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ABSTRACT 

The Euglena chloroplast genome contains 3 sets of genes for ribosomal 

RNAs 165,235 and 55, and an additional 165 gene; 31 tRNA genes; 25 protein 

coding genes for transcription and translation; 27 protein coding genes for 

photosynthesis; and 15 open reading frames. The majority of these genes are 

transcribed as polycistronic operons. Using primer extension RNA 

sequencing, in vitro capping and SI nuclease protection, I have determined 6 

transcription start sites for operons of protein coding genes. These are found 

upstream of chll, psbD, psbA, rp120, psbI and rpoB. Sequence upstream of the 

chll, rpl20 and rpoB genes resembles the bacterial -10 and -35 promoter 

consensus (TATAAT and TIGACA, respectively). 5equence upstream of psbD 

and psbI is divergent from the bacterial consensus possessing a T-hexamer in 

the -35 position. The psbA promoter also has a -10 element and an AT-rich 

stretch of nucleotides between -14 to -42. Additional promoters are located 

upstream of psbK and each 165 copy. These promoters may be sufficient to 

drive transcription of the Euglena chloroplast genome. 

Transcription from the 8 known Euglena chloroplast promoters 

produces large polycistronic RNAs which are processed in the intercistronic 

regions to smaller rRNAs, tRNAs and mRNAs. In order to understand the 

mechanisms and function of intercistronic processing, I defined the 

processing sites of the psaA operon between the psaA and psaB genes, and the 

psaB and psbE genes using 51 nuclease protection and primer extension RNA 

sequencing. Using RNA blot hybridization I also determined that 

intercistronic processing of the psaA operon or the products of intercistronic 

processing are developmentally regulated. 
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An unusual intercistronic processing event was determined by 

genomic and cDN A sequencing of the rps4-rpsll dicstronic operon. These 

genes are not processed to monocistronic mRNAs, however, an intron 

located in the intercistronic region of rps4 and rpsll is spliced. This intron lies 

between the Shine-Dalgarno sequence and the AUG for rpsll. Removal of the 

intron would restore the ribosome binding site for translation of the rpsll 

gene. 



CHAPTER 1 

INTRODUCTION 
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Euglena gracilis is a photosynthetic protist with chloroplasts similar to 

those found in land plants. The chloroplasts contain similar genomes, 

however there are differences in the way genes from Euglena and plant 

chloroplasts are expressed. In order to extend our understanding of Euglena 

chloroplast gene expression, I have defined 3 different elements of Euglena 

chloroplast RNA metabolism. The first involves control elements of 

transcription, the second and third are RNA processing events involved in 

chloroplast RNA maturation. Each of these elements are present only in 

Euglena chloroplasts. 

Chloroplasts 

Chloroplasts are found in photosynthetic organisms like plants and 

algae. This specialized cellular organelle is responsible for trapping the energy 

of sunlight and converting it into organic compounds. In the process, 

chloroplasts convert atmospheric C02 to sugar or starch, and H20 to 02. The 

chloroplast, contained within a plant or algal cell, is surrounded by at least 

two membranes and has its own genome which encodes some of the proteins 

required for photosynthesis, and transcription and translation of chloroplast 

genes. Other genes required for chloroplast function are contained in the 

nuclear genome of the host cell. Because the chloroplast genome is bacterial

like, chloroplasts are thought to originate from a symbiotic relationship 

between a eukaryotic cell and a photosynthetic bacteria (Gray, 1989). The 

benefit each organism derived from the event established an endosymbiotic 

relationship and the subsequent evolution of a single organism. 
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The chloroplasts of Euglena gracilis, a photosynthetic protist, are 

similar to plant and algal chloroplasts in their gene content and 

photosynthetic function. However, while plant and green algae have a 

polysaccharide cell wall and two membranes surrounding their chloroplasts, 

Euglena have a protein coat called a pellicle and their chloroplasts are 

contained by a triple membrane (Gibbs, 1970; Gibbs, 1978). One hypothesis is 

that Euglena is not directly related to plants and green algae but obtained its 

chloroplasts in a separate event. 5ince Euglena chloroplasts have 3 

membranes, Euglena may have acquired its chloroplasts by engulfing a green 

algae rather than a photosynthetic bacteria (Gibbs, 1978; Gibbs, 1981). 

Consequently, Euglena chloroplasts could have been derived from two 

consecutive endosymbiotic events. 

The Euglena chloroplast genome 

The genomes of land plant and Euglena chloroplasts have a similar 

gene content arranged in bacteria-like operons (Gray, 1991; Palmer, 1991). The 

majority of Euglena chloroplast genes are clustered relative to their function 

and are cotranscribed. For example, clusters of genes for ribosomal RNAs 

(rRNAs), transfer RNAs (tRNAs), RNA polymerase subunits (rpo), 

photosystem I (psa) and photosystem IT (psb) polypeptides, photosynthetic 

electron transport (pet) and ATP synthase (atp) subunits, and ribosomal 

proteins (rps and rpl) are cotranscribed. 

The arrangment of Euglena chloroplast gene clusters is shown in 

Figure 1 and genes are identified in Table 1. Left of the origin is a single copy 

of the 165 rRNA gene, followed by three copies of 165, 235 and 55 rRNA 

genes (rrnA, rrnB and rrnC), arranged in tandem. Each rRNA repeat is 



Euglena Gracilis 
Chloroplast DNA 

143,172 bp 
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Figure 1. Circular map of the Euglena gracilis chloroplast genome. This map 

is taken from the manuscript by Hallick et al., (1993). "Dri" in the upper left of 

the map designates the origin of DNA replication. The outer and inner circles 

designate genes transcribed clockwise or counterclockwise, respectively. 
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cotranscribed (Yepiz-Placencia et aI., manuscript in preparation). The rRNA 

gene cluster is followed by three RNA polymerase genes, rpoB, homologous 

to the 13 subunit of the E. coli RNA polymerase (RNAP), and rpoCl and 

rpoC2, homologous to the amino and carboxy terminal regions of the 13' 

subunit of E. coli RNAP, respectively. These RNA polymerase genes are 

co transcribed (Radebaugh, 1990; Yepiz-Plascencia et aI., 1990). On the opposite 

strand lie small subunit ribosomal protein genes rps4 and rpsll. rps4 and 

rpsll are unusual because they are cotranscribed against the direction of 

replication (see Chapter 4). They are followed by a cluster of photosystem 

genes including psbB, ycfB, psbH petB, atpB, atpE. The psbH gene of this 

cluster is transcribed on the opposite strand, and the psbB and ycfB genes 

(Hong and Hallick, manuscript in preparation) and the petB, atpB and atpE 

genes (Hong and Hallick, 1993) are co transcribed, respectively. The gene 

coding for the large subunit of ribulose bisphospate carboxylase, rbcL, lies at 

the beginning of another gene cluster which is a mixture of photosystem and 

ribosomal protein genes. The 3' end of this cluster is in a position opposite of 

the origin of replication and marks the end of transcription proceeding 

counter-clockwise left of the origin. Expression of the rbcL and downstream 

genes has not been fully characterized. 

To the right of the origin, lie a group of photosystem genes. chlI 

encodes a protein involved in chlorophyll biosynthesis. This gene is 

transcribed in the direction opposite of DNA replication. Photosystem IT (PSII) 

genes psbD, psbC and psbA follow chlI and are transcribed clockwise in the 

same direction as replication. psbD and psbC are co transcribed (Spielmann et 

aI., 1994) while psbA is transcribed alone. These are followed by a fairly large 
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Table 1. Euglena graclis chloroplast genes. 

a) Ri bosorml RNAs and ProtEins b) Transfer RNAs 

235 rRNA 235 ribosoma RNA tmA ALA- tRNA- UOC (3-copies) 

165 rRNA 165 ribosoma RNA 
tmC CYS- tRNA-GCA 

55 rRNA 55 ribosoma RNA tmD ASP-tRNA-GUC 
tmE GlU- tRNA-UUC 

rpl2 ribosomal protein L2 tmF PHE- tRNA -GA A 

rpl5 ribosomal protein L5 tmG GLY- tRNA-GCC 

rpl12 ribosomal protein L12 tmG GLY- tRNA-UCC 

rpl14 ribosom al protein L14 tmH HIS-tRNA-GUG 

rpl16 ribosomal protein L16 tml ILE-t RNA- CAU 

rpl20 ribosomal protein L20 tml ILE-tRNA-GAU (3 copies) 

rpl22 ribosomal protein L22 tmK LY5-tRNA-UUU 

rpl23 ribosomal protein L23 tmL LEU- tRNA-CAA 

rpl32 ribosomal protein L32 tmL LEU- tRNA-UAA 

rpl36 ribosomal protein L36 tmL LEU- tRNA-UAG 
tmM MET-tRNA-CAU (elonga tor) 

rps2 ribosomal protein 52 tmM MET-tRNA-CAU (i niti at or) 

rps3 ribosomal protein 53 tmN ASN-t RNA-GU U 

rps4 ribosomal protein 54 tmP PRO- tRNA-UG G 

rps7 ribosomal protein 57 tmQ GLN-tRNA-UUG 

rps8 ribosomal protein sa tmR ARG-t RNA -UC U 

rps9 ribosomal protein 59 tmR ARG-t RNA-ACG 

rps11 ribosomal protein 511 tm5 5ER- tRNA-GCU 

rps12 ribosomal protein 512 tm5 5ER- tRNA-UGA 

rps14 ribosomal protein 514 tmT THR- tRNA-UG U 

rps18 ribosomal protein 518 tmV VAL-t RNA-UAC 

rps19 ribosomal protein 519 tmW TRP- tRNA-CCA 
tmY TYR- tRNA-GUA 



c) Transcriptioo/Translation 
rpoB RNA polymerase ~ subunit 
rpoCl RNA po~merase W subunit 
rpoCZ RNA polymerase W' subunit 
tufA translation elongation factor EF-Tu 

d) Photosynthetic Proteins 
psaA photosystem I P700 apoprotein A 1 
psaB photosystem I P700 apoprotein A2 
psaC photosystem I subunit VII 

(FAIFB) containing 
psaJ photosystem I 5 kDa protein 
psaM photosystem 1M-polypeptide 

psbA photosystem II core 32 kDa protein 
psbB photosystem II CP47 apoprotein 
psbC photosystem " CP43 apoprotein 
psbO photosystem " core 34 kDa protein 
psbE photosystem " cytochrome bSS9 

a subunit 
psbF photosystem " cytochrome bSS9 

~ subunit 
psbH photosystem " 10 kDa Il"otein 
psbl photosystem " I po~peptide 
psbJ photosystem " J protein 
psbK photosystem " 3.9 kDa protein 
psbL photosystem " L protein 
psbN photosystem " N protein 

(tentative ide ntificatioo) 

petB cytochrome b6 
petG cytochrome b6/f subunit V 

rbcL RuBisC/O large subunit 

atpA ATPase a subunit 
atpB ATPase ~ subunit 
atpE ATPase £ subll1it 
atpF ATPase subunl I 
atpH ATPase subunit III 
atpl ATPase subu nit IV 

chI! chlorolXlyll biosynthesis 

e) ORFs identified by similarity 
to other chloroplast orfs 

ycfS (orf3 1) hydrophobi C, 

transcribed wth psbB 
ycf12 (orf33) similar to 

M. polymorpha yd12 
ycf9 (orf6S) hydrophobi~ 

occurs in I and plant s 
ycf4 (orf206) polar, 

transcribed with tufA 
ycf13 (ycf13) in psbC intron 4; 

occurs in Astasia 

f) Other ORFS or unknown functim 
orf177 encoded in psbC intron 2 
orf241 encoded in psbC intron 2 

22 

orf274 in atpE-rbcL intercistronic DNA 

- from the manuscript by Hallick et al., 1993 
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cluster of genes transcribed in the direction opposite of replication. They are 

split into ribosomal protein and photosystem genes; rpl20, rps12, rps7, tufA, 

ycf4, psbK, ycf12 and psaM. The remaining genes are transcribed in the same 

direction as replication and arranged in 3 dusters. These include a large 

photosystem I (PSI) and PSII gene cluster of psbI, petG, psaA, psaB, psbE, psbF, 

psbL and psb] genes. The psaA through psb] genes are cotranscribed 

(Cushman, 1987). The next cluster contains most of the chloroplast ribosomal 

protein genes rpl23, rpl2, rps19, rpl22, rps3, orf516, rpl16, rpl14, rpl5, rps8, 

rpl36, rps14; which are co transcribed (Christopher et aI., 1988; Christopher and 

HaUick, 1989). The last cluster, the ATP synthase gene cluster with two 

ribosomal protein genes rps2, atpI, atpH, atpF, atpA and rps18 is also 

cotranscribed (Drager and Hallick, 1993b). As in bacteria, these chloroplast 

transcription units may be a means of coordinating the expression of 

functionally related genes. Twenty-seven different tRNA genes are 

distributed throughout the genome, only 3 are transcribed in the direction 

opposite of replication (Hallick et aI., 1993). Since tRNAs are abundant and 

probably actively transcribed, their orientation in the Euglena chloroplast 

genome may reduce interference between replication and transcription 

machinery. Alternatively, the codirection of replication could have a positive 

effect, resulting in increased transcriptional activity. 

Control elements for transcription of the chloroplast genome 

Each cotranscribed gene cluster in the Euglena chloroplast comprises an 

operon. Land plant chloroplast genes are also arranged in operons, however, 

the gene content of plant and Euglena chloroplast operons differ. Control 

elements or promoters which signal transcription initiation of most plant 
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chloroplast operons are prokaryotic-like. They have a -10 and -35 consensus of 

TATAAT and TIGACA, respectively. The sequence in the -10 and -35 

elements varies with no natural promoter having the exact consensus (Hsu et 

aI., 1991). The spacing of 17 to 18 bp between the -10 and -35 elements is critical 

and the degree of sequence variation in the -10 and -35 elements defines 

promoter strength (Deuschle et aI., 1986). The -10 and -35 promoter elements 

are recognized in E. coli by the RNAP holoenzyme70 which consists of the 

four subunit core RNAP, (X2J3J3', plus the (J'70 specificity factor. Without a (J' 

factor, the core RNAP binds to DNA nonspecifically (Dombroski et aI., 1992). 

(J'70 assembles with the core RNAP and the holoenzyme binds promoters with 

the -10 and -35 consensus. Less common E. coli promoters lack -10 and -35 

elements and are recognized by different (J' factors which assemble with the 

core RNAP in response to environmental changes such as heat shock or 

stationary phase growth (Ishihama, 1993). Most (J' factors assemble with the 

core subunits before promoter binding. However, the (J'54 factor, involved in 

nitrogen response, binds promoter DNA in the absence of core RNAP similar 

to the "TATA" binding protein involved in promoter recognition during 

nuclear transcription (Ishihama, 1993). Chloroplast genomes contain genes 

for the core subunits of RNAP. rpoA and rpoB, code for (x, and J3 subunits; 

and rpoCl and rpoC2 code for the amino and carboxy terminal regions of the 

J3' subunit, respectively. Genes for chloroplast (J' subunits have not been 

identified. What factors direct RNAP recognition of chloroplast promoters? 

Genes for chloroplast (J' subunits could have translocated to the 

nucleus. Nuclear expression of chloroplast (J' factors would provide a means 

of nuclear control over chloroplast transcription. Alternatively, factors 
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involved in nuclear transcription could have been recruited for chloroplast 

transcription. The core subunits of RNAP are conserved between bacteria, 

chloroplasts and eukaryotes (Rowland and Glass, 1990). But eukaryotes do not 

have a homologous cr factor, instead they possess at least 6 other subunits, 

some of which are involved in promoter recognition, such as the "TATA" 

binding protein. Since the core subunits of the nuclear and chloroplast RNAP 

are homologous, it is possible that nuclear transcription factors can function 

with the chloroplast core enzyme to recognize specific promoter elements. 

Sequences outside the consensus promoter could also modulate 

chloroplast transcription (Ross et al., 1993). In bacteria, sequences upstream of 

.:.10 and-35 function as binding sites for transcription activation factors. After 

DNA binding, these factors somehow communicate with RNAP to activate 

transcription. Activation could involve direct contact of the transcription 

factor with RNAP via the (X subunit (Russo and Silhavy, 1992). Although the 

original function assigned to a was to act as scaffolding for assembly of the p 
and P' subunits, pleiotropic metabolic defects which result from inhibition 

various transcriptional activators map to the a subunit. Activation by Oxr A 

(transcriptional activator), involved in expression of genes for anaerobic 

metabolism in Salmonella typhimurium, or CRP (cAMP receptor protein), 

which controls 10% of E. coli genes, is inhibited by mutations of amino acids 

in the a carboxy terminal region (lshihama, 1993). Transcription factors 

probably make contact with the a carboxy terminus to transmit an activation 

signal to RNAP. How a communicates with the other RNAP subunits is not 

known. 
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Interaction of ex with sequences immediately upstream of the -35 

element in the absence of factors other than RNAP also activates 

transcription in E. coli (Ross et al., 1993). These sequences, termed the UP 

element, consist of a 20 bp AT rich region normally found upstream of the E. 

coli rRNA promoter PI. PI is one of the most active E. coli promoters. 

Deletion of UP reduces transcription from PI to basal levels while addition of 

UP confers increased activity to a less active promoter such as LacUV5. 

Activation by UP is dependent on the ex carboxy terminus since the same ex 

subunit mutations which inhibit activation by transcription factors also 

inhibit activation by UP. UP activates transcription by contacting the ex 

subunit as a cis-activating element. It follows that trans-acting transcription 

factors may mediate transcription by bringing cis-activating DNA elements 

into contact with ex. Factors which bend DNA may affect transcription in this 

manner. For example, transcription factor IHF (integration host factor), 

originally identified for its involvement in recombination and excision, binds 

and bends the DNA of promoter regions (Ishihama, 1993). 

Although transcriptional activators play an important role in bacterial 

and nuclear gene expression, they have not been identified for chloroplast 

promoters. The relative activity of most chloroplasts promoters is constant. 

They are transcribed at a basal level in undifferentiated plastids and increased 

level during differentiation. However, the psbA promoter shows a 

differential increase in transcriptional activity (Gruissem, 1989a; Klein and 

Mullet, 1990). The basis for activation of the psbA gene is unknown. Many 

factors other than transcriptional activators optimize promoter activity in 
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chloroplasts, including DNA copy number, template superhelicity and 

availability of RNAP (Thompson and Mosig, 1987; Gruissem, 1989a). 

Polycistronic mRNAs and intercistronic processing 

Chloroplast genomes contain an average of 120 genes and less then 30 

promoters. Consequently, many chloroplast genes are transcribed under the 

control of the same promoter and accumulate as polycistronic RNAs which 

are processed in the regions between genes (intercistronic) to smaller RNAs 

(Berends et al., 1987; Cushman, 1987; Matsubayashi et aI., 1987; Christopher 

and Hallick, 1990; Drager et al., 1993b). Processing between ribosomal RNA 

cistrons and tRNAs generates functional RNAs. However, the function of 

processing between genes of chloroplast mRNA is not known. Intercistronic 

processing of mRNAs in E. coli controls gene expression through differential 

stability of processed RNAs (Carpousis et al., 1989). An E. coli transcription 

unit consisting of gene 33, 59, orlA, B, C and gene 32, is processed upstream of 

gene 32 RNase E (RNase E consensus, ACAGA/UAUUUG). After processing, 

the upstream mRNAs decay more rapidly than gene 32 mRNA. Intercistronic 

processing between the ell and 0 genes of,,- phage produces an unstable ell 

RNA. This processing event is mediated by the OOP antisense RNA 

transcribed from between the intercistronic region of ell and 0 genes of "

(Krinke and Wulff, 1990). Overproduced OOP RNA complexes with the cII-O 

intercistronic region and intercistronic processing proceeds by RNase III 

cleavage of the double strand RNA complex. The unstable RNAs generated by 

intercistronic processing in E. coli are probably due to 3' to 5' endonucleases 

which act on the upstream RNAs after processing. The unprocessed RNA and 

the processed downstream RNA are protected by protein factors or RNA 
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secondary structure at the 3' end. These intercistronic processing events seem 

to regulate differential expression by the depletion of upstream genes. 

Intercistronic processing by RNase III and RNase E also produce functional 

RNAs. RNase III cleaves RNA double strand stems of stem-loop structures 

found between the 17S and 23S ribosomal RNAs while RNase E cleaves 

before and after the 5S ribosomal RNA. 

Does intercistronic processing effect chloroplast gene expression by 

mediating changes in mRNA stability or by generating functional mRNAs? 

Chloroplast RNAs have half lives ranging from 3 to 40 hours (Stern and 

Gruissem, 1987; Baumgarter et al., 1993). mRNA stability increases during 

differentiation but differential stability of processed RNAs has not been 

shown. However, many chloroplast genes are differentially expressed. 

Undifferentiated plastids accumulate proteins for transcription and 

translation; and even though photosystem mRNAs are present, they lack 

photosystem proteins (Mullet, 1988; Gruissem et al., 1989). This could be 

achieved by inhibition of translation from RNAs containing photosystem 

genes. However, in Euglena chloroplasts, ribosomal protein genes and A TP 

synthase genes are cotranscribed with the gene organization rps2-atpI-atpH

atpF-atpA-rps18 (Drager et al., 1993b). Intercistronic processing which 

separates the ribosomal protein and A TP synthase genes may be required to 

translate rps2 and rps18 while inhibiting translation of the ATP synthase 

genes. Additionally, in differentiated chloroplasts, ribosomal proteins are 

found in the stroma while ATP synthase proteins are membrane bound. 

Processing could be necessary to separate RNAs for translation by stromal or 

thylakoid bound ribosomes. Euglena chloroplast genes coding proteins for 
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two separate enzyme complexes, photosystem I (PSI) and photosystem II 

(PSII), psaA and psaB; and psbE, psbF, psbL and psbJ, respectively are also 

cotranscribed (Cushman, 1987). Intercistronic processing between these genes 

produces PSI and PSII RNAs which may be required for translation and 

assembly of separate enzyme complexes. 

Euglena gracilis chloroplast promoters and intercistronic processing 

The genes of Euglena chloroplasts are arranged in bacterial-like 

operons and expressed as polycistronic pre-mRNAs. Expression of Euglena 

chloroplast genes also requires that the pre-mRNAs undergo splicing to form 

mRNAs. Additionally, pre-mRNAs and mRNAs are processed in the 

intercistronic regions between genes. The mechanisms controlling Euglena 

chloroplast gene expression at the levels of transcription, splicing and 

intercistronic processing have not been determined. In this dissertation, I 

describe experiments used to determine sequence elements which control 

these events. 

In the first part of my dissertation, I determined the promoter elements 

which control transcription of Euglena gracilis chloroplast polycistronic 

operons. I defined 6 promoter elements bringing the total known for the 

Euglena chloropast genome to 8. The arrangement of promoters in the 

genome, the primary sequence of the promoters, and the interaction between 

promoters is discussed. 

Because most of the Euglena chloroplast genes are transcribed as 

polycistronic RNAs which undergo intercistronic processing, part of my 

dissertation focuses on studies of the mechanism and function of 

intercistronic processing. I determined the intercistronic processing sites of 
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psaA operon (psaA-psaB-psbE-psbF-psbL-psbJ). Additionally, I have shown 

that the intercistronic processing events or the stability of processed psaA 

operon RNAs vary depending on the developmental stage of the chloroplast. 

This variability in processing may provide insights into understanding the 

role of intercistronic processing in chloroplast gene expression and 

chloroplast development. 

The last part of my dissertation involves the discovery of an unusual 

intercistronic processing event. I studied a 3 kb fragment of the Euglena 

chloroplast genome designated Bam-5a19. Transcripts from this region of the 

genome arise from the strand opposite of the surrounding genes. Robert 

Orager and I sequenced this 3 kb fragment and determined it contained the 

305 subunit ribosomal protein genes rps4 and rpsll. I determined that the 

rps4 and rpsll genes are cotranscribed. Using cDNA and peR amplification of 

the rps4-rpsl1 transcript, I discovered the rpsl1 gene had 2 introns spliced 

from the coding region. However, another intron was spliced from the 

intercistronic region between rps4 and rpsll. This was the first example of an 

intercistronic intron. I defined 2 other intercistronic introns, also between 

ribosomal protein genes. These introns contribute to our understanding of 

intron mobility, and may provide insights into splicing mechanisms of 

chloroplast introns. The appendix of my dissertation includes experiments 

designed to determine the mechanisms of chloroplast splicing. Although 

these experiments were unsuccessful, I learned that chloroplast splicing is a 

sensitive process that may be specific for individual introns and chloroplasts 

of different organisms. 



CHAPTER 2 

EUGLENA GRACIUS CHLOROPLAST PROMOTERS ARE FEW IN 

NUMBER AND DIVERSE IN STRUCTURE 

Introduction 
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The signal pathway leading to light induced chloroplast development 

begins with light receptors such as phytochrome, cryptochrome and 

protochlorophyllide. These receptors transmit signals which activate nuclear 

and chloroplast responses including an increase in the overall level of 

chloroplast mRNA (Schiff and Schwartzbach, 1982; Devic and Schantz, 1984; 

Tobin and Silverthorne, 1985; Mullet, 1988; Gamble and Mullet, 1989). 

Undifferentiated plastids contain the full complement of mRN As required 

for chloroplast gene expression but transcription and mRNA stability of select 

chloroplast genes are differentially regulated (Berends-Sexton et al., 1990; 

Baumgartner et al., 1993). 

In developed chloroplasts, accumulation of mRNA from different 

genes is determined by both transcription and mRNA stability. mRNA 

abundance is highest for photosystem genes, lower for ribosomal protein 

genes, and lowest for RNA polymerase genes. For example, in barley 

chloroplasts, mRNA for the D2 protein of the photosystem II reaction center, 

psbA, accumulates to levels 900-fold greater than mRNA for the RNA 

polymerase a subunit, rpoA The difference is determined by a 300-fold 

difference in transcription and a 30-fold difference in mRNA stability (Rapp et 

aI., 1992). The relative levels of chloroplast mRNAs, parallel the relative 
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levels of corresponding proteins, indicating that mRNA levels are a primary 

determinant of gene expression in differentiated chloroplasts. 

Many factors determine levels of transcription of chloroplast genes: 

promoter strength, genome copy number, DNA conformation and sequence 

content of the transcribed gene (Gruissem and Zurawski, 1985a; Thompson et 

aI., 1987; Blowers et al., 1990). Promoter strength depends in part on promoter 

sequence elements. Many chloroplast promoters are prokaryotic-like, with 

functional -10 and -35 sigma recognition elements (Gruissem and Zurawski, 

1985b; Gruissem et al., 1985a; Kung and Lin, 1985; Hanley-Bowdoin and Chua, 

1987; Klein et al., 1992). However, others lack a -35 element. For example, -35 

elements are absent from the promoter region of the ribosomal protein gene 

rps16 and the light responsive promoter element of the photosystem gene 

psbC. (Eisermann et al., 1990; Christopher et al., 1992; Klein et al., 1992). The 

spinach tRNA genes, trnRl and trnSl, lack both -10 and -35 elements. These 

are replaced by sequences internal to the tRNAs (Gruissem et al., 1986). If 

various promoters are differentially recognized by a single RNA polymerase 

(RNAP), then promoter strength would be defined by the efficiency of RNAP 

binding. Alternatively, if promoter sequence signal binding by different 

RNAPs, then promoter strength would be defined by the availability and 

activity of RNAPs. Several lines of evidence indicate there is more than one 

chloroplast RNAP. Two RNAP activities transcribe Euglena chloroplast 

rRNA and tRNA genes, repectively (Greenberg et al., 1984). An mRNA 

specific RNAP for Euglena chloropast has not been defined. Additionally, 

nuclear encoded chloroplast RNAP may transcribe constitutive genes in 

ribosome deficient chloroplasts of barley and rye (Greenberg et al., 1984; Little 



33 

and Hallick, 1988; Hess et aI., 1993). Photosystem genes, which are not 

transcribed in ribosome deficient chloroplasts, may be transcribed by a 

chloroplast encoded RNAP. 

In order to understand the relationship of chloroplast transcription to 

chloroplast gene regulation, we defined the promoters of the Euglena 

chloroplast genome. We also estimated the strength of each promoter based 

on steady state levels of corresponding RNAs. The abundance of individual 

Euglena chloroplast RNAs is similar to plant chloroplast RNAs. Euglena 

chloroplast RNAs are derived from at least 55 protein coding genes, a single 

165 gene, three identical sets of 165, 235 and 55 rRNA genes and 27 tRNA 

genes (Hallick et aI., 1993). I describe 6 promoters for the protein coding genes, 

these promoters plus an additional promoter identified by Favreau and 

Hallick (manuscript in preparation) could be sufficient for transcription of the 

55 Euglena chloroplast protein genes. 

Results 

Relative abundance of Euglena chloroplast RNAs 

The entire sequence of the Euglena gracilis chloroplast genome is 

known (Hallick et aI., 1993). The completion of the genome sequence 

provides an oportunity to ask questions about expression of chloroplast genes. 

For example, what are the mechanisms of gene expression at the level of 

chloroplast transcription? More specifically, what are the promoter elements 

involved in chloroplast transcription? A first step toward understanding this 

question is to learn about the relative abundance of the in vivo chloroplast 

RNAs. 
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Figure 1. Location of gene clusters in the Euglena gracilis chloroplast genome. 

Gene arrangements relative to the origin of DNA replication are shown. 

Predicted positions of promoters for various gene clusters are indicated by 

arrows beneath gene names at the beginning of each cluster. Repeated 

ribosomal RNA clusters containing 165, 235 and 55 genes are designated 

rrnA, rrnB and rrnC. Unidentified reading frames in the EcoO-D region of the 

genome are indicated. 
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Figure 1 shows a map of the Euglena chloroplast genome which 

encodes a minimum of 55 protein genes (Hallick et aI., 1993). We measured 

the abundance of RNAs for 20 of these genes (indicated in Figure 1). Nineteen 

of the 20 genes are found at the beginning of a gene cluster, and may represent 

the transcription initiation sites of chloroplast operons (Christopher et aI., 

1988; Cushman et aI., 1988a; Cushman et aI., 1988b; Christopher et aI., 1989; 

Yepiz-Plascencia et aI., 1990; Stevenson et aI., 1991; Drager et aI., 1993b; Hong et 

aI., 1993; Stevenson and Hallick, 1994). The plant psbC gene, encoding a 

photosystem I! (PSI!) polypeptide, is cotranscribed with an upstream PSI! 

protein gene, psbD. However, a second promoter element within the 3' end of 

psbD is used in light induced transcription of psbC (Yao et aI., 1989; Sexton et 

aI., 1990; Christopher et aI., 1992). Therefore, we included the homologous 

Euglena psbC gene in our analysis of chloroplast transcription. A Hind III 

fragment between rbeL and the petB gene cluster, designated EcoO-D, contains 

several unidentified reading frames (URFs) which were also analyzed. 

Plasmids from the genome sequencing project were available for subcloning 

to make gene specific probes. 

The abundance of chloroplast RNAs was measured by hybridizing gene 

specific probes to slot blots containing a series of RNA dilutions from 

photoautotrophically grown Euglena chloroplasts. The quantity of RNA on 

the blots was determined emperically from northern and slot blot 

hybridization experiments. RNA polymerase and ribosomal protein gene 

probes were hybridized to blots with 625, 125 and 25 ng of chloroplast RNA; 

photosystem gene probes to blots with 125, 25 and 5 ng, or 25, 5 and 1 ng; and 

psbA and 16S probes to blots with 5, 1 and 0.2 ng. The results are shown in 
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Figure 2. Slot blot hybridization analysis to determine the abundance of 

Euglena gracilis chloroplast RNAs. 20 genes and both strands of the EcoO-D 

region were used to probe Euglena chloroplast RNA. Genes used are those 

indicated on the map in Figure 1. 



Table 1. Abundance of Euglena 
chloroplast RNAs* 

gene % psbA gene % psbA 
ehll 1.7 rp/12 14.0 
psbD 19.4 rp/32 4.8 
psbC 26.0 rbeL 20.6 
psbA 100.0 EcoO-D 0.9 
psbK 69.5 EcoD-O 0.8 
rp/20 1.3 petB 80.3 
psb/ 0.8 psbN 17.1 
petG 1.8 psbB 22.6 
psaA 30.1 rps4 1.4 
rp/23 0.2 rpoB 0.1 
psaJ 0.7 168 152.0 

*RNA levels are expressed relative to the 
level of psbA RNA. 
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Figure 2. An rps4 mRNA-like and a 16S complementary probe were used as 

negative and positive hybridization controls (negative control not shown). 

The Euglena chloroplast rpoB gene is the least abundant mRNA while psbA 

is the most abundant. Probes from both strands of EcoO-EcoD hybridized to 

chloroplast RNA. This is the first evidence that the URFs in this region are 

transcribed. 

The slot blot hybridization signals were measured using a Beta Scope 

analyzer. Signals were adjusted for probe length and RNA quantity and 

expressed as cpm/kb·ng. An estimate of RNA abundances relative to psbA 

mRNA abundance is presented in Table 1. psbA accumulation is defined as 

100%; the four copies of 16S combined accumulate to 152%. psbK and petB 

mRNAs accumulate to 70 to 80%. Another group of photosystem genes 

including psbD, psbC, psaA, rbeL, psbN and psbB, accumulate to 17 to 30%. 

The ribosomal protein genes rpl12 and rpl32 accumulate to 14 and 5%, 

respectively. These levels are much higher than the next group of mRNAs 

which include the URF RNAs from the EcoO-D region, ribosomal protein 

genes rpl20 and rps4; three photosystem genes psbI, petG and psa/, and a gene 

coding for a chlorophyll biosynthesis protein, ehlI. These mRNA levels range 

from 0.7 to 1.8%. Finally, ribosomal protein gene rpl23 and RNAP gene rpoB 

mRNAs accumulate at the lowest levels, 0.2 and 0.1%, respectively. The wide 

range of mRNA abundance's may be due in part to variability in promoter 

strengths for different types of genes. 

Mapping of Euglena chloroplast transcription initiation sites 

Gene clusters of Euglena chloroplast include related genes, presumably 

expressed as operons by the same control mechanisms. Promoter elements 
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may be found upstream of the first gene or primary gene in an operon. The 5' 

ends of mRNAs from primary genes result from transcription initiation and 

indicate promoter position. Transcription initiation produces 5' triphosphate 

ends which can be distinguished from the 5' monophosphate ends derived 

from RNA processing. Triphosphate ends are substrate for in vitro capping by 

guanyl transferase and [a-32P]GTP while monophospate ends are not capped. 

We examined the 5' ends of Euglena chloroplast RNAs using in vitro capping 

and northern blot hybridization techniques. 

In vitro synthesized RNAs complementary to the 20 "primary" genes 

and for both strands of the EcoO-D fragment were separated on a 

formaldehyde/ agarose gel, transferred to a membrane, and hybridized with 

[a-32P]GTP in vitro-capped chloroplast RNA. Capped RNA hybridized to 

complementary RNAs for chll, psbD, psbA, psbK, rp120, psbI, rbcL and 16S 

genes (data not shown). Therefore, the 5' ends of RNAs hybridizing to these 

genes result from transcription initiation. Promoter elements controlling 

Euglena chloroplast transcription should lie near the 5' ends of these genes. 

Capped RNAs did not hybridize to either strand of the EcoO-D fragment. 

Transcripts detected from this region may be part of a larger transcription 

unit. Since all RNAs must arise by transcription initiation, genes which do 

not hybridize to capped RNA have been separated from their "primary" 5' 

end by RNA processing (Christopher et aI., 1990; Yepiz-Plascencia et al., 1990; 

Drager et aI., 1993b; Hong et al., 1993; Spielmann et al., 1994; Stevenson et al., 

1994). psbC, petG, psaA, rpl23, psa/, rpll2, psbB, rps4 and rpoB were expected to 

be sites for transcription initiation but did not hybridize to in vitro capped 

chloroplast RNA. Negative results could be a detection problem due to the 
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low abundance of these RNAs. However, mRNAs for psbC, petG, psaA, psaJ, 

rpl12, psbB and rps4 genes are equal to or greater in abundance to the psbJ 

mRNA which can be detected as a capped species. Therefore, only mRNAs for 

rpl23 and rpoB, which are less abundant than psbJ, may be undetectable. The 

more abundant mRNAs are most likely processed from their "primary" 5' 

ends. 

A promoter is found upstream of the Euglena chloroplast psbK and 16S 

gene (Favreau and Hallick; and Yepiz et al.; manuscripts in preparation). 

From the preliminary capping experiments, we know that at least 6 other 

promoter elements reside in the Euglena chloroplast genome. These are 

linked directly to ehll, psbD, psbA, rp120, psbJ and rbeL. In order to define the 

promoter elements, the 5' ends of these RNAs were mapped by primer 

extension RNA sequencing. The 5' ends of RNAs from psbC, petG, psaJ, rpll2 

and psbB were also determined because of their location at the beginning of 

chloroplast gene clusters. The 5' ends of psaA, rpl23, rps4 and rpoB, also at the 

beginning of gene clusters, have been described (Christopher, 1989; Yepiz

Plascencia, 1990; Stevenson et al., 1991; Stevenson et al., 1994) Complementary 

oligonucleotides for 11 genes were 5' end-labeled with polynucleotide kinase 

and [y_32P1A TP and, in the presence of deoxy- and dideoxynucleotides, used to 

prime cDNA synthesis from Euglena chloroplast RNA. The results of the 

primer extension RNA sequencing for each gene are shown in Figure 3. 

Stops in all lanes of each sequence ladder result from template RNAs 

with a 5' end at these positions. The majority of the 5' ends lie 45 to 50 nt 

upstream of the translation start codon (AUG). The 5' ends of ehlI and psbA 

are 45 nt from the AUG (positions 3594 and 24747, respectively; all coordinates 
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refer to EMBL accession number X70810); psbB, 46 nt (position 100413); psbI, 49 

nt (position 36289); psa], 52 nt (position 70857); rbeL, 55 nt (position 81314); and 

psbD, 75 nt (position 3613). The rpl20 5' end lies 205 nt upstream of the AUG 

(position 36273). Such a long untranslated leader is unusual in Euglena 

chloroplasts. The psaA, rp123, rps4, and rpoB mRNA 5' ends lie 37 nt, 55 nt, 33 

nt and 41 nt from the AUG (positions 37330, 49220, 101034 and 114393; 

respectively) (Christopher, 1989; Yepiz-Plascencia, 1990; Stevenson et aI., 1991; 

Stevenson et aI., 1994). For these genes, the sequence ladder extends to a stop 

resulting from a single 5' end. Because sequence beyond each stop is absent, 

these 5' ends could be produced by transcription initiation. However, efficient 

RNA processing could give similar results, and some cotranscribed genes may 

be undetectable by primer extension RNA sequencing. 

Two 5' ends were mapped for the petG mRN A. The first stop in the 

sequence ladder results from a 5' end 61 nt from the AUG (position 36655). 

The sequence ladder extends 8 nt beyond to a second stop (position 36647). 

The latter stop results from a 5' end generated by 3' end processing of the 

upstream trnD tRNA. Therefore, the trnD and petG genes are cotranscribed. 

At least three RNA processing events modify the primary transcript, 5' and 3' 

end processing of the trnD tRNA, plus intercistronic processing of the petG 

mRNA. One 5' end was mapped for the rpll2 mRNA. The stop in the 

sequence ladder results from a 5' end 71 nt upstream of the rpll2 AUG 

(position 73094). Sequence continues beyond this site without interruption 

indicating that rpll2 is co transcribed with an unidentified upstream gene. 

These results agree with the result that petG and rpl12 do not hybridize to 
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chll psbA 

rbeL 

Figure 3. Primer extension RNA sequencing of the 5' ends of mRNA from 

Euglena gracilis chloroplasts genes predicted to have promoters. cDNA 

primers specific to sequences approximately 50 nt downstream of the AUG of 

11 chloroplast genes were used to generate cDNA sequences. Sequence ladders 

extend beyond each AUG into the untranslated leader and stops in every lane 

indicate the 5' end of the mRNA for each gene. Twenty nuc1eotides of the 

untranslated leader sequence up to the 5' end is shown at the right of each 

ladder. 
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capped RNA. The mapped 5' ends of petG and rpll2 arise by intercistronic 

RNA processing rather than transcription initiation. 

Promoters of the Euglena gracilis chloroplast genome 

15 "primary" genes remain candidates for sites of transcription initiation. 5' 

ends of ehlI, psbD, psbC, psbA, rpl20, psbI, psaA, psaJ, rbeL, psbB and rpoB 

RNAs were assayed for tri- or monophosphates to determine the exact 

positions of Euglena chloroplast promoter elements. The 5' ends of rps4 and 

rpl23 were intractable to these experiments and the psbK, petB and psbN 

genes are part of manuscripts in preparation (Favreau and Hallick; and Hong 

and Hallick). 

To detect triphosphate ends derived from transcription initiation, [a-

32p]GTP in vitro-capped chloroplast RNA was used in S1 nuclease digestion 

experiments. Capped chloroplast RNA was hybridized to unlabeled 

complementary in vitro RNAs. Hybrids were treated with S1 nuclease and 

fractionated by polyacrylamide gel electrophoresis. As a positive control to 

detect gene specific RNA ends, [a-32P]UTP-Iabeled complementary in vitro 

RNAs were hybridized to uncapped chloroplast RNA. To control for non

specific protection from S1 nuclease due to intramolecular hybridizations, the 

[a-32P]UTP-Iabeled complementary in vitro RNAs were treated with S1 

nuclease. Capped RNA was also treated with S1 nuclease to control for 

hybridizations within the capped RNA population. Several high molecular 

weight RNAs resulted from nonspecific protection of the capped RNAs (not 

shown). 

Six gene specific in vitro RNAs protect chloroplast RNA fragments 

with capped 5' ends. Results are shown in Figure 4. The protected fragments 
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Figure 4. 51 nuclease protection of capped Euglena gracilis chloroplast RNA. 

Transcription initiation sites for 6 of 11 genes were determined. For each 

gene, the probe lane shows the 32P-Iabeled full length complementary RNA 

probe which overlaps the 5' end of mRNA determined by primer extension 

RNA sequencing (Figure 3). The (-) lane shows the 32P-Iabeled probe treated 

with 51 nuclease. The uncapped lane contains chloroplast RNA which was 

hybridized to the 32P-Iabeled probe and treated with 51 nuclease. Protected 

products indicate the 5' ends of mRNAs from each gene. The capped lane 

contains chloroplast RNA which was capped using guanyl transferase and [a-

32p] GTP, hybridized to unlabeled complementary RNA probe and treated 

with 51 nuclease. Capped lanes with protected products indicate that the 5' 

end of mRNA from these genes is a site for transcription initiation. Capped 

lanes without protected products indicate that the 5' end of mRNA from 

these genes result from mRN A processing. 
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have sizes which place the capped 5' ends close to the 5' end positions 

mapped by primer extension RNA sequencing. Based on this evidence we 

conclude that these ends have 5' triphosphates and are derived by 

transcription initiation. 

The 5' end of the chlI mRNA is a site of transcription initiation. The 

chll complementary in vitro RNA spans exon 1 and part of intron one. The 

chloroplast RNA fragments protected from 51 nuclease by this in vitro RN A 

result from hybridization to a spliced and unspliced chlI mRNA with a 

common 5' end 43 to 47 nt upstream of the AUG (108 and 161 nt fragments, 

respectively). Within the limits of precision of 51 nuclease protection 

mapping, these ends are the same as the 45 nt end determined by primer 

extension RNA sequencing. The same chloroplast RNA fragments, whether 

capped or uncapped, are protected. The protected capped RNA fragments 

migrate slightly slower through polyacrylamide gels due to the added cap 

structure. The 5' end of the psbD mRNA is also a site of transcription 

initiation. The same capped and uncapped chloroplast RNA fragments result 

from protection of spliced and unspliced psbD mRNA with common 5' ends 

between 65 and 59 nt from the AUG (308 and 628 nts, respectively). Within 

the limits of 51 nuclease protection, these ends are the same as the 75 nt end 

mapped by primer extension RNA sequencing. 

Transcription initiation sites were also determined for psbA, psbJ and 

rpoB. In each case the protected capped RNA maps to the same 5' end 

determined by RNA sequencing. The psbA probe protects a 171 nt capped 

RNA fragment containing 133 nt of ex on and 38 nt 5' untranslated region. 

The psbl probe protects a 203 nt capped RNA fragment containing 168 nt of 
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exon and 35 nt of 5' un translated region. The products for rpoB result from 

protection by a complex probe spanning exon 1 (40 nt), intron 1 (92 nt) and 

part of exon 2 (181 nt) of the rpoB gene. The 369 and 89 nt fragments result 

from protection of capped unspliced or spliced RNA with a 56 and 49 nt 

untranslated leader, respectively. A 181 nt spliced exon 2 RNA fragment is 

protected only in the control experiments. Other products protected from 51 

nuclease cannot be explained. Regardless of these unidentified fragments, the 

known fragments from 51 nuclease protection and the mapped 5' end from 

RNA sequencing define a transcription initiation site for the rpoB gene which 

lies 41 nt upstream of the AUG. 

The 5' end of the rpl20 gene is also a site for transcription initiation. 

The 205 nt 5' untranslated leader region has internal secondary structures 

which make 51 nuclease protection experiments difficult. Many nonspecific 

products are protected \Vhen the rpl20 probe, hybridized in the absence of 

chloroplast RNA, is treated with 51 nuclease. However, two unique 

chloroplast RNA fragments are protected. The larger 436 nt fragment results 

from protection of 240 nt of exon and 196 nt of 5' untranslated region and is 

protected by both capped and uncapped RNA. The 400 nt fragment is 

protected only by the uncapped RNA and may result from protection by an 

RNA with a processed 5' end. Two 5' ends were detected by RNA sequencing 

experiments, one 205 nt from the AUG and the other 196 nt. The longest 5' 

end results from transcription initiation. 

An uncapped but not a capped psbC RNA 5' end was protected. 

Therefore, the psbC 5' end results from intercistronic RNA processing. 

Transcription of psbC could begin at the site homologous to the plant psbC 
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promoter. The site in Euglena lies 1 nt upstream of a very large intron. A 

probe spanning the exon/intron boundary and the + 1 nucleotide would 

detect a promoter in this position. 

Transcription initiation sites were not found for psaA, psaJ, rbeL and 

psbB. Probes for these genes protect chloroplast RNA in the control 

experiments only. Sizes of each fragment predict 5' ends which agree with 

those determined by RNA sequencing. The psaA probe protects 213 nt of exon 

and 29 nt of 5' untranslated leader; the psaJ probe, 162 and 48 nt; rbeL, 45 and 

63 nt; psbB, 65 and 43 nt. The psbB probe contains sequences complementary 

to the upstream trnG and protects a 62 nt trnG fragment. The psaJ probe also 

protects an unidentified 331 nt fragment. A chloroplast RNA fragment of this 

size would have a 5' end within the upstream but divergently transcribed 

trnP gene. 

We have determined the precise positions of transcription initiation 

upstream of ehll, psbD, psbA, rpl20, psbJ and rpoB. Including the promoter for 

psbK, 7 promoters may control the 55 Euglena chloroplast protein coding 

genes. Each rRNA operon has its own promoter upstream of 165 (Yepiz et al., 

manuscript in preparation). Additionally, there are 27 tRNA genes, some of 

which may also have promoters. 

Co transcription of photosystem genes with upstream tRNAs 

The 5' ends of some Euglena chloroplast genes were expected to be 

transcription initiation sites because of predictions from northern blot and 

RNA sequencing experiments. However, the 5' ends of psaA, psa], rbeL and 

psbB were not capped. It is unlikely these capping experiments failed for 

technical reasons, because parallel capping experiments were positive. The 
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psaA, psa], rbeL and psbB genes could be cotranscribed with undetected 

upstream genes if intercistronic RNA processing separates the cotranscripts 

immediately after transcription. The regions upstream of either psa] or rbeL 

have not been fully characterized however, tRNA genes are found upstream 

of the psaA and psbB genes within 70 to 40 nt, respectively. The psaA gene 

was determined to be cotranscribed with trnK via cDNA and peR 

amplification of a trnK-psaA RNA molecule (Stevenson et al., 1994). 

Experiments designed to test a tRNA-mRNA cotranscription model for the 

psbB gene are shown in Figure SA. A peR primer (Figure SA, primer 1) in the 

tRNA nearest psbB, trnG and a cDNA primer downstream of two introns in 

exon 3 of psbB were used for cDNA sysnthesis and peR amplification (Figure 

SA, primer a). A spliced peR product guarantees that the amplification 

originated from an RNA molecule while an unspliced product could be the 

result of unspliced RNA or genomic DNA. The products formed from cDNA 

synthesis and peR amplification were fractionated by electrophoreses through 

a 1.S % agarose gel and are shown in Figure SA. Each product was cloned and 

sequenced. The 800 nt product results from amplification of either an 

unspliced pre-mRNA containing trnG and psbB or genomic DNA. The 19S nt 

product results from a spliced RNA with trnG and psbB. Therefore, the psbB 

gene is cotranscribed with trnG and probably the entire tRNA gene cluster. 

We were unable to detect a tRNA-mRNA amplification product using a 

primer in the first tRNA of the cluster, trnY. Although promoters for Euglena 

chloroplast tRNAs have not been identified, plasmids containing tRNAs are 

transcribed in crude Euglena chloroplast extracts (Greenberg, 1986). Therefore, 

a promoter for this tRNA cluster probably controls transcription of psbB. The 
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Figure s. cDNA and peR amplification of tRNA-photosystem gene 

cotranscripts in Euglena gracilis chloroplast. A) Primers for cDNA and peR 

amplification of a trnG-psbB cotranscript are shown (primers a and 1, 

respectively). Products of amplification are shown in lane la with product 

sizes indicated on the left. A DNA ladder of a A. Bste II digest is also shown 

with sizes indicated on the right. B) Primers for cDNA and peR amplification 

of psbI-trnD (primers a and 1, respectively), trnD-petG (primers band 2, 

respectively) and petG-trnK (primers c and 3, respectively) are shown. 

·Products of psbI-trnD and petG-trnK amplification are shown in panels la and 

3c, respectively. A DNA ladder from a C\>X174 Hae m digest is also shown with 

sizes indicated on the right. Products of trnD-petG amplification are shown in 

(Stevenson et al., 1994). For panels la and 3c sizes of amplification products 

are indicated on the left. Lanes 1 and 2 contain the peR, and cDNA-peR 

product of chloroplast total nucleic acid; lanes 3 and 4, the peR, and cDNA

peR product of DNase-treated chloroplast total nucleic acid; lanes 5 and 6, the 

peR, and cDNA-peR product of DNase- and RNase-treated chloroplast total 

nucleic acid. Lane 4' of panel 3c contains the peR amplification of a gel 

purified 213 nt cDNA-peR product from lane 4 of panel3c. 
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nearest known promoter lies upstream of rpoB. Since rpoB is the least 

abundant chloroplast mRNA, the rpoB promoter probably would not control 

expression of the abundant tRNAs and psbB. 

tRNA promoters may also transcribe the petG photosystem gene and 

the psaA operon. The nearest known promoter for the trnD, petG and trnK 

genes and the psaA operon lies upstream of psbJ. The accumulation levels of 

psbJ and petG mRNAs are similar, indicating the psbJ promoter controls psbJ, 

trnD and petG. transcription. However, the psaA operon RNAs (Cushman et 

al., 1988a; Cushman et al., 1988b; Stevenson et al., 1994) accumulate to levels 

20 to 30 fold greater levels than psbI or petG. The psbI promoter could control 

psaA operon transcription if RNA stability accounts for the higher levels of 

RNA. cDNA and PCR amplification experiments designed to determine 

cotranscription of psbI-trnD-petG-trnK-psaA are shown in Figure 5B. PCR 

products were cloned and sequenced. A cDNA primer in psaA and a PCR 

primer in psbI did not amplify cotranscripts (not shown). Therefore, an 

unprocessed RNA containing psbI-trnD-petG-trnK-psaA is either very rare or 

nonexistent. A cDNA primer in trnD (Figure 5B, primer a) an~ a PeR primer 

in psbJ (Figure 5B, primer 1) amplify a 275 nt cotranscript. Since there is no 

intron located between these primers, additional control experiments were 

used to rule out genomic DNA contamination. 

DNase-treated, DNase- and RNase-treated or untreated chloroplast 

nucleic acid was used as substrate for control cDNA and PCR reactions. 

Control experiments are described in detail in Chapter 3. The conclusion of 

the control experiments is that amplification of a psbJ-trnD cotranscript from 



53 

DNase-treated nucleic acid must originate from an RNA, because its 

amplification is RNase sensitive and dependent on cDNA synthesis. 

A cDNA primer in trnK and a PCR primer in exon 1 of petG amplify a 

petG-trnK cotranscript (primers c and 3, respectively). The products of 

amplification experiments are shown (primers 3c, lanes 1-6). The PCR 

amplification product from DNase-treated nucleic acid is dependent on cDNA 

synthesis and sensitive to RNase. A 585 nt product results from an unspliced 

petG-trnK RNA. A spliced amplification product is undetected. However, the 

area of the agarose gel containing products approximately the size of a spliced 

cotranscript was gel purified and reamplified (primers 3c, lane 4'). A 213 nt 

petG-trnK product results from the amplification of a very rare spliced RNA. 

The rarity of the spliced cotranscript indicates that trnK 5' end processing 

happens more efficiently than petG splicing. 

Dicistronic products for psbl-trnD, trnD-petG and trnK-psaA have been 

amplified. It could be inferred that psbl, trnD, petG and trnK genes and the 

psaA operon are cotranscribed under the control of the psbl promoter but that 

immediate tRNA processing depletes the chloroplast RNA pool of detectable 

levels of the full length transcript. Alternatively, undefined tRNA promoters 

for trnD and trnK may control transcription of the petG gene and the psaA, 

operon, respectively. The psbB gene may also be controlled by tRNA 

transcription. Expression of tRNAs usually occurs at high levels. Therefore a 

tRNA-photosystem gene arrangement may be a means regulating 

photosystem genes. 
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Promoter regions of the Euglena gracilis chloroplast genome 

What defines a Euglena chloroplast promoter? The putative promoter 

elements which signal initiation complex formation and transcription at the 

sites defined for Euglena chloroplast chlI, psbD, psbA, rpl20, psbI and rpoB 

genes are depicted in Table 2. Each transcription initiation site and 

surrounding sequences are aligned according to the prokaryotic -10 and -35 

consensus. The Euglena chloroplast promoters can be devided into 3 

categories. The first is most closely related to the bacterial -10 and -35 

consensus. These include rpl20 which has a perfe~t -10 and chlI with a less 

conserved -10. The -35 regions for both genes are similar. The promoters and 

RNA levels are similar for these genes. The rpoB promoter is included in this 

categagory because it has a conserved -35, however it lacks a -10 element. 

Correspondingly, the rpoB mRNA is the least abundant chloroplast mRNA. 

The second category includes the psbD and psbI promoter regions which have 

-10 elements similar to the consensus but lack a -35 element. Instead they 

have 6 T residues at this position. The expression levels for these genes are 

not similar, the possible reasons for this are discussed below. 
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Table 2. Promoter Regions of Eugelna chloroplast genes 
gene ·50 ·35 17 to 18 bp 
~Qns~nS!JS -------- IIGACA --------
chll CTAAAGAGCTAATTT TAGGTA TTAAGATCCC~TATTTA 

psbD ATTGTTATGCAATA TTTTTT GCTTGTGTTCC~TTTTT 

psbA TCGAAGGTATATATAA TAAAAT ATTTAATTTTTTATGT 
rpl20 CATAATATATAAA TAGTGA CAAAAAAACAGACTT~T 

psbl CAAACTTGCGTAATG TTTTTT TTAATAAAAATTCACAT 
rpoB ATTTATATGCAT TTAAAA TTAATTTTAAAAAATCC 

gene ·10 ·1 +1 to +22 
~Qn§~n§!J§ I AlAAI ----- --------
chll TATACT AAAAAA GGGAACACAAGCAAAAAATATT 
psbD TAG TAT ATAAATA GGGGATCTTAATACCTAAAATT 
psbA TATAAT TTTATC AACAGTCGCGTTTGCGACTGGG 
'rpl20 TATAAT AAAAATG TGAATTTTTATTAAAAAAAACA 
psb/ TTTTAT TATAAT GAAGTCTGTTTTTTTGTCACTA 
rpoB ATTATA CTATTA ATGTCAAATCAAAGAAACAGAC 

underlined nucleotides indicate + 1 of divergent upstream transcripts 
italicized nucleotides indicate upstream tRNA gene sequence 
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Promoter regions for chlI and psbD, and rpl20 and psbJ are divergent 

and overlapping. Diagrams of these promoter regions are shown in Figure 6. 

The 5' ends of chlI and psbD, and rpl20 and psbI are 18 and 22 bp apart, 

respectively. Each end lies within the promoter element for the upstream and 

divergently transcribed gene. The promoter regions of chll and psbD share 5 

of the six positions at -10 but on opposite strands (Figure 6A). The rpl20 and 

psbJ genes share two positions of their -10 elements (Figure 6B). The -35 

elements of these genes overlap with sequences downstream of +1 of the 

divergently transcribed gene. The proximity of these promoters must effect 

transcripition for chll, psbD, rpl20 and psbI. This may explain why although 

the psbD and psbI have similar promoters, psbD mRNA accumulates 20 fold 

more than psbI mRNA. Transcription from the psbI promoter could be 

inhibited by transcription from the overlapping rpl20 promoter or 

transcription from the psbD promoter could be enhanced by transcription 

from the overlapping chlI promoter. 

The third class of Euglena chloroplast promoter is that for the psbA 

gene. Other than 16S, psbA is the most actively transcribed Euglena 

chloroplast gene (Boyer and Hallick, personal communication). The psbA 

promoter lacks a -35 element but the -10 element is perfectly conserved. 

Instead of a -35 element, a 29 bp stretch of As and Ts extends from -14 to -42. 

The prokaryotic -10 and -35 elements are present for some Euglena 

chloroplast promoters, while others lack a -35. Sequences with different 

recognition properties may substitute for these -35 regions. A -10 element is 

found for all Euglena chloroplast promoters and may be an essential element. 
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F'igure 6. Overlapping promoter regions in Euglena gracilis chloroplast. A) 

Initiation sites for chlI and psbD transcripts are indicated on the map as filled 

circles connected to arrows showing the direction of transcription. Sequences 

upstream of transcription initiation sites containing -10 and -35 promoter-like 

elements are shown above the map. The top strand represents psbD promoter 

sequence, the bottom strand, chll. A 5 nt overlap of their -10 elements is 

shown. B) Initiation sites, the direction of transcription and promoter 

sequences for rpl20 and psbI transcripts is shown. The -10 elements of the 

rpl20 and psbI promoters overlap by 2 nt. The gene with the weakest -10 

element, rpoB, also has the least abundant mRNA. Other elements which 
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effect promoter strength probably reside in sequences downstream of +1 and 

upstream of -35. 

Discussion 

Euglena chloroplast promoter elements 

Land plant chloroplast promoters are conserved for individual genes 

(Kung et al., 1985; Hanley-Bowdoin et aI., 1987) and although the gene content 

and gene arrangement of plant (5hinozaki et aI., 1986; 5hinozaki and 5ugiura, 

1986; Turmel et al., 1988; Hiratsuka et al., 1989) and Euglena chloroplasts 

(Hallick et al., 1993) are conserved, promoters for Euglena are different. 

Promoter regions upstream of Euglena chloroplast genes psbK and 165 were 

identified by Favreau and Hallick, and Yepiz et aI., respectively (manuscripts 

in preparation). We have identified six additional promoters, one each 

upstream of the chil, psbD, psbA, rp120, psbJ and rpoB genes. A subset of these 

promoters may be related. The rpl20 and chlI transcription initiation sites 

have -10 and -35 sigma 70 factor binding elements similar to the canonical 

prokaryotic promoter. The rpoB site is prokaryotic-like, but has a weak -10 

element. This may explain why the rpoB mRNA is so rare. Another set of 

related promoters upstream are found upstream of psbJ and psbD. These 

promoters have conserved -10 elements but a hexamer of T residues is found 

in place of the -35. The T-hexamer could function in sigma 70-like factor 

recognition or another sigma-like factor specific for the T-hexamer. 

Alternatively, the different promoters could function as recognition elements 

for different chloroplast RNAPs. 
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A third type of Euglena chloroplast promoter is found upstream of the 

psbA gene. This promoter has a perfect -10 element, but lacks a -35. Despite 

the lack of canonical promoter structures, psbA is the most actively 

transcribed Euglena chloroplast protein gene (Boyer and Hallick, personal 

communication). An uninterrupted 29 bp AT-rich stretch extending from -14 

to -42 may influence transcription of psbA. A similar element lies 

immediately upstream of the promoter elements for the E. coli ribosomal 

RNA operons (Ross et aI., 1993). This upstream element (UP) consists of a 20 

bp AT-rich stretch upstream of the -35 which increases transcription 30-fold 

over basal levels. UP activates rRNA transcription through a direct 

interaction with the a-subunit of E. coli RNAP. The 29 bp AT-rich stretch of 

the Euglena psbA gene promoter could activate transcription in a similar 

manner. 

psbA is also one of the most actively transcribed plant chloroplast genes 

(Deng et al., 1987; Rapp et al., 1992). Two different promoter elements are 

upstream of the plant chloroplast psbA gene (Gruissem et al., 1985a; Aldrich 

et al., 1986; Efimov et al., 1988). -10 (TATACT) and -35 (TTGACA) elements 

function during maximal transcription in spinach chloroplast extracts 

(Gruissem et al., 1985a). Deletion of the -35 element reduces transcription to a 

basal level in mustard extracts. The basal transcription is controlled by a 

conserved region between -10 and -35 which resembles the eukaryotic 

"TATA" (Eisermann et al., 1990). The combination of elements in the psbA 

promoter could be responsible for the basal transcription of psbA seen in 

undifferentiated plastids and the maximal transcription seen in differentiated 

chloroplasts. 
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The plant chloroplast psbC gene is controlled by several different 

promoters. One is light responsive and lies in the overlapping psbD exon 

(Yao et a1., 1989). The primary sequence and gene arrangement of the 

overlapping psbD and psbC genes in plant chloroplasts is conserved in 

Euglena chloroplasts (Alt et aI., 1984; Holschuh et a1., 1984; Berends et aI., 1987; 

Yao et a1., 1989; Spielmann et aI., 1994). The 5' end mapped for the Euglena 

chloroplast psbC agrees with that determined by Spielmann et aI. (1994) and is 

homologous to a processing site for plant chloroplast psbC mRNA (Yao et aI., 

1989). It lies 43 nt from the GUG putative start of translation (position 13120) 

(Michel et a1., 1988; Rochaix et aI., 1989). The light responsive psbC promoter 

.element of plant chloroplasts lies 232 nt upstream of the GUG, within psbD 

(Yao et a1., 1989). Although the sequence is conserved in Euglena, it is 

interrupted by introns. The Euglena psbD and psbC genes share at least one 

intron (Spielmann et a1., 1994). If the conserved promoter region is functional 

in Euglena the corresponding 5' leader contains 2 additional introns. The 5' 

most intron lies 1 nt downstream of the conserved sequence which acts as a 

transcription initiation site in plants. This intron is 3658 bp and encodes two 

open reading frames. Transcription initiation 1 nt upstream of this intron 

would produce a pre-mRNA which cannot be spliced. Intron binding sites 

necessary for splicing are in the 5' exon would not be cotranscribed. A probe 

specific for the unspliced exon/intron boundary could be used to determined 

if the psbC promoter site is used in Euglena. 

Promoters were not found for the abundant photosystem genes, psaA 

and psbB. Instead, promoters for tRNA transcription may control expression 

of these genes (Stevenson et a1., 1994). We determined that psbB is 
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cotranscribed with at least one tRNA of an upstream tRNA gene cluster, 

trnYHMWEG. An unidentified promoter at the beginning of this tRNA 

cluster probably controls the expression of psbB. Since promoters downstream 

(counterclockwise) of psbB were not found, this putative tRNA promoter 

may transcribe more than 30 kb including genes through psaJ. 

A single promoter may control the gene cluster containing psbI, trnD, 

petG, trnK and the psaA operon. It lies upstream of psbI. Each gene from this 

cluster can be indirectly linked to psbI. psbI-trnD, trnD-petG, petG-trnK and 

trnK-psaA cotranscripts are detected. Longer transcripts containing the trnD 

and trnK genes are not detected, probably due to efficient tRNA processing. In 

fact, a "primary" transcript including each gene may never exists if tRNA 

processing occurs prior to completion of transcription. Alternatively, one or 

more tRNA promoters may also control transcription in this region. The 

abundance of psbI and petG mRNAs are similar, indicating psbI-trnD-petG 

may form a single operon controlled by the psbI promoter. The abundance of 

psaA operon mRNAs are 20-30 fold greater, therefore, trnK-psaA-psaB-psbE

psbF-psbL-psbJ may form a second operon controlled by the trnK promoter 

(Stevenson et al., 1994). In this case, the psbI-trnD and petG-trnK cotranscripts 

detected could result from incomplete termination of transcription. Since 

promoters downstream (clockwise) of the trnK gene were not found, it is 

possible that either the psbI promoter or the "putative" trnK promoter 

transcribes over 25 kb through the rpl23 ribosomal protein operon 

(Christopher et al., 1988; Christopher et aI., 1989). 
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Operon organization of the Eu~lena chloroplast genome 

As few as eight promoters may control expression of the entire Euglena 

chloroplast genome. The position of each promoter (indicated by bolded gene 

names) is shown in Figure 1. The promoters are clustered on either side of 

the bi-directional origin of replication. Most Euglena chloroplast transcription 

proceeds in the same direction as replication. This co-direction implies a 

regulation of transcription by DNA replication, possibly through 

conformational changes in the chloroplast DNA. Changes in DNA 

conformation also effect Chlamydomonas chloroplast transcription. The 

DNA gyrase inhibitor, novobiocin, reduces torsional stress in 

Chlamydomonas chloroplast DNA. This change in DNA conformation 

reduces transcriptional activity of most Chlamydomonas chloroplast 

promoters (Thompson et aI., 1987). 

The divergent arrangement of some Euglena chloroplast operons may 

be another means of chloroplast gene regulation. Promoters upstream of the 

divergently transcribed genes chlI and psbD, and rp120 and psbI, overlap and 

share -10 regions. The overlapping promoters cannot function independently 

and probably compete for RNAP binding. Therefore, elements influencing 

binding of RNAP to one promoter, such as promoter strength and DNA 

conformation, will have the opposite influence on binding to the divergent 

promoter. The divergent atpB and rbcL genes of plants have transcription 

start sites separated by 159 bp and promoters which interact in vitro (Hanley 

and Chua, 1989). Divergent promoters in E. coli can interact and even share 

regulatory elements (Adhya and Gottesmann, 1982; Brandma et al., 1983). 
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Since 4 of the 8 Euglena chloroplast promoters are divergently opposed, this 

arrangement could be an important transcriptional control mechanism. 

Promoters and chloroplast RNA polymerases 

The different promoter types found in the Euglena chloroplast genome 

may be recognition sequences of two different RNAPs, or of the same core 

enzyme and different recognition factors. The relationship between promoter 

type and chloroplast RNAP has not been fully characterized. Chlamydomonas 

chloroplasts have at least 2 types of promoters. One type incl,udes the 16S 

promoter with typical -10 and -35 elements which requires nucleotides 

extending to -39 for maximal transcription in vivo. The other type includes 

the atpB promoter which lacks a -35 element and requires nucleotides 

extending from -22 to +32 (Klein et al., 1992). The plant psbA promoter is 

composed of two promoter elements which are responsible for differential 

expression in chloroplasts and etioplasts (Eisermann et al., 1990). Sigma-like 

recognition factors which increase the specificity of the chloroplast RNAP for 

some chloroplast genes may mediate differential gene expression (Tiller et al., 

1991; Igloi and Kossel, 1992; Tiller and Link, 1993). The pool of sigma-like 

factors in chloroplasts could dictate the efficiency of promoter use. 

Alternatively, Tiller and Link (1993) describe evidence that the 

phosphorylation state of the plastid RNAP controls promoter binding 

properties and transcription efficiency. RNAP purified from mustard 

etioplasts is phosphorylated while that purified from mustard chloroplasts is 

underphosphorylated. The underphosphorylated chloroplast RNAP requires 

-10 and -35 elements for transcription from the psbA promoter. The 



64 

phosphorylated etioplast RNAP requires the "TATA"-like element but not 

the -35 element for psbA transcription. 

In vitro phosphorylation of the chloroplast RNAP promotes 

holoenzyme assembly and alters the binding properties of RNAP to the psbA 

promoter. Tiller and Link suggest a model where phosphorylation of RNAP 

results in a tightly associated holoenzyme which specifically recognizes a 

"TATA"-like promoter element. Under these conditions, disassociation of the 

holoenzyme through sigma factor release may be inefficient. Since sigma 

factor release is required for elongation, phosphorylation of RN AP would 

decrease transcriptional activity. Underphosphoryled RNAP results in a 

loosely associated holoenzyme which recognizes an extended promoter 

including the -35 element. Here, sigma factor release would be efficient, 

thereby increasing transcriptional activity. In this model, a single RNAP 

recognizes different chloroplast promoters through modification of 

phosphorylation. 

Finally, both a nuclear and chloroplast encoded RNAP may function in 

the chloroplast (Hess et al., 1993). Evidence for two RNAPs comes from 

studies of ribosome deficient plastids of the albostrians mutant of barley and 

heat-bleached leaves of rye. The ribosome deficient plastids retain the ability 

to transcribe ribosomal protein and RNAP genes. Since the chloroplast 

encoded RNAP subunits are not translated in ribosome deficient plastids, the 

enzyme responsible for transcription in these plastids must be nuclear 

encoded. This RNAP has specificity for transcription and translation genes, 

but photosystem genes are transcribed at very low levels. In wild type plastids, 

the photosystem genes may be transcribed by the chloroplast encoded RNAP. 



65 

We have determined several promoter classes for the Euglena gracilis 

chloroplast genome. Genes with RNA of low abundance tend to have 

bacterial-like -10 and -35 elements. The promoter for the least abundant RNA, 

rpoB, has a poor -10 element. Photosystem genes with RNA of medium 

abundance have 6 T residues reside in the -35 position. Some photosystem 

genes lack a promoter and are probably controlled by tRNA promoters. The 

promoter for the most abundant mRNA also lacks a -35 element. The high 

expression of the psbA gene may be dependent on a 29 base pair stretch of A 

and T residues. The few promoters defined could be responsible for 

expression of the entire Euglena chloroplast genome. If this is the case, some 

transcription units would extend over 30 kb. Under these circumstances, 

intercistronic RNA processing would play an important role in chloroplast 

mRNA accumulation. 

Materials and Methods 

Molecular cloning and RNA probe synthesis 

Plasmid DNAs were constructed to serve as templates for in vitro RNA 

synthesis as described by Stevenson et al. (1994). Complementary in vitro 

RNAs were synthesized from the following plasmids. Where possible, 

restriction sites within the vector were used to make runoff transcription 

products. Plasmids containing sequences which span the 5' ends of Euglena 

chloroplast genes were used to make RNAs for 51 nuclease analysis. Gene 

names follow the convention of Hallick and Bottomely (1983) and Hallick 

(1989). Internal restriction sites within these plasmids or additional plasmids 

containing gene specific sequences were used to make RNAs for slot blot 
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analysis. pEZC286 contains a genomic Xbal fragment (positions 2962-4247) 

which spans the 5' ends of the divergent chlI and psbD genes. Internal Oral 

sites were used for gene specific RNAs (positions 2963-3435 and 37045-4248, 

respectively). pEZCI096 is a cDNA clone which contains the fully spliced 

exons 8, 9, 10 and 11 of psbD and exons 1,2,3,4 and 5 of psbC (positions 8875-

20318, 450 nt fully spliced). pEZC514.310 and pEZC514.44 are subclones of 

pEZC514.3 and pEZC514.4, respectively (Michel Herzog) which contain part of 

exon 1 and intron 1 of psbA (positions 24926-25322) or the 5' end of psbA 

(positions 24522-24925), respectively. pEZCI073 is a cDNA clone containing 

fully spliced exons 1, 2 and 3 of psbK (positions 30707-30248, 160 nt fully 

spliced, Favreau and Hallick, manuscript in preparation). pPG689.23 contains 

an Ssp I fragment subcloned from pPG689.21 (Stevenson et al., 1994) and spans 

the 5' ends of the divergently transcribed rp120 and psbJ genes (positions 

35830-36506). pEZCI087 is a fully spliced cDNA clone which spans the 5' end 

of petG (positions 36584-37151). pPG689.21 spans the 5' end of psaA 

(Stevenson et al., 1994). An internal Ddel site within the upstream trnK gene 

was used for runoff transcription (positions 37261-38047). pPG689.27, a 

subc10ne of pPG689.21, contains part of exon 1 of psaA (positions 37575-38047). 

pEZC588 contains the entire rpl23 gene Christopher et al. (1988). An internal 

Xbal site was used for a gene specific RNA (positions 18591-19469) 

pEZC945.292 contains a Oral fragment a sub cloned from pEZC945 (Drager et 

al., 1993b) which includes the entire psa] gene (positions 70643-71023). 

pEZC951.1 is a BglII-Clal subclone of pEZC951, (a BglII genomic clone; Drager 

and Hallick, unpublished)and spans the 5' end of rpll2 .. An internal HindlIl 

site was used for a gene specific RNA (positions 72632-72967). pEZC942 is a 
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BglII genomic clone which contains part of rp132 and part of psaC (positions 

75138-76107; Drager and Hallick, unpublished). pEZC308.1 is a subclone of the 

EcoR! genomic clone pEZC308 (Bruce Greenburg) which spans the 5' end of 

rbeL (positions 81741-82300). pEZC224 is a HindIII genomic clone which 

contains part of EcoD and part of EcoD (positions 84527-89516; Hong and 

Hallick, unpublished). pEZC1063 is a cDNA clone containing a fully spliced 

petB (positions 94765-93249; Hong et al., 1993). pEZC401.120 contains psbN and 

psbH (Hong and Hallick, manuscript in preparation). An internal EcoR! site 

was used for a gene specific RNA (positions 95042-95440). pEZC1093 is a cDNA 

clone spanning the 5' end of a spliced psbB gene (positions 99698-100497, 195 

nt fully spliced). pPG76.269 is a subclone of pPG76.2 (Stevenson et al., 1991) 

which spans the 5' end of rps4. An internal BstBI site within the upstream 

and divergent trnY gene was used for runoff transcription (positions 100925-

101183). pEZC931.14 spans the 5' end of rpoB (Yepiz-Plascencia, 1990). An 

internal DdeI site within the intergenic spacer between rpoB and 5S was used 

for runoff transcription (positions 114050-114471). EcoP contains a genomic 

EcoR! fragment containing the entire 16S gene of the rrnC operon (positions 

118290-120838). 

RNA isolation and slot blot hybridization 

Chloroplasts were isolated from photoautotrophically grown Euglena 

gracilis as described by Hallick et al. (1982). RNA was extracted from isolated 

chloroplasts as described in Stevenson et al. (1994). Slot blot hybridization 

experiments were carried out according to Sambrook et al. (1989). For each 

gene probe, a four step dilution series of chloroplast RNA was applied to 

Genescreen membranes (NEN research products) using a Hybrislot manifold 
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(BRL). Each dilution series was probed for a single gene using [a-32P]UTP in 

vitro-labeled complementary RNAs. Hybridizations were carried out at 42°C 

for approximately 20 hours and subsequently washed according to NEN 

protocol. Hybridization signals for each gene were measured with a Beta 

Scope analyzer (Betagen). 

Primer extension RNA sequencing 

cDNA primers (purchased from Midland Corporation) specific for the 

5' ends of selected Euglena chloroplast genes were used to directly sequence 

their corresponding mRNAs. The cDNA primers are ehlI, 5'

CAACAATAGAAGTAAAAGG-3' (positions 3499-3517); psbD, 5'

CCAACCGTTTTTATTTTCAG-3' (positions 3730-3711; the order of 

coordinates, ascending or descending, refers to top or bottom strand, 

respectively); psbC, 5'-CCACCAAGCAAATCCAGTTG-3' (positions 17920-

17901); psbA, 5'- -3' (positions ); rp120, 5'-CGCTTTTTTTTACTTATACC-3' 

(positions 36029-36048); psbI, 5'-CAACATAAGAATAATAATAAC-3' 

(positions 36344-36324); petG, 5'-CAAACCACAAAT AGTT ATTGG-3' 

(positions 37151-37131); psaJ, 5'-CAACAACAGGAGCGGTAGAC-3' (positions 

70763-70782); rp112, 5'-GTTTAACTAGCTCGTAAG-3' (positions 72948-72965); 

rbeL, 5'-GTTTCAGTTTGAGGTGAC-3' (positions 81760-81777); and psbB,5'

ACAGAAATGAAACGACCTGG-3' (positions 99698-99717). Primer extension 

RNA sequencing procedures were carried out according to Christopher et al. 

(1989), Copertino and Hallick, (1991) and Stevenson et al. (1994). 
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5' end capping of chloroplast RNAs 

Chloroplast RNA was prepared for capping by first precipitating with 

one half volume 4 M lithium chloride followed by ethanol precipitation 

using 7.5 M ammonium acetate. 10 J.lg of chloroplast RNA in 10 J.lI of DEPC

treated water was pre-incubated at 65°C for 10 minutes. A reaction mix is 

added to the pre-incubated RNA resulting in a final volume of 50 J.lI and a 

final concentration of 50 mM Tris-HCI, pH 7.9; 6 mM KCI; 1 mM MgCI2; 2 

mM dithiothreitol; 200 J,1Ci [a-32P1GTP (NEN DuPont); 1 unit RNasin 

(Promega); and 8 units guanyl transferase (BRL). The reaction mix was 

incubated at 37°C. After 45 minutes, an additional 5 units of guanyl 

transferase was added and incubation continued for 1 hour. The reaction was 

stopped by ethanol precipitation using 7.5 M ammonium acetate. 

51 nuclease protection analysis of capped chloroplast RNA 

51 nuclease protection assays were carried out according to Stevenson 

et aI. (1994). Plasmid DNAs described above were used as template to make [a-

32P1UTP-Iabeled as well as unlabeled complementary in vitro synthesized 

RNAs. Complementary RNAs were hybridized to chloroplast RNA or [a-

32P1GTP-capped chloroplast RNA, respectively. RNA-RNA hybrids were 

treated as described (Sambrook et a1., 1989). 

cDNA synthesis, polymerase chain reaction amplification and cloning 

200 ng of cDNA primer corresponding to either t r n D, 

5'CTCTAACCA IT AAACT AC-3' (positions 36598-36581); petG, (described 

above); trnK, 5'-ACCGATCGGITAAAAGCC-3' (positions 37296-37279); or 

psbB, (described above) were used for cDNA synthesis of Euglena chloroplast 
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RNA (Stevenson et al., 1994). PCR primers for p 5 b I I 5'

GTTATTATTATTCTTATGTTG-3' (positions 36324-36344); trnD, 5'

GTTTAATGGTTAGAGC-3' (positions 36584-36599); petG, 5'

TATCCATGGTTGAACTC-3' (positions 36712-36729); and trnG, 5'

GTATAGCTCAGTTGGTAG-3' (positions 100497-100480) were used in 

combination with the cDNA primers for subsequent PCR amplification 

reactions (Drager et al., 1993b; Stevenson et al., 1994). Subsequent PCR 

products were cloned using a dideoxy T-tailed vector (ref, Bluescript vectors, 

Stratagene). The cloned products were sequenced using the method of Sanger 

et al. (1977) and Sequenase kit (US Biochemicals). 
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CHAPTER 3 

THE PSAA OPERON PRE-MRNA OF THE EUGLENA GRACIUS 

CHLOROPLAST IS PROCESSED INTO PHOTOSYSTEM I AND II MRNAS 

THAT ACCUMULATE DIFFERENTIALLY DEPENDING ON THE 

CONDmONS OF CELL GROWTH 

In trod uction 

Many chloroplast genes are transcribed as polycistronic mRNAs which 

are post-transcriptionally processed into smaller mono- or polycistronic 

mRNAs (Berends et al., 1987; Matsubayashi et al., 1987; Christopher et al., 

1990; Drager et al., 1993b). Processing at intercistronic sites in polycistronic 

chloroplast operons may function in regulating the translation and/or 

stability of mRNAs. 3' end mRNA processing is important in the control of 

plastid gene expression, especially at the level of 3' end formation and 

stability of processed RNAs (Gruissem, 1989b; Sugiura, 1991). To examine the 

mechanisms of intercistronic processing, polycistronic mRNAs from 

proplastids or chloroplasts of Euglena gracilis were studied. Euglena gracilis 

proplastids can be maintained in cells grown in the dark in the presence of a 

metabolizable carbon source. Chloroplast development is induced by transfer 

of dark grown Euglena to light (Schiff et al., 1982; Schwartzbach and Schiff, 

1983). The role of intercistronic processing in chloroplast development can be 

addressed by comparing polycistronic mRNAs from dark- and light-grown 

Euglena. 

The psaA, psaB, psbE, psbF, psbL and psbJ genes of Euglena gracilis 

comprise a chimeric operon encoding protein components for photosystem I 

(PSI) and photosystem II (PSII) functions (Cushman et al., 1988a; Cushman et 



72 

al., 1988b). The 66 kD chlorophyll a apoproteins, encoded by the psaA and 

psaB genes, are transmembrane proteins of the PSI core complex (Vierling 

and Alberte, 1983; Ortiz et aI., 1985). The 10 kD and 4 kD, psbE and psbF gene 

polypeptides are the a and b subunits of cytochrome b-559 of the PSII (Pakrasi 

et al., 1988). The psbL and psb] polypeptides are also associated with PSII but 

their function is unknown. The primary transcript of the psaA operon 

undergoes several processing events. Eleven group II introns and one group 

II twintron are spliced (Copertino et a1., 1991). Intercistronic processing 

separates the PSI and PSII genes into a dicistronic psaA-psaB transcript and a 

tetracistronic mRNA containing psbE, psbF, psbL and psb]. The tetracistronic 

mRNA is the mature processed form for the PSII genes. A second 

intercistronic processing event between psaA and psaB gives rise to 

monocistronic forms of the PSI mRNAs. 

The Euglena psaA operon gene organization and mRNA processing is 

not conserved among other species. There are separate psaA-psaB and psbE

psbF-psbL-psb] gene clusters in land plants, liverwort and cyanobacteria. 

Euglena is an exception in that the PSI genes psaA-psaB are cotranscribed with 

the PSII genes psbE-psbF-psbL-psb] (Cushman et al., 1988a; Cushman et al., 

1988b; Copertino et a1., 1991). Additionally, processing between psaA-psaB is 

not known to occur in other organisms (Herrmann et al., 1985; Rodermel and 

Bogorad, 1985; Berends et a1., 1987; Woodbury et a1., 1988; Meng et a1., 1989; 

Smart and McIntosh, 1991). 

Intercistronic processing of the psaA operon pre-mRNA may reflect a 

need for the separation of mRN A cistrons involved in different chloroplast 

functions. In order to expand our understanding of these events, we have 
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characterized the mRNA maturation and intercistronic processing of the 

psaA operon of Euglena gracilis chloroplasts. We present evidence that the 

psaA operon is cotranscribed with an upstream lysine tRNA. Additionally, 

the sites of psaA operon intercistronic processing were determined and the 

role of intercistronic processing in chloroplast development was examined. 

The relative abundance of psaA operon mRNAs varies between chloroplast 

developmental stages. Intercistronic processing events or the products of 

intercistronic processing of the psaA operon are differentially affected by 

developmental conditions. 

Results 

The psaA operon of Euglena gracilis chloroplast accumulates as a 

hexacistronic pre-mRNA (Cushman et a1., 1988a; Cushman et a1., 1988b; 

EMBL Accession # X70810). The gene order is psaA (positions 37367-41015) -

74 nt spacer - psaB (positions 41090-46507) - 84 nt spacer - psbE (positions 

46592-47509) - 9 nt spacer - psbF (positions 47519-48686) - 107 nt spacer - psbL 

(positions 48794-48910) - 87 nt spacer - psbJ (positions 48998-49126). The gene 

order and the position of the introns within each gene are shown in Figure 1. 

Dicistronic (psaA-psaB), pentacistronic (psaB-psbE-psbF-psbL-psb/), 

monocistronic (psaA or psaB) and tetracistronic (psbE-psbF-psbL-psbJ) 

mRNAs also accumulate in Euglena chloroplasts (Cushman, 1987). These 

mRNAs could arise from only two non-ordered postranscriptional, 

intercistronic processing events. Endonuclease cleavage in the intercistronic 

region between psaA-psaB would generate a monocistronic psaA transcript 

and a pentacistronic transcript. Dicistronic and tetracistronic mRNAs would 



74 

result from processing in the intercistronic region between psaB-psbE. In 

combination, both processing events yield psaA and psaB monocistronic 

transcripts as well as the di-, penta- and tetracistronic transcripts. A putative 

RNA maturation pathway for intercistronic processing is shown in Figure 1. 

Splicing events are not included in the pathway, since unspliced transcripts 

are not readily detected by northern hybridization. In order to confirm the 

proposed mRNA maturation pathway, we have characterized the end-points 

of the psaA operon and the processing sites between the cistrons. 
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Figure 1. Maturation pathway of the Euglena chloroplast psaA operon. The 

psaA operon of Euglena chloroplast is shown. The direction of operon 

transciption is indicated by the horizontal arrow. Exons are represented by 

filled black boxes, introns by open boxes. The internal intron of the psbF 

twintron is shown as a hatched box. The spliced transcripts are represented in 

two alternate intercistronic processing pathways. 
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5' end analysis of the psaA mRN A 

psaA is the first in a cluster of six photosystem I and II genes. The 

primary transcript, which includes two photosystem I and four photosystem 

IT genes, may arise from a promoter element between psaA and an upstream 

trnK gene (Figure 1). Several experimental approaches were utilized to 

determine the site of transcription initiation for the psaA operon. 

Initially, the mature 5' end of the psaA gene was mapped by primer 

extension RNA sequencing. An oligonucleotide primer specific for the 5' 

exon of psaA was 32p end-labeled and used to prime cDNA synthesis of 

Euglena chloroplast RNA by reverse transcriptase (Figure 2A). Sequence 

ladders were generated from cDNA reactions using deoxy- and 

dideoxynucleotides (Figure 2B). The resulting sequence extends 37 nt past the 

psaA AUG translation initiation codon to a major stop in all lanes at position 

37330 (Figure 2A and 2B, horizontal black arrow). Sequence data were not 

detected beyond this point even after prolonged exposure. The cDNA 

sequence results from a psaA mRNA template with a 5' end at this position. 

Several minor stops are also present which map to A residues in the 5' leader 

region of psaA. These stops do not result from psaA mRNA 5' ends since 

only the major 5' end is detected by S1 nuclease protection analysis of the 

region (data not shown). In vitro capping and S1 nuclease protection 

analyses were used to determine if the 5' end of the psaA mRNA corresponds 

to the site of transcription initiation. Chloroplast RNA was capped in vitro 

using a-32p GTP and guanyltransferase. Only chloroplast RNAs with a tri- or 

diphosphate at the 5' end resulting from in vivo transcription initiation are 

substrates for the capping reaction. A capped psaA 5' end corresponding to 
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Figure 2. psaA operon 5' end analysis. (A) A diagram of the 5' region of the 

psaA operon is shown as a pre-mRNA including the trnK gene. A cDNA 

primer complementary to the 5' exon of psaA (open arrow) was used to 

generate sequence of the psaA mRNA. A PCR primer used in conjunction 

with the cDNA primer to amplify a trnK-psaA cotranscript is shown as the 

shaded area within trnK. The Shine-Dalgarno sequence for ribosome binding 

of psaA mRNA is boxed within the intercistronic trnK-psaA region. The 

absence of -10 and -35 promoter like elements upstream of the mature psaA 5' 

end are indicated within the tRNA structure. (8) The cDNA sequence of the 

psaA mRNA is shown. The black, horizontal arrow indicates the 

accumulated 5' end of the psaA mRNA. (see also (A». (C) PCR products of a 

trnK and psaA cotranscript are shown. Control PCR from a known trnD-petG 

cotranscript are also shown (see Figure 1). Outside lanes contain a DNA 

ladder of a fX174RF HaeIII digest (US Biochemicals). Lane 1, contains PCR 

product from total chloroplast nucleic acid. Lane 2, PCR product from the 

cDNA of total chloroplast nucleic acid. Lane 3, PCR from DNase treated 

chloroplast nucleic acid. Lane 4, PCR from the cDNA of DNase-treated 

chloroplast nucleic acid. Lanes 5 and 6 contain PCR product or cDNA-PCR 

product, respectively of DNase- plus RNase-treated chloroplast nucleic acid. 
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that determined by RNA sequencing and 51 nuclease protection is not 

detected. As a positive control, a capped psbA 5' end is detected at levels 

approximately equal in abundance to the mature psbA mRNA 5' end 

determined by RNA sequencing and 51 nuclease analyses (see Chapter 2). 

Consequently, the mature 5' end of psaA is not a substrate for the capping 

reaction. The transcription of the psaA operon, therefore, does not initiate 

from the 5' end of the accumulated psaA mRNA within the trnK-psaA 

intercistronic region. 

Cotranscription of psaA operon with trnK 

The trnK gene is located 44 nt upstream of psaA (Figure 1 and Figure 

2A). 5ince the psaA promoter is not in the trnK-psaA intercistronic region, 

transcription of the psaA operon must initiate from a trnK promoter or 

further upstream. Cotranscription of trnK and psaA was not detected by 

primer extension RNA sequencing (Figure 2B), 51-nuclease protection (data 

not shown) or northern hybridization (Cushman, 1987). To determine if 

cotranscription of trnK and psaA could be demonstrated by another approach, 

PCR amplification of the putative trnK-psaA pre-mRNA was attempted. 

cDNA synthesis was primed with the same oligonucleotide used for primer 

extension sequencing of the psaA mRNA 5' end. A trnK-like PCR primer 

and the cDNA primer were used for PCR amplification. The location of these 

primers, and the results are shown in Figures 2A and 2C, respectively. 

A 154 nt, PCR-amplified trnK-psaA cDNA was obtained with 

chloroplast mRNA as template. This product is identical in size to the 

product of a control reaction with genomic DNA as template. This is the 

expected result if trnK and psaA are co-transcribed. To ensure that the 
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chloroplast RNA PCR product is a result of cDNA and not contaminating 

genomic DNA amplification, several control cDNA and PCR reactions were 

performed. First, cDNA and PCR primers specific for a known tRNA-mRNA 

co transcript, trnD-petG, were used in a parallel experiment ( Chapter 2 and 

Figure 2C). The petG gene contains a single group II intron. Consequently, 

two control PCR amplification products were obtained, corresponding to both 

un spliced (562 nt) and spliced (195 nt) templates. The product from spliced 

mRNA is a positive control for cDNA-PCR amplification from processed 

RNA, rather than genomic DNA. Additionally, different nuclease treatments 

of template preparations were utilized prior to cDNA and PCR reactions. 

Equal quantities of total chloroplast nucleic acid were DNase-treated, DNase

and RNase-treated, or untreated. Each sample was used for subsequent cDNA 

synthesis and PCR amplification, or directly for PCR. Equal amounts of PCR 

reaction products were subjected to electrophoresis through a 1.5% agarose gel 

(Figure 2C). PCR amplification of total chloroplast nucleic acid results in 

product formation whether or not cDNA synthesis is employed due to the 

presence of chloroplast DNA (lane 1, PCR and lane 2, cDNA-PCR). The 562 nt 

unspliced control product and the 154 nt trnK-psaA product are both present. 

Following DNase-treatment, the formation of PCR products is almost entirely 

dependent on cDNA synthesis as expected (lane 3, peR and lane 4, cDNA

peR). The 154 nt trnK-psaA product is formed in the cDNA-PCR reaction, but 

not in the PCR-only reaction. cDNA-peR products from both unspliced and 

spliced control RNAs are present. A very small amount of unspliced control 

product is detectable in the PCR-only reaction, due to incomplete DNase

digestion of chloroplast DNA. Finally, no products are detected when DNase-
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and RNase-treated chloroplast nucleic acid is used as substrate. PCR

amplification of a trnK-psaA specific cDNA, along with the lack of a 5' tri- or 

diphosphate at the end of psaA mRNA are evidence that the trnK gene is co

transcribed with the psaA operon. The low levels of the trnK-psaA pre

mRNA detected by the cDNA-PCR amplification and the inability to detect 

this precursor by direct cDNA sequence analysis and 51-nuclease protection 

are an indication of rapid RNA processing. 

Structure of the trnK-psaA intercistronic region 

A putative structure of the trnK-psaA intercistronic region was 

obtained using the RNA FOLD program (Zuker and Stiegler, 1981; University 

of Wisconsin Genetics Computer Group; Figure 2A). A pre-mRNA stem-loop 

structure is predicted between trnK and psaA. The mature 5' end of the psaA 

mRNA is within the predicted 7 bp stem. Conserved promoter elements -10 

and -35 of the psaA 5' end are not present. These positions extend into the 

tRNA structure further supporting the hypothesis that the psaA operon is 

driven by a promoter upstream of trnK and that RNA processing generates 

the psaA 5' end. The processing site for tRNA 3' end maturation is only 8 nt 

proximal to the psaA mRNA processing site (Figure 2A). A putative Shine

Dalgarno sequence of AGGUG, centered 11 nt distal to the mRNA processing 

site and 28 nt proximal to the AUG initiator codon, is located within the 

predicted upper stem. After processing, a different stem-loop structure is 

predicted for the cleaved RNA, in which the Shine-Dalgarno sequence is in a 

5' unpaired region (not shown). Processing at this site may provide the 

translational apparatus with access to the ribosome binding site. The 

promoter element for the psaA operon has not yet been defined. 
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Transcription may begin from a trnK promoter, since cotranscription of trnK 

with upstream genes, psbJ, trnD and petG, could not be detected by PCR 

(Figure 1, data not shown). 

3' end analysis of the psbl mRNA 

The rp123 ribosomal protein operon (Christopher et al., 1988; 

Christopher et al., 1989) lies 147 nt downstream of psb]. The 3' end of the psaA 

operon lies within the intergenic region between psb] and rp123. Sl nuclease 

protection analysis was used to determine the location of this endpoint. A 

uniformly 32P-Iabeled in vitro RNA probe contains sequence complementary 

to the 3' most 102 nt of psb] exon, the 147 nt intergenic region and the first 22 

nt of the 5' exon of rp123. The 32p-RNA was hybridized to chloroplast RNA. 

Hybrids were treated with 51 nuclease, and size fractionated by electrophoresis 

through a 6% polyacrylamide, 7M urea gel. The results of the 51 analysis are 

shown in Figure 3. Lane l·contains undigested 32p-RNA probe. When the 32p_ 

RNA was digested with SI nuclease, no fragments were protected (lane 2). In 

the presence of chloroplast RNA a single species of 170 nt is protected (lane 3). 

A fragment of this size results from protection by psb] 3' exon plus 68 nt (+ /- 5 

nt) of 3' untranslated region. Alternatively, the 170 nt product may be the 

result of protection by an mRNA from the 5' end of the downstream rp123 

gene. This possibility is unlikely since the 5' end of the rp123 mRNA has been 

determined by SI nuclease protection and RNA sequencing to have a 55 nt 

leader sequence (Christopher et al., 1989). The protected product from the 5' 

end of rp123 is 77 nt (55 nt leader plus 22 nt exon). This product is too small 

for detection under the conditions used. Larger fragments resulting from 

hybridization of the 32p-RNA to the entire intergenic region and rp123 exon 
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Figure 3. 3' end analysis of the psaA operon. A scaled map of the 3' end of the 

psaA operon is shown. A 32p uniformly-labeled RNA probe spanning the 3' 

end of the psbJ gene (shaded box) is shown in lane 1. Lane 2 shows the total 

digestion of the psb] probe by 51 nuclease. A single 168 nt fragment protected 

from 51 digestion by chloroplast RNA is shown in lane 3. This fragment 

corresponds to a psb] 3' end 64 nt (+/- 5 nt) downstream of the UAA 

terminator codon (X and open arrow). A predicted stem-loop element in the 

3' end untranslated region and its relation to the mapped 3' end is also shown 

(open arrow). 
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were not observed. Therefore, transcription of the psaA operon normally 

terminates after the psbJ gene (position 49190, + /- 5 nt). The 3' end could 

either arise directly by transcription termination or by postranscriptional 

processing. A predicted stem-loop structure (Figure 3) upstream of and 

adjacent to the 3' end resembles other chloroplast transcription termination 

signals and/or 3' stability elements (Stern et al., 1987; Stern and Gruissem, 

1989). 

Determination of intercistronic cleavage sites by 51 nuclease analysis 

The smaller di-, penta-, mono- and tetracistronic mRNAs derived from 

the psaA operon arise from processing events which separate the psaA, psaB 

and psbE-psbF-psbL-psbJ genes. The intercistronic regions between psaA-psaB 

and psaB-psbE were examined by 51 nuclease analysis to define the position of 

processing sites. 

32P-Iabeled RNAs complementary to 107 nt psaA 3' exon, 74 nt 

intercistronic region and 76 nt psaB 5' exon; and 106 nt psaB 3' exon, 84 nt 

intercistronic region and 39 nt psbE 5' exon plus 35 nt intron 1 were 

synthesized in vitro. The regions spanned by the 32p-RNA probes are shown 

in Figure 4. The 32p-RNA were hybridized to chloroplast RNA and treated 

with different amounts of S1 nuclease. 32p-RNA only or 32p-RNA hybridized 

to in vitro synthesized psaA-psaB and psaB-psbE mRNA-like transcripts were 

treated with S1 nuclease as a control for false-positive 51 protection. The 

fragments protected from 51 nuclease digestion are shown in Figure 4. 

Several fragments of the psaA-psaB 32P-antisense RNA were protected 

by both chloroplast RNA and in vitro RNA. No fragments were protected 
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Figure 4. S1 protection analysis of psaA-psaB and psaB-psbE intercistronic 

processing sites. 32p uniformly-labeled RNA probes specific for psaA-psaB and 

psaB-psbE intercistronic regions are shown as shaded boxes and scaled maps 

of the intercistronic regions. These probes were used for S1 analysis of each 

intercistronic site (shown below each probe). The (-) lanes contain 32P-Iabled 

probe only. The (+) lanes show the complete digestion of each probe with S1 

nuclease. Probes were treated with a series of S1 nuclease concentrations (0.35, 

0.7 and 1.4 U/ml, respectively) in the presence of either in vitro mRNA-like 

RNA or in vivo chloroplast RNA. The resulting protected fragments 

correspond to unprocessed mRNA, and the 5' and 3' products of processing. 

The site of cleavage corresponding to each fragment is indicated with arrows 

on the scaled maps. The fragments marked (*) are in vitro specific protection 

fragments and not relavent to in vivo mRNA processing. 
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with the 32P-antisense RNA alone. The 32p-RNA is 354 nt, including 78 nt 5' 

and 19 nt 3' of vector sequence. The in vitro and in vivo RNA samples share 

three protected fragments in common. The first, a full length 257 nt psaA 3' 

exon-intercistronic space-psaB 5' exon region minus the vector sequences 

(migrates at 258 nt), is from protection by the unprocessed psaA-psaB mRNA. 

The in vitro RNA is complementary to the 32p-RNA excluding vector 

sequences, resulting in protection of the same 257 nt fragment. The two 

smaller protected fragments, 172'" and 90'" nt, are not a result of protection by 

specific in vivo RNAs. A 32P-Iabeled mRNA-like in vitro transcript was 

examined to determine if the 172'" and 90" nt fragments arise by in vitro 

processing (data not shown). The presence of the two fragments is dependent 

on both hybridization with the complementary strand and Sl nuclease 

digestion. Therefore, these fragments are most likely the 3' and 5' halves of 

artifactual Sl nuclease cleavage in a run of eight A and T residues within the 

3' exon of psaA (positions '40997-41004). 

Two additional fragments, protected by in vivo but not in vitro RNA, 

result from protection of the psaA-psaB 32p-RNA probe by processed mRNAs. 

The 146 nt fragment results from protection by a psaA mRNA with a 3' end 

in the psaA-psaB intercistronic region (position 41053, + /- 5 nt). The 119 nt 

fragment is the result of protection by a psaB mRNA with a 5' end also in the 

intercistronic region (position 41047, + /- 5 nt). The psaA 3' and psaB 5' ends 

map in the intercistronic region to £ 8 bp of each other. 

The processing between psaB-psbE was also determined (Figure 4). The 

psaB-psbE 32P-antisense RNA is 563 nt; including 65 nt of 5' and 236 nt of 3' 

vector sequence. The 32p-RNA alone is completely digested by Sl nuclease. 
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The in vitro and in vivo RNAs protect only one fragment in common 

corresponding to unprocessed psaB-psbE intercistronic region including 

unspliced psbE intron sequences (migrates at 254 nt). Three additional 

fragments are protected by the in vivo RNA. The first, migrating at 

approximately 216 nt, is a result of protection by a spliced but unprocessed 

psaB-psbE mRNA. The remaining smaller fragments result from protection 

of the psaB-psbE 32p-RNA by processed mRNAs. A 145 nt fragment arises 

from protection by a psaB mRNA with a 3' end in the intercistronic region of 

psaB-psbE (position 46546, + / - 5 nt). The 93 nt fragment is a result of 

protection by a spliced psbE mRNA with a 5' end also in the intercistronic 

region (position 46538, + / - 5 nt). These ends map to £ 9 nt of each other. An 

RNA of 129 nt, that would result from an unspliced but processed psbE 

mRNA was not detected. It appears that most or all processed psbE mRNAs 

are also spliced. 

To confirm that the mapped 5' ends of psaB and psbE arise by RNA 

processing and not transcription initiation, 51 analysis was extended to the 

capped chloroplast RNA as in the psaA 5' end analysis. For both psaA-psaB 

and psaB-psbE, no capped RNAs were detected (data not shown). Since 

processed RNAs are not substrates for capping, this result is consistent with 

the 5' ends of psaB and psbE mRNAs resulting from endonuc1eolytic 

cleavages. 

The 3' and 5' endpoints of RNAs which map to the psaA-psaB and 

psaB-psbE intercistronic regions could be localized to within an 8 and 9 nt 

sequence, respectively. To the limits of this assay, these results are consistant 
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with single endonuclease events. There is no indication that further 

modification such as 3' end exonuclease digestion occurs. 

Determination of intercistronic cleavage sites by primer extension RNA 

sequencing 

The precise intercistronic processing sites were determined by mapping 

the 5' ends of processed psaB and psbE mRNAs using primer extension RNA 

sequencing. Gene specific, 32p end-labeled, oligonucleotides complementary 

to each 5' exon were used as primers. Sequence from the psaB exon is shown 

in the left panel of Figure 5. A stop in all lanes occurs 46 nt upstream of the 

psaB AUG start codon, arising from a psaB template mRNA with a 5' end at 

position 41044. The 5' end lies 3 nt upstream of the 8 nt region defined by the 

S1 nuclease analysis. To ensure that the 5' end results from in vivo 

processing, an in vitro synthesized psaA-psaB RNA was also sequenced. Stops 

are absent in the sequence ladder of the in vitro RNA. 

The right panel of Figure 5 is primer extension RNA sequence data 

from an oligonucleotide primer complementary to the psbE 5' exon. The 

control RNA was an in vitro psaB-psbE RNA. A stop in the chloroplast RNA 

sequence occurs 48 nt upstream of the psbE start codon. A template psbE 

mRNA with a 5' end at position 46544 gives rise to the stop in the RNA 

sequence. The 5' end lies within the defined 9 nt processing region between 

psaB-psbE. 

The data from S1 and primer extension analysis of RNA processing 

within the psaA-psaB and psaB-psbE intercistronic regions are in agreement. 

The precise 5' ends generated by intercistronic processing have been 

determined. These 5' ends are a direct consequence of intercistronic 
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Figure 5. Primer extension RNA sequencing of the psaA-psaB and psaB-psbE 

intercistronic regions. Primers complementary to the 5' exons of psaB and 

psbE are indicated by arrows 1 and 2, respectively, on the scaled maps of the 

intercistronic regions. For each primer, eDNA sequence of either in vitro 

mRNA-like RNA or in vivo chloroplast RNA is shown. Intercistronic 

processing sites are indicated by stops in every lane of the in vivo RN A 

sequence ladders (horizontal arrows on sequence data, vertical arrows on the 

scaled maps). 
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processing. Only one 5' end, and consequently one endonucleolytic cleavage 

occurs within each intercistronic processing site. 

The psaA operon is transcribed as an approximately 12 kb pre-mRNA. 

Of this 12 kb, three specific pre-mRNA cleavages occur to process the sites 

between trnK-psaA, psaA-psaB and psaB-psbE. Nucleotides which specify 

cleavage at these sites have not been determined. The primary sequences 

immediately surrounding the psaA-psaB and psaB-psbE processing sites are 

not similar to each other. RNA secondary structure rather than primary 

sequence may be important in cleavage site recognition. The 40 nt 

surrounding the processing sites were analyzed by RNA FOLD (Zuker et al., 

1981; University of Wisconsin Genetics Computer Group; Figure 6). Similar 

secondary structures were predicted. In both cases, a stem is formed with two 

bulges and a loop. The cleavage sites lie within the loops. Processing sites 

between the RNA polymerase subunit genes rpoB-rpoCl and rpoCl-rpoC2 of 

Euglena chloroplast contain similar structures (Radebaugh, 1990; Yepiz

Plascencia et al., 1990). The stem-loop structure may be a common 

mechanism for recognition and/or processing of the intercistronic regions. 

The intercistronic cleavages of the psaA operon mRNA would disrupt these 

predicted secondary structures. Based on RNA FOLD analysis, additional 

stem-loops in the resulting processed 3' ends are not predicted. 3' stem-loops, 

found in land plant and Chlamydomonas reinhardtii chloroplasts, are 

necessary for stability of some RNAs (Stern et al., 1989; Stern et al., 1991; Stern 

and Kindle, 1993). The lack of obvious 3' stem-loops raises the question of 

how the Euglena psaA operon RNAs are stabilized following endonucleolytic 

cleavage. 
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Figure 6. Secondary structure models of the psaA-psaB and psaB-psbE 

intercistronic regions. Predicted secondary structures of the sequence within 

the (A) psaA-psaB and (B) psaB-psbE intercistronic regions are shown. 

Processing sites are indicated by arrows. UAA termination codons AUG start 

co dons are underlined. 
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Developmental analysis of the psaA operon mRNA processing 

Processing events in the mRNA of the psaA operon disjoin a transfer 

RNA, two PSI RNAs and a tetracistronic PSII RNA. Separating genes in a 

polycistronic mRNA may have an important role in regulating the 

expression of individual cistrons. One possibility is that processed mRNAs 

are more easily translated. To determine if intercistronic processing of the 

psaA operon correlates with changes in gene expression, RNA from Euglena 

grown at three different developmental conditions was examined by 

northern hybridization analysis. 

Euglena gracilis was grown heterotrophically in the dark (Hdk), 

heterotrophically in the light (HIt), or photoautotrophically in the light (Alt). 

The Hdk grown Euglena lack chlorophyll and contain approximately 13 

undeveloped proplastids per cell (Osafune et al., 1980). In the HIt culture, the 

proplastids have developed into functional chloroplasts although they are 

not essential for growth. The chloroplasts of AIt grown Euglena are fully 

developed and required for growth (Schiff et al., 1982). RNA was extracted 

from total cells (Hdk and Hit) or from isolated chloroplasts (AIt). RNA 

samples were normalized to contain equal total amounts of psaA operon 

mRNAs. Samples were not normalized to equal cell or chloroplast numbers, 

or to an internal chloroplast RNA because the levels of psaA operon mRNA, 

chloroplast rRNA and cytoplasmic RNAs are variable for each growth 

condition (data not shown). RNA from Hdk contains mostly cytoplasmic 

rRNAs. Hit RNA has a greater proportion of both chloroplast rRNAs and 

mRNAs, but the cytoplasmic rRNAs are still prevalent (Chelm et al., 1979). 

The Alt RNA was extracted from isolated chloroplasts. Very little cytoplasmic 
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RNA is present and psaA operon mRNAs have increased relative to 

chloroplast rRNAs. 

Hdk, HIt and Alt RNAs fractionated by gel electrophoresis were 

transferred to a membrane and hybridized to psaA, psaB and psbF gene 

probes. The results of northern hybridization are shown in Figure 7. The 

migration of RNA of known size are indicated to the left. On the right, 

diagrammatic representations of individual psaA operon mRNAs are shown. 

The 5.5, 4.6, 3.2, 2.3 and 0.93 kb species are hexa-, di-, penta-, mono- and 

tetracistronic mRNAs, respectively. Each probe hybridizes to the common 

hexacistronic mRNA. The psaA probe also hybridizes to the di- and 

monocistronic mRNAs; psaB to the di-, penta- and monocistronic mRNAs; 

and psbF to the penta- and tetracistronic mRNAs. An additional 1.4 kb 

species, which comigrates with the mature 165 rRNA of Euglena chloroplast, 

is detected with the psbF probe and to a lesser extent, with the psaA and psaB 

probes. The unknown species is most likely due to strong cross-hybridization 

of the psbF probe to the 165 rRNA. 

The processed mRNAs of the psaA operon accumulate differently 

depending on growth conditions (Figure 7). The hexacistronic mRNA is the 

most abundant species in Hdk RNA. In HIt RNA, the processed 

monocistronic psaA and tetracistronic mRNAs are slightly greater than or 

equal to the hexacistronic species. The accumulation of the psaB 

monocistronic mRNA does not differ in Hdk and Hit. The processed di-, 

mono- and tetracistronic mRNAs are the most abundant species in Alt RNA. 

The pentacistronic mRNA is the least abundant species in all samples, 



trnK psaA psa8 p'sbE,psbF,psbL,psbJ 
... I _ ... I I I I I 'Jtn1~lIr 

9.5 kb-> 
7.5 kb-> 

4.4 kb-> 

2.4 kb-> 

1.4 kb-> 

- .. . 
psaA 

Hdk Hit Alt 
psa8 

Hdk Hit Alt 
psbF 

Hdk Hit Alt 

.,i\:. 
-:<.< ',.:,' ,.< .... , . . .~ 

, " 

,~ • "" .:~"" 
___ "IIaIIIL.. 3.2 kb 

-- '-2.3 kb 

.DIL O.93kb 

95 

Figure 7. Developmental northern hybridization analysis of psaA operon 

transcripts. 32p uniformly-labeled RNA probes specific for psaA, psaB and 

psbF transcripts are indicated as black bars below the psaA operon map. In 

vivo RNAs from heterotrophic dark (Hdk); heterotrophic light (HIt) and 

photoautotrophic light (Alt) grown Euglena were probed. The migration of a 

standard RNA ladder (BRL) is shown on the left. Diagrams of hexa-, di-, 

penta-, mono- and tetracistronic transcripts are depicted on the right. Each 

diagram corresponds to the position of each psaA operon transcript. 
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although, the accumulation of this species increases slightly in the light. 

Relative to the psaA operon mRNAs, the unknown 1.4 kb species also 

accumulates to a greater extent in the samples from light grown cells. 

Interestingly, it is more abundant in I-llt RNA than in Alt RNA. The 165 

rRNA accumulates in the same manner (data not shown). This result is 

consistent with the 1.4 kb species being 165 rRNA. 

The expression patterns of mRNAs from the psaA operon of Euglena 

chloroplasts are shown here to be affected by the developmental stage of the 

plastid. The increased accumulation of processed mRN As relative to 

unprocessed, may be a consequence of increased intercistronic processing 

activity. Alternatively, the increased levels of processed mRNAs could be due 

to their preferential stabilization in the light. Many different interactions may 

occur to cause fluctuations in relative abundance of psaA operon mRNAs. 

Quantitative Analysis of Developmental Changes in Intercistronic Processing 

The dynamics of psaA operon accumulation are different for different 

growth conditions. In order to achieve a better understanding of the extent of 

these differences, the no~hern hybridization blots were quantitated by Beta 

5cope analysis. Radioactivity of each hybridization signal was determined. 

The results are represented in Figure SA as bar graphs for each probe and 

each growth condition. Note that the scale of radioactivity for individual bar 

graphs is different. To compare data between graphs, the radioactivity from 

each hybridization signal was expressed as a percentage of the total 

radioactivity within a given experiment. For example, from Hdk RNA probed 

with psaA; the total radioactivity is the sum of all species (hexa-, di- and 

monocistronic) detected by the psaA probe. In this manner, the relative 
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abundance of each species can be expressed as a percentage of total psaA 

operon mRNAs detected by an individual probe. In RNA from Hdk cultures, 

the unprocessed hexacistronic RNA is most abundant ranging from 41-45% 

for all probes. The amount of hexacistronic mRNA decreases to 38-41 % in HIt 

and is down to 13-20% in Alt cultures. The psaA and psaB monocistronic 

mRNAs do not significantly change from Hdk to Hit, with 31 and 15 % in 

Hdk; and 35 and 16% in Hit, respectively. The psbF tetracistronic mRNA 

increases from 35 % in Hdk to 49 % in HIt. All processed mRNAs increase in 

Alt. The monocistronic psaA and psaB and the tetracistronic psbE-psbF-psbL

psbJ mRNAs are 65, 31 and 67%, respectively. The psaB hybridization is 

divided among four mRNA species (hexa-, di-, penta- and monocistronic) 

rather than three. Consequently, the percent of psaB monocistronic mRNA is 

approximately half that of the psaA mono- or psbF tetracistronic mRNAs. 

Otherwise, the accumulation of psaB monocistronic parallels that of psaA. 

The partially processed di- and pentacistronic mRNAs vary only slightly 

between the different growth conditions. In Hdk RNA these species are 28-

29% and 15-20% of the total radioactivity; in HIt, 26-27% and 13-17%; and in 

Alt, 23-32% and 13-17%, respectively. 

An alternative means of expressing the changes in psaA operon 

mRNAs is to compare processed mRNA levels relative to the hexacistronic 

mRNA. From Hdk to Alt the ratio of monocistronic psaA or psaB, or 

tetracistronic mRNAs to hexacistronic mRNAs increases 6.9, 4.3 and 4.4 fold, 

respectively. From HIt to Alt, the increase is 5.8, 4.2 and 2.6 fold and from Hdk 

to HIt, 1.2, 1.0 and 1.7. Once again the most dramatic differences are when 

RNA from either conditions of heterotrophic growth are compared to RNA 
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from photoautotrophic cells. The presence of light during growth appears to 

have only a secondary effect on psaA operon mRNA accumulation. What 

seems to be an important factor is the energy source of the growing cells. 

Quantitative data can be separated into individual processing events. 

The product of processing at a single site can be expressed as a percentage of 

the total radioactivity. The fraction of psaA-psaB that is processed is equal to 

the percent of monocistronic psaA mRNA. The fraction that is unprocessed is 

equal to the percent of hexa- plus the dicistronic mRNAs. The fraction of 

processed psaB-psbE sites is equal to the percent of tetracistronic mRNA, and 

the unprocessed is the sum of hexa- and pentacistronic mRNAs. 

The percent processed or unprocessed psaA-psaB or psaB-psbE sites for 

each growth condition is shown as bar graphs in Figure 8B. There is a 

dramatic change in processed verses unprocessed sites. Approximately one 

third of the intercistronic sites are processed with two thirds remaining 

unprocessed in Hdk RNA. This distribution is reversed in Alt RNA. 

Additionally, there is a difference between the psaA-psaB and psaB-psbE sites. 

The distribution of processed and unprocessed psaA-psaB sites in HIt RNA 

are not significantly different from those of Hdk RNA. This distribution does 

change for the psaB-psbE site. It may be that the mechanisms of processing for 

each site respond to different environmental stimuli. 
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Figure 8. Quantitative analysis of psaA operon transcripts from dark and light 

grown Euglena. (A) Quantitative results determined by Beta Scope of each 

mRNA species from the northern hybridization experiments (see Figure 7) 

are shown. Probe for each experiment is indicated above the graphs. psaA 

operon mRNA species are placed along the x-axis while radioactive counts 

are placed along the y-axis. The bars represent the counts obtained from an 

individual psaA operon mRNA. (B) The sum of counts from mRNAs 

containing either an unprocessed psaA-psaB or psaB-psbE site are expressed 

as a percentage of the total counts. This sum is shown in the bar graphs as the 

percent of each site that is unprocessed for each growth condition (black bar). 

The counts from products of processed psaA-psaB or psaB-psbE sites are also 

expressed as a percentage of total counts. These are represented in the bar 

graphs as the percent of sites processed (shaded bar). 
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Discussion 

The psaA operon of the Euglena gracilis chloroplast encodes 

components for the translational apparatus and both PSI and PSII complexes. 

Transcription for the six photosystem genes initiates at or upstream of a trnK 

gene. This tRNA-photosystem gene organization is not common, but has 

been seen for two other chloroplast operons of land plants (Nagano et al., 

1991; Nickelsen and Link, 1991). Although cotranscription of a tRNA gene 

internal to a ribosomal protein operon has been described (Christopher et al., 

1988; Christopher et al., 1989), a tRNA gene at the beginning of a photosystem

related operon is a new gene arrangement for Euglena. Since tRNAs are 

abundant transcripts, high levels of Euglena chloroplast photosystem 

mRNAs may be maintained via tRNA gene transcription. Transcripts linking 

trnK with the upstream psbI-trnD-petG loci could not be detected by PCR. It is 

possible that the promoter for trnK and the psaA operon is within the petG

trnK intercistronic spacer. The 5' flanking sequences of the trnK gene contain 

promoter elements homologous to the E. coli '-10' and '-35', similar to other 

chloroplast promoters (Kung et al., 1985; Hanley-Bowdoin et al., 1987). An 

exact TATAAT '-10' sequence lies 20 nt upstream of the mature trnK 5' end. 

A '-35'-like sequence, AAACTT, is found 25 nt further upstream. 

Consequently, the +1 nucleotide for the psaA operon which includes trnK, 

may lie 10 nt downstream of the TATAAT sequence and 10 nt upstream of 

the trnK mature 5' end. 

Several questions arise concerning the mRNA processing that resolves 

the psaA operon primary transcript into individual PSI and PSII mRNAs. 

First, what are the cis-elements and trans-acting factors involved in 
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intercistronic processing? Second, what is the function of processing 

polycistronic mRNAs? Is intercistronic processing regulated during 

chloroplast development? 

In order to examine the cis-elements of RNA processing, the primary 

sequences of intercistronic mRNA cleavage sites were determined for the 

Euglena psaA operon. Related stem-loop secondary structures rather than 

conserved primary sequence are found at the Euglena cleavage sites. These 

structures may be part of the recognition and/or processing mechanism. 

Similar stem-loop structures play an important role in endonuc1eolytic 

processing and formation of mRNA 3' ends of land plant and 

Chlamydomonas chloroplasts (Adams and Stern, 1990; Chen and Stern, 1991; 

Blowers et aI., 1993; Stern et al., 1993). Interestingly, the stem-loop elements 

within the interdstronic regions of the Euglena psaA operon are disrupted by 

the endonucleolytic cleavages. New structures upstream of the cleavage sites 

are not found. There is conflicting evidence as to whether stem-loop 

elements function to stabilize chloroplast mRNAs. The stability of chloroplast 

mRNAs from in vitro transcription studies requires the presence of 3' stem

loop structures (Stem et aI., 1987). The 3' stem-loops of the spinach petD gene 

and the Chlamydomnas atpB gene are important for accumulation of 

mRNAs in vivo (Stern et al., 1991). However, 3' stem-loops of 

Chlamydomnas chloroplast rbeL and psaB genes do not confer RNA stability 

when placed downstream of a GUS gene driven by the Chlamydomnas atpB 

promoter in vivo (Blowers et al., 1993). The processed RNAs of the Euglena 

psaA operon accumulate to relatively high levels in the absence of obvious 

stem-loop elements. It is apparent from these contrasting studies that there 
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are different mechanisms of mRNA stability in chloroplasts which may 

reflect a diversity of gene regulatory functions. 

Intercistronic processing sites of other Euglena (Christopher et al., 1990; 

Drager et aI., 1993b) and land plant (Berends et al., 1987; Matsubayashi et al., 

1987; Sugiura, 1991) chloroplast operons have been characterized, although 

this study is the first which maps the precise positions by direct RNA 

sequencing. In the case of the psbB operon of land plant chloroplasts, 

sequence-specific cleavage sites have been identified (Westhoff and 

Herrmann, 1988). A conserved hexanuc1eotide motif (YGGAA/TY) occurs in 

a tandem array and is found within the intercistronic regions between psbB 

. and psbH, and psbH and petB. The psbB operon processing sites are conserved 

in land plant, but not Euglena chloroplasts (Keller et al., 1989; Hong and 

Hallick, unpublished observations). Site-specific sequence motifs within the 

intercistronic regions of other chloroplast operons have not been detected (for 

review see Sugiura, 1991). 

Endonucleases involved in intercistronic processing of chloroplast 

mRNAs have not been characterized. In E. coli, intercistronic mRNA 

processing events are mediated by RNase m, which is a double-stranded RNA 

specific endonuclease. In some cases, processing by RNase ITI occurs at stem

loop structures, while in others antisense RNAs provide the double-stranded 

substrate (Blumer and Steege, 1989; Krinke et aI., 1990). Other mRNAs of E. 

coli are cleaved by RNase E, a sequence-specific endonuclease(Carpousis et aI., 

1989). Intercistronic processing of the chloroplast psbB operon of land plants 

appears to occur by site-specific endonucleolytic cleavage similar to RNase E 

cleavage. The processing sites of the Euglena psaA and other chloroplast 
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operons lacking specific cleavage site sequences may be subjected to an RNase 

TIl type cleavage mechanism. 

The function of intercistronic mRNA processing in E. coli is part of a 

regulatory scheme involving differential accumulation and decay of mRNA 

(for review see Apirion and Miczak, 1993).This type of control over mRNA 

accumulation could also occur for chloroplast operons. Alternatively, 

intercistronic mRNA processing in chloroplasts may function to modulate 

the efficiency of mRNA translation by unmasking translation initiation 

signals within the intercistronic regions. For example, translation of the 

maize chloroplast psbB operon is apparently enhanced from processed 

mRNA templates although unprocessed mRNAs are also translated (Rock et 

al., 1987; Barkan, 1988). 

Regulation of Euglena chloroplast genes occurs mostly at the level of 

translation (Bingham and Schiff, 1979b; Bingham and Schiff, 1979a; Devic et 

al., 1984; Bouet et al., 1986). lntercistronic processing within the psaA operon 

may act in conjunction with translational controls. Chloroplast polypeptides 

involved in photosynthetic electron transport are not present in dark-grown 

cells, despite the presence of significant levels of translatable mRNAs. 

Processed and unprocessed psaA operon mRNAs accumulate at all growth 

conditions including dark grown cells. Therefore, the presence of processed 

mRNAs is perhaps necessary but is not sufficient for psaA operon gene 

expression. Since the gene products of the Euglena psaA operon are 

apoproteins, chlorophyll is a potential regulator of translation and assembly 

of these gene products into photosystem complexes (Bingham et al., 1979a; 

Bingham et al., 1979b). In land plant chloroplasts, protein synthesis of 
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photosystem complex components occurs on thylakoid-bound polysomes 

concomitant with chlorophyll accumulation and assembly (Minami and 

Watanabe, 1984; Klein and Mullet, 1987). Chlorophyll binding of the 

photosystem apoproteins has been proposed to release an inhibition of 

translation elongation, or to stabilize translated proteins (Klein et al., 1990; 

Mullet et al., 1990). 

Intercistronic processing within the psaA operon could be a 

requirement for the correct temporal and spatial expression of the 

photosystem I and II polypeptides. The psaA-psaB and psbE-psbF-psbL-psb] 

gene products are core components of separate photosystem complexes which 

are differentially expressed following temporary inhibition of Euglena 

chloroplast translation. Because of the high turnover of PSII complexes and 

the relative stability of PSI, removal of protein synthesis inhibition induces 

translation mainly of PSII polypeptides (Bouet et al., 1986). Additionally, 

translation of psaA operon PSI and PSII mRNAs may necessarily occur on 

separate polysomes because their synthesis is coupled to photosystem 

complex assembly. Processing of the Euglena psaA operon pre-mRNA into 

PSI and PSII species could facilitate differential translation of these mRNAs 

on distinct polysomes. A prediction of this model is that only one type of 

photosystem gene (PSI or PSII) will be translated from an unprocessed mRNA 

molecule. 

The distribution pattern of psaA operon mRNAs from Euglena grown 

heterotrophically or photoautotrophically are quite different. Processed 

mRNAs accumulate to a greater extent in photoautotrophic cells vs. 

heterotrophic cells. If processed mRNAs are translated with more efficiency 



107 

than unprocessed, the increased photosystem polypeptide synthesis of 

photoautotrophic cells may be caused by the larger pool of processed RNAs. 

Alternatively, variations in the levels of processed mRNAs could be the effect 

of reduced turnover of mRNAs via increased polysome association. There is 

some evidence that polysome association stabilizes select transcripts in maize 

chloroplasts (Barkan, 1993). This result correlates well with the hypothesis 

that processed mRNAs are preferentially translated, since preferential 

stabilization of processed mRNAs would also occur. 

The expression of the psaA operon involves several different RNA 

processing events, intron excision,S' and 3' tRNA processing and 

intercistronic processing. Splicing and tRNA processing have known 

biological functions. The unique structure of the psaA operon, with mixed 

PSI and PSII genes, and the increased levels of processed PSI and PSII mRNAs 

under conditions of obligate photosynthetic growth are an indication that 

intercistronic processing may function to provide mRNA templates for 

efficient translation. The results of this study have provided a basis for 

further analysis of the mechanisms and functions of interdstronic processing. 

Materials and Methods 

Molecular Cloning and RNA Probe Synthesis 

Plasmid DNAs were constructed to serve as template DNAs in RNA 

probe synthesis. In all cases the cloning vector Bluescript KS(-) (Stratagene) 

was used. 17 and T3 polymerases were used to synthesize [a-32P1UTP-Iabeled 

(leN) RNA probes specific for the cloned fragments mentioned below 

(Promega Transcription Systems, Inc.). 
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Complementary RNA probes used in Sl protection analysis of 

chloroplast RNA were synthesized from the following plasmids. pPG689.21 

contains an EcoRI-XbaI restriction fragment (positions 35809-38918) which 

spans the 5' end of the psaA gene. This fragment was subcloned from the 

plasmid pBM9 which contains the EcoRI fragment, EcoJ' (Gray and Hallick, 

unpublished). pEZC706.41 contains a 499 nt SspI-HindIII fragment (positions 

40896-41394) encompassing psaA 3' exon, intercistronic spacer and psaB 5' 

exon. This fragment was sub cloned from plasmid pTZ706-18m-1d4 (Cushman 

et al., 1988a). pEZC704.201 contains an 871 nt SspI fragment (positions 45796-

46666) spanning psaB 3' exon, intercistronic spacer, psbE 5' exon and intron 1. 

This fragment was subcloned from pTZ704-190-1 (Cushman et al., 1988b). 

pEZC588.8 contains a 266 nt EcoRI-XbaI fragment (positions 49025-49290) 

which spans the psbJ 3' end. It was subcloned from pEZC588 (Christopher et 

al.,1988). 

Complementary RNA probes used in northern blot hybridization 

analysis were synthesized from the following plasmids. pPG689.27 contains 

an 479 nt XbaI fragment (source pPG689.2, EcoJ' from pBM9, positions 37574-

38052) consisting only of psaA exon 1 sequence. pEZC706.42 contains a 265 nt 

BstNI-Hindill fragment (source pEZC706.41, positions 41130-41394) consisting 

only of psaB exon 1 sequence. pEZC704.13 contains an 106 nt EcoRV-DraI 

fragment (source pTZ704-190-1, positions 48584-48691) consisting only of psbF 

exon 2 sequence. 

RNA isolation from Euglena gracilis 

Total RNA was isolated from Euglena gracilis grown under various 

environmental conditions. Cells kept in the dark for at least 4 passages (- 40 
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days) were used as innoculum for heterotrophic cultures either grown in the 

dark, or after 10 hours growth in the dark, transferred to white light (60 umol 

s-l m-2) for 72 hours. Chloroplasts from photoautotrophically grown Euglena 

gracilis were isolated as described in Hallick et al. (1982). Total nucleic acid was 

isolated from either chloroplasts or total cells by extracting twice with 7.5 

volumes NTES extraction buffer (100 mM NaCI; 10 mM Tris-HCI, pH 7.5; 1 

mM EDTA; 1 % SDS) and 5 volumes Tris-buffered phenol:chloroform (1:1). 

The nucleic acid was then precipitated with ethanol. When necessary, nucleic 

acid was treated with RQ1 DNase (1 unit per 1 mg DNA, Promega) or RNase 

A (1 mg RNase per 1 mg nucleic acid, Sigma) followed by an additional 

phenol:chloroform extraction and ethanol precipitation. 

5' end capping of chloroplast RNAs 

Chloroplast RNA was capped according to Haley and Bogorad, (1990). 

The chloroplast RNA was precipitated first with one half volume of 4 M 

lithium chloride and again with one half volume 7.5 M ammonium acetate 

prior to use in the capping reaction. 

51 nuclease protection assays 

51 nuclease protection assays were carried out according to Sambrook 

et al. (1989). 1X10S cpm 32p uniformly-labeled RNA probe was hybridized to 2 

mg chloroplast RNA at SOoC for 16 hours. The hybridized samples were 

subsequently treated with 1 unit/ml or 0.35, 0.7 and 1.4 unit/ml 51 nuclease 

(US Biochemicals) at 370 C for 1.5 hours. The resulting protected fragments 

were size fractionated by electrophoresis on 6% polyacrylamide/7M urea gels 

and visualized by autoradiography. 
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Primer Extension RNA Sequencing 

cDNA primers located at the 5' ends of psaA, psaB and psbE were used 

to directly sequence their corresponding mRNA species. The primers are 5'

CAAAATGCAACTCTAACTC-3' (positions 37418-37401), 5'

GGGTCCTGGGCTAAACC-3' (positions 41136-41120) and 5'

GGACGITCTCCTGITGAGCC-3' (positions 46617-46598), respectively. The 

primers were purchased from the University of Arizona Biotechnology 

Center. 400 ng of each primer was 5'-end labeled using T4 polynucleotide 

kinase (Promega) and [g_32P1ATP (NEN, DuPont). 1X107 cpm of primer was 

vacuum dried with 6 mg chloroplast RNA. Further experimental procedures 

:were carried out according to Copertino et al., (1991) and Christopher et al., 

(1989). 

cDNA Synthesis. Polymerase Chain Reaction Amplification and Cloning 

200 ng of cDNA primer within the 5' end of psaA (mentioned above) 

or cDNA primer 5' CAAACACAAATAGITAITGG-3' (positions 37151-37131) 

within exon 2 of petG was used to prime cDNA synthesis from 5 mg of 

chloroplast nucleic acid, DNase-treated chloroplast nucleic acid and DNase

plus RNase-treated chloroplast nucleic acid. Nucleotides, reaction buffer and 

enzyme were all provided by BRL cDNA synthesis kit. PCR primers 5'

TTGGTAGAGCACTCGGC-3' (positions 37265-37281) within the trnK gene 

and 5'-GTTTAATGGTTAGAGC-3' (positions 36584-36599) within the trnD 

gene were used. 660 ng of corresponding cDNA and PeR primers plus either 5 

mg chloroplast nucleic acid, DNase-treated chloroplast nucleic acid and 

DNase- plus RNase-treated chloroplast nucleic acid or the cDNA product of 
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these were used in subsequent PCR reactions (Drager and Hallick, 1993a). 

PCR-generated products were cloned using a modified pGEM5 (fz-) vector 

pDKI0l (Kovalic et al., 1991). Cloned products were sequenced using the 

method of Sanger et al. (1977) and Sequenase kit (US Biochemicals). 

Northern Hybridization Analysis 

The levels of chloroplast mRNA in each sample of total cell RNA from 

different growth conditions were normalized to each gene-specific probe. A 

dilution set of RNAs extracted from cells grown heterotrophically in the dark 

or light, or autotrophically in light was immobilized to Genescreen 

membranes (NEN Research Products) using a vacuum driven slot blot 

apparatus (Hybri-slot™ BRL; Sambrook et al., 1989). The membranes 

containing the immobilized RNA samples were prehybridized for 16 hours at 

500 C and hybridized to 32P-Iabeled RNA probes specific for psaA , psaB , or 

psbF for 24 hours at 500 C and washed according to NEN protocol. 

Hybridization signals for each probe were determined by measuring counts 

per sample with a Beta Scope analyzer (Betagen). The quantities of RNA 

corresponding to 4000 raw counts for each gene specific probe were used for 

northern hybridization analysis (data not shown). The final amounts of RNA 

used for subsequent northern blot analysis were 7, 8 and 14.4 mg of Hdk RNA; 

4,4 and 7 mg of Hit RNA; and 0.5, 0.5 and 1.0 mg of Alt RNA; for psaA, psaB 

and psbF probes, respectively. RNAs were size fractionated by electrophoreses 

on horizontal 2.2M formaldehyde, 1.2% agarose gels using an optimized 

northern blot procedure (Rosen et al., 1990). The RNAs were then transferred 

to Genescreen TM membranes. Prehybridization and hybridization procedures 
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were carried out as above. Hybridization signals from the northern 

hybridization results were also quantitated by Beta Scope. 

Sequence Analysis 

The noncoding regions of the psaA operon were examined for 

potential primary or secondary structures involved in expression and 

maturation. 5' and 3' ends, as well as the intercistronic sequences were 

subjected to secondary structural analysis using the RNA FOLD program 

(Zuker, 1981 #1406; University of Wisconsin Genetics Computer Group). 
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CHAPTER 4 

INTERCISTRONIC RNA PROCESSING IN RIBOSOMAL PROTEIN 

POL YCISTRONIC OPERONS OF EUGLENA GRACIUS CHLOROPLAST VIA 

GROUP ill INTRON EXCISION 

In trod uction 

Euglena gracilis is a photosynthetic protist possessing several 

functional chloroplasts. In many aspects the plastids of Euglena are unique 

from those of higher plants. Euglena gracilis chloroplasts are bounded by 

three membranes rather than the typical two (Leedale, 1982). The Euglena 

gracilis chloroplast genome is similar to higher plant chloroplasts in gene 

content and in the organization of genes within operons. However, the 

primary sequence of most Euglena chloroplast genes is as distant from higher 

plant chloroplasts as are the analogous genes from E.coli. It is possible that the 

endosymbiotic event which gave rise to Euglena gracilis plastids was separate 

from the event which gave rise to higher plant and algal chloroplasts. This 

distinction is apparent in many aspects of the structural genome including 

the diversity seen in the primary sequence and an unusually large percentage 

of introns. 

An atypical ribosomal protein operon which encodes a polycistronic 

message of ribosomal proteins 54 and 511 (rps4 and rpsll) is found in the 

Euglena gracilis chloroplast genome. It is related to the E.coli a-operon which 

includes the genes for ribosomal proteins 513 (rps13), 511 (rpsl1), 54 (rps4) 

and L17 (rpI17.) as well as the RNA polymerase a subunit (rpoA) (Post and 

Nomura, 1980; Bedwell et al., 1985). In E.coli the gene order is rps13-rpoA

rpsl1-rps4-rp117. The rpsll and rps4 gene order is reversed in Euglena. The 
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rps13, rpl17 and rpoA genes have not been found in the Euglena chloroplast 

genome, and are presumed to be located in the nucleus. In most higher plant 

chloroplasts, the rpoA and rpsll genes are in the same operon, while the rps4 

gene is transcribed as a monocistronic message. The rps13 and rpl17 genes are 

also absent (Sibjen-Muller et a1., 1986). 

Because of its small size and unique location, the rps4-rpsll operon is 

distinct from other Euglena chloroplast ribosomal protein operons. 

Transcription occurs in the same direction for most ribosomal protein genes, 

and the majority of them are clustered into a single region of the genome 

with the exception of rps4 and rpsll. It is segregated from the other ribosomal 

protein genes, flanked on either side by a cluster of tRNA genes which are 

transcribed from the opposite strand. The other genes surrounding rps4 and 

rpsl1 include ribosomal RNA genes, the genes for three RNA polymerase 

subunits, and several photosystem genes. The unique position and 

transcriptional orientation of the rps4 and rpsll genes suggest that they may 

have once been included in the existing ribosomal protein gene cluster, 

perhaps as members of an E.coli a-like operon. The other gene members of 

this operon may have moved to the nucleus while the rps4-rpsll genes 

moved to their present position. 

The rps4-rpsll genes have been sequenced in their entirety and the 

major RNA transcript has been analyzed. A single dicistronic transcript is 

detected by RNA blot hybridizations. The 5' end of this transcript was mapped 

by primer extension sequencing to a region 33 nt upstream of the rps4 AUG 

start codon. A cDNA from an internal region of the operon was also 

sequenced. As is the case for many of the ribosomal protein operons of the 
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Euglena gracilis chloroplast genome, the rps4-rpsll operon is interrupted by a 

unique class of introns termed group lIT introns. The introns are identified as 

group ill by severaI distinguishing characteristics; size of 100 +/- 10 nt, an 80% 

AT content and boundary sequences which resemble degenerate group II 

intron boundaries (Christopher et aI., 1989). Two group ill introns are located 

within the coding region of rpsl1 while a third is found in an unusual 

position within the intercistronic space between rps4 and rpsll. This is the 

first example of an intron interrupting the untranslated region between 

cotranscribed genes, i.e. an intercistronic intron in a polycistronic message. In 

earlier work, Montandon and Stutz, (1983), and Montandon et al. (1987) 

demonstrated that the 5' untranslated leader as well as the coding region of 

the Euglena gracilis chloroplast elongation factor Tu gene (tufA) were 

interrupted by what appear to be group ill introns. Our specific interest in 

intercistronic introns lead us to examine additional spacer regions between 

cotranscribed genes using genomic sequence analysis and cDNA sequencing. 

Two other intercistronic sites were found to contain group ITI introns. These 

intercistronic introns are located in the S10-spc-like operon characterized by 

Christopher et aI. (1988), Christopher et aI. (1989) and Christopher et aI. (1990), 

and are located between the genes for ribosomal proteins L23 and L2 and 

ribosomal proteins L14 and L5. The features of the rps4-rpsll operon and 

group m introns as well as the implications of these features are discussed. 
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Results 

Organization and genomic sequence of the rps4-rpsll operon 

A Bam HI-Sal I restriction fragment of Euglena gracilis chloroplast 

DNA, designated Bam-Sal9 (Hollingsworth and Hallick, 1982; Orozco and 

Ha11ick, 1982b; Orozco and Hallick, 1982a) encodes a cluster of six tRNA genes 

(Hollingsworth and Ha11ick, 1982). As shown in Figure 1, within Bam-Sa19 are 

three Eco RI sites corresponding to part of Eco RI fragment H (Eco H), all of 

Eco RI fragment V (Eco V), and part of Eco RI fragment G (Eco G) (for review 

see Hallick and Buetow, 1989). Approximately 1.5 kbp upstream of the tRNA 

cluster is a second cluster of four tRNA genes (Fig. 1), (Orozco and Hallick, 

1982b). From preliminary DNA sequence analysis, it was determined that one 

or more chloroplast ribosomal protein genes were present in the region 

between the two tRNA gene clusters. The DNA sequence of this region was 

determined on both strands and found to encode the genes for chloroplast 

ribosomal proteins 54 and Sl1. The sequence of 1.77 kbp of Euglena 

chloroplast DNA, with the organization trnY-77 bp spacer-rps4-126 bp spacer

rpsll-78 bp spacer- trnL-35 bp spacer-trnR is shown in Figure 2. As shown in 

Fig. 1, the rps4-rpsll and trnL genes are encoded on one strand and the other 

9 tRNA genes are encoded on the opposite strand. The rpsll coding region is 

interrupted by 2 group ill introns. 
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psb8 trnGEWMHY rps4 rps11 trnL trnRNV 
... 4 ~ •• 4--
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--+-H ....... I-----~VJ__.--__+_I--~G,....._,_I __ Eco RI 
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Figure 1. Physical organization and partial restriction map of the rps4 and 

rpsll loci from the Euglena gracilis chloroplast genome. The reference genes 

included are exon 1 of the psbB locus (Keller et al., 1989), the tmC, E, W, M, H 

and Y genes (Hollingsworth and Hallick, 1982) and the trnL, R, N and V genes 

(Orozco and Hallick, 1982b). Direction of transcription is represented as arrows 

above each gene. The arrows designated 1, 2 or 3 represent primers used for 

cDNA synthesis (1), cDNA sequencing (3) or peR amplification (1 and 2) of 

the rps4 and rpsll genes. 
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TGIIGTCGTGCTGGATTCGAACCAGCGllAAGIITGAACTACGGGATTTACAATCCGCCCCCATTAACCACTC'GGCCAACAACTa::CAATTAGATGTTAAACA 

-trnY 
• • • • • • • • • 200 

ACAAAAACAATTAACATAGAAAAAGTTATTTAAGATCAAAAAAAATATAr~TAAAACTATGTCAAGATATAGAGGACCACGATTGCGAATAGTTCGTAGA 

S'-extension rps4 - H S R Y R G P R L R I V R R 
• • • • • • • • • 300 

ATAGGAAAACTTCCAAGTCTTACAAATAAAACATCAAAGAAAAGAAAATCCCCAGGGCAACCAGCAACATCCTTTAAAAGGAAAAAAAAAATATCAAAAT 
I G K L P S L T N K T S K K R K S P G Q PAT S F K R KKK I S K 

• • • • • • • • • 400 
ATAACATAAGATTAAAAGAAAAACAAAAACTGCGATTTAACTACGGAATAACCGAAAGACAACTTCTAAATTATGTAAAAAAATCTAGGAAAAAAAAAGG 
Y N I R L K E K Q K L R F N Y G I T E R Q L L N Y V K K S R KKK G 

• • • • • • • • • SOO 
ATCATCCGGAAGATTTTTGCTAACTTTTTTGGAAATGAGATTAGATAATATTGTACATCGAATAGGTTTTGCACCTACAATAATGGCTGCAAAACAACTA 

SSG R F L L T F L E H R LON I V H RIG F APT I H A A K Q L 
• • • • • • • • • 600 

ATAAATCATGGTCACATTTGTGTAGATGACAAAGTTATCAATATACCTAGTTTTATTTGCCAACCAAAAAGTATTATAAAACCTAAAAAAAGTACTGTAT 
I N H G H I C V 0 0 K V I NIP S F I C Q P K S I I K P K K S T V 

• • • • • • • • • 700 
CAGAAAATGTCATACAAAAAAACATAGAATCTAAAGAATTACTATTAATACCACCACATTTATCTCTTAACAAAAAAAACTTAGAAGCAAAAATTATTGG 
SEN V I Q K N I E S K ELL LIP P H L S L N K K N LEA K I I G 

• • • • • • • • • 800 
TTTAATCAATAGAAAAGCGATATCGTTAATAGTTAATGAACTTTTAGTAATCGAATTCTATTCACGCAAGGTCTAATTATAAATTAATTTAT~ 

LIN R K A I S L I V N ELL V I E F Y S R K V • rbs-rps11 
• • • • • • • • • 900 

TTGTGAATAATATAAAAAATGAAATAAATATTAAAAACTCAAGGAAATCATGCTTTTTGCAAATTTTGrI'CrrAAAAAGAAATATTT~ 

~ intron 1 
• • • • • • • • • 1000 

TGATAAAACAAAAAAAAAAAATAATCAAAATAACAAAAAAAAAATTTCCAAAAGGAATTGTCCATATT~ACATGCAATCAAAAATTA 
H I K Q KKK I I KIT KKK F P K G I V H I ~ intran 2 

• • • • • • • • • 1100 
ATAGTATATAATGTAATATAAAGTTATTATAATTTTTATCTTTAAAAAAAAGCATTTAAAAATCAAT~TTATAATAAT~ 

~ K TTY N N ~ 

• • • • • • • • • 1200 
lITAATATTAAAAAAATTATACAAAAAATCATCACAATAAAACTAAAAAAAATTTTCCTTTATATTAAATAATAGAAAATACATCTJ!.mMp.rrCTTAG 
intron 3 ~V L 

• • • • • • • • • 1300 
TTTCGGTAAGTGATCCAAAAGGAAATGTAATCGCTTGGTCATCTTCAGGAGCATGCGGTTTTAAAAGCTCGAAAAAGGCTACACCGTTAGCTACAAAGAC 
V S V SOP K G N V I A W S SSG A C G F K S S K KAT P L A T K T 

• • • • • • • • • 1400 
AACTACTGCAATTGCCGTTAAGAAAGCTATAGAACAAGGACTTCAGTTGAGATAAACATTAGTGGACCTGGAACCGGACGAGAAACAGCTTTAAAA 

T T A I A V K K A I E Q G L Q K V E I N I S G P G T G RET A L K 
• • • • • • • • • 1500 

TGCGTACAAAGTTTAGGTCTACGCATAAGTTGCATAAGAGATGTCACTCCCTTACCACATAATGGATGTCGACCTAGCAAGAGACGTAGAATATAAAATA 
C V Q S L G L R I SCI R 0 V T P L P H N G C R P S K R R R I • 

• • • • • • • • • 1600 
ACAAAATTTATTTAACACGTTTTAAAATAAATAAAAAACAATATTAACATTTATTAATATTGATAAAGCAGGCATGCCGGNl7'TTGGTAGACGCGCAGGA 

trnL-
• • • • • • • • • 1700 

TTl'AGGT2'CCTGTGTCTTl'ATGATGTGAGAGTl'CGAGTCTCTCTGCC'TGTATTAAAAATTAAATGATCATAAAAAATAACGAAATTACTAATCAATCGGG 
• • • • • • 1770 

CAAGAAGGGATTCGAACCCCTGACTCCGTAGTTCGTAGCCACGTGCTCTAGTCCACTGAGCTACAAGCCC 
-trnR 
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Figure 2. DNA sequence of the RNA-like strand for the Euglena gracilis 

chloroplast ribosomal protein loci rps4 and rpsll. Coding regions are 

designated by the single letter amino acid located directly below the center 

nucleotide of each codon. The underlined regions of sequence demarcate the 

5' and 3' boundary sequences of rpsll introns 1 ,2 and 3. The 5' transcription 

intitiation site is also shown as an underlined region of sequence. The regions 

in italics indicate tRNA genes. 
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rps4 and rpsll gene products 

The derived amino acid sequences from the rps4 and rpsll genes is 

shown in Fig. 2. The rps4 gene has a continuous open reading frame of 615 bp 

(205 codons). The predicted polypeptide has a molecular weight of 28,668. The 

rpsll gene has a nucleotide length of 594 bp. The rpsll reading frame is 

interrupted by two introns of 107 bp and 100 bp. The fully spliced message 

encodes a polypeptide with a predicted molecular weight of 13,978 (387 bp, 129 

codons). The Euglena chloroplast rps4 and rpsll derived amino acid 

sequences were compared to analogous gene products from higher plant 

chloroplasts, prokaryotes, yeast and mammals (Fig. 3, data not shown for 

rps4). The polypeptides of higher plant chloroplasts show a high amino acid 

sequence identity among themselves (71-89% identity). The identity between 

Euglena chloroplast and higher plant chloroplasts ribosomal proteins is lower 

(43-49%). Similarly, the identity between the Euglena and bacterial genes is 38-

48%. Eukaryotic cytoplasmic ribosomal proteins show only 25-30% identity 

with the Euglena gene products. 
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Figure 3. Multiple alignments of Euglena gracilis chloroplast rps4 and rpsll 

gene products with those of other organisms. The amino acid sequence 

deduced from the Euglena chloroplast gene is compared to those from 

Escherichia coli (Bedwell et aI, 1985); Bacilis subtilus (Suh et aI., 1986); from 

~obacco, Nicotiana tabacum (Shinozaki et aI., 1986); maize, Zea mays 

(Subramanian et aI., 1983); liverwort, Marchantia polymorpha (Ohyama et aI., 

1986); spinach, Spinacia oleracea (Sijben-Mueller et al, 1986); and pea, Pisum 

sativum (Purton and Gray, 1987) chloroplast genomes. The analogous genes 

from human, Homo sapiens (Rhoads et aI., 1986) Chinese hamster, Cricetulus 

griseus (Rhoads and Roufa, 1985), and yeast, Saccharomyces cerevisiae (Leer et 

aI, 1985) were also compared. Gaps in the sequences indicate deletions or 

insertions. The asterisks indicate complete conservation while the plus 

symbols indicate conservative replacements. The arrows designate intron loci 

in the Euglena gene. 
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Analysis of transcripts from the rps4 and rpsII genes 

Gene specific riboprobes were used to detect rps4 and rpsII mRNAs by 

Northern hybridization analysis. The results are shown in Figure 4. rps4, 

rps4-rpsII intergenic, and rpsl1 specific probes all hybridize to the same 1.4 kb 

mRNA. The 1.4 kb mRNA is the expected size of a fully spliced rps4-rpsll 

dicistronic transcript. mRNAs corresponding to unspliced precursors or 

monocistronic species were not detected with any of the probes. A trnL 

specific probe hybridizes only to the mature tRNA transcript. Thus, a 

tricistronic rps4-rpsI1-trnL precursor could not be detected. 

The location of the 5' end of the rps4-rpsll transcript was determined 

by primer-extension RNA sequence analysis. A 20 nt oligomer 

complementary to a region 100 nt downstream of the rps4 AUG initiator 

codon was used as primer with Euglena chloroplast RNA as template (primer 

3 in Fig. 1). The results are shown in Figure 5. The mature 5' end of the rps4-

rpsII transcript was located 33 nt upstream of the rps4 AUG initiator codon. 

Based on the RNA hybridization and primer extension, we conclude that the 

two genes are transcribed as a dicistronic rps4-rpsll pre-mRNA from a single 

promoter which lies between the trnY and rps4 genes (Fig. 1). 
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Figure 4. RNA blot hybridization analysis of the Euglena gracilis chloroplast 

rps4-rpsll mRNA. Euglena gracilis chloroplast RNA (lanes designated A, B, 

C, D or E) was hybridized to in vitro synthesized RNA probes specific for 

various regions of the rps4-rpsll loci. RNA probes corresponding to each lane 

are designated by arrows A, B, C, D or E. The direction of the arrows indicate 

riboprobe polarity. Probe A is mRNA-like while the remaining four probes 

are template-like. 
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Figure 5. 5' end analysis of the rps4-rpsll transcript by primer-extension 

cDNA sequencing of Euglena gracilis chloroplast RNA. The lanes marked 

"cDNA-- ATe G" are dideoxysequencing reactions using Euglena chloroplast 

RNA as template. The "N" lane is an extension reaction with only 

deoxynucleotides. A deoxyoligonucleotide (20-mer) complementary to a 

region 100 nt downstream of the rps4 AUG start codon was used to prime the 

sequencing and extension reactions. The lanes marked "Genomic-- ATe Gil 

represent dideoxy sequencing of the cloned genomic DNA, with the same 20-

mer primer. 
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Cloning and sequencing of spliced rps4-rpsll cDNA 

To demonstrate that the rpsll mRNA is spliced to yield an 

uninterrupted open reading frame, and to accurately determine the rpsl1 

splice boundaries, a cDNA corresponding to the rps4-rpsll transcript was 

synthesized, amplified by polymerase chain reaction (PCR), cloned and 

sequenced. The 20 nt primer used for cDNA synthesis lies at the 3' end of 

rpsll (Fig. I, arrow labeled 1). The cDNA primer and an additional second 

strand primer specific for the 3' end of rps4 were used for the PCR 

amplification reaction (Fig. I, arrows labeled 1 and 2). A comparison of the 

cDNA and genomic sequence of the regions surrounding the rpsll introns is 

shown in Figure 6. The structure of the rpsll coding region was found to be a 

69 nt exon I, 107 nt group ill intron, 19 nt exon 2, 100 nt group ITI intron, and 

301 nt exon 3. 

In addition to the two internal introns of the rpsll coding region, 

another group lIT intron was found in the rps4-rpsll intergenic spacer (IVS-l, 

Fig. 6). The location of the intron is between a putative Shine-Dalgarno 

sequence of 5' GGGAA and the AUG initiator codon. Following splicing, the 

5' GGGAA sequence is centered at -9 with respect to the initiator codon. 

Introns between cistrons of a polycistronic mRNA (intercistronic introns) 

have not. previously been identified in Euglena chloroplast operons, nor in 

those from other chloroplast genomes. 
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Figure 6. Genomic and cDNA sequence of introns and spliced exons from the 

Euglena gracilis chloroplast rps4 and rpsll loci. The sequence data designated 

IVS-1, 2 or 3 was derived from genomic clones. The arrows point to the exon 

and intron boundaries. The introns are also demarcated by brackets. The 

corresponding cDNA sequence of pEZC1003 (Fig. 1) is shown for comparison. 
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Novel intercistronic introns in Euglena chloroplast ribosomal protein 

operons 

Do other previously characterized Euglena chloroplast operons also 

contain intercistronic introns? The genomic sequence of spacer regions 

between various Euglena genes were re-examined for the presence of group 

III introns. Three additional regions which possessed spacers of greater than 

100 nt, group TIl-like 5' and 3' splice boundary sequences approximately 100 nt 

apart (Christopher et al., 1989), and potential Shine-Dalgarno sequences 

greater than 110 nt upstream of the AUG initiator codon were found in the 

intercistronic regions of several ribosomal protein genes. The question of 

intercistronic introns was experimentally addressed by either direct cDN A 

sequencing of the RNA or by sequencing of PCR amplified cDNA. Two 

additional intercistronic introns were found in a previously characterized, 

large ribosomal protein operon similar to the E.coli 510 and spc operons 

(Christopher et al., 1988; Christopher et al., 1989). The results of this analysis 

are shown in Figure 7. One intercistronic intron was found between the 

coding regions of the genes for ribosomal proteins L23 (rpI23) and L2 (rp12) 

(Christopher et al., 1988; Figure 2). The splice site is 20 nt upstream of the rpl2 

AUG initiator codon and 34 nt downstream of the rp123 terminator codon. 

The intron is 100 nt in length. A putative Shine-Dalgarno sequence is 

centered at -31 with respect to the initiator codon. Another group ill intron is 

located between the coding regions of the genes for ribosomal proteins L14 

(rpI14) and L5 (rpI5) (Christopher et al., 1989; Figure 1). The splice site is found 

immediately before the AUG initiator codon of rpl5 and 71 nt downstream of 
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the rpl14 terminator codon. The intron is 112 nt in length. A putative Shine

Dalgarno sequence is centered at -28 with respect to the initiator codon. 
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Figure 7. Genomic and cDNA sequence of the intercistronic intron and 

spliced intercistronic mRNA from the Euglena gracilis chloroplast ribosomal 

protein loci rpI23-rpI2, and rpl14-rplS. Panel A shows a partial map of the 

ribosomal protein operon, S10-spc. The arrows indicate the position of 

oligonucleotide primers used for cDNA synthesis, PCR, and sequencing. 

Introns are designated by open boxes. The intercistronic introns between 

rp123-rp12 and rpl14-rplS are labeled ic-ivs1 and ic-ivs2 respectively. Shown 

diagrammatically below each intercistronic intron are the corresponding 

cDNAs. The genomic and cDNA sequences of the intercistronic spacer regions 

ic-1 and ic-2 are shown in panels Band C respectively. Arrows and brackets 

demarcate the exon-intron boundaries and cDNA splice junctions. 
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Discussion 

Transcripts from the rps4-rpsl1 region of Euglena chloroplast DNA 

were first detected by Koller and Delius, (1984). Chloroplast DNA was 

hybridized with the homologous chloroplast RNA and the hybrid molecules 

were examined by electron microscopy. The DNA strand which hybridizes to 

the ribosomal RNAs was defined as the plus strand. RNAs which hybridize to 

this strand extend to over one half of the genome. This domain is interrupted 

only once by a small region hybridizing to the opposite strand, which we can 

now define as the rps4-rpsll operon. This operon has been extensively 

characterized. The 54 and 511 ribosomal protein cistrons are transcribed as a 

dicistronic pre-mRNA. Neither monocistronic mRNAs, unspliced pre

mRNAs, nor pre-mRNAs with tRNA cistrons were detected. The 5' end of 

the mature mRNA was mapped to a site 33 nt upstream from the start of 

translation, near the middle of the rps4-trnY intergenic region. A well defined 

promoter sequence cannot be recognized within this region. The adjacent 

upstream tRNA genes are transcribed from the opposite strand, and 

consequently would not be expected to serve as promoter for the operon. The 

3' end of the transcript could not be precisely mapped. S1 nuclease and RNase 

protection experiments were performed using both uniformly labeled 

riboprobes and end-labeled DNA probes. In both cases multiple 3' ends were 

found (data not shown). In this region several stem loop structures can be 

formed as well as a potential pseudoknot. The promoter for the trnL 

transcript may also be located near the 3' end of rpsll. The complexity of this 

region may have some effect on the apparent variability of the 3' end. 
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Group III introns, as found in the rps4-rpsll operon, are a feature 

common to most of the ribosomal protein genes of Euglena chloroplast DNA. 

The first examples of group TIl introns were identified by Montandon et al. 

(1983). Group III introns have now been found both in Euglena gracilis 

chloroplasts, and the tufA gene from the truncated plastid DNA of the protist 

Astaisia longa (Siemeister et al., 1990). Although their small size suggests they 

may be related to nuclear introns, their splice boundary sequences do not 

contain the usual consensus necessary for nuclear splicing. The only 

constraints on group III introns appear to be weakly conserved boundary 

sequences which are degenerate versions of the group TI boundary consensus 

(Christopher et aI., 1989) and a size range of from 90-120 nt. The introns do 

not appear to have any characteristic core secondary structure. 

The observation that group TIl introns are found in the intercistronic 

spacer regions between ribosomal protein genes may provide clues regarding 

the splicing mechanism. The intercistronic introns lie between the AUG start 

codon and a putative Shine-Dalgamo sequence. Removal of such an intron 

would bring these two sites together for translation initiation. A situation 

somewhat analogous is found in the region between the AUG of the Euglena 

psbA gene (photosystem TI herbicide-binding protein; Karabin et al., 1984) and 

its putative Shine-Dalgarno sequence. These two sites are separated by a 

stretch of 30 nt which is in excess of the canonicaI10 nt distance seen in E.coli. 

Presumably, since these excess nucleotides are not removed as introns, the 

ribosome is capable of bridging the 30 nt gap. This could be achieved by 

looping the excess nuc1eotides and bringing the ribosome binding site and the 

AUG start site together to a distance which corresponds to the canonical 10 
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nucleotides. To extend this further, the ribosome may be capable of bridging 

the even bigger gap of a 100 nt intercistronic intron. In this case, if the Shine

Dalgarno sequence and the AUG are brought together, then the 5' and 3' 

splice sites are consequently brought nearer to each other. The proximity of 

the 5' and 3' splice sites and the environment surrounding them may 

stimulate the chemical processes required to splice the transcript and release 

the intercistronic intron. Figure 8 is a diagram of these possible interactions. 

An inference of this model is that the ribosome may playa role in of splicing 

group III introns. In support of such a model are observations that both 

prokaryotic and eukaryotic ribosomes have novel mRNA interactions, such 

as codon hopping, frameshifting, and reading through stop codons (Atkins et 

al., 1990). A case where the ribosome appears to be hopping more than just 

one or two codons is found in an E.coli ribosome:bacteriophage T4 mRNA 

interaction. The bacteriophage T4 gene 60 mRNA contains a 50 nt non

translated RNA in its coding sequence (Huang et al., 1988). The E.coli 

ribosome is able to bypass this RNA and resume translation at the distal 

coding sequence. The method of bypass is thought to be another example of 

codon hopping, where secondary structure within the gap and the nascent 

polypeptide chain playa role (Weiss et aI., 1990). The mechanism by which 

E.coli ribosomes bypass the gene 60 gap and the mechanism of group III 

intron splicing may not be the same but the relationship of both mechanisms 

to ribosome function is striking. 

The intercistronic introns, defined as introns interrupting the spacer 

region between two cistrons of a polycistronic message, appear to be limited to 
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Figure 8. Model for ribosome initiation on sequences whose Shine-Dalgarno 

sequence and AUG-start are separated by an intron. A diagrammatic 

representation of the ribosome binding site and assembled ribosome. for A) a 

canonical ribosome binding site, B) the Euglena gracilis psbA gene ribosome 

binding site and, C) the Euglena gracilis rpsll gene ribosome binding site. The 

arrows demarcate the splice boundaries of the rps4-rpsll intercistronic intron. 



134 

the Euglena group III type. Those that were presumed to have been found in 

the psbB operon of higher plants are more likely introns located near the 5' 

end of the coding sequence with very small exons preceding them (Rock et al., 

1987; Reverdatto et al., 1989). One more example of a Euglena group lIT 

intercistronic intron may exist. The 5' untranslated region of the Euglena 

chloroplast elongation factor tufA contains a group ITI intron (Montandon et 

al., 1983; Montandon et al., 1987). It is not clear whether this 5' leader region 

arises from transcription initiation or an intercistronic cleavage event. In 

E.coli the tufA gene is transcribed as the third gene in a tetracistronic mRNA. 

In Euglena, the tufA transcript is only detected as the first cistron in a 

dicistronic mRNA (Montandon and Stutz, 1984). The abundance of the 

tetracistronic transcript may be lower than the limits of detection. Although 

there are no other examples of intercistronic introns, there are many 

examples of introns in the untranslated regions surrounding eukaryotic 

genes. An interesting similarity to the situation in Euglena is the introns 

found in the 5' leader region of several yeast ribosomal protein genes. These 

introns are located between the AUG and a sequence which is complementary 

to the 3' end of the 185 rRNA, analogous to the prokaryotic ribosome binding 

site (Mitra and Warner, 1984). 

It has been noted that group III introns reside mainly in genes encoding 

protein components of the transcription and translation apparatus. This 

restrictive location may imply a regulatory function of the group lIT introns. 

Introns found in eukaryotes are often involved in regulation of the 

expression of their corresponding gene. In higher eukaryotes, the regulatory 

function is in the form of an enhancer or suppressor element contained 
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within the intron sequence, such as the enhancer element found in the first 

intron of the human keratin 18 gene (Oshima et al., 1990). A different type of 

intron-associated gene regulation occurs in yeast. While there are relatively 

few introns in the genome of S. cerevisiae, the majority of ribosomal protein 

genes contain one intron at the very 5' end of the coding region or, as 

mentioned above, in the 5' leader region (Leer et al., 1984). The presence of 

introns in this position appears to be meaningful in the regulatory scheme of 

ribosome assembly and ribosomal protein synthesis. Intron splicing is 

autoregulated by the level of ribosomal protein product as observed by the 

accumulation of unspliced mRNAs in the presence of an excess amount of 

the corresponding protein (Dabeva et al., 1986). Considering this example, it is 

possible that the distribution pattern of Euglena group III introns is also 

meaningful in the scheme of constitutive gene regulation. Whether the 

group III introns actually play a role in regulation or their curious 

distribution is just a consequence of the dynamics of these genes remains an 

interesting, yet unanswered question. 

Materials and Methods 

Molecular Cloning and DNA sequencing 

Euglena gracilis chloroplast DNA was obtained by the method of 

(Hallick et al., 1982). A 3.0 kb BamHI and Sall restriction fragment was 

isolated, cloned into pBM9 and designated pPG76 (Hollingsworth and Hallick, 

1982). The pPG76 insert was subcloned into Bluescribe(+) and Bluescript(-) 

sequencing vectors (Stratagene cloning systems) and deSignated pPG76.1 and 

pPG76.2, respectively. pPG76.1 and pPG76.2 were linearized with Kpn I to 
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produce 3' protected ends and digested with Bam III or Sal I respectively to 

produce 5' single strand tails. Exonuclease III was used to delete nucleotides 

from the Bam- or Sal-cut end of the linearized DNA (Henikoff, 1984). The 

DNA was then treated with Sl-nuclease, followed by DNA ligase to yield a set 

of plasmid DNAs with overlapping deletions. Single strand templates of the 

resulting plasmid DNAs were prepared as described by Vieira and Messing, 

(1987). The sequence of each template was determined using Sequenase 

enzyme (Tabor and Richardson, 1987) and the dideoxy sequencing method of 

Sanger et al. (1977). 

DNA Sequence Analysis 

Sequence data was manipulated with either an IBM PC-XT or a PC-AT 

using the analysis program of Mount and Conrad (D.W. Mount, University of 

Arizona, Tucson). Related sequences were obtained by the FastA search 

algorithm of Lipman and Pearson, (1985). Multiple sequence alignments were 

created from the program of Feng and Doolittle, (1987) on a DEC MicroVax II. 

RNA purification 

RNA was isolated from purified chloroplasts as described by Cushman 

et al. (1988b) and Yepiz-Plascencia et al. (1990). The RNA was treated with RQ1 

RNase-free DNase (Promega Biotechnology, Madison WI). The DNA-free 

RNA sample was phenol extracted and ethanol precipitated. The nuclease 

inhibitor aurintricarboxilic acid (Hallick et al., 1977) was present in RNA 

samples used for Northern hybridization analysis. 
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Northern Hybridization Analysis of rps4-rpsl1 transcripts 

Riboprobes were synthesized in vitro using T3 polymerase (BRL) and a-

32p labeled UTP (BRL). All coordinates refer to Figure 2. Probes were derived 

from clones pPG76.18 (specific for rps4, positions 423-721), pPG76.185 (specific 

for rps4, positions 721-423), pPG14.29 (spans the intergenic region of rps4-

rpsll, positions 921-752), pPG76.2 (specific for rpsll, positions 1468-1211), and 

pPG14.158 (specific for the trnL gene, positions 1770-1541). 

Seven micrograms of chloroplast RNA from photoautotrophically 

grown cells was electrophoresed on a denaturing agarose-formaldehyde gel 

(Fourney et a1., 1988) and transferred to GeneScreen membrane (NEN, 

Dupont). Riboprobes were hybridized to these RNAs as described by Yepiz

Plascencia et al. (1990). 

Primer extension RNA sequencing analysis of rps4 mRNA 5' end and 

intergenic spacer 

The oligodeoxynuc1eotide primers,S' AAGGATGTIGCTGGTIGCCC-

3', complementary to a region 100 nt downstream of the rps4 AUG translation 

start site (positions 274-255, Figs. 1 and 2); and 5' 

CATCAGGGACTCGTAAACG-3', complementary to a region 28 nt 

downstream of the rpl2 AUG (positions 1046-1064, see Figure 2 in Christopher 

et al. (1988) were 5' end labeled with T4 polynucleotide kinase (BRL) and g_32p 

labeled A TP (BRL). 2.0 X 106 dpm of the 5' end labeled primer was used for 

direct cDNA sequencing of mRNA template. The sequencing reactions 

contained 15 ug of chloroplast RNA (Christopher et al., 1989). The synthetic 
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oligonucleotides used for priming were purchased from the University of 

Arizona Biotechnology Center, Tucson AZ. 

cDNA, PCR amplification and direct product sequencing 

280 ng of the cDNA primer,S' TTGCTAGGTCGACATCCATT-3' 

(positions 1480-1461, Figs. 1 and 2), which spans the Sal I site located within 

the 3' end of rps11, was used to prime cDNA synthesis from 15 ug of 

chloroplast RNA using reagents and enzymes provided by BRL's cDNA 

synthesis kit. Half of the reaction product and 200 ng each of the cDNA and a 

PCR primer,S' AGTAATCGAATTCTATTCAC-3' (positions 746-765, Figs. 1 

and 2), which spans the Eco RI site within the 3' end of rps4, were utilized in a 

PCR amplification reaction using the GeneAmp PCR kit (Perkin-Elmer Cetus, 

Emeryville CA). Amplification was carried out for 25 cycles; 1 minute of 

denaturation at 940 C, annealing for 2 minutes at 400 C and 3 minutes of 

elongation at 720 C. The endogenous restriction sites Eco RI (5') and Sal I (3') 

were used to clone the amplified product into Bluescript (-) vector. The 

resulting clone, pEZC1003, was sequenced as described. above. 

Oligonucleotide primers for cDNA synthesis and PCR amplification 

were designed to span the rpl14-rplS intercistronic region (positions 1612-1629 

and 1896-1915 respectively" see Figure 1 in Christopher et al. (1989). These 

procedures were carried out as described above. The PCR amplified product 

was used as template for dideoxy sequencing. The cDNA primer was used to 

prime the sequencing reaction with Sequenase enzyme and the optimized 

method of Casanova et al. (1990). 
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APPENDIX 

SPLICING OF EUGLENA GRACILIS CHLOROPLAST GROUP ill INTRONS 

In trod uction 

Chloroplasts, fungal mitochondria (for review see Michel et al., 1989), 

and bacteria (Ferat and Michel, 1993) have group II introns which splice via 

nucleophilic attack of the 5' splice junction by the 2' OH of an intron encoded 

A residue. A lariat intermediate of the intron and 3' exon is formed. The 3' 

OH of the 5' exon attacks the 3' splice junction releasing the intron lariat and 

spliced exons (for review see Perlman et al., 1990). Secondary and tertiary 

structures within the group IT intron guide and catalyze the splicing reaction. 

Euglena gracilis and Astasia longa plastids have group lIT introns as well as 

group II introns. Copertino et al., (1994) showed that group ITI introns splice 

via lariat intermediates, indicating that group III and group II splicing 

mechanisms are related. Group III introns lack group II-like structures 

necessary for splicing. These structures may be supplied in trans by a 

chloroplast equivalent to the nuclear splicesome. 

The experiments presented in this appendix were designed to test 

models of group ITI chloroplast splicing and to develop a group III splicing 

system either in vitro or in vivo. 

In vitro splicing of group III introns 

The intercistronic group ITI introns in the Euglena chloroplast genome 

interrupt ribosome binding sites. Could chloroplast ribosomes interact with 

an un spliced ribosome binding site and mediate group lIT intron splicing? If 

so, ribosomes may promote the general splicing of group III introns, 
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Figure 1. Fractionation of Euglena gracilis whole cell ribosomes. Whole cell 

ribosomes were fractionated on a 36 ml, 10 to 30 % sucrose gradient. The 

graph shows the absorbence at 260 nm of 1 ml gradient fractions. Absorbence 

is on the Y-axis; fractions, from top to bottom, on the X-axis. Peak fractions 16 

and 17, containing 70S chloroplast ribosomes, are labeled 70S. A minor peak 

at fraction 20, containing BOS cytoplasmic ribosomes, is labeled 80S 
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indicating that chloroplast ribosomes and nuclear splicesomes may be 

evolutionarily related. The following experiments were designed to test the 

effect of Euglena chloroplast ribosomes on group ill intron splicing. 

Euglena ribosomes were isolated from total cells by differential 

centrifugation. Chloroplast 70S ribosomes were separated from 80S 

cytoplasmic ribosomes on a linear 36 ml, 10 to 30 % sucrose gradient. The A260 

profile of 1 ml gradient fractions is shown in Figure 1. Peak fractions 16 and 17 

which contain 70S ribosomes were pooled. The concentration of ribosomal 

RNA in the pooled fractions was approximately 89 J.1g/J..ll. Minor peaks at 

fraction 20 and fractions 4 and 5 contain 80S ribosomes and the 50S subunit of 

80S ribosomes, respectively. Pooled fractions 16 and 17 were used in group III 

in vitro splicing assays. 

The group III introns 2 and 3 from the Euglena chloroplast RNA 

polymerase 13 subunit gene, rpoB, were tested for in vitro splicing in the 

presence of chloroplast ribosomes. Figure 2 shows the structure of exon 2- 95 

nt intron 2-exon 3-94 nt intron 3-exon 4 of the rpoB gene. Uniformly 32p_ 

labeled mRNA-like rpoB RNA was synthesized in vitro for the splicing assay. 

A 32P-Iabeled mRNA-like in vitro synthesized self-splicing 887 nt group II 

intron from the yeast mitochondrial oxi3 gene, aiSy was used as a positive 

splicing control (Figure 2; Peebles et al., 1986). The introns were incubated for 

2 hours at 45°C in self-splicing buffer, or self-splicing buffer plus chloroplast 

ribosomes. The supernatant from a high salt wash of the ribosome 

preparation containing elongation factors and other loosely associated 

ribosome factors (Graves and Spremulli, 1983; Sreedharan and Spremulli, 

1985; Kraus and Spremulli, 1986) was incubated with the introns in the 
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Figure 2. The effect of 70S ribosomes on Euglena gracilis chloropast group III 

and yeast self-splicing introns in vitro. On the left, a diagram of the 32p_ 

labeled in vitro synthesized Euglena chloroplast RNA containing group III 

introns is shown. This RNA contains rpoB ex on 2-intron 2-exon 3-intron 3-

exon 4 mRNA-like sequence. Predicted sizes of spliced products are indicated 

by diagrams. On the left, a diagram of the 32P-Iabeled in vitro synthesized self

splicing group II intron, ai5y, of the yeast mitochondria oxi3 gene is shown. 

Predicted sizes of lariat intermediates and the spliced product is shown by 

diagrams. Conditions for self-splicing are indicated on the right. 
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presence or absence of ribosomes. Additionally, some of the reactions 

contained an RNase inhibitor (inhibit Ace). Splicing reactions as well as an 

unincubated ai5y intron were fractionated on a 6 % acrylamide/8 M urea gel 

(Figure 2). In the ai5y self-splicing control, a lariat intermediate which 

migrates above the unsplked ai5y intron results with or without incubation 

in self-splicing buffer. This intermediate is produced by the first nucleophilic 

attack in the splicing reaction and the in vitro transcription buffer is sufficient 

to support this reaction. Upon addition of ribosomes, the lariat intermediate 

disappears. Either endogenous RNases or a debranching enzyme acting on the 

5'-2' phosphodiester bond deplete the lariat from the splicing reaction. 

Splicing of ai5y was not specifically promoted by chloroplast ribosomes since 

splicing products could not be detected. Addition of the high salt supernatant 

also had no effect on splicing. 

Irl vitro splicing of the rpoB group III introns was not detected with the 

conditions used. Degradation products result from incubation with the high 

salt supernatant but are not the size expected for spliced rpoB products. 

Addition of inhibit Ace promotes degradation, therefore it should not be used 

in future experiments. Because of degradation of the introns in the in vitro 

reactions, it is difficult to distinguish between a real splicing product and a 

nonspecific degradation product. However, purified chloroplast ribosomes 

were not sufficient to promote efficient splicing of group III introns. A more 

sensitive detection method such as peR amplification of spliced products is 

needed to determine if a low level of in vitro splicing occurs. 
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Splicing of group TIl introns in lysed chloroplasts 

Chloroplast ribosomes are not sufficient for group III intron splicing, 

but additional chloroplast factors could function with the ribosome to 

promote splicing. Alternatively, group lIT splicing could require a machinery 

unrelated to Euglena chloroplast ribosomes. Since the machinery of group III 

intron splicing is localized in the chloroplast, I tried to develop a lysed 

chloroplast splicing assay to test the different models of splicing mechanisms. 

Euglena chloroplasts were isolated by differential centrifugation and 

separation on a 10 to 80 % percoll gradient. Chloroplasts isolated in this 

manner are active in transcription and translation (Ortiz et aI., 1980; Deng et 

aI., 1987). Transcripts synthesized in isolated chloroplasts were labeled by run

on transcription. This involves adding [a-32Pl UTP and unlabeled nucleotides 

to lysed chloroplasts (Deng et aI., 1987). Run-on transcription of the lysed 

chloroplasts yielded 5 X 107 cpm of incorporated nucleotide per mg 

chlorophyll. 

The lysed chloroplasts were assayed for splicing of group TIl introns 

using SI nuclease protection of run-on transcripts. The group ITI intron 2 of 

the photosystem IT gene, psbB, was studied. The structure of the psbB gene 

and the location of intron 2 is shown in Figure 3. Exon 1 of psbB is 6 nt 

followed by a 501 nt group II intron 1, a 17 nt exon 2 and a 104 nt group ill 

intron 2. A eDNA clone containing exons 1,2 and part of exon 3 was used to 

make in vitro complementary RNA as a probe for Sl nuclease protection of 

run-on transcripts (Figure 3). Labeled run-on transcripts were hybridized to 

unlabeled probe and treated with Sl nuclease. As a positive control for group 

ITI intron splicing, the complementary probe was 32P-labeled, hybridized to in 
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Figure 3. Euglena gracilis chloroplast group III intron splicing in lysed 

chloroplasts. The group III intron 2 of the psbB gene was tested for splicing in 

lysed chloroplasts. The map of the psbB gene shows the direction of 

transcription and the position of intron 2. The small arrows indicate the 

position of cDNA and peR primers used to generate a cDNA for 

complimentary RNA probe synthesis with T7 polymerase. The cDNA, with 

exon sizes, is shown below the map of the psbB gene. The right lanes show 51 

nuclease protection of chloroplast RNA with 32P-Iabeled probe. The left lane 

shows 51 nuclease protection of 32P-Iabeled run-on chloroplast RNA with 

unlabeled probe. Probe length and diagrams of spliced and unspliced 

protection products are shown on the right. 
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vivo chloroplast RNA and treated with S1 nuclease. For negative controls, 

labeled probe or labeled run-on transcripts (not shown) were treated with S1 

nuclease. The products protected from S1 nuclease were fractionated on a 6 % 

acrylamide/7 M urea gel (Figure 3). The labeled probe protects a fully spliced 

in vivo chloroplast mRNA of 264 nt. Pre-mRNAs with either the group II 

intron unspliced (255 nt) or both the group II and group ill introns unspliced 

(236 nt) are also protected. The unspliced protected products are smaller than 

the spliced protected products because a spliced cDNA probe was used. A pre

mRNA with only the group III intron 2 un spliced was not detected, since 

protection of exons 1 and 2 would result in a 23 nt product which is to small 

to detect under the conditions used. Diagrams to the right in Figure 3 indicate 

the position of each of protected product. 

A labeled run-on transcript of 236 nt is protected by the unlabeled 

probe. This product results from protection of an unspliced psbB pre-mRNA. 

Neither the partially spliced nor the fully spliced psbB RNA was protected. 

The probe also protects smaller run-on transcripts of unknown identity. Since 

the run-on transcripts are unspliced, splicing in lysed chloroplasts must be 

disrupted by either mechanical or ionic stress, indicating the chloroplast 

splicing machinery must be very sensitive to environmental conditions. 

Genetic experiments may be required to access the machinery of group III 

intron splicing. 

Splicing of Euglena chloroplast group III introns in E. coli and 

Chlamydomonas chloroplasts 

The E. coli genome does not contain introns. However, in many other 

ways, E. coli and Euglena chloroplasts are similar. For instance, both possess 
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70S ribosomes. E. coli may have the ability to splice group III introns, 

especially if chloroplast 70S ribosomes are active in splicing the group III 

introns of Euglena. Alternatively, Chlamydomonas chloroplasts contain 

group II introns, therefore if group II and group III intron splicing is related, 

the components of group III intron splicing could be present in 

Chlamydomonas. In order to provide a genetic system to dissect the trans

acting factors and cis-acting group III intron structures that are important in 

group III intron splicing, I tested Euglena chloroplast group ill intron splicing 

in recombinant E. coli and Chlamydomonas chloroplasts. 

Splicing of the group ill introns of the rps4-rpsll operon was assayed by 

cDNA and PCR amplification of RNA from E. coli and Chlamydomonas 

recombinants. Recombinants were generated by transformating with 

plasmids containing part of the rps4-rpsll operon including 3 group III 

introns. Figure 4 A and B show the plasmids for E. coli and Chlamydomonas 

transformation, respectively. The Bluescribe plus vector with the lacZ 

promoter was used to express rps4-rpsll RNA in E. coli using standard 

transformation procedures. A modified pUC8 vector designed to contain the 

Chlamydomonas chloroplast atpB gene and flanking sequences, and Euglena 

chloroplast rps4-rpsll sequences, was used for transformation via 

homologous recombination of atpB sequences in the Chlamydomonas 

chloroplast (atpB vector designed by Mitch Favreau, unpublished). The 

plasmid containing rps4-rpsll was introduced into a mutant form of 

Chlamydomonas, CC373, with a deletion in the atpB gene. Recombinants 

were selected by restored atpB gene activity (Boynton et aI., 1988). An atpB 
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pPG76.114 (pBS(+)) 
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atpB promoter 

pPCHREG18 (pUCS) 

Figure 4. Euglena gracilis group m intron containing plasmids for 

transformation of E. coli and Chlamydomonas chloroplasts. A) The Black 

boxes indicate the 3' half of rps4, rpsll, trnL and trnRNV in Bluescribe plus 

vector with the lacZ promoter. Unfilled boxes indicate group m introns. B) 

An Eco RI-Sall fragment of rps4-rpsll was inserted into a modified pUCS 

vector. The Chlamydomonas chloroplast atpB gene is indicated by the 

hatched box. Speckled boxes indicated Chlamydomonas chloroplast 

untranslated sequence. Large arrows indicate the Chlamydomonas 

chloroplast atpB promoter. 
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promoter positioned directly upstream of rps4-rpsll was used to express 

recombinant rps4-rpsll RNA. 

A cDNA primer in exon 3 of rpsll and a PCR primer in rps4 were used 

to amplify recombinant RNAs. As a positive control Euglena chloroplast 

RN A was also amplified. The results are shown in Figure 5. The left panel 

shows amplification of recombinant E. coli RNA and Euglena chloroplast 

RNA. The 415 nt Euglena cDNA-PCR product results from amplification of a 

fully spliced rps4-rpsll RNA. Unspliced products are rare and not detected in 

this experiment. An unspliced product of 702 nt is amplified from 

recombinant E. coli RNA. This product was verified by cloning and 

sequencing. An additional E. coli RNA product slightly smaller than the 415 

nt fully spliced RNA was reamplified cloned and sequenced. It contained E. 

coli sequence rather than spliced rps4-rpsll sequence. Therefore, under these 

conditions, rps4-rpsll group ill introns are not spliced. 

The right panel shows amplification of recombinant Chlamydomonas 

total nucleic acid and Euglena total nucleic acid. Amplification of Euglena 

nucleic acid results in a fully spliced 415 nt product and an unspliced 702 nt 

product amplified from genomic DNA. Amplification of nucleic acid from 6 

of 8 recombinant Chlamydomonas isolates (lanes 1 through 8) result in the 

702 nt unspliced product. rps4-rpsl1 sequences were not amplified from 

isolates 1 and 2, probably because the recombination events restoring the atpB 

gene did not include the rps4-rpsl1 sequences. Amplification of recombinant 

Chlamydomonas nucleic acid treated with DNase also results in the 702 nt 

unspliced product, indicating that transcription of rps4-rpsl1 in the 
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Figure 5. cDNA and PCR amplification of recombinant E. coli and 

Chlamydomonas chloroplast RNA. A map of the Euglena gracilis chloroplast 

rps4-rpsll loci is shown. Arrows indicate cDNA and PCR primers for 

amplification of recombinant RNA. pEZCI003 is the original cDNA plasmid 

defining the group III introns in the rps4-rpsll genes. The left panel shows 

the cDNA-PCR products from Euglena chloroplast (E.g. ct) and recombinant E. 

coli RNA. DNA ladders from A. Bste II and Hind III digests are also shown 

with sizes indicated on the left and right. The right panel shows cDNA-PCR 

products from Euglena chloroplast and of recombinant Chlamydomonas 

chloroplast nucleic acid (Chi amy NA). 8 isolates of recombinant 

Chlamydomonas were assayed (lanes 1-8). DNA ladders from <!>X174 Hae III 

digest is shown with sizes indicated on the left and right. 
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recombinant Chlamydomonas occurs but that the group III introns are not 

spliced (not shown). 

Neither recombinant E. coli nor recombinant Chlamydomonas 

chloroplasts spliced Euglena chloroplast group III introns. Therefore, the E. 

coli 70S ribosome probably does not promote group III intron splicing and, 

although the Chlamydomonas chloroplasts have group II introns, the 

machinery necessary to splice group III introns is absent. This raises the 

question of whether splicing of group III introns in Euglena requires factors 

beyond the general group II intron splicing machinery. One hypothesis is that 

structrual components of Euglena group II introns act in trans to splice 

Euglena group III introns (Copertino and Hallick, 1993). 

Discussion 

Isolated ribosomes do not promote splicing of group III introns in 

vitro. It may be that the in vitro synthesized RNAs lack proper folding or 

other modifications necessary for splicing. Or perhaps auxiliary factors absent 

from ribosome preparations are required. Additionally, lysed chloroplasts lack 

active group III intron splicing machinery indicating that chloroplast splicing 

is a labile reaction. Hence the difficulty many labs have had in developing 

chloroplast in vitro splicing extracts. Heterologous systems such as E. coli and 

Chlamydomonas chloroplasts also lack the machinery required for Euglena 

chloroplast group ill intron splicing. It is possible that individual Euglena 

chloroplast introns require specific factors for splicing, as do introns of 

Chlamydomonas chloroplasts and yeast mitochondria (Perlman et al., 1990). 

However, Euglena chloroplast introns are so numerous that a general 

splicing mechanism is more likely. 
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The results of these experiments have demonstrated that the splicing 

factors of group III introns are sensitive to environmental change, and that 

these factors are not present in E. coli and Chlamydomonas chloroplasts. 

Further studies of group III intron splicing will require genetic experiments 

involving transformation of Euglena chloroplasts. 

A key to the splicing of group II! introns may be found in group I! 

intron structure. The group I! introns of Euglena contain all the domains 

necessary for self-splicing (domains I through VI), although in abbreviated 

forms. But Euglena group I! introns have not been shown to self-splice. 

Protein factors and intron encoded open reading frames (orfs) may be 

required to promote Euglena chloroplast splicing, probably by stabilizing 

catalytic group I! structures (Perlman and Butow, 1989; Lambowitz and 

Perlman, 1990; Copertino, 1992). Euglena chloroplast group II! introns lack 

homologous catalytic structures such as the group I! intron domain V. 

However, they possess a homologous group II structure called domain VI 

which contains the nucleophile for the first step of splicing. Group III introns 

probably require trans-acting factors to replace missing catalytic structures 

(Jarrell et al., 1988; Copertino, 1992). Splicing factors for group ill introns could 

be encoded in the nucleus. However, group III splicing factors may have an 

RNA component. If so, this component is probably chloroplast encoded since 

nuclear encoded RNAs are not imported into the chloroplast. Since group I! 

and group III introns coexist in Euglena chloroplast, it is possible that 

domains from excised group I! introns function in trans for group III intron 

splicing. 
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Materials and Methods 

Euglena chloroplast ribosome isolation 

Whole cell ribosomes were isolated from a 3 liter heterotrophic Euglena 

gracilis culture harvested at 4 X 1()6 cells/ml. Culture medium consisted of IX 

bacto Euglena broth (OIFCO laboratories). The method of Graves et al. (1983) 

was used to isolate whole cell and chloroplast ribosomes. Briefly, cells were 

filtered through 8 layers of cheese cloth, pelleted at 4.1 K rpm for 10 minutes 

in a Beckman J-6B centrifuge. Subsequent steps were carried out on ice and in 

prechilled rotors. Pelleted cells were washed with Buffer I (50 mM Tris-HCI, 

pH 7.8; 40 mM MgC12; 75 mM NI-i4CI; 0.1 mM Spermine; 0.1 mM EOTA) and 

collected in preweighed tubes by spinning at 17.1 K rpm for 5 minutes using 

an 55-34 rotor. Washed cells were disrupted by grinding with 2X the cell 

weight acid washed sea sand and a mortar and pestle. The disrupted cells were 

mixed with 4 volumes of Buffer I plus 12 mM J3-mercaptoethanol (J3-ME). 

Sand and cell debris was removed by spinning at 9.1 K rpm for 10 minutes in 

an 55-34 rotor. The supernatant was clarified by spinning at 17.1 K rpm for 30 

minutes in the 55-34. The volume of the supernatant was brought up to 200 

ml with Buffer I plus 12 mM J3-ME. 4.55 g NI-i4CI was added and the mixture 

spun at 46.3 K rpm for 3 hours in a ultracentrifuge 70 Ti rotor. The 

supernatant from this high salt wash, contains elongation factors and was 

concentrated to a 5X stock and stored at -800C. The pellets were rinsed in 

Buffer II (25 mM Tris-HCI, pH 7.8; 25 mM MgC12; 50 mM NI-i4CI; 0.1 mM 

Spermine; 0.1 mM EOTA; 1 mM OTT) Pellets were resuspended in 4 - 6 ml of 

Buffer II by gentle douncing and clarified at 17.1 K rpm for 30 minutes in a 70 

Ti rotor. The upper 4/5 of the supernatant was recovered. 180 A260 units 
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(approximately 1.3 - 1.6 ml) of the supernatant was loaded on a linear 10 to 30 

% sucrose gradient to separate 705 ribosomes from 805 ribosomes. 5ucrose 

solutions were made with Buffer II. Gradients were spun at 17.1 K rpm for 13 

hours in an 5W28 rotor at 40 C. One ml fractions were collected. Ten 

microliters from each 1 ml fraction was diluted in 300 JlI H20 to record the 

A260. A260 readings peaked at fractions 14 and 15. These fractions, enriched for 

705 ribosomes, were pooled and stored at -80oC (approximately 90 Jlg/JlI 

rRNA). 

Group II splicing assay with chloroplast ribosomes 

32P-Iabeled intron containing RNAs were synthesized in vitro (see 

Chapter 2) with 5P6 and T7 RNA polymerases from plasmids pKM2, 

containing the self-splicing intron ai5y from the yeast mitochondria oxi3 gene 

(Peebles et al., 1986), and pEZC932.16-7, containing group III introns 2 and 3 of 

the Euglena chloroplast rpo.B gene (Yepiz-Plascencia et al., 1990), respectively. 

8 nM of each RNA (ai5y, MW = 4.89 X 1()6, 786 ng; rpoB ivs 2 and 3, MW = 1.6 

X 106,256 ng) was incubated for 2 hours at 45°C in 20 JlI of self-splicing (55) 

buffer (40 mM TrisOAc, pH 8; 10 mM MgOAc; 2 mM spermidine). The RNAs 

were also incubated with 55 buffer plus 16 nM 705 ribosomes (MW = 2.8 X 

106; approximately 890 ng rRNA); 55 buffer, ribosomes and IX high salt 

fraction, + / - 2 units of inhibit-ACE (5 Prime-3 Prime, Inc.); or 55 buffer, high 

salt fraction and inhibit-ACE. 5amples were digested with 100 Jlg proteinase K 

in 100 JlI IX proteinase K buffer (10 mM Tris-HCl, pH 7.5; 5 mM EDTA; 0.5 % 

5D5), for 30 minutes at 37°C; extracted 1 time with an equal volume of 

phenol:chlorophorm; and precipitated with 1/10 volume 3 M NaOAc and 2.5 
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volumes 100 % ethanol. Products of splicing assays were fractionated on a 6 % 

acrylamide; 7 M urea gel and visualized by autoradiography. 

Isolation of chloroplasts for run-on transcription 

Euglena maintained on B12 (50 ng/l) deficient modified Hutner's medium 

(Vasconcelos et al., 1971) for 2 passages was used to inoculate 2 liters at 1 XI05 

cells/ml. Cells were grown to 1 X 107 cells/ml and chloroplasts were prepared 

according to Ortiz et a1. (1980). Briefly, cells were lysed by trypsin digest 

followed by two passages through a 21 1/2 gage needle and layered over a 

linear 10 - 80 % percoll gradient for chloroplast isolation. Isolated chloroplasts 

were suspended to a 10 mg/ml chlorophyll (a + b) concentration. 

Run-on transcription of isolated chloroplasts 

Ten JlI of chloroplasts was used in 25 JlI run-on transcription reactions 

(Deng et a1., 1987). Reactions contained 66 mM sorbital; 22 mM HEPES, pH 7.9; 

200 JlM NCl.4P207; 10 mM MgCIZ 40 mM KCI; 2 mM OTT; 500 JlM ATP; 500 JlM 

CTP; 50 JlM GTP; 50 JlM UTP; 100 JlCi [a_32p] GTP; 100 JlCi [a_32p] UTP. 

Chloroplasts were lysed by pipeting transcription reactions up and down 100 

times. Run-on transcriptions were incubated for 1 hour at room temperature 

and stopped with the addition of 10 JlI 5 % sodium sarcosinate; 50 mM Tris

HCI, pH 7.9; 25 mM EDTA. Run-on transcripts were extracted 2 times with 

phenol:chlorophorm and ethanol precipitated. 

Sl nuclease analysis of run-on transcripts 

Sl nuclease analysis was used to determine if group III intron splicing 

of psbB run-on transcripts occurs (see Chapter 2 methods). A cDNA clone of 
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pshB in Bluescript (-) (Stratagene), lacking a group II intron 1 and a group III 

intron 2 (pEZC1032, positions 99497-100369), was used to generate an in vitro 

complementary RNA from the 17 polymerase (see Chapter 2).5 X 105 cpm of 

run-on transcripts, or 2 Jlg of unlabeled chloroplast RNA was hybridized to 

approximately 200 ng unlabeled or 1 X 105 cpm of 32P-Iabeled complementary 

RNA, respectively. Hybrids were treated with Sl nuclease, fractionated on a 6 

% acrylamide/7 M urea gel and visualized by autoradiography. 

Transformation of E. coli and Chlamydomonas chloroplasts with group III 

introns 

Plasmids pPG76.114 (source pPG76.1, Chapter 4; and pPG14.158, Ann 

Marion-Poll; positions 101331-102828) and pPCREG18 (source pPG76.2, 

Chapter 4, positions 101661-102381, in modified pUC8 with Chlamydomonas 

atpB gene and flanking sequences, Mitch Favreau), containing part of the 

rps4-rpsll genes and 3 group III introns were used to transform E. coli or 

Chlamydomonas, respectively. A standard E. coli transformation procedure 

was used (Sambrook et al., 1989). Transcription of the rps4-rpsll group III 

introns in E. coli was driven by the lacZ promoter on the original pKS(-) 

vector (Stratagene). The BIOLISTIC Particle Delivery System (BIO-RAD) was 

used to transform atpB deficient CC-73 Chlamydomonas chloroplasts 

(provided by the Chlamydomonas Genetics Center, Duke University). 

Transformants with restored atpB activity were selected on autotrophic media 

(Boynton et al., 1988). Transcription of the rps4-rpsll group III introns was 

driven by the duplicated Chlamydomonas atpB promoter. 
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cDNA and PCR analysis of group m splicing in E. coli and Chlamydomonas 

Splicing of the recombinant rps4-rpsll genes in E. coli and 

Chlamydomonas was assayed by cDNA and PCR amplification of 

recombinant RNA. cDNA and PCR reactions are described in Chapter 2. 

Primers spanning the SalI and EcoR! sites in rpsll and rps4 exons, 

respectively (Chapter 4) were used. Total cell RNA was isolated from 5 ml of 

recombinant Chlamydomonas grown for 7 days in autotrophic media using 

the procedure for Euglena total cell RNA isolation (Chapter 2). One tenth of 

the RNA yield was used in cDNA and PeR reactions. 

RNA was isolated from E. coli by adding a 50 ml overnight culture to 5 

,ml of 0.5 M Tris-HCI, pH 6.8; 20 mM EDTA; 10 % SDS in a flask held in 

boiling water. After 2 minutes,S ml of 2 M NaOAc, pH 5.1 was added and the 

mixture was extracted twice with phenol:chloroform. The extract was 

precipitated by adding 2.67 ml of 3 M NaOAc, pH 4.6. and 2.5 volumes of 100 

% ethanol. The precipitant was resuspended in 300 J.11 of DEPC-treated water 

and 150 JlI 7.5 M NRtOAc, re-extracted with phenol:chloroform and ethanol 

precipitated. The isolation procedure yielded 157 J.1g of total nucleic acid which 

was resuspended in DNase buffer (40 mM Tris-HCI, pH 7.5; 10 mM NaCI; 6 

mM MgCI2). The nucleic acid was incubated with 20 units of RQl DNase 

(Promega) and 10 units of Inhibit Ace (5 prime - 3 prime) for 15 minutes at 

37°C, phenol:chloroform extracted, and ethanol precipitated. The final 

precipitant was resuspended at 1 J.1g/J.11 and used for cDNA and PCR reactions 

(Chapter 2). 
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Chloroplast gene expression involves a variety of interconnected 

events. One of these is the accumulation of chloroplast RNA, which is itself 

influenced by a variety of events. The most obvious contributor to chloroplast 

RNA accumulation is transcription which can be constitutive, light induced 

and non-light induced (Klein et al., 1987; Mullet, 1988; Gruissem, 1989a; 

Baumgarter et aL, 1993). Factors influencing transcription include DNA 

conformation, DNA replication, DNA copy number, promoter strength and 

the availability of RNA polymerase (RNAP). Transcriptional activity may 

also be regulated by nuclear encoded transcription factors. The other major 

contributor to chloroplast RNA accumulation is RNA stability which is also 

constitutive, light induced and non-light induced. Factors affecting 

chloroplast RNA stability include RNases, RNA binding proteins, splicing, 

intercistronic processing and translation (Stern et al., 1987; Adams et al., 1990; 

Stem et al., 1993). Since translation is constitutive and light-induced, it may 

contribute to constitutive and light induced components of RNA stability. 

Chloroplast RNAs have stable half lives from 3 to 40 hours, depending 

on the gene and the developmental stage of the chloroplast (Baumgarter et 

al., 1993). Stability is confered to many chloroplast RNAs by 3' inverted 

repeats (IR's), which serve as protein binding and 3' processing signals (Stern 

et al., 1991; Stem et al., 1993). The high stability of chloroplast RNAs limits the 

control transcription has over RNA accumulation levels. The relative RNA 

levels of most chloroplast genes are determined by promoter strength while 

overall RNA abundance is determined by RNA stability. An increase in 
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overall mRNA stability is the major cause of the increase of RNA 

accumulation during barley chloroplast differentiation, although 

transcription increases 5-fold. psbA is one of the few chloroplast genes whose 

mRNA accumulation is regulated by a differential increase in both 

transcription and RNA stability. Consequently, psbA is one of the most 

abundant mRNAs. The high abundance of psbA mRNA is probably necessary 

because its protein product, the D2 subunit of the PSI! reaction center, turns 

over rapidly and requires constant protein synthesis. The plant psbC mRNA 

accumulation is also affected by differential transcription due to a light 

responsive promoter. 

The results of my dissertation define constituents in this complex 

scheme of gene expression. I defined Euglena chloroplast promoter elements 

of different classes which dictate promoter strength and contribute to the 

levels of chloroplast RN~ accumulation. I also determined intercistronic 

processing and splicing events which may effect chloroplast RNA levels and 

translation. 

Euglena chloroplast promoters 

The Euglena chloroplast genome contains at least 8 promoters. I have 

identified six of these. Three possess the prokaryotic-like -10 and -35 

consensus sequence while 3 vary from the consensus at the -35 position. The 

genes with promoters lacking the -35 element have more abundant mRNAs. 

These different elements must be recognized by some component of the 

Euglena chloroplast RNAP. In E. coli the 0 70 factor recognizes the promoters 

with -10 and -35 elements, but a homologous 0 70 factor is not found in the 

chloroplast genome. Additionally, since the Euglena chloroplast promoter 



160 

elements are different, one component of the chloroplast RNAP could 

recognize the -10 and -35 elements and another the promoters lacking -35. 

Alternatively, the same RNAP component could recognize the different 

promoters with different efficiencies. The mechanisms of promoter specificity 

are an interesting, yet not well understood aspect of chloroplast molecular 

biology. 

Euglena chloroplast intercistronic RNA processing 

Promoters in the Euglena chloroplast genome control expression of 

large polycistronic transcription units which undergo intercistronic 

processing. There are at least 29 intercistronic processing sites in the Euglena 

chloroplast genome (Christopher et al., 1990; Radebaugh, 1990; Yepiz

Plascencia et al., 1990; Drager et al., 1993b; Hong et al., 1993). This number does 

not include Euglena chloroplast tRNA and rRNA processing events. Some 

intercistronic processing events cleave between ribosomal protein genes, 

RNA polymerase genes, PSI or PSII genes. Others cleave between genes of 

different enzyme complexes such as PSI and PSII, tRNA and PSI, tRNA and 

PSII, photosynthetic electron transport and ATP synthase, and ribosomal 

protein and ATP synthase. The value of intercistronic processing is not 

understood. Intercistronic RNA processing could effect translation or RNA 

stability or both. I have studied the processing between PSI genes, psaA-psaB; 

and PSI and PSII genes, psaB-psbE of the psaA operon. I have shown that the 

products of intercistronic processing vary in abundance under different 

growth conditions. Therefore, intercistronic processing or the products of 

intercistronic processing effect or are effected by changes in gene expression 

which accompany changes in environmental conditions. 
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Intercistronic processing must be coregulated with transcription and 

RNA stability since, in the transition from dark to light Euglena chloroplast 

transcription and RNA stability increase, but the relative abundance 

processed products of psaA operon RNA are unchanged. Therefore, in the 

transition from dark to light, a coordinated increase in processing must 

maintain the same ratio of processed species. However, from heterotrophic 

growth to photoautotrophic growth, processed species increase dramatically. 

At this point the coordination between processing and RNA accumulation is 

disrupted but at what level? The changes in photoautotrophic RNA levels 

could be the result of increased intercistronic processing, decreased 

transcription, decreased stability of unprocessed mRNA, or increased stability 

of processed mRNA or any combination of these. 

Intercistronic processing events of Euglena gracilis chloroplast polycistronic 

operons include splicing of group ill introns 

The Euglena chloroplast genome has over 149 introns. Approximately 

half are group II introns, similar to those found in other plant chloroplasts, 

fungal mitochondria and, just recently, bacteria. The remaining 75 introns 

form a unique class called group III found only in Euglena species and the 

related nonphotosynthetic protest Astasia longa. I have discovered the 

location of group III introns in the intercistronic regions between Euglena 

chloroplast ribosomal protein genes rps4-rpsll, rpl23-rpl2 and rpI14-rpI5. 

Group II introns have not been found in the intercistronic regions between 

genes. In fact, group II introns are found mainly in photosystem genes while 

group III introns are found mainly in transcription and translation genes. In 

27 Euglena chloroplast transcription and translation genes there are 51 group 
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ill and 13 group II introns, and in 28 photosystem genes, there are 11 group III 

and 66 group II introns. This bias in the distribution Euglena chloroplast 

introns may have significance in relation to splicing, chloroplast gene 

expression, chloroplast evolution and the evolution of introns. 

Group III introns, on the surface, are a simple genetic element. Their 

size ranges from 88 to 120 nt, with a mean size of 103 nt. They consist of 88% 

A+ T, however, the 5' exon is G-rich while the 3' exon is C-rich. This G and C 

bias in the exon boundaries could stabilize a 5' and 3' exon interaction during 

splicing. The 5' and 3' intron boundaries are reminiscent of group II intron 

boundaries (Michel et aI., 1989). The group III 5' splice site follows the group II 

consensus GUGUG, but includes additional nuc1eotides out to position +10 

which are conserved between group III introns. The group III 5' intron 

boundary consensus to position +10 is GUGUGAUUUC. An additional 5' 

intron structure similar to the group II intron domain ID (Michel et al., 1989) 

is predicted for some group ill introns but the function of this domain has not 

been shown (Copertino et aI., 1991; Copertino et al., 1993). The 3' splice site of 

group III introns has an A residue 8 nt upstream of the 3' splice boundary 

which functions as the primary nuc1eophile during the first step of group III 

splicing (Copertino et aI., 1992; Copertino et al., 1993; Copertino et al., 1994). 

This A residue is part of a domain VI structure homologous to the group II 

intron domain VI (Michel et aI., 1989). 

Since group II and group III introns have important similarities, they 

may be evolutionarily related. Nuclear introns also have splicing 

mechanisms and structures similar to group II and group III introns. They 

have similar 5' and 3' splice boundaries, but internal structures, as with group 
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lIT introns, are absent. Both group lIT and nuclear introns may have evolved 

from a common group II-like ancestor (Copertino, 1992). RNA structures 

necessary for nuclear splicing are supplied in trans. RNA structures for group 

III intron splicing could also be supplied in trans, perhaps as RNAs from 

group IT introns. Alternatively, group ITI introns could utilize components of 

the chloroplast ribosome for splicing. The ribosomal RNA component of 

chloroplast ribosomes is a catalytic RNA which could supply functional RNA 

components to group lIT introns. 

Another class of group III intron help explain the existence of 

intercistronic group III introns. These are group III twintrons, or introns 

within introns (Copertino et al., 1992; Drager and Hallick, 1993a). The internal 

introns of twintrons are thought to be maintained because they interrupt a 

functional domain and disrupt splicing of the external intron (Michel et al., 

1989). Consequently, removal of the internal intron is required to restore the 

splicing function of the external intron, just as removal of an intron 

disrupting an exon is required to restore translatability. It follows that 

intercistronic introns have disrupted a functional domain in the 

intercistronic region. Functions of intercistronic regions include intercistronic 

processing or ribosome binding. Since the rps4-rpsl1 genes are not processed 

in their intercistronic region but accumulate as a dicistronic RNA, the 

intercistronic intron between these genes must interrupt the ribosome 

binding site for rpsl1. The rps4-rpsl1 intercistronic intron lies between a 

Shine-Dalgarno-like sequence and the AUG of rpsll. After removal of the 

intercistronic intron, the Shine-Dalgarno like sequence is within 10 

nucleotides of the AUG, the canonical positioning of the Shine-Dalgarno 
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sequence in E. coli. The rpl23-rpl2 and rpl14-rplS are processed in their 

intercistronic regions. Therefore, the intercistronic introns between these 

genes could disrupt either intercistronic processing or ribosome binding. The 

presence of introns, whether in exons, introns, intercistronic or other 

undefined regions of the chloroplast genome, is an important indicator of 

functional RNA. 

Future p-rospects 

I defined promoter sequences in the Euglena gracilis chloroplast based 

on their position relative to 5' ends of RNAs derived from transcription 

initiation. To determine the importance of these promoter sequences, the 

transcription ability of in vitro mutagenized Euglena chloroplast promoter 

sequences could be tested in chloroplast extracts or recombinant chloroplasts. 

Additionally, the contrib~tion of promoter strength and RNA stability to 

RNA abundance in Euglena chloroplasts could be tested by using the 

chloroplast RNA polymerase inhibitor tagetatoxin (Baumgarter et al., 1993). 

The stability of chloroplast RNA after inhibition of chloroplast transcription 

could be compared to in vivo RNA abundance to determine promoter 

strength. 

Since, the psbA promoter is different from other Euglena chloroplast 

promoters, and highly expressed, it would be interesting to determine the 

basis for psbA expression. Does the high expression levels of psbA RNA 

require a transcriptional activator, or is the unusual promoter element 

sufficient for activation? These experiments would require a purified Euglena 

chloroplast RNAP which is not available. 
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Euglena chloroplast intercistronic sites were defined which appear to be 

differentially processed depending on the growth conditions. However, the 

distinction between differential changes in intercistronic processing or 

mRNA stability was not determined. Tagetatoxin could be used to inhibit 

chloroplast transcription and determine the stability of processed RNAs from 

different growth conditions. The kinetics of RNA decay from the different 

growth conditions is divided into components of processing and stability. 

Changes in the kinetics of decay between different growth conditions will 

determine if processing or stability is responsible for the differential 

accumulation of the psaA operon RNA. Additionally, since tRNAs are 

processed in chloroplast extracts (Greenberg, 1986), it may be possible to 

develop a similar in vitro intercistronic processing system to help understand 

the mechanisms of intercistronic processing. 

One hypothesis for the function of intercistronic processing is that it 

increases the efficiency of translation. In the case of the psaA operon, 

processing may be necessary for separate translation PSI and PSII genes. 

Therefore, a prediction of this model is that only one type of gene, PSI or PSII, 

can be translated from a single RNA molecule. To test this prediction, 

polysomes could be isolated and immunopredpitated with antibodies specific 

to nascent psaA operon peptides (Barkan, 1988). Polysomes precipitated with 

psaA or psaB antibodies should not be immunoreactive with psbE-F-L-/ 

antibodies and vice versa. 
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