenine residue that has been proposed to be a branch point for lariat 

formation (58, 59). Helical domains V and VI are the most diagnostic feature of 

Euglena Group II introns. A potential secondary structure for domains V and VI for 

intron 8 of rpoB is shown in Fig. 2-7. It has been suggested (14, 15) that the 

conserved nucleotides at the intron boundary sequences could play an important role 

in the splicing mechanism, and that perhaps Group III introns are a highly 

degenerate version of Group II introns, representing the minimum size required for 

correct splicing. 
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Table 2-5. Comparison of the intron-exon boundaries of 
the E. gracilis chloroplast rpoB gene 

exon intron... ...intron exon Split Codons 

rpoB-1 TAGAT TTGTGAATTA 73 nt TTTACTGATG ATACAA — 

rpoB-2 GTTAG GAGAGATTTT 75 nt TTATCTTATT AAATAA AG-A=ARG 
rpoB-3 TATGG ATGTGGTTTA 74 nt TAATTCATTT TTAACC G-TT=VAL 
rpoB-4 TTGAT GTGCGTTTTT 79 nt ATATTTGGGT AAGACG — 

rpoB-5 GTTTT TTGAGATTTT 81 nt TTATCTGAAA GAAATG — 

rpoB-6 GGATC TTGAGTTTAT 90 nt CGAGATTAAA CACGTA C-CA=PRO 
rpoB-7 AAAGG TTGGGAAATA 79 nt ATATTTTATT AATGAT GG-A=GLY 
rpoB-8 AAGGT GTGCGAATTT 289 nt TAAGTTTTAA GAAAAT — 

Conserved 5'.T..G...3' 5' . .A. .T 3' 

-J 
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Figure 2-7. Potential secondary structure model proposed for the 3'-end of 
intron 8. Structures labeled domains V and VI resemble the hypothetical 
Group II domains five and six (see text). The arrow indicates the 3'-splice 
junction. The asterisk marks the potential unpaired adenine proposed to be 
the branch point for lariat formation. The brackets enclose a base-paired 
region characteristic of domain V from Group II introns. 
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CHARACTERIZATION OF THE RPOB TRANSCRIPT 

Introduction 

The gene organization and nucleotide sequence of the Euglena gracilis 

chloroplast rpoB gene was determined. The gene is interrupted by seven Group III 

introns. Only the last intron, intron 8, is classified as a Group II intron. This gene has 

also been characterized in the chloroplast genomes from tobacco (9), spinach 

(32), liverwort (10), and rice (18). The expression of the gene was studied via 

Northern analysis in pea (60) and SI nuclease mapping in spinach (32). Early studies 

of transcribed regions of the Euglena gracilis chloroplast genome using solution 

hybridization of total cell RNA to 3H-labeled chloroplast DNA restriction fragments, 

led to the identification of two different types of transcripts (61, 62). Very abundant 

transcripts present in 1-2 X 106 copies per cell, and low abundant transcripts present 

in 1-4 X 103 copies per cell. Transcription from some defined regions of the 

chloroplast fluctuate during development, while other transcripts remain constant 

(61,62). One of the restriction fragments used in these studies was BP4 (BamHI-PstI 

4). It corresponds to the restriction fragments EcoF-EcoR-EcoG. We have now 

identified and sequenced the rpoB, rpoCl and rpoC2 in these restriction fragments. 

It was concluded that the transcripts arising from BP4 were constitutively expressed 

during chloroplast development. Northern hybridization was used by Dix et al (1983) 

to study transcriptional products from Euglena chloroplasts (63). RNA was isolated 
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from cells grown continuously in the dark, and from cells grown in the dark and then 

illuminated for 48 hr. Hybridization of EcoF to the RNA blot only detected rRNA 

transcripts. These are high abundance transcripts that obscured detection of less 

abundant transcripts (63). 

In this chapter, an analysis of the expression of the rpoB gene via Northern 

hybridization analysis is presented. Transcripts arising from the rpoB gene were 

detected in RNA isolated from cells grown in the dark and under photoautotrophic 

and heterotrophic conditions. Transcripts of 3.2, 4.7 and 7.7 kb were detected in all 

the RNA samples examined. The 3.2 kbp transcript represents the mature rpoB 

mRNA. The 4.7 and 7.7 kbp transcripts represent processing intermediates of rpoB-

rpoCl and rpoB-rpoCl-rpoC2. To characterize completely the mature rpoB mRNA 

the 5'- and 3'- ends were mapped via SI nuclease protection and RNA primer 

extension experiments. Two 5'- ends were detected by RNA primer extension at -41 

and -133. The -41 transcript appears to be the most abundant based on the intensity 

of the signal obtained from the RNA primer extension and the SI mapping 

experiments. The 3'-end terminus was mapped to approximately 10 bp distal to the 

rpoB termination codon. 

Materials and Methods 

Materials used in this chapter were purchased from the same companies listed 

in Chapter II. 
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Analysis of rpoB transcripts 

Whole cell RNA was isolated using aurintricarboxylic acid as a nuclease 

inhibitor (64). For Northern analysis, 20 ng of total cell RNA from 

photoautotrophically, heterotrophically and dark grown cells were electrophoresed 

through 1.0% agarose gels containing 0.66 M formaldehyde. The RNAs were 

transferred to GeneScreen membrane (NEN, Du Pont) (65). RNAs of known sizes 

(BRL-RNA ladder) were used as molecular weight standards. Hybridization probes 

were synthesized using as a template, plasmid deletion clones of pEZC932, pEZC931 

and pEZC930 linearized at convenient restriction sites. The 32P-labeled RNA 

transcripts were synthesized using [a32P]UTP and T7 or T3 RNA polymerase 

(Promega, Technical bulletin, 002). Probe A is a 425 bp exon 9 specific, Hindlll-

EcoRI subclone of EcoR. Probe B (499 bp) was generated from a deletion clone of 

pEZC931, linearized at a Seal (position 1176 in DNA sequence). It spans exon 1, 

intron 1 and exon 2. Probe C is a deletion clone of PEZC932 (4847 bp, positions 

252-5099), it spans the intergenic spacer and is complementary to exon 1 through 

the 5'- end of exon 9. Probe D is a 1050 bp deletion clone of pEZC931 

complementary to the intergenic spacer and 97 bp of the 3'-end of the 5S rDNA (Fig. 

3-1). Pre-hybridizations were carried out in hybridization solution: 50% formamide, 

5X SSPE (SSPE: 0.18 M NaCl, 0.01 M sodium-phosphate, 1 mM EDTA), 1% SDS, 

0.5 mg/ml polyvinylpyrrolidone, 0.5 mg/ml herring sperm DNA at 55°C for 2 hrs. 

Following hybridization, the probes were added to the filters (106-107 cpm) and 

hybridization continued for 24 hr at 55°C. After hybridization, the filters were washed 

in 2X SSC (SSC: 0.15 M NaCl, 0.15 sodium-citrate) at room temperature for 15 
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minutes, two times in 2X SSC, 2% SDS at 65°C for 20 min and once in 0.1X SSC at 

room temperature for 15 min, blotted diy and exposed to Kodak SB-5 X-ray film. 

SI nuclease mapping 

Euglena gracilis chloroplast DNA-free RNA was isolated as previously 

described for cDNA synthesis (Chapter II). Uniformly 32P-labeled antisense RNA 

probes were synthesized as previously described, with the exception that RNasin was 

added as a RNase inhibitor (Promega, Biotech.). Probe B, 1381 bp, utilized for 5'-

end mapping was synthesized using a deletion subclone of pEZC931 linearized at the 

Hinfl site (position 294-1675). Probe A, 391 bp, utilized for 3'-end mapping contains 

245 bp of exon 9, the spacer between rpoB and rpoCl and 63 bp of the rpoCl gene. 

Anti-sense RNA probes were purified from the template by electrophoresis on 0.66 

M formaldehyde low gelling temperature 1% agarose gel, visualized with ethidium 

bromide, excised from the gel and phenol extracted (66). SI nuclease mapping was 

a modification of the procedures described by Zimmer et al (1988) and Barkan et 

al (1988) (67, 68). After purification of the probes, 6-7 fig of DNA-free chloroplast 

RNA and 2.5-7 X 106 cpm of the probe were combined, vacuum dried, resuspended 

in 20 Ml hybridization buffer (80% formamide, 40 mM PIPES pH 6.4, 400 mM NaCl, 

1 mM EDTA), incubated at 85°C for 15 min to denature the RNAs, immediately 

transferred to 42-45°C and incubated for 12-19 hrs. To the 20 fj,l reactions, 200 n 1 of 

SI nuclease buffer were added (0.25 M NaCl, 30 mM sodium-acetate pH 4.6,1 mM 

ZnS04, 5% v/v glycerol), containing 200 units of SI nuclease and incubated at 37°C 

for 1 hr. The reactions were stopped by adding 30 fil of 2.5 M ammonium-acetate, 
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50 mM EDTA, 10 /xg herring sperm DNA and 300 ^1 ethanol. After ethanol 

precipitation, the RNA pellets were washed with 70% ethanol 2-3 times and vacuum 

dried. Precipitated RNAs were resuspended in 10 fil of 95% formamide, 20 mM 

EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol FF, denatured by incubating 

at 85°C for 3 min and analyzed by electrophoresis on 6% (w/v) polyacrylamide-8 M 

urea gels in Tris-borate buffer (39). Following electrophoresis, the gels were exposed 

to X-ray film at -80°C for 24 to 72 hr. The sizes of the protected fragments were 

calculated by comparison of their migration with that generated from a DNA 

sequence ladder of a known DNA template run on the same gel. As controls for 

specific hybridizations of the 32P-labeled RNA probes, two more samples were 

included in every experiment. In addition to the probe, one of the samples contained 

10 ng of herring sperm DNA. The second sample consisted only of the probe. In 

order to confirm the results obtained from the SI nuclease protection, experiments 

using the same probes, hybridization conditions, and single stranded digestions were 

performed, substituting the SI nuclease for 300 units of mung bean nuclease. 

Analysis of RNA by use of guanylyltransferase 

Chloroplast RNA from Euglena gracilis was 5'-end labeled with [a32P]GTP and 

guanylyltransferase as described by Monroy et al (1978) (69). A typical labelling 

(capping) reaction contained 10 fig of chloroplast RNA, 0.15-0.3 mCi of [a32P]GTP, 

8 units of vaccinia virus guanylyltranferase in 50 mM Tris-HCl pH 7.9,1 mM MgCl2, 

2 mM DTT, 6 mM KC1 and 1 unit of RNasin in 50 fil volume. Before the enzymes 

were added to the reactions, the RNA was incubated at 65°C for 15 min to denature 
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the RNA, rapidly chilled in ice, followed by incubation at 37°C for 45 min. At that 

time, 5 more units of the enzyme were added and the incubation continued at 37°C 

for 1 hr. The RNA was collected by ethanol precipitation, washed twice with 70% 

ethanol and air dried. The resulting capped RNA was used to probe a DNA blot. To 

the membrane (GeneScreen), equimolar concentrations of a series of DNA from 

plasmids containing specific Euglena chloroplast genes were blotted according to the 

manufacturer instructions: rpl2-rpll9 (EcoZ), 1.2 and 0.6 fig; 5'-end rpl23 (EcoU), 1.6 

and 0.8 jug; prll6-rpll4 (EcoM), 4.4 and 2.2 fig; rpoB (subclone of EcoF, pEZC932.3) 

6.2 and 3.1 fig; 23S rDNA (subclone of EcoF, pEZC934), 3.7 and 1.9 fig; 16SrDNA 

(pEZCl.l), 3.8 and 1.9 fig; rpoCl (pEZC928.6), 3.0 and 1.5 fig, rpoC2 (pPG14.9), 0.5 

and 0.25 fig; and Euglena chloroplast DNA, 5 fig; and pBS(+) vector DNA, 3 fig as 

controls. The DNAs were bound to the membrane by UV crosslinking illumination 

for 5 min. The membrane was pre-hybridized at 42°C in hybridization solution for 

12-16 hrs. The capped RNA was added to the solution and hybridization continued 

24-36 hrs at 42°C (hybridization solution as described for Northern analysis). After 

hybridization, the filters were washed twice in 2X SSC, 20 mM NaP04, 0.5% SDS at 

37°C for 30 minutes and once with 0.2X SSC, 29 mM NaPOA, 0.5% SDS for 30 min, 

blotted dry and exposed to X-ray film. 

Capped 5'-end labeled RNA was also used for SI nuclease mapping of the 5'-

end. The capped RNA (15 fig) was hybridized to in vitro synthesized antisense RNA. 

The RNA was synthesized using as a template a deletion subclone of pEZC931 

previously described under Sl-mapping as probe B. The 1381 bp antisense RNA 
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corresponds to exon 2-intron l-5'-upstream spacer. As a control the 1361 bp Bglll-

BamHI fragment designated pEZCl.l was used. It contains the 3'-end of the 5S 

rDNA from rrnA , the spacer region between the rrtiA and rrnB ribosomal rDNA 

repeats (see chapter IV) and the 5'-end of the 16S rDNA from rrnB. Hybridization 

and SI nuclease mapping were performed as previously described. 

Primer extension RNA sequencing 

Primer extension sequencing was performed as described in Chapter II. The 

same oligonucleotide primer 5'-CCCrTTTTTAAAAAGGAGCG-3' complementary 

to exon 2 (positions 1530-1611) was 5'-end labeled as previously described. It was 

annealed to chloroplast RNA and cDNA synthesis was performed using reverse 

transcriptase (15). Because a better resolution of the primer extended products was 

necessary for size estimation, the gels were run for longer periods of time. 

Results 

Northern analysis of the chloroplast rpoB gene 

Transcripts of 3.2, 4.2 and 7.7 kb were detected with all of the rpoB specific 

probes (Fig. 3-1). Probe A is an exon specific probe (425 bp of exon 9); probe B 

contains 5'-upstream sequence, exon 1, intron 1 and a portion of exon 2: probe C 

contains the 5'-upstream intergenic sequence, exons 1 through 8 and approximately 

60% of exon 9 and all of the introns; probe D contains 79 bp of the 5S rDNA and 

952 bp of the 5S rDNA-rpoB intergenic spacer. The rpoB probes hybridized to 



66 

rpoCl 3' 

J I r 

rpoB 5S 23S 

cm 

B D 
1 I 1 

1 2 3 4 5 6 7 8 9 10 11 12 
Kb 

9.49-
7.46-

4.40-

2.37-

1.35-

rpoB-Cl-C2 

rpoB-Cl 

rpoB 

0.24-

Figure 3-1. Analysis of the Euglena gracilis rpoB gene expression via Northern 
hybridization. Lanes 1, 4, 7, 10, contain 20 jug photoautotrophic grown total cell 
RNA, lanes 2, 5, 8, 11, contain 20 fig heterotrophic grown total cell RNA, lanes 3, 
6, 9, 12, contain 20 fig heterotrophic dark grown total cell RNA. Lanes 1, 2 and 3 
were hybridized with probe A, lanes 4, 5 and 6, hybridized with probe B, lanes 7, 8 
and 9 were hybridized with probe C and lanes 10, 11 and 12 hybridized with probe 
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transcripts of approximately 3.2, 4.7 and 7.7 kb that were present in all of the RNA 

samples (Fig. 3-1). The RNA species of 3.2 kb most likely represents the mature fully 

spliced rpoB mRNA. This size is in very close agreement with the minimum size 

message of 3.2 kbp predicted from the nucleotide sequence. An unspliced rpoB pre-

mRNA would be 4.2-4.3 kbp in size. Transcripts of this size were not detected in any 

of the RNA samples. In contrast, discrete transcripts of 4.7 and 7.7 kbp, (larger than 

the region encoding the rpoB gene) were detected (Fig. 3-1). The 4.7 and 7.7 kbp 

transcripts are interpreted as fully spliced di- and tricistronic mRNAs of rpoB-rpoCl, 

rpoB-rpoCl-rpoC2 mRNAs, respectively. The same di- and tricistronic mRNA species 

have been detected using rpoCl and rpoC2 specific probes (C. Radebaugh, G. Yepiz 

-Plascencia and R.B. Hallick, manuscript in preparation). Only the 5S rDNA 

transcript was detected with the probe that contains the 3'-end of the 5S rDNA and 

the intergenic spacer up to position -314 of the rpoB gene (probe D). An RNA-like 

32P-labeled transcript was also synthesized using probe C and utilized to probe a 

RNA blot. No signals were detected arising from the opposite DNA strand or the 

intergenic spacer (data not shown). 

SI nuclease mapping 

To map the 5'-limits of the rpoB gene a 1381 bp 32P-labeled RNA probe was 

hybridized to DNA-free chloroplast RNA. The probe was synthesized using as a 

template a deletion clone of pEZC931 that was linearized at the Hinfl restriction site 

(position 293 in the genomic DNA sequence, Fig. 2-2). The hybridization mixture was 

treated with SI nuclease to degrade single stranded RNAs. As shown in Fig. 3-2, two 
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fragments of 79-81 and 178-182 bp were protected from SI nuclease digestion by the 

RNA probe that is complementary to the in vivo RNA. The 80 bp fragment 

corresponds to the 39 bp of exon 1 (codons 1-13) plus 41 bp of the upstream leader. 

The 178-182 bp fragment may correspond to two different SI protected fragments, 

184 bp from exon 2, and a different fragment corresponding to exon 1 plus 133 bp 

of leader sequence. These two fragments arise from the fully spliced rpoB mRNA. 

An unspliced rpoB precursor containing intron 1 and the upstream leader sequence 

would have been 345 bp. A fragment corresponding to 378 bp was only detected in 

prolonged exposures of the X-ray film (data not shown). 

The rpoCl gene is located 85 bp downstream the rpoB gene. Most of the 

Euglena chloroplast intercistronic spacers are close to 100 bp in length (7). Di- tri-

and monocistronic transcripts were detected by Northern analysis with all of the rpoB 

specific probes. To map the 3'-end of the mature monocistronic rpoB transcript a 391 

bp RNA complementary to 245 bp of exon 9, the rpoB-rpoCl intercistronic spacer 

(83 bp) and 63 bp of exon 1 of rpoCl was hybridized to chloroplast RNA. A fully 

protected fragment of 391 bp and a 253-257 bp fragment are the most prominent 

bands detected Fig. 3-2. This size corresponds to a 3'-untranslated length of only 10-

12 bp downstream the rpoB termination codon . Two minor protected fragments of 

135 and 115 bp were also detected (Fig 3-2). The 135 bp fragment may correspond 

to the 5'-leader plus exon 1 of rpoCl. The assignment of the 3'-end of rpoB is in very 

good agreement with the assignment of the 5'-end of rpoCl via primer extension 

reactions by Cathy Radebaugh. She has mapped the 5'-end of rpoCl to 8 bp after the 

rpoB termination codon. Euglena chloroplast RNA is AU rich. It has been 



Figure 3-2. SI nuclease mapping of the 5'- and 3'- ends of the rpoB gene. In vivo 
chloroplast RNA was hybridized to 32P-labeled antisense RNA probes. Probe B is 5'-
end specific, probe A is 3'-end specific. Lanes 1, 2, 3 and 4 are for 5'-end mapping. 
Lanes 8, 9, 10 and 11 are for 3'-end mapping. Lanes 1 and 11 contain probes not 
diegested with SI nuclease, lanes 2 and 10 contain the probes digested with SI, lanes 
3 and 9 contain the probes hybridized to 10 ng of herring sperm DNA and digested 
with SI nuclease, and lanes 4 and 8 contain the fragments protected from SI 
nuclease digestion by 6 /zg of chlroplast RNA. Lane 7 contains 0.5 ng of capped 
chloroplast RNA digested with SI nuclease, lane 6 contains 15 jug of capped RNA 
hybridized to probe B and digested with SI nuclease and lane 5 contains 5 jug of 
capped chloroplast RNA hybridized to a 16S rRNA specific probe (see chapter 4). 
Lane 12 contains 0.5 ng of capped chloroplast RNA. A ladder generated with DNA 
sequencing reactions from a known template was utilized to estimate sizes of the SI 
protected fragments. 
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reported that AT or AU rich double stranded hybrids may be susceptible to SI 

nuclease digestion (70). To confirm that the protected fragments were the results of 

protection from SI digestion and not a Sl-artifact, the experiments were performed 

using mung bean nuclease and the protected fragments resulted from the SI and 

mung bean nuclease digestions electrophoresed in adjacent lanes as previously 

described. Fragments of the same sizes were detected (data not shown). 

Transcription initiation site 

Some chloroplast genes are organized as transcription units that are co-

transcribed from a common promoter(s) (70). As an initial approach to identify a 

transcription initiation site, a DNA slot blot containing a series of specific Euglena 

genes was prepared. Clones containing 1) rpl2-rpsl9, 2) 5'-end rpl23, 3) rpll6-tpll4, 

4) rpoB, 5) 23S rDNA, 6) 16S rDNA, 1) rpoCl, 8) rpoC2, 9) Euglena chloroplast DNA 

and 10) bluescribe (+) vector DNA were probed with 32P-5'-end labeled capped 

RNA. Specific hybridization signals were obtained only with 16S rDNA, rpoB and 

Euglena chloroplast DNA (Fig. 3-3). The 5'"32P-labeled RNA was also used for SI 

nuclease experiments. The rpoB clone used as a template to synthesize the antisense 

RNA is a deletion clone of pEZC931. It contains 1067 bp of the intergenic spacer 

between the 5S rDNA, exon 1, intron 1 and exon 2 of rpoB (positions 294-1675). The 

in vitro synthesized antisense RNA was hybridized with 15 ng of 5'-end 32P-labeled 

capped RNA. The single stranded RNAs were digested with SI nuclease and the 

double-stranded, resistant hybrids were analyzed by polyacrylamide gel 

electrophoresis and autoradiography. A major protected fragment of 254 bp was 
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Figure 3-3. DNA slot blot probed with 5'-end labeled RNA. A DNA blot containing 
a series of Euglena chloroplast clones, representing ribosomal RNAs, ribosomal 
protein and RNA polymerase genes was probed with 5'-end labeled capped RNA. 
Hybridization signals were detected only ioxrpoB, 16S rDNA and Euglena chloroplast 
DNA. 
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detected (Fig. 3-2). In addition, two minor faint fragments of approximately 80 and 

341 bp were detected. It is not possible from this experiment to definitely assign the 

transcription initiation site because the antisense RNA hybridized to the capped 

RNA contained intron 1 (93 bp). The SI protected fragment may arise from the 

unspliced rpoB precursor or from the mature, spliced rpoB mRNA. Two 5'-ends that 

map to positions -41 and -133 (Fig. 3-4) are detected by primer extension assays. The 

-415'-end assignment is in agreement with the 80 bp Sl-protected fragment detected 

with the uniformly 32P-labeled probe. The mipos second reverse transcriptase stop 

maps to position -133. This may indicate a processing site. From the intensity of the 

signals from the SI nuclease and primer extension experiments, the -41 transcripts 

represents the major 5'-terminus of the mature rpoB mRNA. 

Discussion 

RNA blot analysis 

The rpoB and rpoC genes are co-transcribed in E. coli (34, 35). In spinach and 

pea it was not possible to detect co-transcription of rpoB-rpoCl~rpoC2, using 

Northern analysis and 32p-DNA-labeled probes (32, 60), although, it was concluded 

from SI mapping analysis that the genes were co-transcribed in spinach (32). It was 

proposed that the failure to detect these transcripts in pea was due to a very low 

abundance of the transcripts or that the RNA polymerase genes were pseudogenes 

(60). The 4.7 and 7.7 kbp transcripts detected via Northern analysis with the rpoB 

gene specific probes are much larger than the predicted unspliced rpoB precursor 

mRNA. The same 4.7 and 7.7 kbp transcripts were detected using rpoCl and rpoC2 
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specific probes (C. Radebaugh, G. Yepiz-Plascencia, R.B. Hallick, manuscript in 

preparation). 

It was not possible to detect unspliced rpoB precursor transcript in any of the 

RNA samples examined. Only spliced mono and/or polycistronic mRNA species 

could be detected via Northern analysis for the constitutively expressed genes rpoCl 

and rpoC2 (Cathy Radebaugh, unpublished results) and from ribosomal protein genes 

(David Christopher, unpublished results). Three different rpoB intron-containing 

probes were utilized to probe RNA blots. Probe B was specific for the 5'-end. It 

contained exon l-intron 1-exon 2. Probe C was a general probe that contained all of 

the introns, and exon 1 through approximately 60% of the last exon (exon 9). The 

same results were obtained using a probe that was complementary to approximately 

150 bp of intron 8 and 20 bp of intron 8 (data not shown). This could indicate that 

the rpoB unspliced precursor, similar to the rpoCl, rpoCl and the ribosomal protein 

precursors, are very rapidly processed to give rise to spliced products. In contrast, 

unspliced precursors for psbA (71) and rbcL (20, 72) are readily detected using these 

procedures. 

The rpoB 5'- and 3'-flanking sequences 

The initiator codon for the rpoB gene is located 1264 bp downstream of the 

5S rRNA gene. Transcripts arising from the intergenic region were not detected from 

either of the DNA strands using Northern analysis or SI nuclease mapping. Two 5'-

ends were detected via primer extension experiments and SI nuclease mapping. 

They correspond to transcripts originating at positions -41 and -133. Large (1-1.3 lcbp) 
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Figure 3-4. Primer extension analysis for the 5'-end of rpoB. The lanes labeled RNA 
(A,T,C,G,N) contain the cDNA sequence generated by reverse transcription of 
Euglena chloroplast RNA using a primer complementary to exon 2 (see text) and the 
corresponding dideoxynucleotides. Lane N is from a reaction without 
dideoxynucleotides and serves as a control for run-off and random stops in the 
ladder. The complementary cDNA sequence and assignment of the mature 5'- ends 
is based on the identification and comparison of the sequence generated as cDNA 
and the genomic sequence. A major stop is visible at position -40 and a lighter band 
approximately at position -131. 
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intercistronic regions upstream of the chloroplast rpoB coding region have been 

described in spinach (32), tobacco (9) and rice (18). In addition, the 5'-end of the 

spinach rpoB gene was located at approximately 720 bp upstream the coding region 

(32). From our Northern analysis, it can be concluded that the unspliced rpoB 

precursor is processed very rapidly to spliced products. If the SI nuclease protected 

fragment obtained in our mapping experiment with the in vitro capped RNA is the 

result of protection by the spliced mRNA, then transcription initiation would be 

mapped at position -212 and the -41 and -133 transcripts may be the result from site-

specific cleavage of a larger RNA. Potential prokaiyotic-like -10 and -35 sequences, -

TTAATT- and -TTGCAA- are found at positions -219 and -277, respectively. 

The presence of more than one 5'-end in chloroplast gene transcripts is not 

without precedent. Multiple 5'-termini were mapped for the higher plant chloroplast 

rbcL, atpB (70), and psbB (73) transcripts. In all cases, it was concluded that the 

shorter transcripts arise from processing of the primary mRNA precursor. Small 

differences in length (100-200 bp) and abundance in the rpoB transcripts would not 

have been detected with the gel system used in the Northern experiments. 

Major inverted repeats have been postulated to act as RNA stabilizing 

elements (74). Inverted repeats found at the 3'-end of the rbcL and psbA genes were 

not sufficient to terminate transcription, but they act as processing and mRNA 

stabilizing elements that are important regulatory features of chloroplast gene 

expression (74). Hypothetical secondary structures formed with major inverted 

repeats at the 5'- and 3'- termini from the rpoB coding regions are presented in Fig. 

3-5. Interestingly, the 5'- and 3'- termini determined via SI nuclease and/or primer 
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extension mapping, position the ends of the transcripts upstream of the first and 

second hair-pin structure for the 5'- ends and downstream of the first stem-loop for 

the 3'- end. Thus the secondary structure are contained within the mature mRNA. 

These stem-loops could serve as signals that are necessary and recognized for 

processing to a mature rpoB mRNA. They could also be stabilizing elements similar 

to the ones described for other chloroplast genes. When these SI mapping and 

primer extension experiments were performed, exon 1 had not been identified. The 

experiments were designed with the assumption that, what we is now defined as exon 

2, was exon 1. In order to confirm the correct assignment for the transcription 

initiation site, a probe complementary to exon 1 and the upstream spacer would be 

required. The probe utilized in this study for SI 5'-end mapping spans exon 2-intron 

1-exon 1, making the interpretation of the results much more difficult. Defining the 

promoter elements for the RNA polymerase genes may help to understand how the 

expression of a gene whose product is involved in the expression of the chloroplast 

genome is regulated. 
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Figure 3-5. Potential secondary structures at the 5' and 3'-ends of the rpoB gene. Panel A, corresponds to 5' -end, 

panel B, to 3' -end. Arrows point to approximate positions of mature 5' and 3'-ends detected using SI nuclease 

mapping and RNA primer extension analysis. 
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THE EUGLENA GRACILIS CHLOROPLAST RIBOSOMAL RNA 

TRANSCRIPTION UNIT. SEQUENCE ANALYSIS OF THE 23S rDNA LOCUS, 

MAPPING OF THE TRANSCRIPTION INITIATION SITE AND THE MATURE 

3'-ENDS OF THE rRNA TRANSCRIPTS 

Introduction 

The ribosomal RNA (rRNA) genes are of considerable importance. The 

transcripts originating from these genes, along with ribosomal proteins, are the 

components of the ribosomes which have a central role in the translation apparatus 

(75). In the unicellular protist Euglena gracilis, the ribosomal RNA loci consist of 

three tandem repeated units, each containing the genes for 16S, 23S and 5S rRNA 

genes (7, 22, 23, 75). The same gene organization is found in E. coli and higher plant 

chloroplast genomes (9,10,34, 35). The location of the ribosomal RNA genes in the 

Euglena chloroplast genome was originally determined utilizing 125I-labeled 

chloroplast RNA that was hybridized to restriction nuclease fragments of the 

chloroplast DNA (23,76). 

The ribosomal RNAs are the most abundant transcripts of the chloroplast 

DNA, accounting for up to 26% of total cell RNA or 1.3 X 106 copies/cell, 

depending on the stage of chloroplast development (61, 62,63). DNA-RNA solution 

hybridization studies, as well as Northern blot analysis have been used to study the 

expression of the rRNA loci (61, 62, 63). It was concluded that the rRNA genes are 
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transcribed as a long primary precursor of approximately 6.0 kbp RNA that is 

processed to produce the mature ribosomal RNAs (76). 

The nucleotide sequence of the 16S rDNA, 5S rDNA, the 5' and 3'-ends of the 

23S rDNA, as well as the 16S-23S and the 23S-5S spacer sequences from the Euglena 

gracilis strain Z chloroplast DNA have been reported (22,23, 77, 78). In addition, the 

nucleotide sequence of the regions between the rrn operons from Euglena gracilis 

bacillaris has been shown to differ in few bases and a deletion is present in one of 

the repeats (75). However, up to date the exact length of the 23S rRNA was only 

estimated from fine mapping results to be approximately 2.8 kbp long (7). Only the 

5'-terminal 122 bp and 95 bp of the 3'-end sequences have been reported (22, 78). 

These assignments were solely based on the extensive nucleotide sequence similarity 

of these regions with the 5'- and 3'-ends of the E. coli 23S rDNA. The proposed 5'-

and 3'-ends have 61% and 44% identity to the E. coli gene (22, 78). 

In this chapter I present the complete nucleotide sequence of the Euglena 

gracilis chloroplast 23S rRNA gene and the intercistronic spacer between the miA and 

rrnB operons. The expression of the rRNA transcription unit was analyzed via 

Northern blots. Several reports have claimed that the rRNAs are transcribed as a 

long precursor molecule. To map the transcription initiation site(s) on the rRNA 

transcript(s), ends containing 5' tri- or diphosphate, were labeled with [a32P]GTP and 

vaccinia virus guanylyltransferase. The 5'-end labeled (capped) RNA was used 
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to probe a Southern, a DNA slot blot, and for SI nuclease mapping of the 5'-end of 

the 16S rRNA. 

Materials and Methods 

Materials used for the experiments presented in this Chapter were purchased 

from the companies listed in Chapter II. 

DNA subcloning and exonuclease III/S1 deletions 

Chloroplast DNA from Euglena gracilis, strain Z, was isolated according to the 

procedure of (37). The recombinant plasmid pPGll containing the EcoRI restriction 

fragment EcoF was used as a source of the 2.7 kbp EcoRI-BamHI fragment. It 

contains a part of the 23S rRNA gene from the rrnC operon, the 5'-end of this gene 

is contained in the adjacent EcoRI fragment EcoP. The 2.7 kbp fragment was cloned 

into bluescript and bluescribe (-) vectors using XLl-Blue E. coli cells as hosts. The 

recombinant plasmids were designated pEZC933 and pEZC934 (Fig. 4-1). To 

sequence the 5'-end of the gene it was necessary to clone adjacent or overlapping 

restriction fragments. The Bglll restriction fragment BglQ, 2.0 kbp, was cloned into 

BamHI digested pBS(-) vector. The recombinant fragments were designated 

pEZC943 and pEZC944. There are three BglQ fragments in the Euglena chloroplast 

genome, each one of them representing one of the three ribosomal RNA operons 

(5). Two independently isolated BglQ fragments were sequenced. To verify that the 

sequence determined truly corresponds to the 23S rRNA from the rrnC operon a 

specific cloning strategy was followed. The restriction fragment Xbal, XbaH 
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Figure 4-1. Partial restriction map and sequencing strategy for the E. gracilis 23S rRNA 

gene. The 16S and 5S rRNA genes are included as reference. Arrows represent 
the direction and extent of sequencing. Transcription of the genes is from right to left. 
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is known to contain the rrnC operon (5). Chloroplast DNA was digested with Xbal 

and electrophoresed through 1% agarose gel. The Xbal fragments F, G and H were 

purified by cutting the gel slice corresponding to these fragments and eluting from 

the agarose using GeneClean (BIO 101). The purified fragments were digested with 

Kpnl (only XbaH has an internal Kpnl site, that maps to the 23S rRNA gene). The 

1.7 kbp Xbal-Kpnl fragment was cloned into bluescript (-) and designated pEZC937. 

Plasmid DNAs were purified using a cleared lysis method (39) and linearized 

with two restriction enzymes convenient for exonuclease III/S1 deletions. 

Overlapping unidirectional deletion subclones were generated according to Henikoff 

(40) with the modifications described in Chapter II, Materials and Methods. The 

enzymes PstI and BamHI were used to double digest the recombinant plasmid 

pEZC933, BamHI and Kpnl for pEZC934, PstI and Xbal for one polarity and Xbal 

and Kpnl for the opposite polarity of pEZC937; Sail and SphI for pEZC943 and 

pEZC944. The recombinant plasmid pEZCl contains the Hindlll restriction fragment 

Hind23 (7). It was used to construct the plasmid pEZCl.l by cloning the 1.3 kbp 

Bglll-BamHI fragment into pBS(-). This fragment contains the intercistronic spacer 

between the rrnA and miB rRNA operons. The BamHI site is internal in the 5S 

rDNA and the Bglll site is internal in the 16S rDNA (Fig. 4-2). To determine the 

complete nucleotide sequence for both strands, deletion clones were generated for 

both polarities. For one orientation, the DNA was digested with Kpnl and BamHI, 

for the opposite polarity, PstI and Xbal were used. Exonuclease III/S1 deletions, 

transformations, screening of deletions clones, single stranded DNA production and 
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Figure 4-2. Partial restriction map and sequencing strategy for the 
rrnA-rrnB spacer. Transcription of the genes is from right to left. 
Arrows represent the direction and extent of sequencing. 
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sequencing were carried out as described in Materials and Methods, chapter II. 

Double stranded DNA sequencing was performed using denatured DNA and the 

Sequenase protocol. Before sequencing reactions were carried out, 3-5 ng of RNA-

free double stranded DNA were denatured for 5 min at room temperature in 0.1 M 

NaOH, 0.1 mM EDTA solution, placed on ice, 7 nl of water added to the solution 

and finally neutralized with 6 /xl of 3 M sodium-acetate, pH 4.6. The DNA was 

collected by ethanol precipitation and washed with 70% ethanol three times. The 

alkaline-denatured DNA was vacuum dried and the sequencing reactions immediately 

carried out. 

DNA sequence analysis 

Analysis of DNA sequence data was performed on IBM-PC/XT and PC/AT 

computers using the DNA sequence analysis program of Mount and Conrad (45). 

The program FASTN (78) was used for initial homology comparisons with known 

large subunit ribosomal RNA sequences. A multiple sequence alignment method was 

utilized to compare the 23S rDNA sequence with selected large subunits ribosomal 

RNA sequences (48). A potential secondary structure was constructed utilizing as a 

model the E. coli 23S rRNA and the comparison of the primaiy sequence. Regions 

that appeared to be significantly different in primary sequence were carefully 

(visually) analyzed for presence of inverted repeats that could potentially form stem-

loop structures. 
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Analysis of rRNA transcripts 

Whole cell RNA was purified using aurintricarboxylic acid as a nuclease 

inhibitor (64) or from isolated chloroplast as in (37). Extractions were performed as 

described in Chapter III (Materials and Methods). For Northern analysis, 10 /zg of 

photoautrophic grown chloroplast RNA or 20 /xg of total cell RNA from 

photoautotrophic, heterotrophic, and dark grown cells were electrophoresed through 

1% agarose gels containing 0.66 M formaldehyde. The RNAs were transferred to 

GeneScreen membranes (65). RNAs of known sizes (BRL-RNA ladder) were used 

as molecular weight standards. 

Hybridization probes were synthesized using as a template the recombinant 

plasmids pEZCZ937 and pEZCl.l linearized at convenient restriction sites. The 32P-

labeled RNA transcripts were synthesized as described in chapter III (materials and 

methods) using [a32P]-UTP and T7 or T3 RNA polymerases. Probe A (400 bp) was 

synthesized using as a template pEZC937, linearized at the Bglll site and is specific 

for the 23S rRNA (Fig. 4-7). Probe B, (600 bp) was synthesized using pEZCl.l, 

linearized at the EcoRI site. This riboprobe corresponds to approximately 200 bp of 

the 5'-end of the 16S rRNA and 400 bp of the spacer region (Fig. 4-7). Probe C (1400 

bp) was synthesized using pEZCl.l, linearized at a Hindlll site (in multiple cloning 

site). It corresponds to approximately 200 bp of the 5'-end of the 16S rRNA, 1100 

bp of the intergenic spacer and 100 bp of the 3'-end of the 5S rRNA (Fig. 4-7). Pre-

hybridizations and hybridizations were carried out as described in Chapter III 



86 

(Materials and Methods). Following hybridizations the filters were blotted dry and 

exposed to Kodak SB-5 X-ray film. 

SI nuclease mapping 

Euglena gracilis chloroplast DNA-free RNA was isolated as described for 

cDNA synthesis (Chapter II, Materials and Methods). Uniformly 32P-labeled 

antisense RNA probes were synthesized as previously described (Chapter III, 

Materials and Methods). Probe A, 680 bp, utilized for 3'-end SI mapping of the 5S 

rRNA from the rrnA/B operon was synthesized using a deletion clone of pEZCl.l 

(Fig. 4-8). Probe B, 800 bp, was synthesized using a deletion clone of pEZC931 (Fig. 

4-8). It contains 97 bp of the 55 rRNA from the rrnC operon and approximately 700 

bp of 5SrRNA-rpoB intergenic spacer. SI nuclease mapping experiments were carried 

out by hybridizing the 32P-labeled antisense RNA probes to 6-7 Mg of Euglena 

chloroplast RNA as described in Chapter III (Materials and Methods). In addition, 

chloroplast RNA was labeled at the 5'-end using guanylyltransferase (see below and 

Chapter III, Materials and Methods). Approximately 5 fig of 5'-end 32P-labeled 

chloroplast RNA were hybridized to in vitro synthesized antisense RNA. The 

antisense RNA was synthesized using as a template the recombinant plasmid 

pEZCl.l linearized at the EcoRI restriction site. This probe has been described as 

probe B under analysis of rRNA transcripts (Fig. 4-7) and contains approximately 200 

bp of the 16S rRNA coding region and 400 bp of the leader sequence. It is also called 

probe C in Fig. 4-8. Hybridization, SI nuclease digestion and analysis of the SI 
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protected RNA hybrids were carried out as described in Chapter III (Materials and 

Methods). 

Analysis of RNA by use of guanylyltransferase 

Chloroplast RNA from Euglena gracilis was 5'-end labeled with [a32P]-GTP 

and guanylyltransferase as described in Chapter III (Materials and Methods). The 

labelling (capping) reaction contained 10 /xg of chloroplast RNA, 0.15-0.3 mCi of 

[a32P]-GTP, 8 units of vaccinia virus guanylyltransferase in 50 mM Tris-HCl pH 7.9, 

1 mM MgCl2, 2 mM DTT, 6 mM KC1 and 1 unit of RNasin in 50 p\ volume. Before 

the enzymes were added to the reaction, the RNA was incubated at 65°C for 15 min 

to denature the RNA, rapidly chilled on ice, the enzymes were added, and incubated 

at 37°C for 45 min; after the first incubation, 5 more units of the enzyme were added 

and the incubation continued at 37°C for 1 hr. The RNA was collected by ethanol 

precipitation, washed twice with 70% ethanol and air dried. The resulting capped 

RNA was used to probe a DNA slot blot and a Southern blot. The Southern blot was 

prepared as follows: Euglena chloroplast DNA was digested to completion with 

EcoRI or Hindlll. The digested DNAs were electrophoresed through 1% agarose gel 

and transferred to GeneScreen membranes according to the manufacturer 

instructions. Recombinant plasmids containing the restriction fragments EcoP and 

EcoL were also digested with EcoRI and included in the blot. Pre-hybridization, 

hybridization, washing and autoradiography were as described in Chapter III. 

The DNA slot blot contained a series of clones previously characterized and 

sequenced. They are specific Euglena chloroplast genes coding for ribosomal proteins, 
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RNA polymerase subunits and ribosomal RNAs in the following order: rpl2-

rpll9{EcoZ), 5'-end rpl23 (EcoU), rpll6-rpll4 (EcoM), rpoB (subclone of EcoF, 

pEZC932), 23S rDNA (subclone of EcoF, pEZC933), 16SrDNA (pEZCl.l), rpoCl 

(pEZC928.6), rpoC2 (pPG14.9), Euglena chloroplast DNA and pBS(+) vector DNA 

(see Chapter III, Materials and Methods for details). Pre-hybridization, addition of 

the probe and hybridization, and exposure to the X-ray film were as described in 

chapter III). The 5'-end labeled capped RNA was also used for SI nuclease mapping 

of the 5'-end. The capped RNA 5 ng, was hybridized to in vitro synthesized antisense 

RNA. For the antisense RNA synthesis, the recombinant plasmid pEZCl.l, 

linearized at the EcoRI site was used as a template.This probe has been previously 

described as probe B for Northern analysis (Fig. 4-7) or probe C for SI nuclease 

mapping (Fig. 4-8). 

Results 

Molecular cloning and DNA sequence analysis 

The region of the chloroplast DNA encoding the 23S rRNA from the rrnC 

operon was cloned as different restriction fragments: The 2.7 kbp EcoRI-BamHI 

subclone from the restriction fragment EcoF (22), the 1.7 kbp Xbal-Kpnl fragment, 

subclone of XbaH (5), and the 1.7 kbp BglQ fragment (5). The complete nucleotide 

sequence (2890 bp) of 100% of both strands of the 23S rRNA gene was determined 

(Fig. 4-3). The intercistronic spacer region between the rrnA and rrtiB operons was 

cloned as a 1.36 kbp BamHI-Bglll subclone of Hind23, using as a source the 

recombinant plasmid pEZCl. This fragment (1361 bp) contains the 3'-end of the 5S 
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1 GGTTCAAATGAACAAGGGCTTATGCGGGATTGCTTGGCATTTAGAGTCGAAGAAGGGCGTAGAAATTAACGATATGCTTTAGGGAGCTAA 
91 AGACGAGCTTTAATCTAAAGATTCCCGATGGGGCAACCTATTACTTTAACATTACAATGAAATGGTATACAAATAATGTAGAGAACTTGG 

181 TGAACTGAAACATCTTAGTAGCCGAAGGAAAAGAAAGCAAAAGCGATTTTCTTATTAGTGGCGAGCTAACGGAAATCAGCCTAAACCTTT 
271 ATGGGTGTTGTGGGTATATTATAATTACTGAAAAAGATAGAGAATTTGTTGAAAACAAAATCAAAGAGGGTTTTAAATCCCGTATTTGTT 
361 TTTAAAAAGTAATTTTTGATTTTCCCGAGTAGCATAGAGCACGTGGAATTCTGTGTGAATCAGCGAGGACCATCTCGTAAGGCTAAATAC 
451 TCCTAAATGACCGATAGTGTACGAGTACCGTGAGGGAAAGCTGAAATAGAACACTGAGAAGTGAGTGAAATAGAATATGAAAGCATAAGT 
541 TTACAAGCAGTAGGAGATCTATTTAAAGATTGACTGTGTGCCTGTTGAAGAATGAGCCGGCGACTTATAGGTGATGGCAAGGTTAAGGTT 
631 TTTCCGGAGCCATAGCTGAAATCGAGCTTAAATAAAGCGAAAAACTTTCTTCTTGAAAGTTTATGTCATTGCTTATAGACCCGAACCCAG 
721 GTGATCTAATCATGGTCAGGTTGAAGTTTTGGTAAAACAGAATGGAGGACTGAACCCACCAATGTTGAAAAATTGGGGGATGAACTGTGA 
811 TTAGGGGAGAAATTCCATCGAACTTGGAGCTAGCTGGATCTCTTCGAAATGCGGTTGGAGGCGCAGCGTTTAATTATGGTAAACATTAGG 
901 GGTAAAGCACTGTTTCGATGCGGGCTATGAAAATGGTACCAAGTTGTGGCAAACTCTGAATACTAAGTTATATTTCAATTAATCAGTGAG 
991 ACAGTGGGGGATAAGCTTCATTGTCAAGAGGGAAACAGCCCAGATCACTACTTAAGGCCCCTAAATAATTACCTAAGTGGTAAACCATGT 

10B1 ACTATTACATAGACAACCAGGAGGTTGGCTTAGAAGCAGCCATTCCTTTAAAAAGTGCGTAATAGCTTACTGGTCAAGTGATAGTGCGCC 
1171 GAAAATGAACGGGACTAAGTAATTTGCCGAAGGTGTGAGAGAAATCGGTAGAAGAGCGTTCTGTGTTGAAGAGAAGGAATAGTGAAAATA 
1261 GTTCTGGATTAAACAGAAGTGAGAATGTCGGCTTAAGTAACGAAAACATTGGTGAAAATCCTATGCTCCGAAAACCTAAGGTTTCCTTAG 
1351 CCAGGTTCGTCCTCTAAGGGTTAGTCAGGTCCTAAAATAAGGTTTAACAACGTAAATTGATGGATGACAGGTTAATATTCCTGTACCGAA 
1441 TGCTCACTTGTAAGGAGTGACGAAAAAGGCTAGATCGGCCACGTGATGGTTTGTGGTTTAAGGGTTCAAGAGGTATCAAATATTAAAAAA 
1531 AATATTTTGTCTTAAGGCCTGAATAGTATAAATACTACGGTATTGAAAGTGATTGATGTCATGTTTCCAAGAAAAACTTTTGTTTATGTA 
1621 TAGTGAGCTCGCCTGTACCGTAAACTGACACAGGTAGGTTAGTAGAATATACTAAGGAGCGCGAGATAACTCTTTCTAAGGAACTCGGCA 
1711 AAATGACTTCGTAACTTCGGAAGAAGTACCTCTAATGAGGTGGCAGAAAAGAGGTCCAAGCGACTGCTTACCAAAAGCACAGGTCTCCGC 
1801 GAAGTTGAAAAACGATGTATGGGGGCCGAGGCCTGCTCAGTGCAGGAAGGTTAAAGAAATTGGTTAGCGTAAGCAAAGCTAGTGACTGAA 
1891 GCCCCTGTGAACAGCGGCAATAACTATAATTGTCCTAAGGTAGCGAAATTCCTTGTCGGGTAAGTTCCGACCCGCACGAAAGGCTTAACG 
1981 ATTTGGACACTGTCTCAGAAAGAGACTCGGTGAAATAGAATTGACTGTGAAGATGCGGTCTACTTGCACTTGGACAGAAAGACCCTATGA 
2071 AGCTTTACTGTATCCTGAAATTGGTTTCGGGCTTTTTTTGCGCAGAATAGGTGAGAGGCTATGATCTTGTCTTTTGGGATACGGGGAGCC 
2161 GAAAAATGAGATACCACTCTGAGAAAGCTAGAAATCTAATCTTAATCTTATGTACAATCATGATAATTGACAGTTTCAGGTGGGCAGTTT 
2251 TACTGGGGCGGTAGCCTCCTAAAAAGTAACGGAGGCGTACAAAGGTTTTCTCAGGCTAGACGGAAATTAGTTGTGGAGTGTAAAGGCATA 
2341 AGAAAGCTTGACTGTGAGACTTATAAGYCAAACAGAGACTAAAGTCGGTCTTAGTGACCCGACGGTGCTGTATGGAAAGGCCGTCGTAAA 
2431 CAGATAAAAGTTACTCTAGGGATAACAGGCTGATCTCCCCCAAGAGTTCACATCGACGGGGAGGTTTGGCACCTCGATGTCGGCTCATCG 
2521 CAACCTGGGGCGGTAGTACGTCCCAAGGGTTGGGCTGTTCGCCCATTAAAGCGGTACGTGAGCTGGGTTCAGAACGTCGAGAGACAGTTC 
2611 GGTCCATATCCGGTGTGAGCGTTAGAGTATTGAAAGGCGCTTTCCTTAGTACGAGAGGACCGGGAAGGACGCACCACTGATGTACCAGTT 
2701 TTTGTGCCAACAGAATACGCTGGGTAGTCAAGTGCGGAGTGGATAACTGCTGAAAGCATATAAGTAGGAAGCCCACCTTAAGATAAGTAC 
2791 TCTTCATAGGTCACGGTAAGACGAACCGTTTGATAGGTATTAGGTGTACAATTGGTAACAATTTTAGCCGAGATATACTAACCGACCGAA 
2881 AATTTTTTCC 

Figure 4-3. Nucleotide sequence of the Euglena gracilis chloroplast 23S rRNA gene. 
The 5'- and 3'- ends of the genes were assigned as in (13). From primer extension 
sequencing experiments (85), the 5'- end of the transcript corresponds to position 9 
of this sequence. 
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1 GGATCCACTTAAAACATTTCGAACTTGCAAGTTAAACATAAAGGGTAAATAGATACTTGAAAGGTTACTTTCCGGGAAAAGATTTTAGTG 

91 CCCTTATGGGAAGTTTAATTTATTTAATTGTCTCTTAGTGAGTTTATTTATTAATATTAACrCGATTTTCGAGTAATTTTTATGACTGCC 

181 GTTACGTTAGTGTTTTATTGCATGGATAAATGTATTGTGGTATAATTAAACCAAGGAATTTGTCAAACCACGTTTCCTTTAAGTTTGAAT 

271 TTTTTTTGGCCAAAACATGATGCTTCGGAAAAAATAAGACAATCTGTTTATAGAAATCAGTGAATTTCGTAATATTTTTCTTTTAAAATT 

361 TTAAACGATATGAATAATATCCTCGAGTGTTTGGAAAATGACTATGTTTCTTCGCTAATATAAAAGATTAATCACAAAATTCAAC/'AGAT 

451 AGGTTGAATCATAGTGAGAATATTAGGTAATCTTCTGATAAGAGTTTTATTTTGTTGTACATTATAGTTATTGCTACTTTGTATTTGGTT 

541 CTTTGTGTTATGTGTGTGCTTTTTAGTTGTAAATCTTTTGCTAGTAAGAAGCGTGTCGTTCATTGTCGATTTGGACGAATATTTATAAAA 

631 TGCTACAAGAGACCAAAATGTCTTTATACTTCTTATATTGCTGCTGAGTACCCTATATTTTGTGATATTGAAAAATATTAAGGTAAGGTT 

721 CCTAGACTTTCATACGTAAATGCTCATGCGCACAGTTTAGGTGTTATGCTTTTACCCCTGATCTTGTGAATTCTTTTCATTCACAAGAAA 

811 TAACTTAGCTTAATTCCTAGTGTAAATTTTTCCGTACTTTAACGTGTGGCTGGGACAATTTTTTTATTTTTAATTAAAATACCGTATAAA 

901 TTTTAAAAAATAAAAAAATCAAAAGGAAAATTTTTTATTTTTCAAAGATCACTATTATCTTTTATTATTATAGAATACCTTTGATAAGGG 

991 TAGGGTCGTGGATTGAATCCTTGTATTAGCCAAATATTTCTTTTCTTTAAAATCCTAAGGCGTAGGTCTCCAAAACCTGATGTAGTAGGT 

1081 TCGAATCCTACAAAGCGCGCTTTTAGTGTACACATTATAGTAAATGTGCCCCTTGCTTGGTCACCAAGAGGGTGAGAGGATTTGACCAAC 

1171 TTTGATGTTTTGGAAATGACGAGTTTGATCCTTGCTCAGGGTGAACGCTGGCGGTATGCTTAACACATGCAAGTTGAACGAAATTACTAG 

1261 CAATAGTAATTTAGTGGCGGACGGGTGAGTAATATGTAAGAATCTGCGCTTGGGCGAGGAATAACAGATGGAAACGTTTGCTAATGCCTC 

1351 ATAATTTACTA 

Figure 4-4. Nucleotide sequence of the miA-rniB spacer. The sequence includes 97 
bp of the 3'- end of the 5S rRNA gene and 181 bp of the 16S rRNA 5'- end. 
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rDNA from the rrnA operon, the intercistronic spacer region and the 5'-end of the 

16S rDNA from the miB operon (Fig. 4-4). Restriction maps and sequencing 

strategies for the 23S rDNA and the rrnA-rrnB intergenic spacers are shown in Figs. 

4-1, 4-2. 

The 5'- and 3'- ends of the Euglena gracilis 23S rRNA gene have been 

previously assigned, based in similarity with the E. coli large subunit ribosomal RNA 

gene and/or higher plant chloroplast gene sequences (22). The large subunit 

ribosomal RNA primary sequence appears to be highly conserved between 

prokaryotes and higher plant chloroplast. The Euglena gracilis chloroplast 23S rDNA 

nucleotide sequence has approximately 75% identity with the E. coli gene and a 

slightly higher similarity with the higher plant chloroplast large subunit ribosomal 

RNA genes counterparts. The nucleotide sequence alignment of the Euglena gracilis 

chloroplast 23S rRNA coding sequence with the E. coli, maize and tobacco 

chloroplast sequences is presented in Fig. 4-5 . The Euglena gracilis strain Z 

chloroplast 5S-16S intergenic spacer nucleotide sequence was aligned with the analog 

spacer from the miB-rrnC bacillaris strain. The two sequences differ in only 18 bases 

that are scattered throughout the 1083 bp fragment (Fig. 4-6). 

Northern analysis of rRNA transcripts 

Transcripts of 2.8, 1.4 and 0.1 kb were detected with the rRNA-specific 

probes. Probe A is a 23S rRNA specific probe (Fig. 4-7). It corresponds to 380 bp 

KpnI-Bglll fragment that maps to positions 555-935 of the gene. It detects a major 

transcript of 2.8 kb. Probe B is specific for the 16S rRNA and corresponds to a 570 
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EC GGTT-AAGCGACTAAGCGTACACGGTGGATGCCCTGGCAGTCAGAGGCGATGAAG-GACGTGCTAATCTGCGATAAGCGT 78 
ZM ct. GGTTCAAAAGAGGAAAGGCTTGCGGTGGATACCTAGGCACCCAGAGACGAGGAAGAGGCGTAGCAAGCGACGAAATGCTT 80 
NT ct. --TTCAAACGAGGAAAGGCTTACGGTGGATACCTAGGCACCCAGAGACGAGGAAG-GGCGTAGTAATCGACGAAATGCTT 77 
EG ct. GGTTCAAATGAACAAGGGCTTATGCGGGATTGCTTGGCATTTAGAGTCGAAGAAG-GGCGTAGAAATTAACGATATGCTT 79 

** ** ***** * **** * **** **** *** **** * *** ** *** * ** * 

EC CGGTAAGGTGATATGAACCGTTATAACCGGCGATTTCCGAATGGGGAAACCCAGTGTGTTTCGACACACTATCATTAACT 158 
ZM ct. CGGGGAGTTGAAAATAAGCATAG-ATCCGGAGATTCCCAAATAGGTCAACCTTTTGAACTGC C--TGC--CGAATC 151 
NT ct. CGGGGAGTTGAAAATAAGCATAG-ATCCGGAGATTCCCGAATAGGGCAACCTTTCGAACTGC TGC--TGAATC 147 
EG ct. TAGGGAGCTAAAGACGAGCTTTA-ATCTAAAGATTCCCGA-TGGGGCAACCTATTACTTTAA CATTACAATGAAAT 153 

* * * * *  * * *  * *  ** * *  * * * * * *  * * * *  *  *  * *  

EC GAATCCATAGGTTAATGAGGCGAACCGGGGGAACTGAAACATCTAAGT-ACCCCGAGGAAAAGAAATCAACCGAGATTCC 237 
ZM ct. CA-TGAGCAGGC-AAG--AGACAACCTGGCGAACTGAAACATCTTAGT-AGCCAGAGGAAAAGAAAGCAAAAGCGATTCC 226 
NT ct. CA-TGGGCAGGC-AAG--AGACAACCTGGCGAACTGAAACATCTTAGTGAGCCAGAGGAAAAGAAAGCAAAAGCGATTCC 223 
EG ct. GG-TATACAAAT-AATGTAGAGAACTTGGTGAACTGAAACATCTTAGT-AGCCGAAGGAAAAGAAAGCAAAAGCGATTTT 230 

***** *** ** ************** *** * ** *********** *** * **** 

EC CCCAGTAGCGGCGAGCGAACGGGGAGCAGCCCAGAGCCTGA-ATCAGTGT-GTGTGTTAGTGG---AAGCGTC 305 
ZM ct. CGTAGTAGCGGCGAGCGAAATGGGAGCAGCCTAAACCGTGAAAACGGGGTTGTGGGTGAGCAATACAAGCGTTGTGCTGC 306 
NT ct. CGTAGTAGCGGCGAGCGAAATGGGAGCAGCCTAAACCGTGAAAACGGG-TTGTGGGAGAGCAATACAAGCGTCGTGCTGC 302 
EG ct. CTTATTAGTGGCGAGCTAACGGAAATCAGCCTAAACCTTTATG--GGTGTTGTGGGTA--TATTATAATTACTGAAAAAG 306 

* * *** ******* ** * * ***** ***** * * *** * ** 

EC TGGAAAGGCGCGCGATACAGGGTGACAG-CCCCGTACACAAAAATG-CACATGCTGTGAGCTC-GAT 369 
ZM ct. TAGGCGAAG-CGGTTGAGTGCCGCACCCTAGATGGCTATAG-TCCAGTAGCCGATAGCATCAC-T-GCTTACGCTCTGAC 382 
NT ct. TAGGCGAAGACGCCCGAATGCTGCACCCTAGATGGCGAAAG-TCCAGTAGCCGAAAGCATCAC-TAGCTTATGCTCTGAC 380 
EG ct. ATAGAGAATTTG-TTGAAAACAAAATCAAAGAGGGTTTTAAATCCCGTATTTGTTTTTAAAAAGTAATTTTTGATTTT-C 384 

* *  * * * * * * *  * * *  *  *  *  *  *  

EC --GAGTAGGGCGGGACACGTGGTATCCTGTCTGAATATGGGGGGACCATCCTCCAAGGCTAAATACTCCTGACTGACCGA 447 
ZM ct. CCGAGTAGCATGGGGCACGTGGAATCCCGTGTGAATCAGCAAGGACCACCTTGCAAGGCTAAATACTCCTGGGTGACCGA 462 
NT ct. CCGAGTAGCATGGGGCACGTGGAATCCCGTGTGAATCGACAAGGACCACCTTGCAAGGCTAAATACTCCTGGGTGACCGA 460 
EG ct. CCGAGTAGCATAGAGCACGTGGAATTCTGTGTGAATCAGCGAGGACCATCTCGTAAGGCTAAATACTCCTAAATGACCGA 464 

****** * ******* ** * ** ***** ****** * **************** ******* 

EC TAGTGAACCAGTACCGTGAGGGAAAGGCGAAA-AGAACCCCGGCGAGGGGAGTGAAAAAGAACCTGAAACCGTGT---AC 523 
ZM ct. TAGCGAAGTAGTACCGTGAGGGAAAGGTGAAA-AGAACCCCCA-GTGGGTAGTGAAATAGAACGTGAAACCGTGCTGAGC 540 
NT ct. TAGCGAAGTAGTACCGTGAGGGAAGGGTGAAA-AGAACCCC-A-TCGGGGAGTGAAATAGAACATGAAACCGTA---AGC 534 
EG ct. TAGTGTACGAGTACCGTGAGGGAAAGCTGAAATAGAACACTGA-GAAGTGAGTGAAATAGAATATGAAAGCATA—AGT 540 

*** * * *************** * **** ***** * * ******* **** ***** * * 

EC GTACAAGCAGTGGGAGCACGCTTAGGCGTGTGACTGCGTACCTTTTGTATAATGGGTCAGCGACTTATATTCTGTAGCAA 603 
ZM ct. TCCCAAGCAGTGGGAGGGGAAAGTGATCTCTGACCGCGTGCCTGTTGAAGAATGAGCCGGCGACTCATAGGCAGTGGCTT 620 
NT ct. TCCCAAGCAGTGGGAGGCCAGGG CTCTGACCGCGTGCCTGTTGAAGAATGAGCCGGCGACTCATAGGCAGTGGCTT 610 
EG ct. TTACAAGCAGTAGGAGATCTATTTAAAGATTGACTGTGTGCCTGTTGAAGAATGAGCCGGCGACTTATAGGTGATGGCAA 620 

******** **** **** * ** *** *** * **** * * ****** *** * ** 

EC GGTTAA CCGAA TAGG-GGAGCCGA AGGGAAACCGAG TCTTAACTGGGCGTTAA-GTTGCA 661 
ZM ct. GGTTAAGGGAAT---GGAACC-CA-CCGGAGCCG TAGCGAAAGCGAG TCTTCAT-AGGGCGATTGTCACT 684 
NT ct. GGTTAAGGGAA CC-CA-CCGGAGCCG TAGCGAAAGCGAG TCTTCAT-AGGGCAATTGTCACT 669 
EG ct. GGTTAAGGTTTTTCCGGAGCCATAGCTGAAATCGAGCTTAAATAAAGCGAAAAACTTTCTTCTTGAAAGTTTATGTCATT 700 

****** * * * ** * *** *** * * * ** 

EC GGGTATAGACCCGAAACCCGGTGATCTAGCCATGGGCAGGTTGAAGGTTGGGTAACACTAACTGGAGGACCGAACCGACT 741 
ZM ct. GCTTATGGACCCGAACCTGGGTGATCTATCCATGACCAGGATGAAGCTTGGATGAAACTAAGCAGAGGTCCGAACCGACT 764 
NT ct. GCTTATGGACCCGAACCTGGGTGATCTATCCATGACCAGGATGAAGCTTGGGTGAAACTAAGTGGAGGTCCGAACCGACT 749 
EG ct. GCTTATAGACCCGAACCCAGGTGATCTAATCATGGTCAGGTTGAAGTTTTGGTAAAACAGAATGGAGGACTGAACCCACC 780 

* *** ******** * ********* **** **** ***** ** * * * ** * **** * ***** ** 

EC AATGTTGAAAAATTAGCGGATGACTTGTGGCTGGGGGTGAAAGGCCAATCAAACCGGGAGATAGCTGGTTCTCCCCGAAA 821 
ZM ct. GATGTTGAAGAATCAGCGGATGAGTTGTGGTTAGGGGTGAAATGCCACTCGAACCCAGAGCTAGCTGGTTCTCCCCGAAA 844 
NT ct. GATGTTGAAGAATCAGCGGATGAGTTGTGGTTAGGGGTGAAATGCCACTCGAACCCAGAGCTAGCTGGTTCTCCCCGAAA 829 
EG ct. AATGTTGAAAAATTGGGGGATGAACTGTGATTAGGGGAGAAATTCCA-TCGAACTTGGAGCTAGCTGGATCTCTTCGAAA 859 

******** *** * ****** **** * **** **** *** ** *** *** ******* **** ***** 



EC GCTftTTTftG GTAGCGCCTCGTGAATTCAT-CTCCGGGGGTAGAGCACTGTTTCGGCAAGGGGGTCATCCCGACT-T 895 
ZM ct. TGCG-TTG-AGGCGCAGCAGTTGACTG-GACAT—CTAGGGGTAAAGCACTGTTTCGGT--GCGG-CTGCGCGAGCGGT 915 
NT Ct. TGCG-TTG-AGGCGCAGCAGTTGACTG-GACAT—CTAGGGGTAAAGCACTGTTTCGGT--GCGGGCCGCGAGAGCGGT 901 
EG Ct. TGCGGTTGGAGGCGCAGCGTTTAATTATGGTAAACATTAGGGGTAAAGCACTGTTTCGAT--GCGGGCTATGAAAATGGT 937 

ft* * * * ****** ************ * ** * 

EC ACCAACCCGATGCAAACTGCGAATACCGG AGAATGTTA TCACGGGAGAC ACACGGCGGGTG 956 
ZM ct. ACCAAATCGAGGCAAACTCTGAATACTAGATATGACCCAAAAATAACAGGGGTCAAGGTCGGCCAGTGAGACGATGGGGG 995 
NT Ct. ACCAAATCGAGGCAAACTCTGAATACTAGATATGACCTCAAAATAACAGGGGTCAAGGTCGGCTAGTGAGACGATGGGGG 981 
EG Ct. ACCAAGTTGTGGCAAACTCTGAATACTAAGTT ATATT TCAA--TTAATCAGTGAGACAGTGGGGG 1000 

***** * ******* ****** ** *** * ** *** * 

EC CT AACGT CCGT CGTGAAGAGGGAAACAACCCAGACCGCCAGCTAAGGTCCCAAAGT CATGG-TTAAGTGGGAAACGATGT 1035 
ZM ct. ATAAGCTTCATCGTCGAGAGGGAAACAGCCCGGATCACCAGCTAAGGCCCCTTAATGACCGCTCA-GTGATAAAGGAGGT 1074 
NT ct. ATAAGCTTCATCGTCGAGAGGGAAACAGCCCGGATCACCAGCTAAGGCCCCTAAATGATCGCTCA-GTGATAAAGGAGGT 1060 
EG Ct. ATAAGCTTCATTGTCAAGAGGGAAACAGCCCAGATCACTACTTAAGGCCCCTAAATAATTACCTAAGTGGTAAACCATGT 1080 

*** ***** *********** *** ***** ***** *** * * * * *** *** * ** 

EC GGGAAGGCCCAGACAGCCAGGATGTTGGCTTAGAAGCAGCCA-TCATTTAAAGAAAGCGTAATAGCTCACTGGTCGAGTC 1114 
ZM ct. GGGGGTGCAAAGACAGCCATGAGGTTTGCCTAGAAGCAGCCAC-CCTTTAAAGAGTGCGTAATAGCTCACTGACTG-GCG 1152 
NT ct. AGGGGTGCAGAGACAGCCAGGAGGTTTGCCTAGAAGCAGCCAC-CCTTGAAAGAGTGCGTAATAGCTCACTGATCGAGCG 1139 
EG Ct. ACTATTACATAGACAACCAGGAGGTTGGCTTAGAAGCAGCCATTCCTTTAAAAAGTGCGTAATAGCTTACTGGTCAAGTG 1160 

* ***** *** ** *** ** ************ * ** *** * *&********* **** * 

EC GGCCTGCGCGGAAGATGTAACGGGGCTAAACCATGCACCGAAGCTGCGGCAGCGACGCTTATGCGTTGTTGGGTAGGGGA 1194 
ZM ct. CCCTTGCGCTGAAGATG-AACGGGGCTAAGCGATCTGCCGAAGCTGTGG GATGTCAAAATGC-ATCGG-TAGGGGA 1225 
NT ct. CTCTTGCGCCGAAGATG-AACGGGGCTAAGCGATCTGCCGAAGCTGTGG GATGTAAAAATAC-ATCGG-TAGGGGA 1212 
EG ct. ATAGTGCGCCGAAAATG-AACGGGACTAAGTAATTTGCCGAAGGTGTGA GA GAA ATCGG-TAGAAGA 1225 

***** *** *** ****** **** ** ****** ** * ** * * ** *** ** 

EC GCGTTCTGTAAGCCTGCGAAGGTGTGCTGTGAGGCATGCTGGAGGTATCAGAAGTGCGAATGCTGACATAAGTAACGATA 1274 
ZM ct. GCGTTCCGCCTTAGAGGGAAGCAAACGCGAAAGCGGGGGTCGACGAAGCGGAAGCGAGAATGTCGGCTTGAGTAACGAAA 1305 
NT ct. GCGTTCCGCCTTAGAGAGAAGCCTCCGCGCGAGCGGTGGTGGACGAAGCGGAAGCGAGAATGTCGGCTTGAGTAACGCAA 1292 
EG Ct. GCGTTCTGTGTTGAAGAGAAGGAATAGTGAAAATAGTTCTGGATTAAACAGAAGTGAGAATGTCGGCTTAAGTAACGAAA 1305 

****** * * **** * * ***** **** * ***** * * * ******* * 

EC AAGCGGGTGAAAAGCCCGCTCGCCGGAAGACCAAGGGTTCCTGTCCAACGTTAATCGGGGCAGGGTGAGTCGACCCCTAA 1354 
ZM ct. ACATTGGTGAGAATCCAATGCCCCGAAAACCCAAGGTTTCCTCCGCAAGGTTCGTCCACGGAGGGTGAGTCAGGGCCTAA 1385 
NT ct. ACATTGGTGAGAATCCAATGCCCCGAAAACCTAAGGGTTCCTCCGCAAGGTTCGTCCACGGAGGGTGAGTCAGGGCCTAA 1372 
EG ct. ACATTGGTGAAAATCCTATGCTCCGAAAACCTAAGGTTTCCTTAGCCAGGTTCGTCCTCTAAGGGTTAGTCAGGTCCTAA 1385 

* ***** ** ** * *** ** * *i.a* ***** * * *** ** ***** **** ***** 

EC GGCGAGGCCGAAAGGCGTA-GTCGATGGGAAACAGGTTAATATTCCTGTACTTGGTG-TTACTGCGAAGGGGGGACGGAG 1432 
ZM Ct. GATCAGGCCGAAAGGC-TAAGTCGATGGACAACAGGTCAATATTCCTGTACTACCC-CTTGTTGGTACGGAGGGACGGAG 1463 
NT Ct. GATCAGGCCGAAAGGC-TA-GTCGATGGACAACAGGTGAATATTCCTGTACTGCCC-CTTGTTGGTCCCGAGGGACGGAG 1449 
EG Ct. AATAAGGTTTAACAACGTAAATTGATGGATGACAGGTTAATATTCCTGTACCGAATGCTCACTTGTAAGGAGTGACGAAA 1465 

*** ** * ** * ***** ****** ************* * * * * **** * 

EC AAGGCTATGTTGGCCGGGCGACGGTTGTCCCGGTTTAAGCGTGTAGG CTGGTTTTCCAGG 1492 
ZM Ct. GAGGCTAGGTTAGCCGAAAGATGGTTAT--AGGTTTAAGGACACAAGGTGACCCTGCTTTTTCAGGGTAAGAAGGGGTAG 1541 
NT ct. GAGGCTAGGTTAGCCGAAAGATGGTTAT--CGGTTCAAGAACGTAAGGTGTCCCTGCTTTGTCAGGGTAAGAAGGGGTAG 1527 
EG ct. AAGGCTAGATCGGCCACGTGATGGTTTG--TGGTTTAAGGGTTCAAGA GGTATCAAATATTAA 1526 

****** * *** ** **** **** *** * * * 

EC CAAATCCGGAAAATCAAG-GCTGAGGCGTGA TG 1524 
ZM ct. AGAAAATGCCTCGAGCCGAGGTCCGAGTACCAAGCGCTGCAGCGCGAAAGTATGAGCCCCGTGGACTAGCCATTGCTTCT 1621 
NT ct. AGAAAATGCCTCGAGCCAATGTTCGA - 1553 
EG ct. AAAAAATATTTTGTCTTAAGGCCTGAATA GTATAA 1561 

* ** 

EC - -ACGAGGC ACTACGGTGCTGAA- - -GCAACAAATGCCCTGCTTCCAGGAAAAGCCTCTAAG-CATCAG 1587 
ZM ct. CCACGAGGCTCATACCAGGCGCTACGGCGCGAAGTATGTAACCCATGCCATACTCCCAGGAAAAGCTCGAACGACCTTCA 1701 
NT ct. ATACCAGGCGCTACGGC-CGGAA—GTAACCCATGCCATACTCCCAGGAAAAGCTCGAACGACTTTGA 1618 
EG ct. AT AC TACGGTATTGA--AAGTGATTGATGTCATGTTTCCAAGAAAAACTT--TTGTTTATGT 1619 

***** * * * *** * * * *** ***** * * 



EC GTAAC-ATCAAATC-GTACCCCAAACCGACACAGGTGGTCAGGTAGAGAATACCAAGGCGCTTGAGAGAACTCGGGTGAA 1665 
ZM Ct. ACAA-AAGGGTACCTGTACCCGAAACCGACACAGGTGGGTAGGTAGAGAATACCTAGGGGCGCGAGACAACTCTCTCTAA 1780 
NT ct. GCAA-GAGGGTACCTGTACCCGAAACCGACACAGGTGGGTAGGTAGAGAATACCTAGGGGCGCGAGACAACTCTCTCTAA 1697 
EG Ct. ATAGTGAGCTCGCCTGTACCGTAAACTGACACAGGTAGGTTAGTAGAATATACTAAGGAGCGCGAGATAACTCTTTCTAA 1699 

* * * ***** **** ********* * ***** **** *** ** **** ***** ** 

EC GGAACTAGGCAAAATGGTGCCGTAACTTCGGGAGAAGGCACGCTGATATGTAGGTGAGGTCCCTCGCGGATGGAGCTGAA 1745 
ZM ct. GGAACTCGGCAAAATAGCCCCGTAACTTCGGGAGAAGGGGTGCC CCCTCGCAAAAGGGG 1839 
NT ct. GGAACT CGGCAAAAT AGCCCCGTAACTTCGGGAGAAGGGGT GCC TCCTCACAAA-GGGG 1755 
EG ct. GGAACTCGGCAAAATGACTTCGTAACTTCGGAAGAAG---TACC 

****** ******** *********** ***** * 
TCT AATGAG 
* * * * 

1749 

EC AT CAGT CGAAGATACCAGCT GGCTGCftACTGTTTATTAAAAACACAGCACT GT GCAAACACGAAAGTGGACGT ATACGGT 1825 
ZH Ct. GTCGCAGTGACCAGGCCCGGGCGACTGTATACCAAAAACACAGGTCTCCGCAAAGTCGTAAGACCATGTATGGGGG 1915 
NT Ct. GTCGCAGTGACCAGGCCCGGGCGACTGTTTACCAAAAACACAGGTCTCCGCAAAGTCGTAAGACCATGTATGGGG- 1830 
EG ct. GTGGCAGAAAAGAGGTCCAAGCGACTGCTTACCAAAAGCACAGGTCTCCGCGAAGTTGAAAAACGATGTATGGGGG 1825 

** * ** * ** ** **** ** **** ***** ** ** ** * ** * **** ** 

EC GTGACGCCTGCCCGGTGCCGGAAGGTTAATTGA--TGGGG--TTAGCGCAAGCGAAGCTCTTGATCGAAGCCCCGGTAAA 1901 
ZM ct. CTGACGCCTGCCCAGTGCCGGAAGGTCAAGGAAGTTGGTGAACTGATGACAGGGAAGCCGGCGACCGAAGCCCCGGTGAA 1995 
NT ct. CTGACGCCTGCCCAGTGCCGGAAGGTCAAGGAAGTTGGTGACCTGATGACAGGGGAGCCGGCGACCGAAGCCCCGGTGAA 1910 
EG ct. CCGAGGCCTGCTCAGTGCAGGAAGGTTAAAGAAATTGGT TAGCGTAAGCAAAGCTAGTGACTGAAGCCCCTGTGAA 1901 

** ****** * **** ******* ** * *** * * ** *** ** ******** ** ** 

EC CGGCGGCCGTAACTATAACGGTCCTAAGGTAGCGAAATTCCTTGTCGGGTAAGTTCCGACCTGCACGAATGGCGTAATGA 1981 
ZM Ct. CGGCGGCCGTAACTATAACGGTCCTAAGGTAGCGAAATTCCTTGTCGGGTAAGTTCCGACCCGCACGAAAGGCGTAACGA 2075 
NT ct. CGGCGGCCGTAACTATAACGGTCCTAAGGTAGCGAAATTCCTTGTCGGGTAAGTTCCGACCCGCACGAAAGGCGTAACGA 1990 
EG Ct. CAGCGGCAATAACTATAATTGTCCTAAGGTAGCGAAATTCCTTGTCGGGTAAGTTCCGACCCGCACGAAAGGCTTAACGA 1981 

* ***** ********* ***************************************** ******* *** *** ** 

EC TGGCCAGGCTGTCTCCACCCGAGACTCAGTGAAATTGAACTCGCTGTGAAGATGCAGTGTACCCGCGGCAAGACGGAAAG 2061 
ZM ct. TCTGGGCACTGTCTCGGAGAGAGGCTCGGTGAAATAGACATGTCTGTGAAGATGCGGACTACCTGCACCTGGACAGAAAG 2155 
NT Ct. TCTGGGCACTGTCTCGGAGAGAGGCTCGGTGAAATAGACATGTCTGTGAAGATGCGGACTACCTGCACCTAGACAGAAAG 2070 
EG ct. TTTGGACACTGTCTCAGAAAGAGACTCGGTGAAATAGAATTGACTGTGAAGATGCGGTCTACTTGCACTTGGACAGAAAG 2061 

* ******* *** *********** ** * ************ * *** ** *** ***** 

EC ACCCCGTGAACCTTTACTATAGCTTGACACTGAACATTGAGCCTTGATGTGTAGGATAGGTGGGAGGCTTTGAAGTGTGG 2141 
ZM Ct. ACCCTATGAAGCTTTACTGTTCCCTGGGATTGGCTTTGGGCTTTTCCTGCGCAGCTTAGGTGGAAGGCGAAGAAGGCCCC 2235 
NT ct. ACCCTATGAAGCTTCACTGTTCCCTGGGATTGGCTTTGGGCCTTTCCTGCGCAGCTTAGGTGGAAGGCGAAGAAGGCCTC 2150 
EG ct. ACCCTATGAAGCTTTACTGTATCCTGAAATTGGTTTCGGGCTTTTTTTGCGCAGAATAGGTGAGAGGCTATGATC-TTGT 2140 

**** **** *** *** ******* * ******* ****** **** ** 

EC ACGCCAGTCTGCATGGAGCCGACCT-TGAAATACCACCCTTTAAT-GTTTGATGTTCTAACGTTGACCC---GTA-ATCC 2215 
ZM ct. CTTCCGGGGGGGCC-GAGCC-ATCAGTGAGATACCACTCTGGAAGAGCTCAGGATTCTAACCTTG-TGTCAG--ACCCGC 2310 
NT ct. CTTCCGGGGGGGCCCGAGCC-ATCAGTGAGATACCACTCTGGAAGGGCT-AGAATTCTAACCTTG-TGTCAGG-ACCTAC 2226 
EG ct. CTTTTGGGATACGGGGAGCCGAAAAATGAGATACCACTCTGAGAAAGCT-AGAAATCTAATCTTAATCTTATGTACAATC 2219 

* ***** * *** ******* ** * * * ***** ** * * 

EC GGGTTG-CGGACAGTGTCTGGTGGGTAGTTTGACTGGGGCGGTCTCCTCCTAAAGAGTAACGGAGGAGCACGAAGGTTGG 2294 
ZM ct. GGGCCAAGGGACAGTCTCAGGTAGACAGTTTCTATGGGGCGTAGGCCTCCCAAAAGGTAACGGAGGCGTGCAAAGGTTTC 2390 
NT ct. GGGCCAAGGGACAGTCTCAGGTAGACAGTTTCTATGGGGCGTAGGCCTCCCAAAAGGTAACGGAGGCGTGCAAAGGTTTC 2306 
EG ct. ATGATAATTGACAGTTTCAGGTGGGCAGTTTTACTGGGGCGGTAGCCTCCTAAAAAGTAACGGAGGCGTACAAAGGTTTT 2299 

* ****** ** *** * ***** ******* ***** *** ********** * * ****** 

EC CTAATCCTGGTCGGACATCAGGAGGTTAGTGCAATGGCATAAGCCAGCTTGACTGCGAGCGTGACGGCGCGAGCAGGTGC 2374 
ZM Ct. CTCGGGCCAGACGGACATTGGTCCTCGAGTGCAAAGGCAGAAGGGAGCTTGACTGCAAGACTCACCCGTCGAGCAGAGAC 2470 
NT ct. CTCGGGCCGGACGGAGATTGGCCCTCGAGTGCAAAGGCAGAAGGGAGCTTGACTGCAAGACCCACCCGTCGAGCAGGGAC 2836 
EG ct. CTCAGGCTAGACGGAAATTAGTTGTGGAGTGTAAAGGCATAAGAAAGCTTGACTGTGAGACTTATAAGTCAAACAGAGAC 2379 

** * * **** ** * **** ** **** *** ********** ** * * * *** * 

EC GAAAGCAGGTCATAGTGATCCGGTGGTTCTGAATGGAAGGGCCATCGCTCAACGGATAAAAGGTACTCCGGGGATAACAG 2454 
ZM ct. GAAAGTCGGCCTTAGTGATCCGACGGTGCCGAGTGGAAGGGCCGTCGCTCAACGGATAAAAGTTACTCTAGGGATAACAG 2550 
NT ct. GAAAGTCGGCCTTAGTGATCCGACGGTGCCGAGTGGAAGGGCCGTCGCTCAACGGATAAAAGTTACTCTAGGGATAACAG 2466 
EG ct. TAAAGTCGGTCTTAGTGACCCGACGGTGCTGTATGGAAAGGCCGTCG-TAAACAGATAAAAGTTACTCTAGGGATAACAG 2458 

**** ** * ****** *** *** * * ***** **** *«* * *** ******** ***** ********** 



95 

EC GCTGATACCGCCCAAGAGTTCATATCGACGGCGGTGTTTGGCACCTCGATGTCGGCTCATCACATCCTGGGGCTGAAGTA 2534 
ZM ct. GCTGATCTTCCCCAAGAGTCCACATCGACGGGAAGGTTTGGCACCTCGATGTCGGCTCTTCGCCACCTGGAGCTGTAGGT 2630 
NT Ct. GCTGATCTTCCCCAAGAGCTCACATCGACGGGAAGGTTTGGCACCTCGATGTCGGCTCTTCGCCACCTGGGGCTGTAGTA 2546 
EG Ct. GCTGATCTCCCCCAAGAGTTCACATCGACGGGGAGGTTTGGCACCTCGATGTCGGCTCATCGCAACCTGGGGCGGTAGTA 2538 

****** ******** ** ******** *********************** ** * ***** ** * ** 

EC GGTCCCAAGGGTATGGCTGTTCGCCATTTAAAGTGGTACGCGAGCTGGGTTTAGAACGTCGTGAGACAGTTCGGTCCCTA 2615 
ZM ct. GGTTCCAAGGGTTGGGCTGTTCGCCCATTAATGCGGTACGTGAGCTGGGTTCAGAACGTCGTGAGAC-GTTCGGTCCATA 2709 
NT ct. TGTTCCAAGGGTTGGGCTGTTCGCCCATTAAAGCGGTACGTGAGCTGGGTTCAGAACGTCGTGAGACAGTTCGGTCCATA 2626 
EG Ct. CGTCCCAAGGGTTGGGCTGTTCGCCCATTAAAGCGGTACGTGAGCTGGGTTCAGAACGTCGAGAGACAGTTCGGTCCATA 2618 

** ******** *********** **** * ****** ********** ********* ***** ********* ** 

EC TCTGCCGTGGGCGCTGGAGAACTGAGGGGGGCTGCTCCTAGTACGAGAGGACCGGAGTGGACGCATCACTGGTGTTCGGG 2694 
ZM ct. TCCGGTGTGGGCGTTAGAGCATTGAGAGGACCTTTCACTAGTACGAGAGGACCGGGAAGGACGCACCTCTGGTGTACCAG 2789 
NT ct. TCCGGTGTGGGCGTTAGAGCATTGAGAGGACCTTTCCCTAGTACGAGAGGACCGGGAAGGACGCACCTCTGGTTGACCAG 2706 
EG ct. TCCGGTGTGAGCGTT AGAGTATTGAAAGGCGCTTTCCTTAGTACGAGAGGACCGGGAAGGACGCACCACTGATGTACCAG 2698 

** * *** *** * *** * *** ** ** ***************** ******* * *** * * * 

EC TTGTCATGCCAATGGCAC-TGCCCGGTAGCTAAATGCGGAAGAGATAAGTGCTGAAAGCATCTAAGCACGAAACTTGCCC 2773 
ZM ct. TTATCGTGCCTACGGTAAACGCTGGGTAGCCAAGTGTGGAGAGGATAACTGCCGAAAGCATATAAGTAGTAAGCCCACCC 2869 
NT Ct. TTATCGTGCCCACGGTAAACGCTGGGTAGCCAAGTGCGGAGCGGATAACTGCTGAAAGCATCTAAGTAGTAAGCCCACCC 2786 
EG Ct. TTTTTGTGCCAACAGAATACGCTGGGTAGTCAAGTGCGGAGTGGATAACTGCTGAAAGCATATAAGTAGGAAGCCCACCT 2778 

** * **** * * * ** ***** ** ** *** ***** *** ******** **** * ** * ** 

EC CGAGATGAGTTCTCCCTGACCCTTTAAGGGTCCTGAAGGAACGTTGAAGACGACGACGTTGATAGGCCGGGTGTGTAAGC 2853 
ZM Ct. CAAGATGAGT GCTCTCT 2886 
NT ct. CAAGATGAGT GCTCTCCT 2804 
EG ct. TAAGATAAGT ACTCTTCATAGGTC ACGGT-AAGACGAACCGTTTGATAGGTATTAGGTGTACAA 2841 

**** *** * ** 

EC GCAGCGATGCGTTGAGCTAACCGGTACTAATGAACCGTGAGGCTTAACCTT 2904 
ZM ct. 2886 
NT ct. 2804 
EG ct. TTGGTAACAATTTTAGCCGAGATATACTAACCGACCGAAAATTTT--TTCC 2890 

Figure 4-5. Alignment of the large subunit ribosomal RNAs from E. coli (EC), and 
the chloroplast homologues from maize (ZM), tobacco (NT) and Euglena gracilis 
(EG). Identical bases are marked with asterisks (*). Underlined regions denote 
inverted repeat domains that are depicted as stem-loop structures in figures 4-10 and 
4-11. 
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strain Z GGGAAGTTTAATTTATTTAATTGTCTCTTAGTGAGTTTATTTATTAATATTAACTCGATTTTCGAGTAATTTTTATGACT 80 
baci I laris GGGA-GTTTAATTTATTTAATTGTCTCTTAGTGAATTTATTTATTAATATTAACTCGATTTTCGAGTAATTTTTATGACT 79 

**** ***************************** ********************************************* 

strain Z 
bacillaris 

GCCGTTACGTTAGTGTTTTATTGCATGGATAAATGTATTGTGGTATAATTAAACCAAGGAATTTGTCAAACCACGTTTCC 
ACCGTTACGTTAGTGTTTTATTGCATGGATAAATGTATTGTGGTATAATTAAACCAAGGAATTTGTCAAACCACGTTTCC 

160 
159 

strain Z TTTAAGTTTGAATTTTTTTTGGCCAAAACATGATGCTTCGGAAAAAATAAGACAATCTGTTTATAGAAATCAGTGAATTT 240 
baci I laris TTTAAGTTTGAATTTTTTTTGGCCAAAACATGATGCTTCGGAAAAAATAAGCCAATCTGTTTATAGAAATCAGTGGATTT 239 

*********************ft*r**************************** *********************** **** 

strain Z CGTAATATTTTTCTTTTAAAATTTTAAACGATATGAATAATATCCTCGAGTGTTTGGAAAATGACTATGTTTCTTCGCTA 320 
bacil laris  TGGAATATTTTTCTTTTAAAATTTTAAAGGATATGAATAATATCCTCGAGTCTTTGGAAAATGATTATGTTTCTTCGCTA 319 

* ************************* ********************** ************ *************** 

strain Z ATATAAAAGATTAATCACAAAATTCAACAAGATAGGTTGAATCATAGTGAGAATATTAGGTAATCTTCTGATAAGAGTTT 400 
baciIlaris  CTATAAAAGATTAATCACAAAATTCAACAAGATAGGTTGAATCATAGTGAGAATATTATGTAGTCTTCTGATAAGAGTTT 399 

********************************************************* *** ***************** 

Strain Z TATTTTGTTGTACATTATAGTTATTGCTACTTTGTATTTGGTTCTTTGTGTTATGTGTGTGCTTTTTAGTTGTAAATCTT 480 
baci  I  lar is  TATTTTGTTGTACATTATAGTTATTGCTACTTTGTATTTGGTTCTTTGTGTTATGTGTGAGCTTTTTAATTGTAAATCTT 479 

Strain Z TTGCTAGTAAGAAGCGTGTCGTTCATTGTCGATTTGGACGAATATTTATAAAATGCTACAAGAGACCAAAATGTCTTTAT 560 
baciIlaris  TTGCTAGTAAGAAGCGTGTCGTTCATTGTCGATTTGGACGAATATTTATAAAATGCTACAAGAGACCAAAATGTCTTTAT 559 

******************************************************************************** 

strain Z ACTTCTTATATTGCTGCTGAGTACCCTATATTTTGTGATATTGAAAAATATTAAGGTAAGGTTCCTAGACTTTCATACGT 640 
baciIlaris  ACTTCTTATATTGCTGCTGAGTACCCTATATTTTGTGATATTGAAAAATATTAAGGTAAGGTTCCTAGACTTTCATACGT 639 

******************************************************************************** 

strain Z AAATGCTCATGCGCACAGTTTAGGTGTTATGCTTTTACCCCTGATCTTGTGAATTCTTTTCATTCACAAGAAATAACTTA 720 
baciIlaris  AAATGCTCATGCGCACAGTTTAGGTGTTATGCTTTTATCCCTGATCTTGTGAATTCTTTTCATTCACAAGAAATAACTTA 719 

Strain Z GCTTAATTCCTAGTGTAAATTTTTCCGTACTTTAACGTGTGGCTGGGACAATTTTTTTATTTTTAATTAAAATACCGTAT 800 
baciIlaris  GCTTAATTCCTAGTGTAAATTTTTCCGTACTTTAACGTGTGGCTGGGACAATTTTTTTATTTTTAATTAAAATACCGTAT 799 

******************************************************************************** 

strain Z AAATTTTAAAAAATAAAAAAATCAAAAGGAAAATTTTTTATTTTTCAAAGATCACTATTATCTTTTATTATTATAGAATA 880 
baci  I  lar is  AAATTTTAAAAAATAAAAAAATCAAAAGGAAAATTTTTTATTTTTCAAAGATCACTATTATCTTTTATTATTATAGAATA 879 

******************************************************************************** 

strain Z CCTTTGATAAGGGTAGGGTCGTGGATTGAATCCTTGTATTAGCCAAATATTTCTTTTCTTTAAAATCCTAAGGCGTAGGT 960 
bacil laris  CCTTTGATAAGGGTAGGGTCGTGGATTGAATCCTTGTATTAGCCAAATATTTCTTTTCTTTAAAATTTTAAGGCGTAGGT 959 

****************************************************************** ************ 

strain Z CTCCAAAACCTGATGTAGTAGGTTCGAATCCTACAAAGCGCGCTTTTAGTGTACACATTATAGTAAATGTGCCCCTTGCT 1040 
baciIlaris  CTCCAAAACCTGATGTAGTAGGTTCGAATCCTACAAAGCGCGCTTTTAGTGTACGCATTATAGTAAATGTGCCCCTTGCT 1039 

Strain Z TGGTCACCAAGAGGGTGAGAGGATTTGACCAACTTTGATGTTT 1083 
bacil laris  TGGTCACCAAGAGGGTGAGAGGATTTGACCAACTTTGATGTTT 1082 

******************************************* 

Figure 4-6. Comparison of the DNA spacer sequence between the ribosomal RNA 
repeats from Euglena gracilis bacillaris and strain Z. Asterisks (*) denote identical 
bases. 
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bp Bglll-EcoRI fragment that contains 402 bp of the leader sequence and 185 bp 

of the coding region (Fig. 4-7). A major transcript of 1.4 kb was detected with this 

probe. Probe C is a 1.36 kb fragment that contains 97 bp of the 5S rRNA, 1083 bp 

of the interoperon spacer and 185 bp of the 5'-end of the 16S rRNA gene. Transcripts 

of 1.4 and 0.1 kb were detected with this probe (Fig. 4-7). A transcript of 

approximately 4.7 kb was clearly detected with the 23S rRNA-specific probe in 

prolonged exposures of the X-ray film, and faintly detected with the 16S-spacer-5S 

or 16S-specific probes. This size is very close to a predicted RNA precursor transcript 

containing 16S-23S transcript (4.8 kb). Probes B and C span the region containing 

two pseudogenes tRNAs, ptrnW and ptrnl. No signals were detected corresponding 

to a mature tRNA message with either of the probes. 

SI nuclease mapping and transcription initiation site 

The nucleotide sequence of the 5S rRNA genes from the rniA and miB 

operons are identical (22), however, the 5S rRNA gene from rrtiC differs in five bases 

that occur within a 32 bp region near the 3'-end of the gene (32). In addition, the 

nucleotide sequences 3'- distal to the rrnA/B and rrnC 5S rDNA are completely 

divergent (22). I wanted to examine if the sequence divergences were responsible for 

differences in termination and/or maturation of the rRNA transcripts. Two different 

32P-antisense RNA probes were used for SI nuclease mapping of the 3'-ends. Probe 

A is mt^/S-specific, probe B is rrnC-specific (Fig. 4-8). Both probes contain 97 bp 

of the 55 rRNA and a long downstream sequence of 600-700 nt. The length of the 3'-

end SI nuclease protected resulting fragment is identical with both probes, 95-97 nt 
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(Fig. 4-8). This size maps very near the 3'-end of the 5S rRNA (1-2 nt). Interestingly, 

the last two bases of the genes are AT, thus the heterogeneity in the resulting 

fragments might be due to nibbling by the SI nuclease at the ends of the hybrids. In 

addition, larger protected fragments indicative of a longer primary transcript that is 

processed to a 3'- shorter mature RNA were never detected. However, smaller 

fragments were detected in prolonged X-ray exposures of the polyacrylamide gel; 

they correspond approximately to the five regions where the sequences differ. 

Several authors have reported that the rRNAs (16S23S and 5S rRNAs) are 

transcribed as a long rRNA precursor that is processed to give rise to mature 

monocistronic RNAs. To examine transcription initiation site(s), the presence of 5'-

tri- or diphosphates (transcription initiation sites) was examined by labelling the 5'-

susceptible ends with [a3zP]GTP and vaccinia virus guanylyltransferse. The 5'-end 

labelled (capped) RNA was used to probe a DNA slot blot, to which recombinant 

plasmids containing specific Euglena genes had been blotted. The slot blot contained 

ribosomal protein genes, RNA polymerase subunit genes and ribosomal RNA genes. 

Also, the capped RNA was used to probe a Southern blot that contained EcoRI or 

Hindlll digested chloroplast DNA and recombinant plasmids containing EcoP or 

EcoL that had been digested with EcoRI. Hybridization signals were only detected 

for rpoB, 16S and Euglena chloroplast DNA in the slot blot, but not for 23S-5S (Fig. 

4-9). A similar result was obtained in the Southern blot. Hybridization signals were 

obtained with Ecol and EcoP and the Hindlll fragments HindlO (internal in Ecol, 

psbA gene) and the Hindlll fragments Hind20 and Hind23 (they map to the rRNA 



99 

5S 
O-

23S 16S 5S 

!—-—I 

K b  1 2 3 4 5 6 7 8 9  1 0  1 1  1 2  

9.49-

7.46-

4.40 -

2.3 7 -

1.35-

• • • • • • •  •  
• • • . .  

23S 

j 16S 

0.24 -

5S 

Figure 4-7. Analysis of the ribosomal RNA transcription unit via Northern analysis. 
Lanes 1, 5, 9, contain 20 jug photoautotrophic grown total cell RNA, lanes 2, 6, 10, 
contain 20 fig heterotrophic grown total cell RNA, lanes 3, 7, 11, contain 20 fig 
heterotrophic dark grown total cell RNA, and lanes 4, 8, 12, contain 10 jug of 
photoautotrophic grown chloroplast RNA. Lanes 1, 2, 3 and 4 were hybridized with 
probe A, lanes 5, 6, 7, and 8, hybridized with probe B, lanes 9,10,11, and 12 were 
hybridized with probe C. 



Figure 4-8. SI nuclease protection mapping for the 5'- and 3'- ends of the ribosomal 
transcription unit. In vivo RNA was hybridized to 32P-labeled antisense RNA probes. 
Probe A is rrnA/rrnB-5S rRNA-speciilc, probe B is rrnC-5S rRNA-specific. Probe C 
is specific for the 5' end of the 16S rRNA. Lane 1: 5 /xg capped RNA hybrized to 
probe C and SI nuclease digested, lane 2: 15 /itg capped RNA hybridized to 5' end 
rpoB-specific probe and SI nuclease digested (see text), lane 3: capped RNA digested 
with SI, lane 4: 0.5 jug capped RNA, lanes 5, 6 and 7 correspond to probe B, lane 5: 
probe B not SI digested, lane 6: probe B hybridized to herring sperm DNA and SI 
digested, lane 7: probe B hybridized to chloroplast RNA and SI digested. Lanes 12, 
13 and 14, correspond to probe A. Lane 14: probe A not digested with SI nuclease, 
lane 13: probe A plus 10 iig herring sperm DNA and SI digested, lane 12: probe A 
hybridized to chloroplast RNA and SI digested. Lanes 8, 9, 10, 11 corresponds to a 
sequencing reaction ladder generated from a known template and used to estimate 
the size of the SI protected fragments. 
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operons) (Fig. 4-9). To further map the transcription initiation site for the ribosomal 

RNA operon, 5'-end labelled capped RNA was hybridized to in vitro synthesized 

antisense RNA. This probe corresponds to the 5'-end and upstream flanking' 

sequence of the 16S rRNA gene (see materials and methods). Two SI protected 

fragments were detected. A 186 nt and a 235-237 nt transcripts. These sizes 

correspond to positions +1 and -50 of the 16S coding locus Fig. 4-8. 

Discussion 

The ribosomal RNA genes nucleotide sequence 

The ribosomal RNA and tRNA genes were the first genes mapped on the 

Euglena gracilis chloroplast genome (7,76). They produce high abundance transcripts 

present throughout chloroplast development (61,62). The nucleotide sequence of the 

5S and 16S rRNA genes, as well as the 16S-23S, 23S-5S spacer, the tRNA and ptRNA 

genes have been described (22, 23, 49, 77). However, the complete nucleotide 

sequence of the 23S rRNA was not reported until last year when part of the work 

presented in this chapter was published (13). The results reported here present the 

nucleotide sequence of the 23S rRNA gene from the rrnC operon and the 16S-5S 

rrnA-miB spacer sequence. With this information added to the previous published 

work, the complete nucleotide sequence of a ribosomal RNA operon can be 

assembled. Orozco et al, 1980a (23), reported the restriction endonuclease products 

for cloned EcoP and EcoL fragments and compared them to the EcoRI digested 

chloroplast DNA. These DNAs were digested with at least ten different restriction 

endonucleases. The same digestion pattern was obtained with the cloned EcoP or 



Figure 4-9. Detection of transcription initiation sites. Panel A: DNA slot blot 
containing specific Euglena chloroplast genes. Hybridization signals were only 
detected for rpoB, 16S rDNA and Euglena chloroplast DNA. Panel B, 0.5 /ig of 5'-
end labeled capped RNA. Panel C, Southern blot. Euglena chloroplast DNA was 
digested with EcoRI, electrophoresed through agarose, transferred to GeneScreen 
and probed with with 5'-end labeled capped RNA. Restriction fragments that 
hybridized to the probe are indicated. Clones containing the restriction fragment 
EcoP and EcoL were also included. 
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EcoL and the purified chloroplast uncloned fragments. It was concluded that the 

rRNA coding region was arranged in three tandem repeated identical clusters (23). 

With the data presented in this chapter and assuming that the three rRNA repeats 

are identical at the nucleotide level, a DNA sequence of approximately 16.5 kbp can 

be assembled. 

The original assignments of the 5'- and 3'-ends of the large ribosomal subunit 

RNA (23S) were based in the sequence similarity with the E. coli 23S rRNA gene. 

Primer extension RNA sequencing experiments map the 5' end of the mature 23S 

rRNA transcript to a position that corresponds to +9 in the original gene sequence 

(80). There are two alternatives to explain the 5'-end of the mature transcript, a) The 

mature 5'-end was incorrectly assigned and the 5'-ena is produced by one processing 

event that generates only one mature 5'-end. b) The true 5'-end of the gene was 

correctly assigned and two consecutively processing events generate the mature 5'-

end. Since the 5'- and 3'- end assignments were only based in the identity with the 

E. coli counterpart, it is more likely that the 5'-end of the gene was incorrectly 

assigned and the mature 5'-end of the transcript correspond to the 5'-end of the gene. 

In addition, the 23S rRNA primer extension RNA sequencing experiment did not 

detect a longer transcript (80). 

With the 23S rDNA multiple sequence alignment results and using as model 

the secondary structure for E. coli (81, 82), a similar hypothetical secondary structure 

can be predicted. In general, the same type of stem-loops and central core domains 

can be formed. Example of stem-loop structures for two selected regions of the 

Euglena 23S rRNA are shown in Fig. 4-10. The hypothetical structures are compared 
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with the E. coli model. Interestingly, in some regions the sequences differ, but the 

potentiality for base-pairing is conserved by compensatory changes in the 

complementary strand. Panels A and B compare a region of the 5'-half of the 

molecule, and panels C and D compare a region of the 3'-half (Fig. 4-10). The 

regions depicted in panels C and D are the central core of domain V. The peptidyl 

transfer site has been localized at the center of this domain in 255-like rRNAs, 

primarily on the basis of chloramphenicol binding site, and mapping of mutations 

that confer antibiotic resistance or are lethal (83). Furthermore, Moazed and Noller, 

1989, have shown that three sets of conserved nucleotides in the 23S rRNA are 

protected from chemical probes by binding of tRNA to the ribosomal A, P and E 

sites, respectively. These three sites are located exclusively in domain V, primarily 

in or adjacent regions to the core loop (84). In contrast to the high conservation in 

domain V, the Euglena gene presents a deletion in the positions 1680-1774 compared 

to the 1646-1773 E. coli homolog (Figs. 4-10 and 4-11). This results in a shorter 

structure consisting of only three instead of ten base-paired stem-loop. 

rRNA transcripts 

Several reports have indicated that the ribosomal RNA genes are transcribed 

as a single long primary transcript that is rapidly processed to mature species (7). 

However, the evidence for these conclusions is based in the detection of long 

transcripts via Northern blots or from DNA-RNA solution hybridization studies (61, 

62, 63). Long precursor transcripts of 6-4.8 kb were detected in these experiments in 

long exposures of the Northern blots. They were difficult to visualize because of a 



Figure 4-10. Similar RNA secondary structures for selected regions of the E. coli and 
Euglena 23S rRNA. Panels A and B depict a region corresponding to the 5' half of 
the molecule. Panels C and D depict a region of the 3'- half, also called domain V. 
Although certain sequences are different, the stem-loop structures are consevecl. 
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high background that partially obscured the specific bands. Furthermore they appear 

to be a little inconsistent in my experiments, being easier to detect with the 23S-

specific probe than with the 5S- or 16S-specific probes. This might be explained by 

the higher specific activity of the 23S-specific probe compared to the other probes. 

To examine the presence of 5'-tri or diphosphate at transcription initiation sites 

(internal transcript processing sites would have only 5'-monophosphate) the 5'-ends 

were labelled with [a32P]GTP and vaccinia virus guanylyltransferase. Only the clones 

and/or restriction fragments containing the 16S rRNA gene and upstream leader 

were detected with the capped RNA (Fig. 4-9). When this 5'-end-labelled capped 

RNA was hybridized to in vitro synthesized antisense RNA specific for the 16S and 

upstream sequences, followed by SI nuclease digestion, two protected fragments of 

186 and 235-237 nt, corresponding to transcripts initiating at positions +1 and -50 

were seen. Similar results were obtained by Narita and Hallick (85) utilizing 32P-

labelled DNA and chloroplast RNA for the SI nuclease protection experiment. It was 

concluded that the longer transcript represented a transcription initiation site 

(primary precursor) and that the smaller transcript corresponded to the mature 5'-

end, even though, this type of experiment cannot distinguish between transcription 

initiation and processing sites. The results presented in this chapter suggest that the -

50 and +1 transcripts arise from two different promoter sites. Interestingly, the 

relative intensities of the two bands obtained in this experiment and the one 

performed by Narita and Hallick (85) are very similar. 

The SI nuclease mapping of the 3'-ends of the 55 rRNA genes, revealed no 

differences in the length of the protected fragment. Under the stringency conditions 
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used for the SI experiment (80% formamide for hybridizations and 200 units of SI 

nuclease), differences in the 3'-ends of the transcripts would have been readily 

detected. In contrast, fragments of identical length were protected from SI digestion 

with the two different RNA probes. Although the nucleotide sequences distal to the 

3'-ends of the genes are highly divergent (22), potential stem-loop structures may 

be predicted for both regions (Fig. 4-12). Inverted repeats, capable of forming stem-

loop structures have been identified in plant chloroplast mRNA transcripts, shown 

to confer message stability and to be ineffective transcription terminators (74, 86). 

These inverted repeats are contained in the mature mRNA (74). Similar stem-loop 

structure are present in the 5'- and 3'- ends of the rpoB and rpoCl genes and 

contained in the mature mRNA transcript (see Chapter III, Results and Discussion). 

In contrast, these potential 5S 3'-hair pin structures occur in a DNA sequence that 

is not present in the mature 3'-ends according to the SI nuclease mapping results and 

may be a signal for termination and/or may perform a still unidentified function. 
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SUMMARY AND NEW DIRECTIONS 

In this dissertation I have presented the structure, organization and nucleotide 

sequence of the rpoB gene. The gene is interrupted by seven Group III and one 

Group II introns. Group III introns have been found also in ribosomal protein genes 

and the rpoCl gene coding for a fi'-like subunit (amino terminus half) of the RNA 

polymerase (C. Radebaugh and R. Hallick, unpublished). It is interesting to note that 

the rpoC2 gene, coding for a fi'-like subunit (carboxy terminus), contain only Group 

II introns, whereas most of the rpoCl gene introns are Group III (C. Radebaugh, 

unpublished). Thus, the majority of Group III introns are in the regions 

corresponding to the amino terminus of the & and £' homologs of the prokaryotic 

counterparts. The significance of these results is at present unknown, but it might 

have some relevance in the constitutive expression of the RNA polymerase genes. 

Little and Hallick (1988), reported immobilization and inhibition of the 

chloroplast "soluble" enzyme by antibodies that were generated against RNA 

polymerase subunits (33). However, inhibition effects over the "TAC" enzyme could 

not be demonstrated. This might be due to inaccessibility of the enzyme epitopes 

necessary for antibody binding in the RNA polymerase-DNA bound complex. 

Furthermore, these antibodies had been prepared against fusion peptides that 

contained portions of the spinach (rpoA), Euglena (rpoC2), and tobacco (rpoB) genes, 

but immobilization was positive for chloroplast (spinach, pea, Euglena), as well as the 

prokaryotic (E. coli) enzymes. It may be inferred from those results that the 
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chloroplast RNA polymerase genes code for some of the subunits of the soluble 

enzyme, but the possibility that the "TAC" polymerase could share some of the 

subunits can not be ruled out at present, especially, when the predicted molecular 

weight of the rpoB and rpoCl gene products (124 288 Da and 68 043 Da, 

respectively), appears to be close to the prominent "TAC" polypeptides (3 and C. 

Radebaugh and R. Hallick, unpublished). The availability of the complete nucleotide 

sequence of the rpoB gene, as well as the cDNA-PCR clones, provides the possibility 

to construct antibodies specific for the amino and/or carboxy termini of the fi-subunit 

that could be tested for the two different RNA polymerases. The characterization of 

the 5'- and 3'- termini provides general starting information that can be used to 

identify elements for transcription initiation and/or for processing of primary mRNA 

transcripts. At this point, the site mapped as transcription initiation is the basis 

necessary for mapping of promoter elements recognized by the soluble RNA 

polymerase. Deletion and mutation experiments of the 5'-flanking sequences could 

be used to fine map elements required for the expression of this gene. 

The last part of this dissertation presented the cloning and sequencing of the 

23S rRNA gene. Previously, the 5'- and 3'- ends of the gene had been reported and 

the information available was exploited during the course of the experiments. In 

addition, with the objective of connecting the nucleotide sequence of the rrnA and 

the rrnB rRNA repeats, a 1361 bp fragment was sequenced. It contains the 3' end of 

the 5S gene, the spacer region, and the 5' end of 16S gene. Northern analysis were 

used to study the expression of the genes utilizing rRNA-specific probes. 

Transcription initiation sites containing tri- or diphosphate 5' termini were detected 



112 

only for the 16S gene. It appears to be two transcription initiation sites that generate 

the -50 and the +1 rRNA transcripts, which in turn are rapidly processed to the 

mature rRNAs. 

Finally, the availability of the nucleotide sequence of the 23S rRNA gene, the 

spacer sequence between rrnA and miB, and the rpoB sequence, are important 

contributions for the long term goal of determining the complete nucleotide sequence 

of Euglena gracilis chloroplast DNA, and provide some basis to ask interesting 

questions about the biochemistry of the transcription and translational machineries 

of the Euglena chloroplast. 
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