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ABSTRACf 

A 9.8 kbp region of the Euglena gracilis chloroplast genome has been 

cloned, sequenced and analyzed. This region contains six genes, rps2, 

rps18, atpI, atpH, atpF and atpA which encode ribosomal proteins S2 

and S 18 and A TP synthase subunits CFoIV, CFoIII, CFoI and CFl ex, 

respectively. The linear order of these genes, 5'··rps2 -atpI -atpH

atpF-atpA-rps18-3', is similar to that of land plant chloroplasts. 

These six genes are co-transcribed with two tRNA genes which are 5' 

to rps2. A fully spliced, 5.5 kb transcript containing all six genes 

accumulates. The spliced hexa-cistronic transcript is processed by 

intercistronic cleavage to mono-cistronic mRNAs. The 5' ends of the 

accumulated mono-cistronic transcripts map to single-stranded 

regions of the most stable secondary structure for each intercistronic 

sequence. There is no evidence for initiation of transcription in this 

region of the Euglena gracilis chloroplast genome. 

This Euglena chloroplast operon is interrupted by 17 introns. 

Nine of the introns are group III and seven are group II. All of the 

group III introns have potential secondary structures near their 3' 

ends which resemble domain VI of group II introns. The remaining 

intron IS a complex twintron excised as four group III introns. This 

intron is comprised of two group III introns within the internal 

intron of a group III twintron. Two of the internal introns are 

excised from multiple splice sites. Two of the internal introns 

interrupt the domain VI-like structure of the host group III intron. 
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The 168 rRNA sequence of Euglena chloroplasts IS 

phylogenetically related to the 168 rRNA sequence of chromophyte 

chloroplasts, while the Euglena derived atpA amino acid sequence is 

more closely related to atpA sequences of chlorophyte chloroplasts 

than to at pA seqences of chromophyte chloroplasts. Too few 

chloroplast ribosomal protein sequences are available in the 

databases to perform meaningful phylogenetic analysis of rps2 or 

rps 18. Although clustering of rps2 with the ATP synthase genes in 

chloroplasts of chlorophytes, rhodophytes, chromophytes and 

euglenophytes, but not prokaryotes, is evidence that chloroplasts are 

of mono-phyletic origin. 



CHAPTER 1 

IN1RODUCfION 
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The Endosymbiotic Theory of Organelle Origin. Photosynthesis in 

eukaryotes takes place in membrane bound organelles termed 

chloroplasts. The biochemistry of chloroplasts has been extensively 

studied because they convert sunlight to chemical energy, reduce 

C02 to organic carbon and the produce molecular oxygen. The study 

of chloroplast molecular biology was stimulated when chloroplasts 

were found to contain DNA (Ris and Plaut, 1962) and protein 

synthesizing machinery (Lyttleton, 1962). 

The origin and evolution of chloroplasts have also been the 

subjects of much debate. The evolution of chloroplasts from free

living prokaryotes was proposed by Schimper in the 1880s and 

refined by Merschkowsky in the early 1900s (reviewed in Martin et 

aI., 1992). Strong support for the endosymbiotic origin of 

chloroplasts from prokaryotes comes from four lines of evidence: 

ultrastructural, biochemical, molecular and phylogenetic (Gray et aI., 

1984). Key biochemical and molecular similarities between 

prokaryotes and chloroplasts are the size and composition of the 

ribosomes, the antibiotic sensitivities of ribosomes and RNA 

polymerases, a circular genome with genes preceded by -10 and -35 

promoter sequences and ribosome binding sites similar to Shine

Dalgarno sequences. The endosymbiotic theory of chloroplast 

evolution is now generally accepted (Gray, 1989; Gray, 1991). The 

best evidence for evolution of chloroplasts from prokaryotes is 
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supplied by phylogenetic analysis. Phylogenetic trees inferred from 

gene sequences consistently group chloroplasts with photosynthetic 

prokaryotes (Giovannoni et aI., 1988; Gray et aI., 1984; Turner et aI., 

1989). 

The Three Groups of Chloroplasts. Chloroplasts are usually divided 

into three groups based on their pigment complement. Green algae 

(chlorophyta) and Euglena (euglenophyta) contain chlorophylls a and 

b, red algae (rhodophyta) contain chI a and phycobilins and 

chromophytes contain chI a and chI c. Chromophytes are 

heterogeneous group including brown algae (phaeophyta), diatoms 

(chrysophyta) and dinoflagellates. 

Although the basic model of the endosymbiotic theory is no 

longer seriously questioned, some controversies remain unresolved. 

One of the most heated debates concerns the number of prokaryotes 

that became chloroplasts. The supporters of a mono-phyletic origin 

of chloroplasts contend that the diversity seen 10 modern 

chloroplasts is due to divergence after the endosymbiosis of a single 

prokaryote (Cavalier-Smith, 1987). Those who support a poly

phyletic origin of chloroplasts site the diversity of modern 

chloroplasts as evidence of the endosymbiosis of several different 

prokaryotes (Whatley and Whately, 1981). 

Properties of Chloroplast Genomes. The complete DNA sequences of 

chloroplast genomes from tobacco (Shinozaki et aI., 1986), rice 

(Hiratsuka et aI., 1989), Marchantia (Ohyama et aI., 1986), Epifagus 
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(Wolfe et aI., 1992) and Euglena (Hallick et aI., 1993) have been 

reported and chloroplast genomes from several algal species have 

been extensively characterized (Kuhsel, 1988; Palmer, 1991; Reith 

and Munholland, 1993; H. Bohnert personal communication). 

Chloroplasts of most photosynthetic eukaryotes have a circular 

genome of 120-200 kbp containing a repeat unit of 6-40 kbp 

(Palmer, 1991). These repeated sequences usually contain the 

ribosomal RNA genes and may be inverted (most land plants) or 

tandem (most red algae and euglenophytes, which have 3+ copies) 

(Palmer, 1991). Chloroplasts genomes of euglenophytes encode 

approximately 100 genes (Hallick et aI., 1993) and land plant 

chloroplasts encode approximately 120 genes (Hiratsuka et aI., 1989; 

Ohyama et aI., 1988; Shinozaki et aI., 1986). Chloroplast genomes of 

Cyanophora encode approximately 170 genes (H. Bohnert, personal 

communication) and chloroplasts of red algae are estimated to 

contain over 200 genes (Reith and Munholland, 1993). Many 

chloroplast genes are arranged in multi-gene clusters similar to 

those of prokaryotes which are conserved in different chloroplast 

groups. Chloroplast genomes encode functionally complete sets of 

tRNAs and rRNAs but only 20-30% of the polypeptides which 

function in the chloroplast (Hallick et aI., 1993; Hiratsuka et aI., 

1989; Ohyama et aI., 1988; Shinozaki et aI., 1986). The remainder of 

the polypeptides are encoded in the nucleus, translated on 

cytoplasmic ribosomes and imported into the chloroplast. A central 

tenet of the endosymbiotic theory is that the genome(s) of 
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prokaryotic symbiont(s) were greatly reduced by loss of 

unnecessary genes and transfer of genes to the host nucleus, 

although it has been pointed out that it is probably incorrect to 

assume that all nuclear genes whose products now function in the 

chloroplast are of chloroplast origin (Palmer and Logsdon, 1991). 

The rps2-atpl-atpH-atpF-atpA Gene Cluster. The conserved 

chloroplast gene cluster rps2 -atpl-atpH -atpF -atpA is particularly 

interesting because it encodes polypeptides with unrelated functions 

(Hiratsuka et aI., 1989; Hudson et aI., 1988; Ohyama et aI., 1988; 

Shinozaki et aI., 1986). The fist gene encodes a ribosomal protein and 

the other four genes encode ATP synthase subunits. This is a 

potentially interesting arrangement because ribosomal proteins 

accumulate constitutively while the ATP synthase subunits only 

accumulate in the light (Mullet, 1988). How is this differential 

regulation mediated? There is evidence that the ribosomal protein 

gene is co-transcribed with the A TP synthase subunit genes in 

spinach and pea chloroplasts (Hudson et aI., 1988). The implication 

of these results is that differential expression of these genes is 

mediated post-transcriptionally. The a t pH gene encoding ATP 

synthase subunit CFoIII was previously located distal to the large 

ribosomal protein operon on the Euglena chloroplast genome 

(Christopher and Hallick, 1989; Passavant and Hallick, 1985). 

The purpose of this study is to determine the sequence and 

structure of the Euglena gracilis chloroplast gene cluster which 

includes the gene encoding ATP synthase subunit CFolII. The basic 
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hypothesis of this study is two-fold: 1) the gene organization of this 

region of the Euglena gracilis chloroplast genome is identical to that 

of land plants; 2) the ribosomal protein gene is co-transcribed with 

the A TP synthase subunit genes. 

The determination of additional Euglena chloroplast gene 

sequences also facilitates further phylogenetic analysis of Euglena 

chloroplasts. 



CHAPTER 2 

STRUCIURE AND DNA SEQUENCE OF THE EUGLENA GRACiliS 

CHLOROPLAST rps2-atpl-atpH-atpF-atpA-rps18 OPERON 

Introduction 
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H + -ATP synthase complexes couple a transmembrane proton 

gradient formed during electron transport to enzymatic 

phosphorylation of ADP to ATP. The structure and subunit 

composition of these enzyme complexes are highly conserved in 

prokaryotes, mitochondria and chloroplasts. The ATP synthase 

complex consists of two domains, an extrinsic membrane domain 

composed of five subunits, ex, (3, 'Y, B, E and an intrinsic membrane 

domain of three subunits, a, b, and c in E. coli (Futai and Kanazawa, 

1983) and four subunits I, II, III and IV in non-sulfur 

photosynthetic bacteria (Falk and Walker, 1985), cyanobacteria 

(Cozens and Walker, 1987; McCarn et aI., 1988) and chloroplasts 

(Berzborn et aI., 1990; Westhoff et aI., 1985). 

Genes encoding the ATP synthase subunits of several 

organisms have been characterized. In E. coli, the ATP synthase 

genes are clustered in a single transcription unit termed the atp or 

unc operon (Futai et aI., 1983). The linear order of these genes is 5'-

atpl-a tpH -a tpF -a tpD -a t pA -a tp C -atpB -a tpE -3'. Chloroplast 

nomenclature (Hallick and Bottomley, 1983) is used for both plastid 

and bacterial genes. These eight genes encode A TP synthase subunits 
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Foa, Foc, FOb, FlO, Fla, Fry, Flf3 and Fte, respectively, and are preceded 

by a gene for a 14 kD polypeptide termed atp] by Palmer (Palmer, 

1991). In the purple non-sulfur photosynthetic bacterium 

Rhodospirillum rubrum, the ATP synthase subunit genes have the 

same linear order as E. coli but are located in two separate 

transcription units. One operon encodes the extrinsic FI subunits 

(Falk et aI., 1985; Falk et aI., 1985) and the other encodes the 

intrinsic Fo subunits, including the additional atpG gene encoding Fo 

II (Falk and Walker, 1988). ATP synthase subunit genes of the 

cyanobacteria Synechococcus are divided into two or three 

transcription units (Cozens et aI., 1987; Palmer, 1991). These operons 

differ from those of Rhodospirillum rubrum in that they are not 

separated precisely into Fo and FI transcription units. Genes a tpD 

and atpA encoding FlO and FI a are transcribed with the Fo genes, 

while atpB and atpE, encoding FI f3 and FIE, are co-transcribed from a 

separate locus. The location of atpC, encoding F11, depends on the 

strain. Anabaena Spa strain PCC 7120 has essentially the same gene 

arrangement as Synechococcus 6301 (Curtis, 1987; McCarn et aI., 

1988). 

In land plant chloroplasts, subunits of each of the extrinsic 

(CF}) and intrinsic (CFO) domains are encoded on two separate 

genomes. Six A TP synthase subunits are encoded on the chloroplast 

genome while the other three subunits are encoded by nuclear 

genes, translated on cytoplasmic ribosomes and translocated into the 

chloroplast. The land plant chloroplast ATP synthase genes are 
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apparently derived from a prokaryotic ancestor, and are most 

similar in sequence and arrangement to those of the cyanobacteria 

(Hudson et aI., 1987; Westhoff et aI., 1985; Westhoff et aI., 1981; 

Zurawski and Clegg, 1984). In the tobacco chloroplast genome, genes 

atpB and atpE, encoding subunits CFl(3 and CFl£, are located near the 

rbcL locus, while genes atp!, atpH, atpF and atpA, encoding subunits 

CFOIV, CFOIII CFoI, and CFt cx, are located approximately 40 kbp away, 

with the gene for ribosomal protein S2 (Shinozaki et aI., 1986). Genes 

atpG, atpD and atpC encoding CFOII' CFla and CFt 1, are nuclear 

(Nechushtai et aI., 1981; Westhoff et aI., 1985; Westhoff et aI., 1981). 

Less is known about the plastid ATP synthase subunit genes of 

non-land plants. In the plastids of the red alga Porphyra purpurea, 

the gene arrangement is somewhat similar to that of land plants, 

atp!, atpH, atpG, atpF, atpD and atpA, are in one cluster and atpB and 

atpE are in a separate cluster (Reith and Munholland, 1993). 

However, in the plastids of the brown alga Dictyota dichotoma, six 

genes, atp!, atpH, atpE, atpF, atpE and atpA, are in one cluster and 

at p B is located separately (Kuhsel, 1988). The location and 

duplication of atpE is unusual. The ATP synthase subunit genes of 

Cyanophora paradoxa cyanelles are arranged similarly to the land 

plant chloroplast genes, although atpG is between atpH and atpF, and 

at p! is not located in this cluster (H. Bohnert, personal 

communication). The ATP synthase subunit genes from two 

Chlamydomonas species have been mapped by heterologous 

hybridization and several have been sequenced (Turmel et aI., 1988; 
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Woessner et aI., 1986). Most of the Chlamydomonas genes are not 

clustered and are apparently transcribed separately. 

Differences in sequence, gene content and arrangement of 

conserved plastid gene clusters are potentially useful in the analysis 

of plastid phylogeny (reviewed in Gray, 1991). In this chapter the 

location, nucleotide sequence and gene structure of four Euglena 

chloroplast ATP synthase subunit genes, atp!, atpH, atpF and atpA, 

and two ribosomal protein genes, rps2 and rps 18 is reported. The 

phylogeny of euglenophyte chloroplasts is a controversial topic 

because these chloroplasts contain chlorophylls a and b, have 

unstacked, appressed thylakoids and are surrounded by three 

membranes (reviewed in Gray, 1991) and see chapter 5. The results 

of analysis of this Euglena gracilis chloroplast ATP synthase subunit 

gene cluster are suggestive of a close relationship between 

euglenophyte and land plant chloroplasts, although the Euglena 

genes contain more numerous and different types of introns. 

Materials and Methods 

Cloning of Chloroplast DNA. Cloning of a 3.6 kbp Euglena gracilis 

chloroplast DNA BglII restriction fragment (BgIM), which includes a 

portion of the r p 12 3 ribosomal protein gene operon, has been 

previously described (Christopher et aI., 1989). Recombinant 

plasmids pEZC948.1 and pEZC948.2 containing this fragment in each 

orientation were provided by David Christopher. Recombinant 

plasmids pEZC945 and pEZC946 containing an 8.0 kbp Euglena. 
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chloroplast BgIIl restriction fragment (BgIF) ligated in each 

orientation into the BamHI site of pBS- (Vector Cloning Systems) 

were provided by Gloria Yepiz-Plascencia. A 2.3 kbp Euglena 

chloroplast DNA HindIII fragment spanning the BgIM-BgIF junction 

was identified by Southern blot hybridization (Southern, 1975) and 

ligated into Bluescript (KS+) by standard methods (Sambrook et aI., 

1989). Recombinant plasmids containing each orientation of this 

HindIII fragment were designated pEZC281 and pEZC282. 

Subc10ning of Chloroplast DNA. All plasmids were isolated by 

alkaline lysis and purified by ultra-centrifugation in a continuous 

CsCI gradient (Sambrook et aI., 1989). After CsCI gradient 

purification, recombinant plasmids pEZC948.1 and pEZC948.2 were 

linearized at the PstI and XbaI sites of the vector Multiple Cloning 

Site (MCS) In sequential digestions. Nested sets of overlapping 

deletion clones were generated by digestion with ExoIlI and S 1 

nuc1eases as described by Christopher (Christopher et aI., 1988). 

Recombinant plasmids pEZC945 and pEZC946 were subcloned 

using the XbaI, Pvull and KpnI restriction sites shown in Fig. 2-2. 

Overlapping sets of deletion clones were generated from each of the 

resulting recombinant plasmids. 

DNA Sequencing and Computer Analysis. DNA sequencing was 

performed by the di-deoxy method (Sanger et aI., 1977) using the 

Sequenase kit (United States Biochemical) with either phage M13K07 

generated single-stranded DNA (Vieira and Messing, 1987) or 
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denatured plasmids as template. Sequencing reactions were primed 

with either M13 universal, T3 opposite strand or synthetic 

oligonucleotide primers (University of Arizona Biotechnology Center). 

Sequence analysis was performed on an IBM/XT computer using the 

DM5 programs (Mount and Conrad, 1986). Open reading frames were 

identified by comparison to a chloroplast protein library using the 

FASTP algorithm (Lipman and Pearson, 1985). 

Chloroplast RNA Isolation. Intact chloroplasts were isolated from 16 

liter photoautotrophic cultures of Euglena gracilis strain Z as 

previously described (Hallick et aI., 1982). Chloroplast aliquots (1-2 

ml) were quick frozen in liquid nitrogen and stored at -800 C. RNA 

was isolated from 1-2 ml frozen chloroplasts by vortexing with 7.5 

ml 100 mM NaCI, 10 mM Tris-HCI pH 7.5, 1 mM EDTA, 1 % SDS, (Dean 

et aI., 1985) and 5 ml phenol :chloroform (1: 1). The phases were 

separated by centrifugation and the aqueous phase was extracted 

again with phenol:chloroform. Total nucleic acid was precipitated 

with ethanol, collected by centrifugation and resuspended in di

ethylpyrocarbonate (DEPC)-treated H20. RNA was precipitated in 2M 

lithium acetate and collected by centrifugation. The RNA pellet was 

resuspended in 200 JlI DEPC-treated H20 and the nucleic acid 

concentration determined by spectrophotometry. An aliquot 

containing 200-400 Jlg nucleic acid was digested with 30 units RQ1 

DNase (Promega) for 15 min. at 370 C. The DNase-treated RNA was 

extracted twice with phenol :chloroform, precipitated with ethanol 

and resuspended in DEPC-treated H20. 
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cDNA Synthesis. Amplification and Cloning. cDNAs were synthesized 

from total Euglena chloroplast RNA using specific oligonucleotide 

primers (University of Arizona Biotechnology Center) as described 

by Yepiz-Plascencia (Yepiz-Plascencia et aI., 1990). Resulting cDNAs 

were precipitated with ethanol and resuspended in 40 JlI sterile H20. 

cDNAs were amplified by the polymerase chain reaction (PCR) using 

the GeneAmp DNA Amplification Kit (Perkin-Elmer Cetus). Each 100 

JlI PCR reaction contained one-half the products of a cDNA reaction 

(20 ml), 0.2 mM dNTPs, 600 ng of each specific 3' (cDNA) and 5' 

(PCR) oligonucleotide primer and 10 JlI lOX buffer. The reactions 

were overlaid with mineral oil and subjected to a 3 min. hot start at 

80 0 C. After the hot start, 2.5 units Taq DNA polymerase (Perkin

Elmer Cetus) were added and the DNA amplified by 25 cycles of I 

min. 940 C denaturation, 2 min. 500 C annealing and 3 min. 720 C 

extension. Products of cDNAs primed with cDNA primer #1 

(coordinates 36384-36364, EMBL accession #ZI1874, Fig. 2) and 

amplified with PCR primer #1 (coor. 33822-33841) were made blunt 

by digestion with S I nuclease and ligated into the HincH site of pKS+. 

The resulting cDNA plasmid was designated pEZCI008. cDNAs 

synthesized from cDNA primer #2 (coor. 33883-33864) and 

amplified with PCR primer #2 (coor. 30620-30638) were digested 

with HindIH and XmnI and ligated into Bluescript (KS+) digested 

with either HindIII and HincH or HindIII alone. The resulting cDNA 

plasmids were designated pEZCI009, 1010 and 1012. cDNAs 

synthesized from cDNA primer #3 (coor. 38373-38355) and 
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amplified with PCR primer #3 (coor. 36874-36891) were digested 

with HindIII and Pvull and ligated into Bluescript (K8+). This cDNA 

plasmid was designated pEZCI013. cDNAs synthesized from cDNA 

primer #4 (COOT. 39931-39909) and amplified with PCR primer #3 

(COOT. 36874-36891) were ligated into ddT tailed Bluescript (K8+) 

(Holton and Graham, 1991). This cDNA plasmid was designated 

pEZCI050. Intron positions and splice boundary sequences were 

determined by sequencing the above cDNA plasmids. 

Results 

Identification of Genes Encoding Four ATP Synthase Subunits an d 

Two Ribosomal Proteins. The nucleotide sequence of both strands of 

a 9.8 kbp region of the Euglena gracilis chloroplast genome has been 

determined. This sequence (coordinates 30361-40160 of EMBL 

accession #ZI1874) links two previously reported regions of the 

Euglena chloroplast genome, the L23 ribosomal protein operon, trnF, 

t rnC region (Christopher et aI., 1988; Christopher et aI., 1989; 

Nickoloff et aI., 1989) and the trnP, trnS, psaJ region (Manzara and 

Hallick, 1988). This segment of the Euglena chloroplast genome 

includes genes for ribosomal proteins 82 and 818, and chloroplast 

ATP synthase subunits CFoI, CFoIII, CFoIV and CFt a, (rps2, rps 18, 

atpF, atpH, atp1 and atpA, respectively). The linear order of these 

genes, 5'-rps2-atpI-atpH-atpF-atpA-rps18-3', is similar to the 
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Figure 2-1. Partial gene map of the Euglena gracilis chloroplast 
genome showing the relative position of the rps2 -atp! -atpH -atpF
atpA-rps! 8 operon. Arrows designate the direction of transcription 
of the indicated genes and operons. Reference genes included are the 
rpl23 -rpl/ 4 ribosomal operon (Christopher et at, 1988; Christopher 
et aI., 1989), psaJ (Manzara et at, 1988), rbcL (Gingrich and Hallick, 
1985), psbA (Karabin et aI., 1984), rrnaA -rrnaB -rrnaC (Graf et at, 
1982; Karabin and Hallick, 1983; Yepiz-Plascencia et aI., 1988) and 
petB-atpB-atpE. (L. Hong and R.B. Hallick, unpublished data). 
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equivalent operon of land plant chloroplasts, although in the latter 

genomes, rps18 is located at least 20 kbp from atpA near rpl33 and 

psaJ (Sugiura, 1989). 

The location of rps2-atpl-atpH-atpF-atpA-rpsI8 operon on the 

Euglena chloroplast genome is shown in Fig. 2-1. A map of the gene 

structure of this operon and the nucleotide sequence and translation 

products are presented in Figures 2 and 3, respectively. In Euglena, 

the gene arrangement is trnF -1 bp spacer-trnC -170 bp spacer-rps2-

42 bp spacer-atpl-132 bp spacer-atpH -115 bp spacer-atpF -104 bp 

spacer-atpA-185 bp spacer-rpsI8. The psaJ gene, which is encoded 

on the opposite strand, terminates 28 bp downstream of the TAA 

codon of rpsl8. The atpF gene apparently begins with a GTG initiator 

codon as there is no A TG codon in frame near the amino terminus of 

the open reading frame in the cDNA. 

Five of the Six Genes are Interrupted by Group II and/or Group III 

Introns. The coding regions of genes rps2, atpl, atpF, atpA and 

rps 18 are discontinuous, suggesting these genes contain intervening 

sequences. To determine the positions and splice boundaries of these 

introns accurately, cDN As were synthesized from specific 

oligonucleotide primers, amplified by peR, cloned and sequenced. 

These five genes were found to contain seventeen introns. Nine of 

these introns (one in rps 18, three in rps2 and five in atpl) are 99-

112 nucleotides in length, a size range diagnostic of group III introns 

which are unIque to the plastids of Euglena 
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Figure 2-2. Physical organization and partial restriction map of the 
trnF, trnC, rps2, atp!, atpH, atpF, atpA and rpsiS gene loci 
(coordinates 30200-39985 of EMBL accession #ZI1874) of the 
Euglena gracilis chloroplast genome. The HindIII site represented by 
a dotted line is formed by splicing of rps2 exons 3 and 4 and is 
present in the cDNA but not the genomic sequence. Exons are 
indicated as black boxes and introns as unfilled boxes. The direction 
of transcription is indicated by the arrow above the gene names. 
Short arrows labelled cDNA and PCR indicate the positions of 
oligonucleotides used for cDNA synthesis and PCR amplification of 
transcripts. cDNA clones are represented below the corresponding 
regions of genomic DNA. 



3 1 
• • • • • • • • • • • 30480 

TAAGAGAATTGAAGAAACAATAAAACAAAAAATACATAGATGATTCCGGTATTTACTTCTTAAAATAATAAAGAAAAIIIIIIIIIATGAAATATTTTTATATATCTTTTATAACTATTA 
• • • • • • • • • • • 30600 

TT1TCTTTATATGTATGTTACGCTACTCGTTTTTTAAATTTAATTAAATATGATTACTGTAGAAAAAATGCTTAATTCTAGTGTTCATCTTGGTCATAAGGTTAAACAATGGAATCCAAG 
r,paZ " I T V E K " L N S S V H L G H K V K Q W N P R 

• • • • • • • • • • • 30720 
AATGAGAATTTATATTTATGGAGAACGCAAAGGTCTTCATATTATCGATTTGTTACAGACTATAGTTTGTTTAAAAAAAGCTTGCAATTTCCTTATACGTTCTGTACGTAAAGGTAAAAG 

" R I Y I Y G E R K G L H I I D L L Q T I V C L K K A C NFL IRS V R K G K R 
• • • • • • • • • • • 30840 

.IIm:liAWTTTATGAAAACCAATCTGTTAGATTTTAGCATTTTTTAAAAAGCTTTATAMTTTTTTATGAATATTTATTAGAAAAATTTTT~GGCTCTTTTTGTTTGTACA 
A L F V C T 

• • • • • • • • • • • 3096D 
AAACGCTTTTTTTCTATTTTAACACAAAAAATCGCTTTAAAATGTAATTCTTTTTTTGTAACAAAACGTTGGTTGGGCGGTATATTGACAAATTGGATAACAATTAAAAATTGCATAAAT 
K R F F S I L T Q K I A L K C NSF F V T K R W L G GIL T N WIT I K N C I N 

• • • • • • • • • • • 31080 
AAATTAAAGCAA~TAAAAATTATAAATT1TATTTATAACTAAATTACATTTAATTATAAAATTAAGAATAATTTTGGGATTATTTTATTTTTGTTGCAATAAAATTTTAI 
K L K Q L . 

• • • • • • • • • • • 31200 
.li.IJ!MATCAAAACAAAAAGAAAAGCATCACAACTTATTAACAAAAAAAGAACGTTTAGTACTA.I· ... ·W .. ··.MTT~CAATTTTTATTTTTTAACTAAATTTTAAAATT 

S K Q K E K H H N L L T K K E R L V L KKK K L 
• • • • • • • • • • • 313i!0 

TTTATAAATATATTTATTTTCAAACTAGATAATTAATCGAAAGAATATTCTAIITAAlTAGCTTAAAAAATATTTTTCCGGTATGAGAGATATGACTGAACGTCCTGAAATTGTTATTAT 
K L K K Y F S G " R D " T E R PEl V I I 

• • • • • • • • • • • 31"'0 
AATAGGACAAAACAAGGAGATAAATGCTGTACGTGAATGTAAAAAGTTAGGTATTGCTAGTATAACTAT~TTCATGTTTTAAGTATCTCTTTTTTCCATAGTAGAATTTTTT 

I G Q N K E I N A V R E C K K L G I A SIT I 
• • • • • • • • • • • 31560 

TTATTAAAGAATAAAAAATTTATAAAATGAAAATTCTTTAAAAATAATTATTAGAATTAATTATTAAATAATTACAATTAAATTTGAATGAATATAGTAACAAATTATTTCTCGATATTT 
• • • • • • • • • • • 31680 

TATTTTGTTATTTAGTAATATAGTTTTTAATATAACAATAAACTACCTTTGAGGTTTATGAATAATTTTTAAAAATTAAATAATGAAAAAGTTTTGTTTTTTTGTAACAAGTTTTAATAA 
• • • • • • • • • • • 31800 

CTTTAAATAAATAATTATTCAAAGCTGTATGAAACTTTAAATCGTTTTCTTGTTCAGTTTGATGAAGCGTATTAATTTTTAAATTAAATGCGTATITTATTTAGATACCAATTGTGACCC 
L D T N C D P 

• • • • • • • • • • • 31920 
CACACTTACTAAATATCCTATTCCTTCAAATGATGATTCTATTCTTTCTGTTTCTTTAATTTTGAGTGTTCTTTGT AATTCCATAAATCGGGGCGTTAACA.'CAAAGTAAGACAAAAATT 

T L T K Y PIP S N DDS I L S V S L I L S V L C N SIN R G V N N K V R Q K F 
• • • • • • • • • • • 32D40 

TGATAAGTATAAAAAATTCAAAAAACTTTCTTAAAGGTTTCAGTGACTTTCATAATAATTTTTTATTTTTCGAGAAATGAAGATTGTTTTATTATATTATT1JlliIlimTCAATCCCTT 
D K Y K K F K K L S * atpI " K I V L L Y Y F 

• • • • • • • • • • • 3i!16O 
TCATATGAAGTTTGTTTTAATTATATTTTTTAATTTTTTGAATTTTTAAGACTTCTTCTTTTAGTTAAAACTTTTTT~TGTAAACATGTTTATTTCGGGCATTTTTC,I 

. V N " F I S G I F 
• • • • • • • • • • • 32280 

.IilIlimITAAAAATTAAACATTCTTTTAACAATAAAAATTTTTTCGGATTTTTTAT AAATATAAATATTTTGATTAAATACTTCCTAAGAAAATTTT~TTGCTAATGT 
Q I A N V 

• • • • • • • • • • • 32400 
lIIliillIITAAATAATTTTCATTT AAAAGTTCAGATGTAGAAACTTTAA TTCAAATTTATTGCTATTTATMGMTATTTAAAAATATTTTATT.6I!!IIMGAAGTTGGGCAACACTT 

E V G Q H F 
• • • • • • • • • • • 32520 

TTATTGGTCAATTTTAGGTTTTCAAATTCACGGGCAAGTATTMTTAATTCTTGGATTGTTATATTAATMTAGGTTTTTTAAGTATTTATACTACAAAAAATCTTACTTTAGTACCAGC 
Y W S I L G F Q I H G Q V LIN S W I V I L I I G F LSI Y T T K N L T L V P A 

• • • • • • • • • • • 3i!640 
AAACAAACAAATTTTTATAGAACTTGTCACAGAATTTATAACAGACATTTCAAAAACTCAAATAGGTGAAAAAGAATATTCAAAATGGGTTCCTTATATTGGAACTATGTTTTTATTTAT 

N K Q I FIE L V T E FIT DIS K T Q I G EKE Y S K W V P Y I G T " F L F I 
• • • • • • • • • • • 32760 

CTTTGTGTCAAATTGGTCAGGGGCACTAATTCCTTGGAAAATTATTGMCTTCCAAATGGAGAGTTGGGAGCACCTACAAATGATAT~AATTTATCATAAAAAGTTTATTC 
F V S N W S GAL I P W K I I E LPN GEL GAP T N D I 

• • • • • • • • • • • 3i!88D 
AAAATGGTTTATAAAGCAATGGAATTAATAAAGTAATTTTATTTGTCTGAAACTCTAAAATTTGGTTAATTTATTAAATATTTGCAATAAAATATCCIII1IIIIIIIAACATTTATAGT 

• • • • • • • • • • • 330DD 
TGATAAAGATTTCTGATAAAACAAATATGTATTTATTMTTTTATTATTTATTTATAGATMGACTCAACATTTATTAAAGTGTAGTTGTTAGA1CllllilitATAATTGTAAGTTATA 

• • • • • • • • • • • 33120 
TACGTTTTGTAATGTAGGTATAAATT1TAAGAGGATGTTTTC.IAIamTMTACTACGGCAGGACTTGCTATATTG.'CATCTTTAGCGTATTTTTATGCTGGACTTAACAAAAAAGGT 

N T TAG L A I L T S LAY F Y A G L N K K G 
• • • • • • • • • • • 33i!40 

TlISi:WiIAI.ATTTTATTAAAGAATT1TAAATTTACTAAGCTTACTTTAATTTATATAAATTTTATAGTTTTTTTATTAATTACTTAATAAAGMTTTAAATTCTI\IlMAtII.AACATA 
L T Y 

• • • • • • • • • • • 3336D 
TT1TAAAAAATATGTTCAACCTACTCCAATTTTATTGCCCATTMTATTTTGGAGGATTTTACTAAACCTCTTTCCTTAAGTTTCAGACTTTTTGGTAATATTTTAGCAGATGAATTAGT 

FJ:KYVQPTPILLPINILEDFTKPLSLSFRLFGNILADELV 
• • • • • • • • • • • 33480 

AGTAGCGGTATTGGTTTCTTTGGTACCGCTAATTGTTCCTGTTCCTTTAATTTTTTTAGGTTTATTTACTAGTGGTATTCAAGCTTTAATTTTTGCAACTTTGTCTGGAT~ 
V A V L V S L V P L I V P V P L I F L G L F T S G I Q A L I FAT L S G S 

• • • • • • • • • • • 3360D 
TCCCATTTATTAAAATTTGTATTTTTTATAATGACAATTATAGMCTAATTAATACTATTATTTTTTTTAGTTTATGAAGGATTATTTTT~ATATCGGTGAAGCAATGGAAG 

Y I G E A " E 
• • • • • • • • • • • 33720 

GTCATCATTAATAGTAAGTGATATTAAGTAACATTTTA TTACCCAAGTATTAATTTTTAATATTCAATCCTTT ATTCTTTAATTTAATTAAATTAAAAGTTCAAAATTTAACTTTTAAGC 
G H H * 

• • • • • • • • • • • 33840 
AATAATATTTTACGGAGTTTATTATGAATCCTATTATTTGTGCTGCTTCTGTTATCGGAGCAGGTTTAGCAATTGGTTTAGGAGCAATAGGACCCGGTATTGGTCAAGGAACAGCTTCTG 

atpH " N P lIe A A S V 1 GAG L A 1 G L GAl G P GIG Q G T A S 
• • • • • • • • • • • 33960 

GTAAAGCAATTGAAGGACTTGCACGTCAACCTGAAGCAGAAGGTAAAATAAGAGGMCTTTATTATTATCTTTAGCTTTCATGGAAGCATTAACTATATATGGATTAGTAGTTGCTTTAG 
G K AlE G L A R Q PEA E G K I R G T L L L S L A F " E A L T 1 Y G L V V II L 
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• • • • • • • • • • • 34080 
CTATAATATTTGCGAATCCTTTTGTTTAATTTTAATATTAGATTTTTAATAAAAAAATTTTAAAATTTAATCGAGAGTATAATACTGTATAGTTTATATTTTGAGGTTTCCTAAAATGAA 
A I I FAN P F V * 

• • • • • • • • • • • 34200 
AGCAACTATTGTGTAAAAAATATCGTGGT~CGTTAATGACAATAAATTACTTTTCTAAAATTTTTAGTTAAATTTGGCTGTTTGGCTATTAATCTTATTTTAATAATTTTACA 

atpF C") V 
• • • • • • • • • • • 34320 

TGAAAAAGATTACATTGCGAAAAAATTTTAATCTATTTTTACAAATATTATTCATTTTTCAATTAGAATAAATATATTTGCCGGAATAACGGTAGATTAAGTTTATACATGTTATTTCAA 
• • • • • • • • • • • 34440 

AGGTTAGATTTATTTAAATTATAATTTACAAATATATTAATAATAAATTGTAGTTAAAATATACTAAATTTTTATAATAAAAATTTTTTTTAATATCATGTTTTAAAAATTTTAAACACT 
• • • • • • • • • • • 34560 

TCTATTATAATTTGAACATAATATTAAACCTAATGATTAAAAAACATTAAAATTAAGATACGTTGTTATATGAAATATAAAAATATTTATTAAAGTTGGAATTTCGTATTATTGTTTTTC 
• • • • • • • • • • • 34680 

TTATTAAACTTGAAAGATAATTCTAGAACTATTTTAAAAAATATTTTAATTTAATAGGTAAAGTGTTGTTTTTAAATTTTTAAAACGCTGTATGATCTGAAAAGTTCAAATACGGTGTAT 
• • • • • • • • • • • 34800 

TTGGGGATATCGAGAATTTTCTCATTATATATCT~TTGATAATTTTAATATTTTCACTATCATTTCTAACGCTAAGACTTTCGGTATAAATACAAATGTTTTTGAAACGAA 
I D N F N 1FT I I S N A K T F GIN T N V F E T N 

• • • • • • • • • • • 34920 
TATTATAAATTTAGCGATAGTAGTTGGAACCCTGTTTTATTATGGAAAGTTAAC~TTATTTTTAATTTTAATTTTACAAATTCAGTAAAATTAATATAAATTATATTTTAA 

I I N L A I V V G T L F Y Y G K L T 
• • • • • • • • • • • 35040 

AAAATAATTTTATATAAAAGCTTTTATGTAATTTTGTTGTGATAACAGTTATAATTATTATAAGTTAAATTTTTTATAAGTAAGAATCATTTATTTTTTAATACAACGGTAATGTTAAAA 
• • • • • • • • • • • 35160 

ACATTAAAATATTTATCATTAATTTTAAACTTAAAAATTATAGAAATTCTTTAAAGATAGAAGATCAATTTCCGATAATTTTGAAATAGATATTAATGAATATTATATAGATTTAAGACG 
• • • • • • • • • • • 35280 

TATGCAAAAAATTTTGCTCATACCTTTTTGAAAGGAAAATTTTATTTTTAIkIAAI[TAAGTGATTTACTAAAAACGCGAAAAAAAACTATAATTAAAAATATTTTAGA TATTGATGAAA 
LSD L L K T R K K T I I K NIL DID E 

• • • • • • • • • • • 35'00 
AGATCCGTTCTTCGCAAAGTTCTTTATATCTTGCTGAACTTGAATTTGAAAATGCAGCTAAAAAAGCTTCTTTAATTCGTTCTAATGGTACAACATTTT~CGTCTATTTAAAA 
K IRS S Q S SLY L A E L E FEN A A K K A S L IRS N G T T F 

• • • • • • • • • • • 35520 
TTATATTTATTTTTATGGGAATAGAGGAAATTTCTAAAATTAGTATTTTACTAAATATTTTTAAAAGAATAATTTATCTCTTATCATGAAAATTATAGAAATATTATAAGCAAGAGAAAA 

• • • • • • • • • • • 35~0 
ATAAGATTATAAACTTTTCATTGTTAATTTTTTATTTCACATTTTATAAAATAGATAATCAAAATGTTTCTTCAATCACCGTTAAGTATAATTTTGCTTATCAAGTTAGGTTATATTATG 

• • • • • • • • • • • 35760 
TTATTGAGAAGAAATTAATATAACTATAAGAAAATAATATAAAAATTTGTAATAAAACAACTTTATATTATGTTAACTATCTTAAAACTTTTGGTGAACAATCATATTTATTAGTAATAT 

• • • • • • • • • • • 35880 
ATTATCAGTAAAAATAACGAAGTAATAAAAATTATTATAAAAGGACGATTCTTATAGGTAAATTTTTTGCTAAAAAAGCTGGTTTATAAAAAATACTAATTTACAAACGCAATTTCAATT 

• • • • • • • • • • • 36000 
TATAAAATTTGTTTCAAATTATTTTCAAACTTATAATAAAACAAATAAAATACAATTTTAATTGAATAGCCATATGATTGGAAATAAATCGTGTATGGTTTCGGATAAGAGTATTAAAAA 

• • • • • • • • • • • 36120 
ACT~GCCTTAAAAGTTTTGATATAATTCGTTCTTCCGTTAATGAAGATATTAAACGTTTAAAGCAATCAAAGCGTTTAATATTAAGAACGGAAGATAAAAAATCTGTTAGAGA 

C L K S F D I IRS S V NED I K R L K Q S K R L I L R TED K K S V R E 
• • • • • • • • • • • 36240 

AATTTTTAAAAATTTATATTCACAAGCCTGTCAAAAAGCTAAAGCGACTATTATTAAACGTCTAAATTCAAAAATTCATAAAAAAATTATTCTGAAAAAAATGGAAAAAATGTCGCTTAA 
I F K N L Y S Q A C Q K A KAT I I K R L N SKI H K K I ILK K " E K " S L K 

• • • • • • • • • • • 36360 
GAAATTAAAACCTAAATACTAAGAAAAAACTAAATACATATATGTATTGTTTATGTTGAAAATTTTGACTTATTAATTTTGTATTTATATGTTTAGCATTGTCTATATATGCCCCAGGCC 

K L K P K Y * 
• • • • • • • • • • • ~80 

CAAGCTATGATCAGAGTTCGCCCGAATGAAGTTACTAGGATAATTCGTCAACAGGTAAAGAAATATCGTCAAGAATTAAAAATTGTTAACGTAGGAACTGTGCTTCAAGTAGGGGACGGA 
atpA " I R V R P N E V T R I IRQ Q V K K Y R Q ELK I V N V G T V L Q V G D G 

• • • • • • • • • • • 36600 
ATAGCTAGGATTTATGGGCTTGAAAAAGTGATGGCGGGCGAACTTGTAGAATTTGATGAAGGTACTATTGGAATTGCTTTGAATTTAGAGGCTGACAATGTTGGAGCCGTTTTAATGGGC 

I A R I Y G L E K V " AGE L V E F D E G T I G I A L N LEA D N V G A V L " G 
• • • • • • • • • • • 36720 

GAAGCTACTAATTTAAAAGAAGGTGCTTCAGTTAAAACAACAGGAAAGATTGCTCAAATTCCTGTAGGTAGAGGTTTTTTAGGTCGAGTTGTTGATGCCTTGGCACGTCCTATAGATGGA 
EAT N L KEG A S V K T T G K I A Q I P V G R G F L G R V V D A L A R P I D G 

• • • • • • • •• 36M0 
AAAGGGGATATTGCATCATTTACAACACGATTAATAGAGTCTCCTGCTCCAGGTATTGTTTCAAGACGTTCAGTTCATGAACCTTTGCAAACAGGATTAATTGCGATAGATGCAATGATT 

K G D I A S F T T R LIE SPA P G I V S R R S V H E P L Q T G L I A I D A " I 
• •.• • • • • • • • • 36960 

CCAATAGGAAGAGGACAACGCGAACTTATTATTGGTGATCGCCAAACAGGCAAAACAGCTGTTGCTACAGATACGATTTTAAACCAAAAAGGACAAGGGGTTATTTGTGTTTACGTAGCT 
PIG R G Q R ELI I G D R Q T G K T A V A T D TIL N Q K G Q G V I C V Y V A 

• • • • • • • • • • • 37080 
ATTGGACAGAAAGCGTCTTCTGTTTCACAAATAGTAACTACGTTAGAAAAACGTGGGGCTATGGAATATACAATAATAGTTGCAGAAAATGCGGATTCATCTGCTACACTACAATATTTA 

I G Q K ASS V S Q I V TTL E K R G A " E Y T I I V A E N ADS SAT L Q Y L 
• • • • • • • • • • • 37200 

GCTCCTTATACAGGTGCAGCTTTGGCGGAATATTTCAGIGCGGCAIGTTGTCTTAAAACAAATTTTATAAAAAACATAATTAAAAATTTTAAATCTCTTTTTTATTATAAGTAAATTATT 
A P Y T G A A L A E Y F 

• • • • • • • • • • • 37320 
AATTTTTATTCTTATAAATTTTTTATTTAAATTGTAATCTTCAATTATATTATACATTAAAGCATGAAGCAAAGTAGTTATATGGAAATAAAAAAGGTTATTTAAAATAGAATTATTGTC 

• • • • • • • • • • • 37440 
TTAAAATTGTTTTATTTGTCTGTAATATTATGCTTAATTTCATTATTGAATTATGAAATTATTTAATAATTTTTTAACTAAATTATTATAAACAAAAAATCTTTTTATTAAAATAGAAAG 

• • • • • • • • • • • 37560 
AGAAACTTGTTAGGTTATAATTTTTTTCCCATTATATTGATTTTAGGTTAACAAAATGCTAAATATAAAATTATAAAAGCGAATTGAATTAATGTTAAAATTTTTAATTAATTAAAAAAA 

• • • • • • • • • • • 37680 
TAAACCCAAAATTTGATAACATTTGCAATTTCGTAAACAAAATATGACTTTATAATTTGTTTAAAAGAAATTATTCATATGATAGGAGCCGTATGAAGTAAAAAGCTTCATGTACGTTTC 

• • • • • • • • • • • 37800 
TGAAAGGAAATATATTGAGTAATTATTATA~TGTATAATGGAAAACATACGTTAGTTATTTATGATGATCTTTC~GTAAAAGTCTTATTGTTATTTTTTATA 

" Y N G K H T L V I Y D D L S 
• • • • • • • • • • • 37920 

CTAAAGAATATTTAGATGAAAGATTTATAAACATTAAAAACACAAAATTAAACGAACTAAGCTTTTATTAAAATTTTGTCAATAATTGAACTCTTATTTTTTGATTGTAAGTATTATTTA 
• • • • • • • • • • • 38040 

AGTAAAATTTTTTGAACACAAAAAACTAAAAATTTTATAATTTTTTGAAAGATAATATAATCGTAATTTACTAATGTTTTCTATTTTCTATAAAATTTTAATAATAATTCTTAAAAATAA 
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• • • • • • • • • • • 38160 

GGGTATMCMCTMCMMATATATTGCTMMATMTATTTTTTATAmATTCTTTGATATGAMGTCmCAAGATTAGTTAAmACAMTMMGMAGTACTAmMMTTG 
• • • • • • • • • • • 38280 

TTTTTTGGATATTATTACTAGTAMCCTTGAAGMTTATTATTATTATTAACTMMATATTATTATTATMTTATTGAmGAGCCGTGTGCACTMMCTTGCATGCACGATTCTTTA 
• • • • • • • • • • • 38400 

TGMGAMTTGTTATAmAMTTTT~CAAGCACAAGCTTATAGACAMTGTCATTATTACTACGTCGTCCACCTGGACGCGMGCATATCCGGGAGATGTATTCTATT 
K Q A Q A Y R Q " S L L L R R P P G REA Y P G D V F Y 

• • • • • • • • • • • 38520 
TACATTCMGATTATTAGMCGAGCAGCTAMTTAAGTGATGMTTAGGACAAGGMGTATGACAGCmACCMTTGTAGAMCTCAAGCAGGAGATGTTTCAGCATACATACCTACAA 
L H S R L L ERA A K LSD E L G Q G S " TAL P I VET Q A G D V SAY I P T 

• • • • • • • • • • • 38640 
ATGTTAmCTATTACGGACGGACMGTCTTTTTATCAGCCGACATAmAATTCGGGGATTCGTCCAGCTATTMTGTAGGTAmCCGTGTCAAGAGTTGGATCTGCTGCGCAGATAA 
N V I SIT D G Q V F L SAD I F N S G I R P A I N V GIS V S R V GSA A Q I 

• • • • • • • • • • • 38760 
MGCTATGAMCMGTAGCAGGAAMCTTAMTTAGMCTAGCTCAAmGCAGAATTAGAGGCTTmCACMmGCGTCAGAmAGATCMGCTACACMMTCAATTGGCTCGTG 
K A " K Q V A G K L K L E L A Q F A E LEA F S Q F A S D L D QAT Q N Q L A R 

• • • • • • • • • • • 38880 
GTGCAAGATTAAGAGMTTATTMMCAACCTCMGCTTCACCATTGTCAGTAGCAGATCMGTGGCMCMTATATACAGGTATTMTGGATACTTGGACGATATAMTCTTGAAGATG 
GAR L R ELL K Q P Q ASP L S V A D Q V A T I Y T GIN G Y L D DIN LED 

• • • • • • • • • • • 39000 
TTAGGGGATTCCTTATAGMTTACGAGAGCACATCMTMTGMMACCCACTTTTAMGAMTMTAAATMMCTMMCTmACACAAGAGGCAGMTTATTACTTAMTTCACTA 
V R G F LIE L R E H INN E K P T F K E I INK T K T F T Q E A ELL L K F T 

• • • • • • • • • • • 39120 
TTATTGAmMMAAAMmCAMAMAGAATTAMTAACTCGATATTAGTTATAATAGTAAAMTATGCCAATAATATCTATGTAmGCCCGAATAMTGMAAACmAMAAAT 
I I D L K K N F K K R I K * 

• • • • • • • • • • • 392~0 
TCAGTAMTAMMACMMTTmCCCTTMTAATGGGMCAMmAATAMTTTTMCTAMmATATTAMmAmATGTTATAAGATGTmMCmATGAMT.IlliIliAI. 

rpll18 " K 
• • • • • • • • • • • 39360 

IGTACTmAAATAMTTMMTAMMTATTATAAMTAAMTTATTmMTATAMTCTTMCAAMTTTTAGAMGAA~CCCAGCACTTATTGATTATMMAT 
Y PAL I D Y K N 

• • • • • • • • • • • 39~80 
GTTMTATTCTTAGMGATTCATAMCTTTCMGGTMMTAATTCCAAAACGATTAMCAAACCTAAATTAACATATAAACAGCACCGTCTTCTAAGMMT~AmA 
V NIL R R FIN F Q G K I I P K R L N K P K L T Y K Q H R L L R K S 

• • • • • • • • • • • 39600 
AAATATTAMMMTTMMTGACMTMTATCMTMTCAMCAATAAMMmTTTTGTCTTTCTAAGMAMACATATTATGTTTTCACGTTMMTTATTMAAAATAGTMMA 

• • • • • • • • • • • 39720 
TMTAGTGACATTMMCMTMMTTGAGTATTCCACAAAMTTTTAAAMCAMTACATATTTTTTATMMTTCmATATTTTGAAAMCAmAGTTATTmMTATAMmG 

• • • • • • • • • • • 39840 
TAAMTG"TTGTTCTT"TTTTTTMMATTACAAAATTGTMGATTAMAATTTTMTTMMATMMTMmAAATTAmAATTMMATTMMTTATTTTCmAGTAGATTM 

• • • • • • • • • • • 39960 
AAT"TACGCATTTTAAAGATTAATATTATGACTACATTTTAATAAAAGTAT~GTTAMCAAGCACGCTAmAGGCTTACTTCCTTTTAMACTAAAGAmTTTTTAATATT 

V K Q A R Y L G L L P F K T K D F F * 
• . • • . • . . . • • ~ooao 

CmAGTTTTAAT"CTTCAAATTmACAAAATATCTGGAAAAAATCTAmAmCTATAAGTAMCTTGCTGTTAATGTAAACCATAMACAGCAACAACAGGAGCGGTAGACAMTA 
• • • • • • • ~016O 

AGTCGTGAMTAmCATAGTAAGAACGGTTAATAACTAMTAMAmAccmCAAmCATACAMTACGTTCATTA 

Figure 2-3. DNA sequence of the RNA-like strand for the Euglena 
gracilis rps2, atp!, atpH, atpF, atpA, rps 18 gene cluster. Coding 
regions are designated by the single letter amino acid code directly 
below the second nucleotide in each triplet codon. The putative 
initial methionine of atpF, encoded by GTG, is shown in parentheses, 
see text. Sequences at the 5' and 3' ends of each intron are 
underlined. 
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(Christopher et aI., 1989; Montandon and Stutz, 1983) and Astasia 

longa (Siemeister et aI., 1990b). The other eight introns (one each in 

rps2, rpslB and atp!, two in atpA and three in atpF) range in size 

from 323 to 632 nucleotides. Seven of these larger introns were 

determined to be group II introns by the presence of potential stem

loop structures near their 3' termini which are characteristic of 

group II intron domains V and VI (Michel et aI., 1982), Fig. 2-4. The 

434 nt second intron of rps 18 could not be classified as group II or 

group III by these criteria. A detailed analysis of this intron will be 

presented in chapter 4. Properties of introns and coding regions of 

this gene cluster are summarized in Table 2-1. The Euglena 

chloroplast introns are 80-91 % A+U, which is 10-20% higher than the 

coding regions. Most of the group II introns have 5' sequences of 

either GUGUG or GUGCG, however atpF intron 2 begins UUUAG and 

atpA intron 2 begins UUGCG. The group III 5' sequences are more 

variable but most group III introns have U at position 2 and all 

retain the G at position 5. The 3' sequences of both groups of introns 

are highly variable, although, there is always an A at position -7, -8 

or occasionally -9. 

Group III Introns Contain Potential Secondary Structures Similar to 

Domain VI of Group II Introns. The 3' regions of the group III 

introns were examined for potential group II intron domain VI-like 

structures reported for some group III introns (Copertino et aI., 

1991). All nine group III introns were found to 
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Figure 2-4. Secondary structures of predicted domains V and VI of 
group II introns of the rps2, atpI, atpF and atpA genes. The unpaired 
A residue of domain VI is denoted by an asterisk. 
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Table 2-1. Pro~rties of introns and gene coding regions 

~BQ~Je III~IBQ~S 

splice boundary sequences 

intron 5' 3' size nt %T %A %G %C 

rps2 4 GTGCGTTAT GTATTTTAT 390 45.1 38.7 9.7 6.4 

atpI 4 GTGCGTTTT CTATCTATT 323 46.4 35.3 12.1 6.2 

atpF 1 GTGTGAAAC TATCTAAAT 613 42.5 39.6 10.7 7.2 

atpF 2 TTTAGTCAT TATCTAATT 361 44.0 41. 6 8.3 6.1 

atpF 3 GTGTGATTC TACTTTATC 632 38.6 42.9 10.3 8.1 

atpA 1 GTGCGGCAT TTACCAACG 603 40.8 41. 6 10.0 7.6 

ate.A 2 TTGCGAGTT CTATCACGA 548 41. 6 40.5 9.7 8.2 

.GR0Ue IIII~IBQ~S 

rps2 1 TTGTGACTT AATCTTAAT 101 48.5 35.6 8.9 6.9 

rps2 2 TTTTGATAA TATGCTAAA 112 47.3 42.0 7.1 3.6 

rps2 3 ATGTGACTC TATTTAATT 99 48.5 39.4 5.1 7.1 

atpI 1 TTGTGATTT AATTTTTTC 108 56.5 26.9 7.4 9.3 

atpI 2 TGTTGATTT AACTTTTAA 109 46.3 40.7 5.6 7.4 

atpI 3 TTGCGATTT TATTTTTAA 102 47.1 39.2 7.8 5.9 

atpI 5 TGTCGTATA ATTAAACTT 112 50.9 37.5 5.4 6.3 

atpI 6 ACGCGATTT TATCTAAAT 106 49.1 34.0 8.5 8.5 

!E,s18 1 TTGTGATTG TTATCATAT 101 42.6 48.5 5.0 4.0 

COOI~~ BEGIONS 

rps2 720 33.3 39.5 14.5 12.7 

atpI 753 39.7 31.2 16.0 13.1 

atpH 243 34.1 29.7 22.0 14.2 

atpF 549 35.5 38.4 13.7 12.4 

atpA 1518 28.9 35.1 20.6 15.4 

!E,s18 192 32.3 41.7 9.4 16.7 
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contain potential stem-loop secondary structures which fit the 

consensus motif presented in Table 2-2. This motif can be depicted 

as .... a bed e f (3-8 nt loop) f e' d' A* c' b' a' (4 nt)-3' splice site. The 

a-a', b-b', etc. represent potential nucleotide pairing interactions and 

the asterisk denotes an unpaired residue, which is always an 

adenosine. In this motif the 5' stem (a bed e /) is highly purine rich 

(ca. 75%), whereas the 3' stem if e' d' c' b' a') is pyrimidine rich. The 

two dimensional structure of this motif is identical to domain VI of 

the group II introns atp! intron 4 and atpF intron 3 (Fig. 2-4). 

The positions of five of the Euglena introns are noteworthy. 

The four Euglena rps2 introns are in the same locations in the rps2 

coding region as the introns interrupting the Astasia longa plastid 

rps2 gene (G. Siemeister, EMBL accession #XI6004) and the second 

intron in the Euglena atpF gene is in the same position as the only 

intron interrupting the equivalent land plant chloroplast operon 

(Sugiura, 1989). In both Astasia and Euglena, rps2 introns 1-3 are 

group III and intron 4 is group II. Although, the only sequence 

similarities between the corresponding Euglena and Astasia group 

III introns are the conserved residues of the 5' splice sites, the 

Astasia introns do contain domain VI-like structures (data not 

shown). In order to evaluate the possible relatedness of the at p F 

introns, a secondary structure was determined for the Euglena atpF 

intron 2 following the model of Michel (Michel et al., 1982; Michel et 

aI., 1989). The proposed structure for the Euglena intron is presented 

in Fig. 2-5. Like many of the smaller Euglena introns there 



Table 2-2. Structure of the 31 Region of Group III Introns 

unpaired nt to 31 paired 

intron 51 sterna loo~ 31 stem nt 31 stem s~lice nt 

rps2-1 A G A AA..A (4N) 1LU...A A UQU (4N) 5/6 

rps2-2 GQAAU.A (3N) ll.U-.U. A U~Q (4N) 5/6 

rps2-3 GAAA~A (4N) UQU A UUU (4N) 6/6 

atpl-1 AAACJ.L.U. (6N) A..A.A A U U U (4N) 5/6 

atpl-2 A A G AA..A (3N) 1LU...A A QUU (4N) 5/6 

atpl-3 AAAAAU (5N) A U U A U U U (4N) 6/6 

atpl- 5 UAAA~A (8N) ueu A U U A (5N) 6/6 

atpl-6 U~AA~G (6N) U U U A !LQ..U (4N) 5/6 

re,s18-1 A~AAAG {4N~ UUU A .lL.Q.A {3N~ 5/6 

consensus abc d e f (3-6N) r el d' A c' b' a' (4N) 5/6 
-

a Underlined bases are able to participate in pairing interactions with underlined 

bases in the 3' stem 

w 
00 
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IS a reduction of domain I with loss of subdomains IA and IB and 

exon binding site two (EBS2) (Copertino et al., 1991; Copertino and 

Hallick, 1991; Michel et al., 1989). This model does retain many 

features of group II intron structure including all six helical domains, 

EBSI and the y-y' and £-£' interactions. The proposed secondary 

structure of Euglena atpF intron 2 resembles subgroup lIB (Michel et 

al., 1989). The D loop containing EBS 1 is only slightly asymmetrical 

with only 2 unpaired nucleotides on the 5' side of EBS 1, the 

nucleotide immediately upstream of the EBSI cannot form a Watson

Crick bp with the first nucleotide of the 3' exon and the unpaired A 

on the 3' side of helix VI is 8 nucleotides upstream of the intron

ex on junction. 

The Derived Euglena Chloroplast Protein Products are Similar to 

Those of Other Chloroplasts. The protein products derived from the 

genomic and cDNA sequences of rps2, atpI, atpH, atpF, atpA and 

rpsI8 are shown in Fig. 2-3. These six new Euglena proteins, rps2 

(240 amino acids), atpI (251 amino acids), atpH (81 amino acids), 

atpF (183 amino acids), atpA (506 amino acids) and rpsI8 (64 amino 

acids) have predicted molecular weights of 27,886, 28,013, 8,011, 

21,102, 55,103 and 7,800, respectively. The derived Euglena protein 

products were compared to those of Marchantia polymorpha, 

Nicotiana tobaccum, Synechococcus 6301 and E. coli. The results of 

these comparisons are presented in Table 2-3. With the exception of 

atpI and rpsI8, all proteins are most similar to those of Marchantia 

polymorpha (37-85% identity) and slightly less similar to those of 
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5' 3' 

Figure 2-5. Proposed secondary structure of atpF intron 2. The 5' 
and 3' splice sites are indicated by arrows. Helical domains are 
indicated by Roman numerals. Exon and intron binding sites are 
designated EBS and IBS, respectively. Nucleotides involved in the E-E' 

interaction are circled and nucleotides of the y-y' interaction are 
connected by a line. 
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Nicotiana tobaccum (28-84%). The ATP synthase protein products 

are 25.7-77.5% identical to the Synechococcus 6301 products. The 

Euglena rps2 gene product is 39% identical to the Astasia longa 

plastid rps2 product (data not shown). The E. coli protein products 

were the least similar in all cases. In general, genes atpH and atpA 

were the most conserved and at p F the least conserved between 

species. 

Discussion 

The ATP synthase CFoIII subunit gene, atpH, was previously located 

to the Euglena gracilis chloroplast genome restriction fragment EcoA 

(Passavant et aI., 1985). The DNA sequence analysis of this region 

was completed, the structures of five additional genes were 

determined and the previously reported atpH sequence was found to 

be incorrect. This region of the Euglena chloroplast genome contains 

a novel chloroplast operon, 5'-rps2 -atpI-atpH -atpF -atpA -rps 18-3'. 

The Euglena ATP synthase subunit genes atpB and atpE are located 

together between psbB and rbcL on the chloroplast genome (Hong 

and Hallick, 1993) (Fig. 2-1). This gene arrangement is suggestive of 

a close phylogenetic relationship between the Euglena and land plant 

chloroplast genomes. The association of rps2 with the atpI -atpH

atpF -atpA gene cluster in both land plants and Euglena is evidence 

that these chloroplast genomes diverged after this particular 

rearrangement of a progenitor genome, see chapter 5. A difference 

between the Euglena and land plant chloroplast ATP synthase 



Table 2-3. Percent amino acid Identity of derived Euglena gracilis polypeptides with similar 

polypeptides from other species 

~ MP NT SYN EC 

alpl 72.7 73.9 66.7 27.4 

atpH 85.2 84.0 77.5 32.8 

atpF 37 . 1 28. 1 25.7 <10.0 

atpA 78,,8 77.6 73.1 53.0 

rps2 44.3 39.9 ---- 36.7 

rps18 48.4 50.0 ---- 39.3 

abbreviations, MP-Marchantia po/ymorpha, NT-Nicotiana tobaccum, SYN-Synechococcus 6301p 

EC-Escherichia col 

~ 
tv 
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operons is the location and co-transcription of the rps 18 gene. In 

land plant chloroplasts, rps 18 is the 3' gene of the three gene cluster, 

5'-psaJ-rp/33-rpsI8-3' (Sugiura, 1989). Although psaJ is located next 

to rps 18 in Euglena, it is transcribed from the opposite strand as a 

mono-cistronic transcript. Another example of gene rearrangement 

relative to land plant chloroplasts is the fusion of the psbE -psbF

psbL-ORF42 transcription unit with the psaA and psaB genes in 

Euglena (Copertino et aI., 1991; Cushman et aI., 1988a; Cushman et 

aI., 1988b). 

The occurrence of GTG as the initiator codon of atpF is unusual 

but not unprecedented. Many E. coli genes (Gren, 1984), including 

the gene encoding ATP synthase Fo subunit b (Gay and Walker, 

1981; Nielsen et aI., 1981), initiate translation with GTG. Cyanophora 

paradoxa cyanelle genes rps33 and rps8 (Michalowski et aI., 1990) 

as well as the tobacco chloroplast gene rps 19 (Shinozaki et aI., 1986) 

also initiate with GTG codons. Although GTG encodes valine, it is 

thought that all initiator codons are recognized by the N

formylmethionine tRNA (Gren, 1984). 

The most striking feature of the Euglena chloroplast genome is 

the intron content. The tobacco chloroplast genome contains one 

group I and 20 group II introns (Shin ozaki et aI., 1986), while the 

Euglena chloroplast genome contains at least 78 group II and 64 

group III introns (Hallick et aI., 1993). The land plant chloroplast 

rps2-atpI-atpH-atpF-atpA operon is interrupted by one group II 

intron in atpF (Sugiura, 1989), while the corresponding Euglena 
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genes contain fifteen introns, and the Euglena operon, including 

rps 18, contains seventeen introns. Nine of these Euglena introns are 

group II and seven are group III. 

A 361 nt group II intron interrupts the Euglena atpF gene in 

the same position as the land plant atpF introns. This observation 

suggests the possibility that this intron was present in an ancestor 

common to both Euglena and land plant chloroplasts. This possibility 

is unlikely for the following reasons. Of the over 100 Euglena 

chloroplast introns, only this atpF intron has the same location as a 

land plant chloroplast intron. The sequences of the atpF introns from 

several plant species are 60-90% identical while the Euglena intron 

has no sequence similarity to these introns. The proposed secondary 

structure of Euglena atpF intron 2 (Fig. 2-5) resembles subgroup lIB 

(Michel et aI., 1989). Conversely, the higher plant atpF introns fall 

into subgroup IIA (Michel et aI., 1989). Therefore, the most likely 

explanation is that intron insertion into this location in the at p F 

coding region has occurred twice independently, once in a land plant 

chloroplast lineage and once in the euglenophyte chloroplast after 

this genome diverged from the land plant progenitor. 

In contrast, the four introns of the Euglena rps2 gene and the 

four Astasia tonga rps2 introns are likely to have common origins. 

Because each intron is the same type and in the same location in 

both Euglena and Astasia, it is likely that these introns were present 

in the plastid genome of an ancestor from which both of these 

closely related protists subsequently diverged. This interpretation is 
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consistent with the view that many introns have been added to the 

euglenophyte chloroplast genome (Gingrich et aI., 1985). The sheer 

number of introns and the presence of introns within introns 

(Copertino et aI., 1991; Copertino et aI., 1991; Copertino et aI., 1992a; 

Drager and Hallick, 1993a) are strong support for an "introns late" 

mechanism of intron evolution. 

It has been previously proposed that group III introns may be 

related to group II introns (Christopher et aI., 1988; Christopher et 

aI., 1989). This proposition is based primarily on the resemblance of 

group III intron 5' and 3' boundary sequences to those of group II 

introns, and has been strengthened by the observation that the 3' 

region of some group III introns contain a potential secondary 

structure similar to domain VI of group II introns (Copertino et aI., 

1991). All nine group III introns of the rps2 -atpI -atpH -atpF -atpA

rps 18 operon, as well as the Astasia tonga rps2 group III introns, 

contain potential stem-loop structures in their 3' regions that have 

an unpaired adenosine residue in the middle of a six bp stem. This 

structure strongly resembles domain VI of group II introns. The 

structural similarity between the 5' and 3' ends of group II and 

group III introns consistent with a common splicing mechanism for 

both groups in which the unpaired adenosine residue initiates a 

nucleophillic attack on the 5' splice site (Peebles et aI., 1986). 

Although the mechanism of group III intron splicing has not been 

confirmed in vitro, recent results are consistent with this secondary 

structure model for group III domain VI and the role of the 
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unpaired adenosine as the site of lariat formation in group III 

excision (Copertino et aI., 1993). 

Other features of group III introns may hold as yet 

undeciphered clues to their origin. Group III introns have a very 

narrow size range of 90-120 nt (Christopher et aI., 1989). This size 

may be constrained by requirements of the splicing mechanism, and 

group III introns outside of this size range may not meet the 

physical requirements for splicing. The group III introns are also 

located predominantly In genes encoding components of the 

transcription and translation apparatus (Christopher et aI., 1989). 

The reason for this bias in intron representation is not known. There 

IS one group III intron in the photosystem II subunit gene p s b B 

(Keller et aI., 1989), at least one in psbK (Hallick et aI., 1993) and 

five in the A TP synthase subunit gene a tpl. It is tempting to 

speculate that group III introns have proliferated In atpl due to its 

proximity to, or transcription with, ribosomal protein genes 

containing group III introns, but there IS no data to support this 

speculation. Once the biochemical mechanism of group III intron 

splicing is unequivocally determined, the origin and relationships of 

these unique introns may be more clear. 
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CHAPTER 3 

TRANSCRIPTION AND RNA PROCESSING OF THE EUGLENA GRACIliS 

CHLOROPLAST rps2 -atpl-atpH -atpF -atpA -rpsI8 OPERON 

Introduction 

Chloroplast transcription and RNA maturation are complex processes 

which include transcription initiation, elongation and termination as 

well as several RNA processing events. The processing events of a 

given chloroplast transcript may include 5' and 3' end processing, 

intercistronic processing, exon splicing and, In the case of 

angiosperms, RNA editing. Transcription and processing events are 

not spatially separated within chloroplasts and can presumably take 

place simultaneously. Many aspects of chloroplast transcription and 

RNA processing from several organisms have been described in 

detail. The potential for regulation of chloroplast gene expression 

exists at several steps and there is evidence for both transcriptional 

and post-transcriptional control of chloroplast gene expression (for 

reviews see, Gruissem, 1989; Mullet, 1988; Sugiura, 1991). 

There is substantial evidence that chloroplast genes are 

transcribed by two different RNA-polymerase activities (Greenberg 

et al., 1984; Little and Hallick, 1988). The rRNAs are transcribed by 

an RNA-polymerase activity which is tightly bound to chloroplast 

DNA termed the "transcriptionally active chromosome" (Greenberg et 

aI., 1984). Genes encoding polypeptides and tRNAs are transcribed 

by a soluble RNA-polymerase activity, subunits of which are 

encoded by genes rpoA, rpoB, rpoC I and rpoC2 (Hu and Bogorad, 
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1990; Little and Hallick, 1988). In pea chloroplasts, transcription is 

initiated from at least 33 sites on the chloroplast genome (Woodbury 

et aI., 1989). Many chloroplast promoters have components 

resembling prokaryotic -10 and -35 sequences, although the 

distances of these sequences from the sites of transcription initiation 

is quite variable (Boyer and Mullet, 1988; Mullet et aI., 1985; 

Woodbury et aI., 1989). Another type of land plant chloroplast 

promoter which IS responsive to blue light and does not contain 

typical -10 and -35 sequences has also been described (Christopher 

et aI., 1992). 

Chloroplast genes, including those of Euglena, are often 

grouped in conserved operons which are similar to those of 

prokaryotes (Christopher et aI., 1988; Cushman et aI., 1988a; Drager 

and Hallick, 1993b; Hudson et aI., 1988; Hudson et aI., 1987; Yepiz

Plascencia et aI., 1990). The genes of a given cluster may be co

transcribed and multiple transcripts of various sizes accumulate for 

many of these clusters (Christopher et aI., 1989; Christopher and 

Hallick, 1990; Hudson et aI., 1988). Accumulation of multiple 

transcripts IS thought to be due to processing of the primary 

transcripts by endonucleolytic cleavage between individual genes 

(Christopher et aI., 1990). The role, if any, of intercistronic processing 

in regulation of chloroplast gene expression is unknown. Both 

unprocessed and processed transcripts associate with polysomes and 

are translated (Barkan, 1988). 
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In addition to intercistronic processing, chloroplast transcripts 

can be processed at their 5' and 3' ends (Boyer et aI., 1988; Mullet et 

aI., 1985; Stern and Gruissem, 1987). Many chloroplast transcripts 

have sequences near their 3' ends capable of forming stem-loop 

structures. Although these potential secondary structures resemble 

prokaryotic transcription termination signals, they do not perform 

this function in chloroplasts (Stern et aI., 1987). The results of in 

vitro studies are consistent with a model in which the inverted 

repeat forms a stable stem-loop structure which binds protein 

factors, facilitates 3' end processing and stabilizes the transcript 

(Chen and Stern, 1991; Chen et aI., 1990; Stern et aI., 1987; Stern and 

Gruissem, 1989; Stern et aI., 1989). In vivo studies of 

Chlamydomonas chloroplast transcripts are also consistent with a 

role for 3'-inverted repeats in mRNA accumulation and processing 

(Stern and Kindle, 1993; Stern et aI., 1991). 

Chloroplast transcripts containing introns must be spliced to 

yield translatable mRNAs. Land plant chloroplasts contain 

approximately 21 introns (Hiratsuka et aI., 1989; Ohyama et aI., 

1988; Shinozaki et aI., 1986) and Euglena chloroplasts contain at 

least 142 introns (Hallick et aI., 1993). Un spliced transcripts do not 

accumulate to high levels in Euglena (Christopher et aI., 1990; 

Stevenson et aI., 1991) or maize leaves (Barkan, 1989). In these 

cases, the most abundant transcripts are spliced, although they may 

be unprocessed or processed. These results are consistent with rapid 

splicing of transcripts to produce translatable mRNAs, although it is 
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possible that un spliced transcripts do no accumulate because they 

are unstable. It is unlikely that unspliced transcripts are especially 

unstable because there is evidence for tissue specific differences in 

chloroplast transcript splicing and some transcripts accumulate as 

predominantly un spliced species in maize roots and leaf meristems 

(Barkan, 1989). Although intron containing genes must be spliced to 

be translated, transcripts containing both un spliced and spliced 

genes associate with polysomes and the spliced genes are translated 

(Barkan, 1988). 

Angiosperm chloroplast transcripts can also be edited (Hoch et 

aI., 1991). All examples of chloroplast RNA editing change a C residue 

to a U. Twenty-three of the 24 known examples of chloroplast RNA 

editing change the second position of a codon, the other changes the 

first position. Both initiator and internal codons can be edited in 

monocots and dicots (Hoch et aI., 1991; Maier et aI., 1992a; Maier et 

aI., 1992b). No examples of chloroplast RNA editing have been 

observed in bryophytes, euglenophytes or algae. 

The transcripts of the Euglena rps2-atpl-atpH-atpF-atpA

rps 18 operon have been analyzed by northern blot hybridization, 

primer extension RNA sequencing, 5' capping and PCR amplification 

of cDNAs. The results of these analyses are consistent with co

transcription of trnF and trnC with the six polypeptide encoding 

genes, intercistronic cleavage between genes and accumulation of 

processed and unprocessed spliced transcripts. The intercistronic 

cleavage sites are in single-stranded regions of potential secondary 
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structures. There is no evidence of RNA editing or initiation of 

transcription in this region of the Euglena chloroplast genome. 

Materials and Methods 

Northern Hybridization Analysis. Total Euglena chloroplast RNA (3 

Jlg/lane) was fractionated by electrophoresis through a 1.2% agarose, 

2.2 M formaldehyde horizontal gel (Rosen et aI., 1990). Fractionated 

RNAs were transferred to Genescreen (NEN DuPont Co.) nylon 

membranes and crosslinked by UV irradiation. The membranes were 

cut into individual lanes and each lane was probed with a uniformly 

32P-Iabelled synthetic RNA complementary to a single gene. These 

complementary, gene-specific RNA probes were synthesized in vitro 

from linearized deletion plasmids by either T3 or T7 RNA 

polymerase (Christopher et aI., 1990). Prehybridization, 

hybridization and washes were carried out following the 

manufacturer's (NEN DuPont Co.) instructions. The filters were 

prehybridized in 50% formamide, 5X SSPE, 5X Denhardt's solution, 

10% dextran sulfate and 1 % SDS at 420 C for 2-4 hours. RNA probe 

(106 cpm/ml) was added and the hybridization carried out under the 

same conditions for 12-18 hours. The hybridized filters were washed 

twice in 2X SSPE for 15 min. at room temperature, twice in 2X SSPE, 

2% SDS for 45 min. at 650 C and twice in O.lX SSPE for 15 min. at 

room temperature. The washed filters were exposed to X-ray film at 

-700 C with two intensifying screens. 
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PCR Amplification of trnF-trnC-rps2 cDNAs. cDNAs were synthesized 

from total Euglena chloroplast RNA using an oligonucleotide primer 

in exon 2 of rps2 (5'-CCGCCCAACCAACGTTTTG-3', complementary to 

coordinates 30902-30920, EMBL accession #ZI1874) by the 

procedure described in chapter 2. Resulting cDNAs were precipitated 

with ethanol and resuspended in 40 JlI sterile H20. The cDNAs were 

amplified by PCR using the rps2 exon 2 cDNA primer and a PCR 

primer in trnF (5'-GGACTGAAAATCCTTGTGTC-3', coor. 30242-30261) 

as described in chapter 2. A seven JlI aliquot was removed from the 

PCR reaction and reamplified using the same temperature cycle. The 

products of the reamplification were fractionated on a 1.5% agarose 

gel, stained with EtBr and visualized by UV. The two products were 

excised and the DNA purified from each agarose slice by adsorption 

to glass beads (GeneClean, Bio 101). The purified PCR products were 

cloned into ddT-tailed Bluescript (KS+) (Holton et al., 1991) and 

sequenced. 

Mapping of the 5' Ends of Transcripts by Primer Extension RNA 

Sequencin g. Oligonucleotide primers complementary to sequences 

near the 5' ends of each gene were used to prime direct sequencing 

of total chloroplast RNA. The sequence and coordinates of each 

primer are shown in Table 3-1. Each primer was purified by 

electrophoresis on a 19% polyacrylamide, 7M urea sequencing gel 

(Sambrook et al., 1989). Solutions of 50% formamide containing 

approximately 10 OD units of each primer were loaded into 2 cm 

wells and a sample of loading buffer (80% formamide, 0.1 % 
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bromphenol blue, 0.1 % xylene cyanol) was loaded into a separate 

well. Samples were electorphoresed at 75 watts until the 

bromphenol blue had migrated 3/4 of the way down the gel. The gel 

was removed to saran wrap and the DNA visualized by UV 

shadowing (254 nm). The bands corresponding to the full length 

oligonucleotides were excised and the DNA eluted overnight into 0.5 

ml crush and soak buffer (0.5 M NH40Ac, 10 mM MgoAc, 1 mM 

EDTA, 0.1 % SDS) (Sambrook et aI., 1989). The solid polyacrylamide 

was removed by filtering the elution mixture through glass wool. 

The purified oligonucleotides were precipitated with ethanol and the 

concentration of each determined by spectrophotometry. 

Each oligonucleotide was 5' end labelled with 32 P in a 20 JlI 

reaction containing 500 ng oligonucleotide 70 mM Tris-HCI pH 7.6, 

10 mM MgCI2, 5 mM DTT, 16u polynucleotide kinase and 10 Jll132p 

ATP (6000 Ci/mMol, 10 mCi/ml). The reactions were incubated at 

37 0C for 30 min. Each reaction was diluted to 200 JlI with DEPC

treated H20 and precipitated with ethanol. Incorporated counts were 

determined by scintillation counting of 10% TCA precipitated 

aliquots. 

mRNA-like transcripts were synthesized in vitro from cDNA 

clones using T7 or T3 RNA polymerase. These in vitro mRNAs were 

used as controls for RNA sequencing reactions. To aid in the 

interpretation of RNA sequencing data, unlabelled oligonucleotide 

primers were used to prime standard di-deoxy DNA sequencing 
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TABLE 3-1. Coordinates and Sequences of Oligonucleotide Primers 
Used for Primer Extension RNA Sequencing 
ref. # region coordinates 
624 trnF 864-918 

1442 
1544 
297 
751 
299 

1445 

trnC-rps2 
rps2-atpI 
atpI-atpH 
atpH-atpF 
atpF-atpA 

atpA-rpsl8 

1228-1247 
3070-3092 
4505-4524 
5862-5879 
7005-7025 

10075-10092 

seguence 5'-3' 
CCAGATTTGAACTGGTGACACAAGGATTT 

TCAGTCCTCCGCTCTACCAACTGAGC 
CTCATTCTTGGATTCCATTG 

GAATTAATTAATACTTGCCCGTG 
CCTTCTGCTTCAGGTTGACG 
GCGTTTTTAGTAAATCAC 

CGGGCGAACTCTGATCATAGC 
GACGGTGCTGTTTATATG 



55 

reactions of the recombinant cDNA plasmids from which the in vitro 

transcripts were generated. 

Twenty-four Ilg high molecular weight Euglena chloroplast RNA 

(Copertino et aI., 1991) or 10% of an in vitro transcription reaction 

were dried under vacuum with 107 cpm of each primer. Each 

primer-RNA template mixture was resuspended in 12 III annealing 

buffer (200 mM KCI, 10 mM Tris pH 8.3 at 420 C), incubated 3 min. at 

850 C, transferred to ice, centrifuged for 5 sec. at 40 C in a microfuge 

and then 20u RNasin was added to each sample. The primer-RNA 

template mixtures were annealed at 420 C for 90 min. and 

transferred to ice. Six III of dNTP mix (1.5 mM dO and dC, 4.0 mM dA 

and dT), 5.5 III 5X reverse transcriptase buffer (100 mM Tris pH 8.3 

at 420 C, 50 mM MgCI2, 25 mM DTT, 280 Ilg/ml actinomycin D) and 

20u AMV reverse transcriptase were added to each annealing 

reaction on ice. Five III aliquots of each sequencing mix were added 

to each of four microcentrifuge tubes containing 1 III of a single di

deoxynucleotide (1 mM ddO and ddC, 3 mM ddA and ddT). The 

remaining sequencing mIxes were carried through as primer 

extension reactions without di-deoxy nucleotides. The RNA 

sequencing reactions were incubated at 420 C for 45 min. and 

terminated by the addition of 5 III RNA loading dye (80% formamide, 

0.1 % bromphenol blue, 0.1 % xylene cyanol). Experimental reactions 

using Euglena chloroplast RNA as template were run on 6% 

polyacrylamide, 7 M urea sequencing gels with the in vitro RNA 
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sequencing reactions and DNA sequencing reactions of cloned cDNAs 

as controls. 

Capping of Total Euglena gracilis Chloroplast RNA. Total E ug Ie na 

gracilis chloroplast RNA (90 Jlg) was capped in vitro in a 57 Jll 

reaction containing 50 mM Tris-HCl (pH 7.9), 1.25 mM MgCI2, 6 mM 

KC1, 2.5 mM DTT, 100 units RNasin, 463 JlCi of a-32p GTP (3000 

Ci/mMol) and 14 units guanyl transferase for 60 min. at 370 C (Haley 

and Bogorad, 1990). The reaction was stopped by the addition 7 Jll 

0.5 M EDTA, diluted to 200 Jll with DEPC-treated H20, ethanol 

precipitated and resuspended in 30 Jll DEPC-treated H2 ° . 
Incorporated counts were determined by scintillation counting of a 

10% TCA precipitated aliquot. 

Hybridization of Capped RNAs to in vitro Transcripts Complementary 

to the 5' Regions of rps2 Operon Genes. Cloned cDNAs were used as 

templates for in vitro synthesis of RNAs complementary to the 5' 

untranslated regions of trnF, rps2, atpI, atpH atpF, atpA, rpsJ8, and 

psbA and the 5' region of trnF. In vitro transcriptions using either T3 

or T7 RNA polymerase were carried out in 15 JlI reactions containing 

1 Jlg linearized plasmid DNA, 40 mM Tris-HCI (pH 8.0), 8 mM MgCI2, 

2 mM spermidine-(HCI)3, 25 mM NaCI, 500 JlM each ATP, UTP, CTP 

and GTP, 20 units RNasin, 1.5 mM dithiothreitol and 50 units RNA 

polymerase. Radiolabelled nucleotides were not used in these 

reactions. The transcription reactions were incubated at 370 C for 45 

min., 1 unit RQl DNase was added and the reactions incubated for an 



57 

additional 15 mm. at 370 C. The resulting RNAs were precipitated 

with ethanol, resuspended in DEPC-treated H20 and the 

concentration of each determined by spectrophotometry. A 400 ng 

aliquot of each transcript was electrophoresed in a 1.2% agarose, 2.2 

M formaldehyde gel (Rosen et al., 1990), transferred to a Genescreen 

(NEN DuPont Co.) nylon membrane and crosslinked by UV 

irradiation. The nylon membrane was prehybridized 10 50% 

formamide, 5X SSPE, 5X Denhardt's solution, 10% dextran sulfate and 

1 % SDS at 420 C for 4 hours. After pre-hybridization, 106 cpm capped 

Euglena chloroplast RNA was added and the hybridization carried 

out under the same conditions for 18 hours. The hybridized 

membrane was washed twice in 2X SSPE for 15 min. at room 

temperature, twice in 2X SSPE, 2% SDS for 30 min. at 650 C and ten 

min. in O.IX SSPE at room temperature. The washed membrane was 

exposed to X-ray film at -700 C with two intensifying screens. 

Determination of potential secondary structures of intercistronic 

regions. Potential secondary structures of intercistronic regions 

were determined using the FOLD program (Zuker and Stiegler, 1981). 

The most stable structure for the entire intercistronic region, from 

the termination codon of the upstream gene to the initiator codon of 

the downstream gene, was determined for each pair of genes in the 

operon. 
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Results 

Transcripts of the Euglena rps2 Operon Accumulate as Spliced MuIti

and Mono-cistronic mRNAs. Transcripts from the rps2-atpl-atpH

atpF -atpA -rpsl8 gene cluster and psaJ were analyzed by northern 

blot hybridization. 32P-Iabelled RNA probes complementary to each 

gene were synthesized from deletion subclones by T3 or T7 RNA 

polymerase and hybridized to total Euglena gracilis chloroplast RNA. 

As shown in Fig. 3-1, the hybridization results are consistent with 

the interpretation that rps2, atpl, atpH, atpF, atpA and rps 18 are co

transcribed as a hexa-cistronic transcript and cleaved to mono

cistronic mRNAs. Probes specific for each of the six genes hybridized 

to a transcript of approximately 5.5 kb, which is interpreted as the 

fully spliced hexa-cistronic transcript. Transcripts of 1.0 kb, 0.9 kb, 

0.44 kb, 0.7 kb, 1.6 kb and 0.38 kb were detected exclusively by 

probes specific for rps2,atpl,atpH,atpF,atpA and rps18, 

respectively, and are interpreted as the fully spliced mono-cistronic 

transcripts. These are the smallest transcripts detected by each 

probe with the exception of the probe specific for rps2. Probes for 

rps2 consistently hybridize to transcripts slightly smaller than 1.0 

kb (Christopher et aI., 1990). This may represent background 

hybridization to abundant ribosomal RNAs. Transcripts detected by 

two or more probes are interpreted as fully spliced, multi-cistronic 

intermediates in the RNA processing pathway. Specific examples are 

transcripts of 2.6 kb which hybridizes to probes for atpH, atpF and 

atpA, 2.1 kb which hybridizes to probes for rps2, atpl and atpH, 1.9 
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Figure 3-1. Northern blot analysis of the Euglena gracilis 
chloroplast rps2, atpl, atpH, atpF, atpA, rps18, and psaJ transcripts. 
Total Euglena gracilis RNA was fractionated on a 1.2% agarose, 2.2 
molar formaldehyde gel and transferred to Genescreen (NEN DuPont) 
nylon membrane. Each lane was hybridized to a complementary 32p 
labelled RNA probe specific for a single gene. The gene map shown 
above indicates the position and polarity of the genes and each 
complementary RNA probe. The direction of transcription is 
designated by thin arrows and the polarity of the RNA probes by 
thick arrows. The positions of RNA molecular weight markers are 
indicated at the left. Sizes of transcripts discussed in the text are 
indicated at right. Transcripts interpreted as fully-spliced mono
cistronic mRNAs are labelled with the gene name. 
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Figure 3-2. Co-transcription of trnF and trne with rps2. Euglena 
chloroplast DNA and cDNAs synthesized from an olignucleotide 
primer in exon 2 of rps2 were amplified by PCR with a primer in 
trnF and the rps2 exon 2 primer. The PCR products were fractionated 
on a 1.5% agarose gel, stained with EtBr and visualized by UV. 
Amplification of chloroplast DNA results in a single product of 679 
bp and amplification of cDNAs results in two products of 679 bp and 
578 bp. 
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kb which hybridizes to probes for atpA and rpsl8, 1.8 kb which 

hybridizes to probes for rps2 and atp!, 1.3 kb which hybridizes to 

probes for atp! and atpH, and 1.1 kb which hybridizes to probes for 

atpH and atpF. Un spliced and partially spliced transcripts are not 

detected as discreet RNA species. The finding that the ribosomal 

protein genes are co-transcribed with the ATP synthase subunits 

was confirmed by PCR amplification and cloning of spliced cDN As 

containing portions of both classes of genes (pEZCI012 and 

pEZCI050, Fig. 2-2). The probe complementary to psaJ hybridizes to 

a single transcript of 0.22 kb (Fig. 3-1, lane G). 

PCR Amplification cDNAs Containing trnF and rDs2 Result in Both 

Un spliced and Spliced Products. To determine if trnF and trnC can 

be co-transcribed with the rps2 -atp! -atpH -atpF -atpA -rps 18 operon, 

cDNAs synthesized from an oligonucleotide primer in exon 2 of rps2 

were PCR amplified with an oligonucleotide primer in t rnF. The 

results of PCR amplification of the rps2 exon 2 cDNAs are shown in 

Fig. 3-2. PCR amplification results in two products of approximately 

700 bp and 600 bp. The larger product is much more abundant than 

the smaller product. Each of the two products was cloned and 

sequenced. The larger PCR product is 679 bp and corresponds to the 

un spliced cDNA containing part of trnF, all of trnC, the intercistronic 

region, rps2 exon 1, rps2 intron 1 and part of rps2 exon 2. The 

smaller PCR product is 578 nt and corresponds to the spliced cDNA 

from which the 101 nt first intron of rps2 has been excised. These 
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results are consistent with the presence of spliced transcripts which 

contain trnF, trnC and exons 1 and 2 of rps2. 

The 5' Ends of Accumulated Chloroplast Transcripts Map to 

Intercistronic Regions. The 5' ends of the transcripts observed by 

northern hybridization analysis were mapped by primer extension 

sequencing of Euglena chloroplast RNA. End labelled oligonucleotide 

primers complementary to coding regions near the 5' ends of trnF, 

rps2, atp!, atpH, atpF, atpA and rps 18 were extended by reverse 

transcriptase in the presence of di-deoxy nucleotides. The ladders 

resulting from sequencing of Euglena chloroplast RNA and in vitro 

RNA and DNA controls are shown in Figs. 3-3 through 3-9. All 

Euglena chloroplast RNA sequencing reactions have at least one 

strong stop in all four di-deoxy sequencing lanes and the primer 

extension lane without di-deoxy nucleotides. 

The chloroplast RNA sequencing reaction primed in t r nF 

exhibits one strong stop which corresponds to the 5' end of the 

mature phenylalanine tRNA (Fig. 3-3). A sequence ladder extends 

beyond this stop. Several strong stops are present in the chloroplast 

sequencing reaction primed in ex on 1 of rps2 (Fig. 3-4). The major 

stop corresponds to the 3' end of the mature cysteine tRNA. At least 

four more stops are present beyond the major stop. The lack of 

resolution in this area of the gel makes exact mapping of these stops 

impossible. One of the stops should result from processing between 

trnF and trnC. The other stops may result from secondary structure 

in the RNA template. 
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Figure 3-3. Primer extension analysis of the 5' end of trnF. A 32p 
end-labelled oligonucleotide primer complementary to a portion of 
trnF was annealed to Euglena chloroplast RNA and extended in the 
presence of di-deoxy nucleotides. The same primer was also used to 
sequence transcripts synthesized in vitro and a recombinant 
plasmid. The position of the stop in the chloroplast RNA template is 
shown at right. 
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Figure 3-4. Primer extension analysis of the 5' end of rps2. A 32p 
end-labelled oligonucleotide primer complementary to a portion of 
rps2 exon 1 was annealed to Euglena chloroplast RNA and extended 
in the presence of di-deoxy nucleotides. The same primer was also 
used to sequence transcripts synthesized in vitro and a recombinant 
plasmid. The positions of the stops in the chloroplast RNA template 
are shown at right. 
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Figure 3-5. Primer extension analysis of the 5' end of atpl. A 32p 
end-labelled oligonucleotide primer complementary to a portion of 
atpl exon 4 was annealed to Euglena chloroplast RNA and extended 
in the presence of di-deoxy nucleotides. The same primer was also 
used to sequence transcripts synthesized in vitro and a recombinant 
plasmid. The position of the stop in the chloroplast RNA template is 
shown at right. 
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Figure 3-6. Primer extension analysis of the 5' end of atpH. A 32 P 
end-labelled oligonucleotide primer complementary to a portion of 
atpH was annealed to Euglena chloroplast RNA and extended in the 
presence of di-deoxy nucleotides. The same primer was also used to 
sequence transcripts synthesized in vitro and a recombinant 
plasmid. The position of the stop in the chloroplast RNA template is 
shown at right. 
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Figure 3-7. Primer extension analysis of the 5' end of atpF. A 32p 
end-labelled oligonucleotide primer complementary to a portion of 
atpF exon 3 was annealed to Euglena chloroplast RNA and extended 
in the presence of di-deoxy nucleotides. The same primer was also 
used to sequence transcripts synthesized in vitro and a recombinant 
plasmid. The position of the stop in the chloroplast RNA template is 
shown at right. 
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Figure 3-8. Primer extension analysis of the 5' end of atpA. A 32p 
end-labelled oligonucleotide primer complementary to a portion of 
atpA exon 1 was annealed to Euglena chloroplast RNA and extended 
in the presence of di-deoxy nucleotides. The same primer was also 
used to sequence transcripts synthesized in vitro and a recombinant 
plasmid. The position of the stop in the chloroplast RNA template is 
shown at right. 
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Figure 3-9. Primer extension analysis of the 5' end of rpsJB. A 32p 
end-labelled oligonucleotide primer complementary to a portion of 
rpsJB exon 2 was annealed to Euglena chloroplast RNA and extended 
in the presence of di-deoxy nucleotides. The same primer was also 
used to sequence transcripts synthesized in vitro and a recombinant 
plasmid. The position of the stop in the chloroplast RNA template is 
shown at right. 
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Extension of the primer complementary to atp! exon 4 results 

in a sequencing ladder corresponding to a spliced transcript. There IS 

a single stop nine nt upstream of the atp! initiator codon and 33 nt 

downstream of the rps2 stop codon (Fig. 3-5). Extension of the 

primer complementary to atpH results in a stop 76 nt upstream of 

the atpH initiator codon and 56 nt downstream of the atp! stop 

codon (Fig. 3-6). Extension of the primer complementary to atpF 

exon 3 results in a sequencing ladder corresponding to a spliced 

transcript with a stop 43 nt upstream of the atpF initiator codon and 

72 nt downstream of the atpH stop codon (Fig. 3-7). Extension of the 

primer in atpA ex on 1 results in a stop 58 nt upstream of the atpA 

initiator codon and 46 nt downstream of the atpF stop codon (Fig. 3-

8). Extension of the primer in rps 18 exon 2 results in a sequencing 

ladder corresponding to a spliced transcript with a stop 151 nt 

upstream of the rps 18 initiator codon and 34 nt downstream of the 

atpA stop codon (Fig. 3-9). 

The observed stops are interpreted as the 5' ends of 

transcripts resulting from endonucleolytic cleavage of the primary 

transcript. This interpretation is consistent with co-transcription of 

the tRNAs with the downstream genes and RNA processing which 

results in mature tRNAs and mono-cistronic mRNAs. It is formally 

possible that the multiple transcripts and 5' ends of this operon arise 

from multiple sites of transcription initiation or a combination of 

initiation and processing events. 
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Figure 3·10. Capped Euglena chloroplast RNAs do not hybridize to 
trnF or the rps2 operon. Total Euglena chloroplast RNA was capped 
in vitro with 32 P GTP using guanyl tranferase and hybridized to 
transcripts complementary to the 5' regions of trnF, rps2, atpl, atpH, 
atpF, atpA and psbA immobilized on a nylon membrane. 
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Capped Euglena Chloroplast RNAs Do Not Hybridize to the 5' regions 

of the rps2 Operon Genes. The 5' ends of transcripts arising from 

transcription initiation have tri- or di-phosphates which are 

substrates for capping with ex _3 2 P GTP by guanyl transferase. 

Transcripts resulting from endonucleolytic cleavage have 5' mono

phosphate or hydroxyl moieties and are not substrates for capping. 

To determine whether the 5' ends of the observed transcripts arise 

from transcription initiation, capped Euglena RNA was hybridized to 

in vitro transcripts complementary to the 5' regions of trnF, rps2, 

atpl, atpH atpF, atpA, rpsi8, and psbA. The results of hybridization 

of capped Euglena gracilis chloroplast RNA to the in vitro transcripts 

are shown in Fig. 3-10. Capped RNAs hybridize to the transcript 

complementary to psbA, which is known to be a site of transcript 

initiation (J.K. Stevenson and R.B. Hallick, unpublished results), but 

not to the transcripts complementary to trnF, rps2, atpl, atpH atpF, 

atpA or rpsi8. These data are consistent with the 5' ends of the 

trnF -t rnC - rps2 -atpl-atpH -a tpF -atpA -rps i8 operon transcripts 

resulting from intercistronic cleavage rather than transcription 

initiation. 

Intercistronic Processing Sites are in the Single Stranded Regions of 

Potential Secondary Structures. To determine if the observed 

intercistronic processing sites occur in conserved secondary 

structures, the most stable potential secondary structure for each of 

the intercistronic regions of the rps2 operon was determined by the 
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Figure 3-11. The 5' ends of accumulated transcripts map to single 
stranded regions of the most stable potential secondary structures of 
intercistronic regions. The most stable potential structures predicted 
by the FOLD program (Zuker et aI., 1981) for each intercistronic 
region of the Euglena rps2 operon are shown. The 5' end of each 
mono-cistronic transcript is indicated by an arrowhead. 
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FOLD program (Zuker et aI., 1981). The positions of the observed 

intercistronic processing sites relative to determined potential 

secondary structure are shown in Fig. 3-11. The site of processing at 

the 3' end of the mature cysteine tRNA is at the beginning of the 

intercistronic region and maps to the base of the main stem of the 

potential secondary structure. In every other case, the site of 

intercistronic cleavage is in a single stranded region of the potential 

secondary structure. 

Discussion 

Gene specific probes for each of the six genes of the rps2 -atpI -atpH

atpF -atpA -rps 18 detect a 5.5 kb transcript which is interpreted as 

the hexa-cistronic transcript from which seventeen introns have 

been removed. Each of the probes also detects several smaller 

transcripts. The smallest transcript detected by each probe IS 

interpreted as a mono-cistronic mRNA and the other species as 

multi-cistronic intermediates in the processing pathway. These 

results are consistent with co-transcription of these six genes into a 

primary transcript which is subsequently processed by 

endonucleolytic cleavage to mono-cistronic transcripts. 

The possibility of co-transcription of the upstream tRNA genes, 

trnF and trnC, with the downstream polypeptide encoding genes was 

confirmed by synthesis, peR amplification, cloning and sequencing of 

spliced cDNAs which contain trnF, trnC, and exons 1 and 2 of rps2. It 

is not surprising that the spliced cDNA was less abundant than the 
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un spliced cDN A because in order to be amplified by the primers in 

trnF and rps2 exon 2, the transcript must be spliced but the tRNAs 

not processed. Although this result is direct evidence that 

transcription can proceed through the tRNA genes and include at 

least the first two exons of rps2, it does not demonstrate continuous 

transcription from the tRNAs through rpsi8 or preclude other sites 

of transcription initiation. 

The results of northern blot analysis of the transcripts of this 

operon are consistent with the accumulation of multiple transcripts 

for each gene. The 5' ends of the accumulated transcripts were 

mapped by primer extension, di-deoxy sequencing of Euglena 

chloroplast RNA. The observed 5' ends of the accumulated 

transcripts map to intercistronic regions of the operon. The sizes of 

the mono-cistronic transcripts observed by northern blot analysis 

correspond to the mapped ends of each transcript. For example, the 

size of the mono-cistronic atpH transcript is 0.44 kb and is consistent 

with the size predicted from the 5' end of atpH to the 5' end of atpF. 

Therefore, although the 3' ends of the accumulated transcripts were 

not mapped directly, the sizes and 5' ends of the accumulated 

transcripts are consistent with little or no endo- or exo-nucleolytic 

processing at the 3' ends of the mono-cistronic transcripts. 

It is also significant that the sequence ladders continue past 

the stops in all cases. This observation is consistent with chloroplast 

RNA providing more than one template molecule for each sequencmg 

reaction. One set of RNA templates has a 5' end in the intercistronic 
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region and one set of RNA templates is continuous with the upstream 

gene. These results are also consistent with the accumulation of both 

processed and unprocessed transcripts and intercistronic cleavage of 

a large transcript rather than transcript initiation. 

The possibility that the mono-cistronic transcripts result from 

initiation rather than processing of a primary transcripts was tested 

by hybridization of capped Euglena chloroplast RNA to in vitro 

transcripts complementary to the intercistronic regions. The finding 

that capped RNAs did not hybridize to these regions is also 

consistent with the observed transcripts arising from processing not 

transcription initiation. Capped RNAs did not hybridize to in vitro 

transcripts upstream of t r n F . This result has two possible 

interpretations, either transcription is initiated farther upstream, 

possibly in the rpl23 operon, or transcription is initiated upstream of 

trnF but 5' end processing of the tRNA (Marion-Poll et aI., 1988) 

rapidly removes the capped leader which does not accumulate. 

The sites of potential transcript processing were examined by 

secondary structure analysis. Each of the intercistronic regions can 

be folded into a stable secondary structure. All of the cleavage sites 

between polypeptide encoding genes correspond to single-stranded 

regions in the most stable secondary structure predicted for each 

intercistronic region. These results are suggestive of a processing 

model in which putative processing components recognize stable 

secondary structures and cleave the transcript in single stranded 

regions of these structures. This model is somewhat similar to that 
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for 3' end processing of chloroplast transcripts in which stable stem

loop structures are necessary for binding of protein factors and 

message stability (Chen et aI., 1991; Chen et aI., 1990; Stern et aI., 

1987; Stern et aI., 1989; Stern et aI., 1989). 

The experimental results presented here are consistent with a 

model for transcription and RNA processing of the Euglena 

chloroplast rps2 operon in which transcription is initiated upstream 

of trnF and proceeds through rps18. Introns are excised from the 

primary transcript and spliced transcripts accumulate. The spliced 

transcripts are then processed to mono-cistronic transcripts by 

endonucleolytic cleavage in intercistronic regions between coding 

sequences. These cleavage events occur in single stranded regions of 

stable secondary structures which may serve as recognition signals 

for components of the processing machinery. A representation of this 

model is presented in Fig. 3-12. The results of less detailed 

transcript analysis of the spinach and pea chloroplast rps2 -atpI

atpH -atpF -atpA operons are also consistent with similar processing 

events occurring in land plant chloroplasts (Hudson et aI., 1987). This 

pattern of RNA processing seems to be common in multi-cistronic 

chloroplast transcription units and has been analyzed in detail for 

the Euglena L23-L14 ribosomal protein operon (Christopher et aI., 

1990). However, the Euglena rps4-rpsll transcript is detectable only 

as a di-cistronic unit (Stevenson et aI., 1991), and the psbE -psbF

psbL-ORF42 portion of the psaA -psaB -psbE -psbF -psbL-O RF42 

transcript persists as a tetra-cistronic RNA species (Copertino et aI., 
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Figure 3-12. A model of transcription and RNA processing of the 
Euglena chloroplast rps2 operon. 
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1991; Cushman, 1987). Thus, the role of these post-transcriptional 

processing events in regulation of chloroplast gene expression 

remains undetermined. 

The exact site of transcription initiation for the rps2 operon 

remains unknown. A previous interpretation of northern blots of the 

rpl23 operon and rps2 concluded that the rps2 gene cluster was not 

co-transcribed with the upstream genes (Christopher et aI., 1990). 

This conclusion was primarily based on the inability of an r p s 2 

specific probe to detect two large transcripts of 8.0 and 8.3 kb that 

were detected by all of the rpl23 operon probes. The results 

presented here can be interpreted as evidence of co-transcription of 

the rpl23 operon, trnF, trnC and the rps2 operon. It is possible that 

the rps2 probe did not detect the large transcripts because of the 

presence of the rapidly processed tRNAs. Transcripts corresponding 

to the actual full length transcription unit may not accumulate due to 

simultaneous transcription, splicing and processing. More 

experimental analysis of sites of transcription initiation on the 

Euglena chloroplast genome will be needed to resolve this question. 
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CHAPTER 4 

ANALYSIS OF rpsJ8 INTRON 2: A COMPLEX TWINTRON 

Introduction 

The chloroplast genome of the photosynthetic protist Euglena gracilis 

contains at least 142 introns (Hallick et aI., 1993). This number is 

seven times the 18-21 introns of land plant chloroplast genomes 

(Hiratsuka et aI., 1989; Ohyama et aI., 1988; Shinozaki et aI., 1986). 

Based on phylogenetic comparisons of prokaryotic and plastid genes, 

it has been proposed that the numerous Euglena introns, as well as 

most higher plant chloroplast introns, have arisen via intron 

insertion during evolution of the chloroplast genome (Gingrich et aI., 

1985; Palmer, 1991). The Euglena chloroplast introns are of two 

classes, group II introns also found in other chloroplasts and plant 

and fungal mitochondria, and group III introns which are unique to 

the plastids of E ug Ie na gracilis and the non-photosynthetic protist 

Astasia longa (Christopher et aI., 1989; Siemeister et aI., 1990a). The 

two classes of introns are readily distinguished by their 

characteristic features. Euglena group II introns are 277-671 nt in 

length and have highly conserved secondary structure (Michel et aI., 

1982; Michel et aI., 1989). Group III introns have a very narrow size 

range of 91-119 nt (Christopher et aI., 1989). 

The Euglena chloroplast genome also contains introns-within

introns, termed twintrons. Three types of twintrons have been 

described, group II within group II, group II within group III and 

group III within group III (Copertino et aI., 1991; Copertino et aI., 
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1991; Copert~no et aI., 1992). Twintrons are excised from pre-mRNAs 

by sequential splicing of the individual introns. The internal intron is 

excised first, thereby splicing the separate portions of the external 

intron. Subsequent excision of the external intron results in splicing 

of the exons. The existence of twintrons is consistent with the 

concept that group II and group III introns are mobile genetic 

elements. A three step process of reverse splicing, reverse 

transcription and homologous recombination is one possible 

mechanism of intron insertion and twintron formation (Copertino et 

aI., 1991). If twintrons are formed by the insertion of a mobile 

intron into an existing intron, it is possible that intron insertion into 

twintrons could result in more complex introns. In principle, a 

complex intron could be formed from 3, 4 or more individual introns. 

The sequence and gene structure of a Euglena gracilis 

chloroplast polycistronic operon encoding two tRNAs, two chloroplast 

ribosomal proteins and four CFo-CFt ATP synthase subunits has been 

determined (coordinates 30503-39956 EMBL accession #ZI1874), 

chapter 2 (Drager et aI., 1993b). Five of the polypeptide encoding 

genes are interrupted by seventeen introns. Nine of these introns are 

99-112 nucleotides in length, and were identified as group III 

introns. The other eight introns are 323 to 637 nt in length. Seven of 

the larger introns were determined to be group II introns based on 

their secondary structure (Drager et aI., 1993b). The 434 nt intron 2 

of rps 18, (Fig. 4-1, coordinates 39466-39899) is too large to be a 

group III intron, but does not have a group II secondary structure. 
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This intron might be a new type of twintron, comprised of four 

group III introns. This hypothesis was tested by PCR amplification 

and subsequent sequencing of partially spliced cDNAs and by 

northern hybridization analysis. This 434 nt intron in the ribosomal 

protein S 18 mRNA precursor is excised as four distinct group III 

introns. The excised introns accumulate as circular or lariat RNA 

molecules. Two of these group III introns utilize multiple 5' and/or 

3' splice sites. The term "complex twintron" is used to describe an 

intervening sequence excised as three or more discreet introns. The 

existence of complex twintrons is evidence that larger introns can be 

assembled from smaller, individual introns, and is suggestive of a 

mechanism for the evolution of introns with multiple active splice 

sites. 

Materials and methods 

cDNA Synthesis. Amplification. Cloning and Sequence Analysis. Total 

RNA was isolated from frozen Euglena gracilis chloroplasts as 

described in chapter 2 (Drager et aI., 1993b; Hallick et aI., 1982). 

cDNAs were synthesized using specific oligonucleotide primers 

(University of Arizona Biotechnology Center) as described by Yepiz

Plascencia, et al. (Yepiz-Plascencia et aI., 1990). cDNA primer #1 (5'

GCGTGCTTGTTTAACTTTTG-3', complementary to cOOT. 39914-39895 

EMBL accession #Z 11874) spans the rp s 18 intron 2-exon 3 boundary. 

cDNA primer #2 (5'-GGAAGTAAGCCTAAATAGCGTGC-3', 

complementary to COOT. 39931-39909) is within rps 18 exon 3 (see 

Fig. 4-2A). Resulting cDNAs were amplified by the polymerase chain 
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• • • 39350 • • 
AAGATGTTTTAACTTTATGAAAT TTGTGA TTGTA CTTTTAAA TAAA TTAAAA TAAAAA TA 

M K 
• • 39300 • • • 

TTA TAAAATAAAATTA TTTTTAA TATAAATCTTAACAAAATTTTAGAAAGAA TTTTTATC 
• 39350 • • • • 

ATATACCCAGCACTTATTGATTATAAAAATGTTAATATTCTTAGAAGATTCATAAACTTT 
(Y> PAL I D Y K N V NIL R R FIN F 

39400 • • • • 39450 
CAAGGTAAAATAATTCCAAAACGATTAAACAAACCTAAATTAACATATAAACAGCACCGT 
Q G K I I P K R L N K P K L T Y K Q H R 

• • • • 39500 • 
CTTCTAAGAAAATCT TTTTGA TTTTA TTTAAAA TA TTAAAAAAA TTAAAA TGA CAA TAA T 
L L R K S 

• • • 39550 • • 
A TCAA TAA TCAAA CAA TAAAAAA TTTTTTTGTCTTTCTAAGAAAAAA CA TA TTA TGTTTT 

• • 39600 • • • 
CA CGTTAAAA TTA TTAAAAAA TAGTAAAAA TAA TAGTGA CA TTAAAA CAA TAAAA TTGAG 

• 39650 • • • • 
TATTCCACAAAAATTTTAAAAACAAATACATATTTTTTA TAAAATTCTTTATATTTTGAA 

39700 • • • • 39750 
AAA CA TTTAGTTA TTTTTAA TATAAA TTTGTAAAATGATTGTTCTTA TTTTTTAAAAA TT 

• • • • 39800 • 
ACAAAA TTGTAAGATTAAAAA TTTTAA TTAAAAATAAAA TAATTTAAATTATTTAATTAA 

• • • 39850 • • 
AAA TTAAAA TTA TTTTCTTTAGTAGATTAAAA TA TA CGCA TTTTAAAGA TTAA TA TTA TG 

• • 39900 • • • 
ACTACA TTTTAA TAAAAGTA TA TTCAAAAGTTAAACAAGCACGCTATTTAGGCTTACTTC 

V K Q A R Y L G L L P 
• 39950 • • 

CTTTTAAAACTAAAGATTTTTTTTAATATTCTTTAGTTTTAA 
F K T K D F F * 

Figure 4·1. DNA sequence of the RNA-like strand of the Eug lena 
gracilis chloroplast rps 18 gene, coordinates 39211-29972 EMBL 
accession #Z11874. Coding regions are designated by the single letter 
amino acid code directly below the first nucleotide of each codon. 
The codon of the tyrosine residue shown in parentheses is split by 
intron 1. Nucleotides of intron 1, a group III intron (coor. 39234-
39334), and intron 2, the complex twintron (coor. 39466-39899), are 
shown in italics. 
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reaction (PCR, Perkin-Elmer) with a primer 10 rps 18 exon 2 (5'

GAAGATTCATAAACTITCAAGG-3', coor. 39374-39395) as previously 

described (Copertino et aI., 1991; Copertino et aI., 1991; Copertino et 

aI., 1992; Drager et aI., 1993b). As a control, purified Euglena 

chloroplast DNA (Hallick et aI., 1982) was also amplified using each 

cDNA primer with the rps18 exon 2 PCR primer. All PCR reactions 

consisted of a 3 min. 800 C hot start followed by 25 cycles of 1 min. 

940 C, 2 min. 500 C, 2 min. 720 C. PCR products were cloned into ddT

tailed Bluescript KS(+) (Holton et aI., 1991) by both shotgun cloning 

of total PCR products and by gel purification (GeneClean, Bio 101) of 

individual cDNAs. Cloned cDNAs were sequenced by standard 

methods using the Sequenase DNA sequencing kit (U. S. Biochemical). 

Northern Hybridization Analysis. Preparation of the northern blots 

of low molecular weight Euglena gracilis RNA has been previously 

described (Copertino et aI., 1992). Briefly, 2~g isopropanol soluble 

RNA was fractionated by electrophoresis on 6% and 15% 

polyacrylamide slab gels containing 8M urea. Fractionated RNAs 

were transferred to Genescreen (NEN DuPont Co.) (Copertino et aI., 

1991) and hybridized to 32p labelled RNA probes complementary to 

the entire rps18 intron 2, rps18 introns 2a and 2b or Euglena 

chloroplast 5S RNA. 

RNA Secondary Structure Determination. The most stable RNA 

structure of nucleotides 39562-39868, representing all of rps 18 
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intron 2b excluding the putative domain VI-like regIon, was 

determined using the FOLD program (Zuker et aI., 1981). 

Results 

rps 18 Intron 2 is Excised as Four Individual Group III Introns. The 

DNA sequence and structure of the Euglena chloroplast rps18 gene is 

presented in Fig. 4-1. The positions of primers used for cDNA 

synthesis and PCR amplification of rps18 intron 2 are shown in Fig. 

4-2A. The products of PCR amplification of cDNAs are shown in Fig. 

4-2B. Amplification of cDNAs synthesized from cDNA primer #1, 

which spans the intron-exon boundary and cannot amplify fully

spliced transcripts, results in four PCR products of 560 bp, 450 bp, 

340 bp, 230 bp and approximately 50 bp (Fig. 4-2B, lane 2). The four 

larger products are interpreted as the unspliced primary transcript 

and three partially spliced pre-mRNAs. The product of 

approximately 50 bp was determined to be an artifact of mis

priming during cDNA synthesis. Six nuc1eotides at the 3' end of cDNA 

prImer #1 (5'-CTTTTG-3') are complimentary to nuc1eotides 39407-

39412 (5' -CAAAAG-3') of rps 18 exon 2. Because this product only 

appears upon amplification of cDNAs and not upon amplification of 

genomic DNA with the same primers (Fig. 4-2B, lane 4), it is likely 

that the mis-annealing took place during cDNA synthesis at 37 oC, 

rather than during the PCR reaction in which the annealing 

temperature was 50 oC. 

PCR amplification of cDNAs synthesized from cDNA primer #2, 

which is within rps 18 exon 3, results in four products of 560 bp, 450 
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Figure 4-2. Analysis of the partially spliced rpsi8 pre-mRNAs. (A) 
Positions of primers used for cDNA synthesis from total Euglena 
gracilis chloroplast RNA and peR amplification of rpsi8 intron 2 
cDNAs. A peR primer in rpsi8 exon 2 was used to amplify cDNAs 
synthesized from cDNA primers #1 and #2. (B) Ethidium bromide 
stained 1.7% agarose gel of peR products. Lane 1) q,X174 DNA 
digested with HaeIII. Lane 2) peR amplification products of cDNAs 
synthesized from cDNA primer #1 and amplified with cDNA primer 
#1 and the exon 2 peR primer. Lane 3) peR amplification products of 
cDNAs synthesized from cDNA primer #2 and amplified with cDNA 
primer #2 and the ex on 2 peR primer. Lane 4) peR products of 
Euglena gracilis chloroplast DNA amplified with cDNA primer #1 and 
the exon 2 peR primer. Lane 5) peR products of Euglena gracilis 
chloroplast DNA amplified with cDNA primer #2 and the ex on 2 peR 
primer. The sizes, in bp, of MW markers are shown on the left and 
the sizes of the peR products are shown on the right. (e) Structure of 
the rps i8 complex twintron as determined by sequence analysis of 
partially spliced and fully-spliced cDNAs. 
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bp, 340 bp and 230 bp that correspond to the cDNAs obtained with 

primer #1, plus an additional product at 120 bp (Fig. 4-2A, lane 3). 

The 120 bp band corresponds to the predicted cDNA product of the 

fully-spliced transcript. The sizes of the PCR amplification products 

of the rps 18 intron 2 cDNAs are consistent with the hypothesis that 

this 434 nt intron is excised as four individual group III introns, 

each 100-110 nt in length. Amplification of Euglena chloroplast DNA 

with each cDN A primer and the exon 2 PCR primer results in only 

the 560 bp product (Fig. 4-2B, lanes 4 and 5). 

The PCR amplified cDN As were cloned and sequenced. The 

cDNA amplification products correspond to transcripts from which 0, 

1, 2, 3 and 4 group III introns have been excised. These four introns 

are arranged in a complex pattern of two group III introns within 

the internal intron of a group III twintron (Fig. 4-2C). The external 

intron 2a is interrupted once, and therefore consists of two non

contiguous pieces. The second intron 2b is interrupted twice and 

consists of three non-contiguous pieces. The remaining two introns, 

2c and 2d, are intact and internal to intron 2b. 

Based on the analysis of the cloned cDNAs, the RNA maturation 

pathway shown in Fig. 4-3 is proposed as the major route of excision 

of rps18 intron 2. Partially spliced cDNAs from which intron 2c, or 

introns 2c and 2d, or introns 2b, 2c and 2d had been excised were 

characterized. All cDNAs from which only one intron had been 

excised lack intron 2c. These results are most consistent with the 

sequential in vivo excision of introns 2c, 2d, 2b and 2a, respectively. 
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39709 , 
~ Intron 1 ~ intron 2c 

39759 39870 , . 
Intron 2d -1 

39562 2 b 39888 
, ..---1---, 

39466 39899 

• , 
t---- Intron 28 

exon 1 exon 2 exon 3 

Figure 4-3. The proposed major pathway of E ug lena g ra c il is 
chloroplast rps IB RNA maturation as determined by sequence 
analysis of cloned cDNAs. Excision of intron 1 is independent of the 
multi-step splicing of intron 2, a complex twintron. Diagrams from 
top to bottom represent RN As from which 0, 1, 2, 3 and 4 group III 
introns have been excised from rpslB intron 2. Exons are shown as 
black boxes and introns as either white (1), 2a, 2c, 2d or gray 2b 
boxes. Coordinates of the most frequently observed individual group 
III intron splice sites are indicated by vertical arrows. 
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G ATC G ATC G ATC 

pEZC1055 pEZC1054 pEZC1056 

G ATC G ATC 

pEZC1057 pEZC1058 

Figure 4-4. Sequence ladders of cloned cDNAs from which both 
internal introns (2c) and (2d) have been excised. Plasmid names are 
listed below each sequence ladder. Positions of excision of intron 
(2d), coordinates 39759-39870, are indicated by hollow arrowheads. 
Positions of excision of intron (2c) are indicated by solid arrowheads. 
The coordinates of excised nucleotides of intron (2c) for each plasmid 
are pEZCI055, 39604-39709; pEZCI054, 39604-39710; pEZCI056, 
39604-39711; pEZCI057, 39604-39712; and pEZCI058, 39602-
39712. 



91 

Excision of introns 2c and 2d results in the splicing of the three non

contiguous pieces of intron 2b into an intact intron. Subsequent 

excision of intron 2b results in the splicing of the two non-contiguous 

pieces of intron 2a into an intact intron, which is then excised to 

yield the fully-spliced rps 18 mRNA. However, from these data the 

excision of the entire 434 nt intron or intron 2b interrupted by 2c 

and/or 2d cannot be excluded, since some of the same cDNA 

products would result from these splicing events. 

The sizes of individual introns 2a, 2b, 2c and 2d are 107, 109, 

106 and 112 nt, respectively. Each of the four individual introns has 

the characteristic features of group III introns. These are size 

between 90-120 nt, 85-91 % A+U base content, and a subset of 

conserved nucleotides characteristic of group II intron 5' splice sites. 

The 5' boundary sequence of each group III intron has a guanosme 

residue at position +5, and most also have a uracil at position +2. This 

is similar to the group II intron 5' consensus of 5'-GUGYG. The 3' 

boundary sequences are variable, but all have an unpaired 

adenosine residue 7-10 nucleotides proximal to the 3' splice site, 

within a potential structure similar to domain VI of group II introns 

(Copertino et aI., 1991; Copertino et aI., 1992; Drager et aI., 1993b). 

Multiple 5' and/or 3' SpJice Sites are Utilized by Two of the Internal 

Introns of the Complex Twintron. Introns 2b and 2c are excised 

from multiple 5' and/or 3' splice sites, however no variations were 

observed in the splice boundaries of introns 2a and 2d. Sequence 



A 

B 
-

A 0 AUU~EBS 
A U 

(2c) '- U A~' A A A A 
lA ·0 U 

A , A 
AU. 'UU 

A A 'UO 
A 'u 

A 

UG·U 
A-U 
U-A 
A-U 
A-U 
A-U 

C 

A - U A U 
A - U C U 
A-U A-U 
U-A U U 
U -A C A 
A A A' 

I 2b ~:~ (2d) ......... A-U 
t I~ ,\ A-U U-A 

4JaU A. 5'-U \j A U'G ... ".(1211~ .. _ A - U A C A A A A U - A A A G-3' 
IBS 

92 

Figure 4-5. Positions of internal introns within the proposed 
structural domains of each of the interrupted introns. Introns 2a and 
2b are labelled at their 5' -splice sites. The sites of the internal 
introns are indicated by arrows. (A) Position of intron 2b within the 
domain VI-like region of intron 2a. (B) Positions of internal introns 
2c and 2d within the domain ID-like and domain VI-like regions of 
intron 2b, respectively. The nucleotides of potential pa1TIng 
interaction between the loop of the domain ID-like region. of intron 
2b and intron 2a are underlined and labelled EBS and IBS, 
respecti vely. 
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data from cDNA clones from which both internal introns 2c and 2d 

have been removed are shown in Fig. 4-4. Intron 2c is excised from 

two different 5' splice sites 2 nt apart, and four different 3' splice 

sites at four adjacent nucleotides. The excision of intron 2b occurs 

from two 5' splice sites 25 nt apart (data not shown). Both intron 2b 

5' sites are spliced to the same 3' site. The frequency and splice 

boundaries of the observed cDNAs are presented in Table 4-1. 

Internal Introns are Within Potential Secondary Structures of the 

Host Introns. Two potential secondary structures similar to features 

of group II introns have been described in group III introns. A sub

set of group III introns have structures resembling domain ID of 

group II introns (Copertino et aI., 1991) and all have a domain VI

like region near the 3' splice site (Copertino et aI., 1991; Drager et aI., 

1993b). The sites of insertion of introns 2b and 2d are within the 

domain VI-like regions of introns 2a and 2b, respectively (Fig. 4-5). 

Intron 2c interrupts intron 2b within a secondary structure 

determined by the FOLD program (Zuker et aI., 1981), (Fig. 4-5B). 

This stem-loop structure is similar to domain ID of group II introns 

and contains a potential exon binding site (EBS) in the loop. Although 

intron 2c is excised from two 5' splice sites and four 3' splice sites, 

the nucleotide pairing interactions of the main stem of this structure 

in intron 2b remain unchanged. 



Table 4-1. Features of p.,s18 com~lex twintron grou~ III introns 

re.s18lntron Coordinates 5' Seguence Size (ntla 3' Seguence Freguenc~ 

2a 39466-39899 UUUUG 107 GAAAAAACAUAUAUA ·UUCAAAA 8/8 
2b 39562-39888 UUAUG 109 UUACUACAUUUUAA ·UAAAAG 517 
2b 39537-39888 UUUUG 134 UUACUACAUUUUAA·UAAAAG 217 
2c 39604-39709 UAGUG 106 AAAAACAUUUAG UUA ·UUUUUA 4/15 
2c 39604-39710 UAGUG 107 AAAAACAUUUAGUUA ·UUUUUAA 3/15 
2c 39604-39711 UAGUG 108 AAAAACAUUUAGUUA·UUUUUAAU 3115 
2c 39604-39712 UAGUG 109 AAAAACAUUUAGUUA·UUUUUAAUA 3/15 
2c 39602-39711 AAUAG 110 AAAAACAUUUAGUUA ·UUUUUAAU 1/15 
2c 39602-39712 AAUAG 111 AAAAACAUUUAGUUA·UUUUUAAUA 1115 
2d 39759-39870 GUAAG 112 AUUU UAAAGAUUANU AUUAUG 8/8 

Group III 
Consensus NlA NUNNG 93-119 abc d e f (3-6N) f'e'd'A· c'b'a' 4N N/A 

a Sizes of introns (2a) and (2b) assume excision of internal introns from most frequently used splice sftes. 

1.0 
~ 



95 

Excised Group III Introns of the r psI 8 Complex Twintron 

Accumulate as Non-linear RNA Species of 105-110 Nuc1eotides. The 

size and topology of the group III introns excised from the r p s 18 

complex twintron were determined by northern blot analysis. 

Euglena gracilis chloroplast low molecular weight RNA was 

fractionated on 6% and 15% polyacrylamide gels and transferred to 

nylon membranes (Copertino et aI., 1991). These blots were 

hybridized to RNA probes complementary to unspliced (pEZC2003) 

and partially spliced rps 18 intron 2 (pEZC1056). The results of these 

hybridization experiments are shown in Fig. 4-6. As expected, when 

fractionated on a 6% polyacrylamide gel, both probes hybridize to 

RNA species of approximately 105-110 nt which migrate faster than 

the 123 nt 5S rRNA control. However, when the RNA is fractionated 

on a 15% polyacrylamide gel, the probes hybridize to RNA species 

which migrate slower than the 5S rRNA. This shift in mobility is 

consistent with the hypothesis that excised group III introns 

accumulate as lariats rather than linear RNA molecules (Copertino et 

aI., 1991). No abundant RNA species larger than 110 nt were 

detected with the rps 18 intron 2 probes, although faint signals of 

317 nt and 261 nt are detected by both rps18 intron 2 probes on the 

6% gel (Fig. 4-6, lanes 2 and 3). These higher molecular weight RNAs 

might be splicing intermediates containing intron lariats and 3' 

exons. Alternatively these RNAs might be excised twintrons, or the 

result of non-specific hybridization to abundant transcripts, since 

long exposures were required to detect the 110 nt excised intron. 
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Figure 4-6. Northern blot analysis of the excised introns of the 
rps 18 complex twintron. Isopropanol soluble Euglena chloroplast 
RNA was fractionated on 6% and 15% polyacrylamide slab gels 
containing 8M urea and transferred to nylon membranes. These 
blots were hybridized to uniformly 32 P labelled RNA probes 
complementary to Euglena 5S RNA, lanes 1 and 4, the un spliced 
rps18 complex twintron, pEZC2003, lanes 2 and 5, and a partially 
spliced rps18 cDNA containing only introns 2a and 2b, pEZCI056, 
lanes 3 and 6. The positions of the r psI 8 intron 2 probes are 
indicated by thick lines below the maps of the recombinant cDNA 
plasmids. 
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DiScyssion 

The results of phylogenetic analysis are consistent with the concept 

that most plastid introns are of recent origin and have arisen by the 

insertion of mobile introns into existing genes (Gingrich et aI., 1985; 

Palmer, 1991). The existence of twintrons is further evidence of the 

mobility of group II and group III introns (Copertino et aI., 1991; 

Copertino et aI., 1991; Copertino et aI., 1992). The model of twintron 

formation is that as introns insert into the Euglena chloroplast 

genome, they become targets for subsequent intron insertion. A 

prediction of this model is that as twintrons accumulate, they should 

also become targets for intron insertion. The characterization of a 

complex twintron excised as four group III introns is evidence that 

introns insert into twintrons and supports the model of mobile 

introns inserting into the Euglena chloroplast genome. 

An interesting aspect of group III twintrons and the r p s 18 

complex twintron is the utilization of multiple splice sites in the 

excision of some of the group III introns. Three of the four Euglena 

chloroplast group III twintrons use multiple splice sites (Copertino et 

aI., 1992), rps 18 intron 2b uses two 5' splice sites and rps 18 intron 

2c uses two 5' splice sites and four 3' splice sites. Why do some 

group III introns utilize multiple splice sites while others do not? 

There are several possible explanations for the observed 

phenomena. Since accurate splicing of the external intron is 

necessary to restore the correct rps 18 reading frame, it is not 

surprising that rps 18 intron 2a is spliced from invariant boundaries. 
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Perhaps the correct mRNA reading frame is recognized by a 

mechanism which suppresses mis-splicing of exons. Since the mRNA 

reading frame is established during translation, the chloroplast 70S 

ribosome may play a role in the splicing of group III introns 

(Stevenson et aI., 1991). The structure of group III introns or the 

difference in nucleotide composition between introns and exons may 

be recognized as signals that distinguish exons from introns. 

Conversely, the use of multiple splice sites could be a property 

common to all group III introns. The frequency of multiple splice 

site utilization of group III introns interrupting protein coding 

regions may be similar to that of internal introns. It is possible that 

these events have not been detected because mis-spliced mRNAs are 

rapidly degraded. Another possibility is that utilization of multiple 

splice sites is due to mutations in individual introns which alter 

splice site selection. A mutation in an intron interrupting a protein 

coding region which results in an altered polypeptide product would 

be subject to selection and either fixed or lost. But mutations in 

internal introns of twintrons may be subject to different selection 

pressures. If a mutation in an internal intron does not prevent 

excision of the external intron it would be essentially neutral and 

could persist. 

There is evidence of two different types of alternate splice site 

utilization in the rps 18 complex twintron. Intron 2b uses two 

different 5' splice sites which are 25 nt apart. In this case, it appears 

two different splice sites are recognized. When the splice site at 
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position 39537 is used, introns 2a and 2b are 82 nt and 134 nt, 

respectively. These sizes are outside the normal group III intron 

range of 90-120 nt. The unusual sizes of the resulting introns may 

explain the less frequent use of this 5' splice site (see Table 4-1). 

Another pattern of splice site selection is seen in the splicing of 

intron 2c. In this case, it appears that the correct 3' splice site is 

recognized, but multiple adjacent sites are used (see Table 4-1). 

Perhaps the observed 3' splice sites are used with equal frequency 

because they all have the same domain VI-like structure. However, 

it appears the mechanism which sets the distance of the 3' splice site 

from this structure has been disrupted. This may be analogous to the 

situation in yeast nuclear pre-mRNA introns 10 which point 

mutations uncouple 5' splice site recognition and utilization (Parker 

and Guthrie, 1985). It is unclear whether the two 5' splice sites of 

intron 2c result from incorrect recognition or utilization. There is a 

strong bias for the UAGUG at position 39604, although neither of the 

intron 2c 5' splice sites possess the U at position +2 (see Table 4-1). 

Since the putative normal 5' splice site is less than ideal, the splicing 

machinery may recognize or utilize the alternative site. 

RNA species corresponding to the size of the excised individual 

introns, but not excised intact twintrons are detected by RNA 

hybridization (Copertino et aI., 1991; Copertino et aI., 1991; Copertino 

et aI., 1992, and this work). These results are consistent with 

sequential excision of individual introns from the twintron. Excision 

of intact twintrons cannot be ruled out on the basis of these 
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hybridization experiments alone, because the excised intact 

twintrons may be unstable. However, the detection of partially 

spliced cDNAs by PCR analysis is evidence that a major in vivo RNA 

maturation pathway of rps 18 intron 2 involves sequential excision of 

the individual introns. For the individual introns of a twintron to be 

sequentially spliced, it may be necessary that a functional domain of 

the external intron be interrupted (Copertino et aI., 1991; Copertino 

et aI., 1991; Michel et aI., 1989). For this reason, introns-within

introns resemble naturally occurring insertion mutations within cis

acting domains necessary for splicing. Insertions of internal introns 

within the domain VI-like structures of external group III introns is 

interpreted as evidence that a domain VI is necessary for group III 

intron excision. One interpretation of the differences in splice site 

selection between introns 2c and 2d IS that precise excision of intron 

2d near the putative unpaired A residue of the domain VI-like 

structure is necessary to restore the function of this region. The 

potential secondary structure resembling domain ID in 2b, which is 

interrupted by intron 2c, may have less stringent structural 

requirements and therefore be able to accommodate 
. . 
ImpreCIse 

excision of intron 2c. The presence of internal intron 2c in this region 

of rps 18 intron 2b is evidence that these structures may function in 

excision of some group III introns. 

It has been proposed that group III introns have evolved from 

group II introns by loss and/or reduction of functional domains 

which have been replaced by trans-acting factors (Christopher et aI., 
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1989; Copertino et aI., 1991; Copertino et al., 1992; Drager et al., 

1993b). The finding that excised group III introns may accumulate 

as lariats strengthens this position. Sharp (Sharp, 1991) has 

proposed that nuclear pre-mRNA introns could have descended from 

group II introns by the evolution of the group II functional domains 

into the snRNAs of the spliceosome. This fragmentation of introns 

into trans-acting molecules may allow additional levels of gene 

regulation and impart genetic diversity (Guthrie, 1991). Whereas 

group II intron excision is constrained to specific 5' and 3' splice 

sites by the structure of the intron, trans-acting factors can activate 

or inactivate alternative splice sites of nuclear pre-mRNAs (Smith et 

aI., 1989). Utilization of multiple splice sites in the excision of 

internal introns 2b and 2c of the rps 18 complex twintron would not 

result in alternative polypeptides, but is evidence that alternative 

splice site recognition and utilization occurs during splicing in 

Euglena chloroplasts. During the evolution of nuclear pre-mRNA 

introns from group II introns splicing fidelity has been traded for 

added flexibility (Guthrie, 1991). If group III introns have 

descended from group II introns, they have added variability but 

the flexibility of multiple polypeptides from a single gene has not 

been yet detected. It is possible that twintron excision utilizing 

multiple 5' and 3' splice sites is a precursor to alternative splicing 

which results in multiple polypeptides (Copertino et al., 1991; 

Copertino et aI., 1991; Copertino et aI., 1992). 
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The results of these studies of RNA splicing in Euglena gracilis 

chloroplasts have several implications concerning intron biology. 

Both group II and group III introns are likely to be mobile genetic 

elements which insert into not only coding regions but other introns, 

twintrons, intercistronic spacers (Stevenson et aI., 1991), and 

perhaps any RNA. Insertion of introns into existing introns IS a 

mechanism for the assembly of introns with multiple 5' and 3' splice 

sites. Finally, the potential for regulated, alternative splicing may 

have co-evolved with the fragmentation of group II introns into 

trans-acting molecules in both group III and nuclear pre-mRNA 

introns. 
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The morphological characteristics of euglenophytes are similar to 

those of flagellates such as the parasitic trypanosomes and the free

living bodonids and unlike those of any algal group (Kivic and Walne, 

1984). However, because morphological studies rely heavily on 

subjective evaluations, molecular methods have become the 

techniques of choice in phylogenetic studies. The sequences of 

biological macromolecules such as ribosomal RNAs and conserved 

proteins are routinely used to infer phylogenetic relationships. The 

results of phylogenetic analysis of Euglena gracilis nuclear 18S 

ribosomal RNA sequence are consistent with early divergence of 

euglenophytes in eukaryote evolution and agree with the 

morphological data relating euglenophytes to the flagellate protists 

(Douglas et aI., 1991). 

The phylogeny of euglenophyte chloroplasts is a more 

controversial 

combination 

topic because 

of features. 

these organelles have a 

Euglenophyte chloroplasts 

umque 

contain 

chlorophyll a and chlorophyll b, have un stacked , appressed 

thylakoids, store carbohydrates as ~-(1-3) linked glucose polymers 

and are surrounded by three membranes (reviewed in Gray, 1991). 

The pigment content is identical to that of green algae and land 

plants, while the storage molecules and the presence of more than 

two plastid membranes are characteristics of the plastids of 
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chromophytes. In plastids with chlorophylis a and b, pigment 

composition is considered to be a poor indicator of phylogenetic 

relationships because the only difference between these pigments is 

the oxidation state of one carbon atom. It is thus possible that 

chlorophyll b has evolved from chlorophyll a in more than one 

lineage. This may be why the chlorophyll a+b containing prokaryote 

Prochlorothrix hollandica is not a close relative of chlorophyll a+b 

plastids (Turner et aI., 1989). 

The presence of additional membranes around chromophyte 

and euglenophyte plastids has been viewed as evidence that the 

plastids of chromophytes and euglenophytes have arisen by a 

secondary endosymbiosis (Gibbs, 1981). It has been proposed that in 

the case of euglenophytes, a eukaryotic chlorophyte alga was 

phagocytized by a non-photosynthetic protist which retained the 

plastid and plasma membranes of the alga (Gibbs, 1981). In 

chromophytes which have plastids surrounded by three or four 

membranes, the additional membrane may be derived from the 

phagocytic vacuole. There are several examples of non-permanent 

secondary endosymbioses in which eukaryotic cryptophyte or 

chlorophyte algae confer autotrophy to non-photosynthetic 

dinoflagellates or ciliate hosts, for an overview see (Martin et aI., 

1992). Convincing molecular evidence of secondary endosymbiosis 

has been reported for the cryptophyte Cryptomonas <I> (Douglas et aI., 

1991). This organism contains a vestigial nucleus, termed a 

nucIeomorph, between the second and third plastid membranes. 
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Phylogenetic analysis of the 18S rRNAs of the Cryptomonas nucleus 

and the nucleomorph are consistent with a distant relationship 

between the two compartments but a close relationship between the 

nucleomorph and the nucleus of red algae (Douglas et aI., 1991). 

Other molecular data such as the close relationship between plastid 

encoded rb c L amino acid sequences of cryptophytes and 

rhodophytes has also been proposed as evidence of secondary 

endosymbiosis (Assali et aI., 1991; Morden and Golden, 1991). 

Another controversy in plastid phylogeny is whether the 

primary endosymbiosis(es) involved more than one prokaryotic 

plastid progenitor, that is, are plastids mono- or poly-phyletic? 

Molecular phylogenetic studies of rbcL nucleotide and derived amino 

acid sequences are consistent with close relationships between 

rhodophyte and chromophyte plastids but distant relationships 

between these plastids and those of chlorophytes (Assali et aI., 1991; 

Douglas et aI., 1990; Morden et aI., 1991; Valentin and Zetsche, 

1990). Phylogenetic analysis of derived rbcL amino acid sequences 

are also consistent with descent of rhodophyte and cryptophyte 

plastids from a. -purple or P -purple eubacteria and descent of 

Cyanophora, chlorophyte and euglenophyte chloroplasts from "{

purple bacteria (Martin et aI., 1992). These findings are consistent 

with poly-phyletic origin of plastids from at least two lines of purple 

eubacteria. There is, however, additional data to consider. The 

phylogeny of extant prokaryotes whose ancestors could have become 

modern plastids is based almost solely on 16S rRNA sequence 
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analysis (Woese, 1987). Any analysis based on a single gene or 

feature is open to question. Indeed, phylogenetic analysis of 

photosynthetic prokaryotes based on rbcL sequences results in a 

different phylogenetic tree than the 168 analysis (Martin et aI., 

1992). Another critical factor is the inability to establish the 

temporal order of the emergence of the prokaryotic lineages which 

led to plastids, the establishment of the stable symbiosis(es) and the 

radiation of the free-living species by phylogenetic analysis 

(Markowicz and Loiseaux-de, 1991). Thus it has not been possible to 

determine if the diversity observed in modern plastids resulted 

from radiation before or after the endosymbiosis or conclusively 

determine if plastids are mono- or poly-phyletic. 

Yet an additional layer of complexity has been observed during 

phylogenetic analysis of euglenophyte plastid genes. The possibility 

that euglenophyte plastids are actually chimeric and derived from 

more than one prokaryotic progenitor has been raised because 

phylogenetic trees inferred from 168 rRNA sequences consistently 

branch euglenophytes plastids with the plastids of rhodophytes and 

chromophytes not with the plastids of chlorophytes (Douglas and 

Turner, 1991; Markowicz et aI., 1991). However, analysis of 

photosynthesis related genes rbcL, rbcS and psaB result in trees in 

which euglenophyte plastids are more closely related to those of 

chlorophytes (Assali and Goer, 1992; Assali et aI., 1991; Morden et 

aI., 1991). Although these conflicting data may be explained by the 

unreliability of trees based on only the 168 sequence, there is 
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additional data which support the chimeric nature of euglenophyte 

plastids. A phylogenetic tree inferred from amino acid sequences of 

chloroplast, cyanelle and eubacterial ribosomal S3 proteins does not 

place Euglena with the chlorophytes (Copertino et aI., 1991) and 

there is a high degree of bias in the distribution of intron types 

between photosynthesis related genes and transcription-translation 

related genes in the Euglena gracilis chloroplast genome (Hallick et 

aI., 1993), (see chapter 2). A plausible model is that in euglenophyte 

plastids, the photosynthesis related genes descended from a 

chlorophyte-like progenitor while the transcription-translation 

related genes descended from a chromophyte-like progenitor. This 

chimeric gene structure could have arisen by lateral transfer of 

genes between species prior to endosymbiosis, the endosymbiosis of 

two different prokaryotes and subsequent fusion into a chimeric 

plastid or even the migration of genes from mitochondria or 

mitochondrial progenitors (Markowicz et aI., 1991). 

The above model can be tested by inferring phylogenetic trees 

from additional photosynthesis and transcription-translation related 

Euglena chloroplast genes. The rps2-atpl-atpH-atpF-atpA-rps18 

operon potentially provides the opportunity to study both of these 

types of genes. The Phylogenetic Analysis Using Parsimony program 

version 3.1 (Swofford, 1993) was used to infer phylogenetic trees 

based on 16S rRNA sequences and amino acid sequences derived 

from r p s 2, r p s 1 8 and at p A. The results of these analyses are 

consistent with a close relationship between the rRNAs of Euglena 
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and those of chromophytes and a relationship between the Euglena 

A TP synthase subunit genes and those of the chlorophytes. However, 

because so few ribosomal protein sequences are available in the data 

bases, it is impossible to determine with any certainty the phylogeny 

of these Euglena ribosomal protein genes. 

The clustering of the rps2 gene with the atpA operon is an 

extremely interesting and potentially important gene arrangement 

apropos the issue of the poly-phyletic origin of plastids. The 

arrangement of these genes was examined in taxa representing 

rhodophytes, chromophytes, chlorophytes, euglenophytes, 

cyanobacteria and E. coli. The results of this comparison can be 

interpreted as evidence for mono-phyletic origin of chloroplasts. 

Materials and Methods 

Phylogenetic Analysis Using Parsimony. The sequences of 16S 

rRNAs and rps2, rps 18, atpA and atpH derived polypeptides were 

identified in the National Identification Resource (P.I.R.) database of 

the National Biomedical Research Foundation (Barker et al., 1991) 

and the SWISS-PROT protein sequence data bank (Bairoch and 

Boeckmann, 1991) using the BLASTP search program (Karlin, 1990). 

The derived rps2, rps 18 and a tpA polypeptide sequences were 

aligned by the CLUSTAL multiple sequence alignment program with 

the default settings, Ktuple size=l, window size=10, filtering 

level=2,5 and gap penalty=3 (Higgins and Sharp, 1988). The 16S 

rRNA sequences were aligned by the PILEUP utility of the GCG 

sequence analysis package with the default settings gapweight=5 
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and gaplengthweight=0.3 (Devereux et al., 1984). These alignments 

were used as the input matrices for the Phylogenetic Analysis Using 

Parsimony program (PAUP 3.1) (Swofford, 1993). Each set of 

sequences was analyzed by maximum parsImony using the 

exhaustive search option. E. coli sequences were used as the 

outgroup in all analyses. Confidence values for specific branches of 

the trees were determined by bootstrap analysis (Felsenstein, 1985) 

with 100 replications. The decay analysis (Donoghue et al., 1992) for 

each clade was performed using a branch-and-bound option (simple 

addition sequence, TBR branch swapping, MULPARS). 

Phylogenetic Analysis of the Structure of the rDs2 -Operon. The 

structure of the Euglena gracilis rps2 -atpl-atpH -atpF -atpA-rpsI8 

operon was compared to the organization of these genes in E. coli, 

Anabaena sp. (cyanobacteria), Porphyra purpurea (rhodophyta), 

Cyanophora paradoxa (chromophyta) and Chlamydomonas 

reinhardtii and land plants (chlorophyta). 

Results 

The hypothesis that euglenophyte plastids genomes are chimeric and 

the transcription-translation genes are derived from a progenitor in 

the rhodophyte:.chromophyte lineage while the photosynthesis genes 

are descended from a chlorophyte ancestor, was tested by inferring 

phylogenetic trees were from 16S rRNA and derived amino acid 

sequences. 
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(7) 

Anabaena 

75% 

(8) 
r- Marchantia 

100% 

(>25) 

94% -- Nicotiana 
(10) 

Chiarella 

Chlamydomonas 

. 
E.coh 

Figure 5-1. A rooted phylogram of the Euglena gracilis chloroplast 
16S rRNA sequence with those from other organisms. The 16S rRNA 
sequences ~ere analyzed by maximum parsimony using the 
exhaustive search option of PAUP version 3.1. The PILEUP multiple 
alignment was used as an input matrix of 1662 total and 365 
informative characters. The tree was rooted using the E. coli 
sequence. Confidence values for each branch determined by 
bootstrap analysis are indicated as percentages. The decay values for 
each clade are indicated within parenthesis. 
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The Euglena Chloroplast 16S rRNA Sequence is Closely Related to 

Those of Chromophytes. Phylogenetic analyses of 16S rRNA 

sequences by homologous substitution (Markowicz et aI., 1991) and 

least squares distance matrix (Douglas et aI., 1991) are consistent 

with a close relationship between euglenophyte and chromophyte 

plastids. To confirm these findings by another method, a 

phylogenetic tree of 16S rRNA sequences was inferred by maximum 

parsimony. The complete 16S rRNA sequences of the plastids of 

Euglena gracilis (euglenophyte), Pylaiella littoralis (chromophyte), 

Antithamnion sp. (rhodophyte), M archa ntia polymorpha 

(chlorophyte), Nicotiana tobaccum (chlorophyte), Chlorella kessleri 

(chlorophyte), Chlamydomonas reinhardtii (chlorophyte) and the 

prokaryotes Anabaena sp. and E. coli were aligned to create a matrix 

of 1662 total and 335 informative characters. An exhaustive search 

determined that the most parsimonious tree consisted of 945 steps 

(g 1 statistic=-O.843, consistency index=O.622, retention index=0.452). 

The 945 step tree is shown as a phylogram in Fig. 5-1. The bootstrap 

value for the Euglena-Pylaiella clade is 97%. A decay analysis for 

each clade indicated that the Euglena-Pylaiella clade broke down 

after 19 steps. These results are consistent with a very close 

relationship between the euglenophyte and chromophyte 16S 

sequences. Only the two land plants, the bryophyte Marc ha nt i a 

polymorpha and the dicot Nicotiana tobaccum are more closely 

related than Euglena and Pylaiella by this analysis. In this tree the 

cyanobacteria, rhodophyte, chromophyte, and euglenophyte form a 
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separate clade from the chlorophytes and Chlamydomonas does not 

branch with the other chlorophytes. 

The Euglena Chloroplast atpA and Gene Product is Related to Those 

of Chlorophytes. The hypothesis that Euglena photosynthesis related 

genes are more closely related to those of chlorophytes than to those 

of rhodophytes or chromophytes was tested by parsimony analysis 

of derived amino acid sequences of ATP synthase subunit-a genes. 

The sequences of atpA genes were chosen for phylogenetic analysis 

of the ATP synthase subunit genes of this gene cluster for two 

reasons: only atpA and atpH have been sequenced in a sufficient 

number of taxa for meaningful analysis; atpH is a small, highly 

conserved gene with too few informative characters for reliable 

analysis (Stewart, 1993). The taxa included 10 the a tpA analysis 

were as identical as possible to those in the 16S rRNA analysis. The 

derived atpA amino acid sequences from Euglena gracilis,Odontelia 

sin en is (representing the chromophytes), Antithamnion sp., 

Marchantia polymorpha, Nicotiana tobaccum, Chlamydomonas 

reinhardtii, Anabaena sp. and E. coli were aligned into an input 

matrix of 591 total and 126 informative characters. The most 

parsimonious tree consisted of 417 steps (g 1 statistic=-O.575, 

consistency index=O.734, retention index=0.450, Fig. 5-2). In this 

tree the euglenophyte does branch with the chlorophyte. The 

bootstrap value for the Euglena-Chlamydomonas clade is 53%. A 

decay analysis for each clade indicated that the Euglena

Chlamydomonas clade broke down after 5 steps. These values are 
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Figure 5-2. A rooted phylogram of the Euglena gracilis chloroplast 
atpA derived amino acid sequence with those from other organisms. 
The atpA sequences were analyzed by maximum parsimony using 
the exhaustive search option of PAUP version 3.1. The CLUSTAL 
multiple alignment was used as an input matrix of 591 total and 126 
informative characters. The tree was rooted using the E. coli 
sequence. Confidence val ues for each branch determined by 
bootstrap analysis are indicated as percentages. The decay values for 
each clade are indicated within parenthesis. 
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consistent with a much more distant relationship between the 

euglenophyte and chlorophyte ATP synthase subunit-a sequences 

than between the Marchantia and tobacco sequences, which has 

bootstrap and decay values of 92% and 7 steps, respectively. 

Although Euglena does branch with a chlorophyte in this tree, the 

results of statistical analysis of the tree are suggestive of a much 

weaker relationship between the Euglena and Chlamydomonas A TP 

synthase subunit-a sequences than between Euglena and Pylaiella 

the 16S rRNA sequences. In this tree the chromophyte branches first 

and the chlorophytes and euglena form a separate clade with 

rhodophyte. 

The Current Data Set Limits Phylogenetic Analysis Based on rps2 and 

rps/B Gene Products. The derived rps2 amino acid sequences from 

Euglena gracilis, Marchantia polymorpha, Nicotiana tobaccum, 

EpiJagus virginiana, Pisum sativa, Oryza sativa, Zea mays and E. coli 

were aligned by the CLUSTAL program (Higgins et aI., 1988), no 

rhodophyte of chromophyte sequences are currently available in the 

databases. The CLUSTAL alignment was used as an input matrix of 

249 total and 84 informative characters. The most parsimonious tree 

consisted of 208 steps (gl statistic=-1.236, consistency index=0.909, 

retention index=0.833, Fig. 5-3). In this tree euglena does not group 

with the chlorophytes. 

The derived rpsJ8 amino acid sequences from Euglena gracilis, 

Marchantia polymorpha, Nicotiana tobaccum, EpiJagus virginiana, 
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Figure 5-3. A rooted phylogram of the Euglena gracilis chloroplast 
rps2 derived amino acid sequence with those from other organisms. 
The rps2 sequences were analyzed by maximum parsimony using 
the exhaustive search option of PAUP version 3.1. The CLUSTAL 
multiple alignment was used as an input matrix of 249 total and 84 
informative characters. The tree was rooted using the E. coli 
sequence. Confidence values for each branch determined by 
bootstrap analysis are indicated as percentages. The decay values for 
each clade are indicated within parenthesis. 
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Figure 5-4. A rooted phylogram of the Euglena gracilis chloroplast 
rpsJB derived amino acid sequence with those from other organisms. 
The rpsJB sequences were analyzed by maximum parsimony using 
the exhaustive search option of PAUP version 3.1. The CLUSTAL 
multiple alignment was used as an input matrix of 139 total and 28 
informative characters. The tree was rooted using the E. coli 
sequence. Confidence values for each branch determined by 
bootstrap analysis are indicated as percentages. The decay values for 
each clade are indicated within parenthesis. 
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Oryza sativa, Zea mays, Cyanophora paradoxa and E. coli were 

aligned by the CLUST AL program (Higgins et aI., 1988). The CLUSTAL 

alignment was used as an input matrix of 139 total and 28 

informative characters. The most parsimonious tree consisted of 64 

steps (gl statistic=-O.819, consistency index=O.859, retention 

index=O.769, Fig. 5-4). The bootstrap value for the Euglena

chlorophyte clade is 64%. A decay analysis for each clade indicated 

that the Euglena-chlorophyte clade broke down after 1 step. This 

tree branches Euglena in a separate clade from the chlorophytes and 

is consistent with a closer relationship between Euglena and the 

chlorophytes than between Euglena and Cyanophora. 

The Structure of the rps2 -atpl-atpH -atDF -atpA Operon is Con served 

in Three Chloroplast Groups. The structure of the gene cluster(s) 

containing rps2 and atpA in E. coli, Anabaena sp., Porphyra 

purpurea, Cyanophora paradoxa, Chlamydomonas reinhardtii, 

Euglena gracilis and land plants is presented in Fig. 5-5. The rps2 

gene is located in the same cluster as at pAin a rhodophyte (P. 

purpurea), a chromophyte (C. paradoxa), several chlorophytes (land 

plants) and a euglenophyte (E. gracilis). These two genes are not in 

the same cluster in a gram negative eubacteria (E. coli), a 

cyanobacteria (Anabaena) or the chlorophyte C. reinhardtii. 

Discussion 

The results of phylogenetic analysis of the Euglena gracilis 16S 

nucleotide and atpA, rps2 and rps 18 derived amino acid sequences 
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Figure 5-5. Organization of the rpo/rps2/atp operons of 
chloroplasts and prokaryotes. RNA polymerase genes and tsf are 
indicated by full gene designation, rps2 genes are represented by S2 
and atp genes by the appropriate capital letter. Genes drawn without 
any space between them are adjacent on the indicated genome. 
Genes with spaces between them are physically separated. Genes are 
not drawn proportional to their length. 
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can neither confirm nor exclude the hypothesis that Euglena 

chloroplasts are of chimeric origin. The results presented in this 

work are consistent with the previous findings that Euglena 16S 

sequences are most closely related to those of chromophytes 

(Douglas et aI., 1991; Markowicz et aI., 1991) while Euglena 

photosynthesis genes are most closely related to those of 

chlorophytes (Assali et aI., 1992; Assali et aI., 1991; Morden et aI., 

1991). However, rps2 and rps 18 sequences are not available from a 

sufficient number of taxa to test the hypothesis regarding 

transcription-translation related genes 10 general. 

Even if phylogenetic evidence of a relationship between the 

ribosomal protein genes of Euglena and chromophytes existed, it is 

still possible that convergence rather than a chimeric origin of 

Euglena chloroplasts is the reason for the similarities. Ribosomal RNA 

sequences evolve in the context of ribosomal proteins and other 

factors and plastid 70S ribosomes have features differing from those 

of free-living prokaryotes (Zhou and Mache, 1989). These 

circumstances may lead to discontinuities in the evolution of plastid 

16S rRNAs and inconsistency 10 phylogenetic analysis (Martin et aI., 

1992). It is also possible that if chlorophyll b evolved from chI a in 

more than one chloroplast lineage, similarities in pigment content 

may cause convergent evolution of the components of the 

photosynthetic apparatus. The photosynthesis-related genes of 

Euglena chloroplasts may be similar to those of chlorophytes because 

they each have evolved similar pigments and utilize similar 
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wavelengths of incident light. Convergence could explain 

discrepencies between phylogenetic trees based on individual gene 

sequences without invoking multiple ancestors for euglenophyte 

plastids. 

Controversies over the origin of chloroplast genes could be 

obviated by convincing proof of the mono-phyletic origin of plastids. 

It has been proposed that this proof could be found in features that 

are present in all groups of chloroplasts but absent in prokaryotes 

(Reith and Munholland, 1993). Features that are present in 

chlorophyte, rhodophyte and chromophyte chloroplasts but absent In 

E. coli and all known cyanobacteria are gene clusters grouping rps2 

with genes encoding ATP synthase subunits and the photosystem II 

gene cluster psbB, psbN and psbH (Reith and Munholland, 1993). 

Euglenophytes can now be added to list of chloroplast groups 

containing both of these features (Drager et aI., 1993b) (L. Hong and 

R. B. Hallick, unpublished results). The most parsimonious 

explanation for these results is that these gene arrangements existed 

In an ancestor common to all chloroplast groups and was retained in 

at least some modern descendents in each of these groups. Because 

these gene arrangements are not known in modern cyanobacteria, 

they could have arisen in a free-living prokaryote which gave rise to 

chloroplasts then became extinct or subsequently rearranged in an 

early symbiont which led to modern chloroplasts. In either case the 

modern gene arrangements are evidence for the mono-phyletic 

origin of chloroplasts. Other explanations for the observed gene 
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arrangements that do not rely on a common progenitor such as 

clustering of the same genes in separate ancestral lines due to hot 

spots for recombination or homologous sequences are less 

parsimonious and seem unlikely. 
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CHAPTER 6 

CONa..USIONS 

The Structure and Introns of the Euglena Chloroplast rDs2 -atpl

fl.t...oH-atpF-atpA-rps18 Operon. The structure of a conserved 

chloroplast operon has been analyzed by genomic DNA and cDNA 

sequencing. The original hypothesis that the structure of this operon 

in the Euglena gracilis chloroplast is identical to that of land plant 

chloroplasts has been shown to be incorrect. The Euglena chloroplast 

operon contains an extra gene encoding ribosomal protein S 18 that is 

located elsewhere in land plant chloroplasts. This gene is located 

distal to atpA in Euglena and is co-transcribed with the other genes 

of this operon. The genes upstream of rps2 in Euglena also differ 

from those found in that position in land plant chloroplasts. In 

Euglena, rps2 is preceded by genes for tRNAs for phenyalanine and 

cysteine while in land plants genes encoding subunits of the soluble 

RNA polymerase precede rps2. 

Another unique feature of the Euglena operon is the presence 

of 17 introns. Nine of these introns are group III introns and seven 

are group II introns. The group III introns all contain potential 

secondary structures which resemble domain VI of group II introns. 

The unpaired adenosine residue of this potential secondary structure 

may funtion as the nucleophile in the first reaction of group III 

intron excision. The land plant operons contain a group II intron in 

the same position as one of the group II introns interrupting the 

Euglena atpF gene. However, the structure of the Euglena intron is 
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not consistent with a common ancestor for both the land plant and 

Euglena atpF introns. 

The remaining intron of the Euglena rps2 operon is the first 

example of new class of twintrons called complex twintrons. Complex 

twintrons are defined as any intron excised by more than two 

splicing events. The second intron of rps 18 is excised as four discreet 

group III introns. The existence of complex twintrons is strong 

evidence for the insertion of introns into the Euglena chloroplast 

genome and is suggestive of a mechanism for the formation of 

introns with multiple active splice sites. The observation that two of 

the internal introns of the complex twintron are excised from 

multiple splice sites may be evidence for relaxed criteria for splicing 

of internal introns of twintrons or splicing of group III introns in 

general. The sites of insertion of internal introns into host introns are 

evidence that potential secondary structures of group III introns 

resembling group II intron domain VI function in intron excision. 

Transcription and Transcript Processing of the Euglena Chloroplast 

rDs2 -atpl-atDH -atpF -atpA -rpsl8 Operon. The hypothesis that the 

ribosomal protein gene and the ATP synthase subunit genes are co

transcribed has been shown to be correct but incomplete. In Euglena 

chloroplasts, the upstream tRNA genes and the downstream 

ribosomal protein gene are co-transcribed with rps2, atpl, atpH, atpF 

and at p A. In fact, these genes may be co-transcribed with the 

upstream ri bosomal protein operon as there is no evidence of 

transcription initiation in this region of the Euglena chloroplast 
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genome. The largest transcript which accumulates for this operon is 

the 5.5 kb fully spliced hexa-cistronic mRNA. This transcript is 

processed by endo-nucleolytic cleavage to yield monocistronic 

mRNAs. These cleavages occur in single-stranded portions of 

potential secondary structures in the intercistronic regions. 

Phylogenetic Analysis of Gene Sequences and Arrangements. The 

16S rRNA sequence of Euglena chloroplasts is closely related to 

chromophyte chloroplast 16S sequences while the Euglena at p A 

derived amino acid sequence is more closely related to chlorophyte 

sequences than to those of chromophytes. Too few ribosomal protein 

sequences are available to construct reliable phylogenies for rps2 or 

rps 18. The results of these phylogenetic analysis can not confirm or 

exclude the hypothesis that euglenophyte chloroplasts are of 

chimeric origin. 

The clustering of the gene encoding ribosomal protein S2 with 

genes encoding ATP synthase subunits in chloroplasts of species 

representing chlorophytes, rhodophytes, chromophytes and 

euglenophytes is evidence for the mono-phyletic ongm of 

chloroplasts. This interpretation is consistent with divergence of 

chloroplasts after symbiosis of a single prokaryote species. 

Significance of the Stucture of the Euglena Chloroplast Genome. The 

data presented in this work and the recently determined complete 

sequence of the Euglena gracilis chloroplast genome (Hallick et aI., 

1993) are both consistent with the Euglena chloroplast genome 
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existing in a highly derived state. The primitive chloroplast genome 

would contain none or few introns, encode many more genes and 

have randomly oriented transcription (Reith and Munholland, 1993). 

The features of the Euglena chloroplast genome that are clearly 

derived are the presence of multiple introns and twintrons, the low 

coding capacity, rearrangment of gene clusters and the directional 

bias of transcription. The tandem arrangement of repeat units in 

chloroplast genomes is considered a derived characteristic by some 

investigators (Palmer 1991) and a primitive characteristic by others 

(Reith and Munholland, 1993). 

What are the selective pressures that favor these derived 

states in Euglena chloroplasts? There IS no obvious advantage to 

presence of multiple introns, but there may be an advantage to the 

observed Euglena chloroplast genome structure. The rearrangement 

of the genome into almost perfectly symmetrical halves, each 

transcribed from a different strand may result from pressure to 

coordinate transcription and DNA replication. Because Euglena is not 

an obligate phototroph, cells can exist indefinitely without a 

functional photosynthetic apparatus. Although Euglena chloroplasts 

develop and turn green in the light, the chloroplasts are not required 

for energy conversion if organic molecules are available. Under these 

conditions, the chloroplasts may be in an idle mode with reduced 

levels of transcription, processing and replication. There is evidence 

that the ratio of processed to unprocessed transcripts of a Euglena 

chloroplast operon differs between cells grow in the light in 
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heterotrophic medium and cells grown in the light In autotrophic 

media (Jennifer Stevenson, personal communication). It is possible 

that in order to maintain maximum flexibility with regard to 

changing environments, it is advantageous for Euglena to coordinate 

chloroplast transcription and DNA replication. Thus, when 

autotrophic growth is required, chloroplast DNA can be both 

replicated and transcribed rapidly without either process interfering 

with the other. Because obligate phototrophs such as plants and 

algae never face this sudden shift in chloroplast metabolism there is 

no pressure to rearrange the chloroplast genome to minimize 

interference between transcription and a burst of replication. 
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