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ABSTRACT 
14 

Although group I and group n introns are capable of self-splicing in 

vitro, there is growing evidence that trans acting factors facilitate splicing 

of group I and group II introns in vivo. For group n introns, these trans 

acting factors include maturases and RNA chaperones. Maturases are 

intron-encoded enzymes which splice the intron which encodes them and in 

some cases mobilize the intron. RNA chaperones are a group of general 

RNA binding proteins which facilitate formation of correctly folded 

catalytic RNAs. 

The Euglena gracilis chloroplast genome is an ideal system in which 

to study RNA metabolism, especially splicing. The genome is composed of 

38% introns, including group n, group HI and twintrons. Although 

Euglena gracilis chloroplast pre-mRNAs must undergo extensive 

processing and splicing before they are translated, no chloroplast encoded 

maturases or RNA chaperones have been described. 

I have characterized two potential RNA metabolism genes. The 

roaA gene is unique to the Euglena chloroplast and encodes a potential 

general RNA binding protein. The roaA gene and mRNA are defined in 

this dissertation. The roaA protein product and the protein product of a 

potential maturase, matl, have also been identified. Identification of these 

two protein products lays the groundwork for future studies regarding the 

role of these two proteins in chloroplast RNA metabolism. 



CHAPTER 1 

INTRODUCTION 

15 

Introns 

The discovery in 1977 of introns, non-coding regions of DNA 

interrupting the coding regions of genes (Chow, et al., 1977, Klessig, 

1977), has led to intense debate regarding their function and origins. 

Introns are a universal phenomenon found in the archaebacteria (Wich, et 

al., 1987), eubacteria (Ferat and Michel, 1993), bacteriophages (Chu, et al., 

1984), eukaryotic nuclei, mitochondria and chloroplasts (Abelson, 1979). 

Despite the ubiquitous nature of introns, the role of introns is not yet fully 

understood. It has been proposed that introns are simply selfish DNA 

propagating themselves (Temin, 1985). Another is based on evidence in 

vertebrates that nuclear introns facilitated evolution of new genes by "exon 

shuffling" (Gilbert, 1985). According to the exon shuffling theory, an 

exon coding for a useful domain or catalytic activity can be duplicated or 

inserted in an evolving gene, endowing the new host gene with the 

properties of the domain. By flanking the exon encoding the domain with 

introns, recombination within the introns allows transfer of the domain 

intact. This allows new genes to evolve faster by using domains from 

existing genes. However, although exon shuffling appears to have been 

important in recent evolution of vertebrates, it does not explain the 

existence of introns in non-vertebrates. 
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Evolutionary relationships and splicing mechanisms of introns 

There are at least 5 different tj'pes of introns. Group I introns are 

self-splicing and are found in bacteria, bacteriophages, eukaryotes, 

mitochondria and plastids (Saldanha, et al., 1993), often in tRNA genes. 

The catalytic activity of self-splicing group I introns has been studied 

extensively (for review see Cech, 1990). Group I introns form intricate 

secondary and tertiary structures which facilitate splicing. These structures 

have been well defined by comparative analysis and experiments (Davies, et 

al., 1982, Michel, et al., 1982). Group I introns have brief stretches of 

conserved primary sequence P, Q, R, and S, and form ten paired regions, 

Pl-PlO (Figure 1-1). The 5' and 3' splice sites, which are defined by a 5' 

uracil (U) and a 3' guanosine (G), are juxtaposed in the tertiary structure. 

Splicing is catalyzed by nucleophilic attack of a guanosine on the 5' splice 

site (Cech, 1987) (Figure 1-2A). The free 5' exon is then ligated to the 3' 

exon in a second transesterification reaction. 

Group n introns are capable of self-splicing in vitro, but protein co-

factors are probably involved in vivo (Michel and Ferat, 1995). Group II 

introns are found in eubacteria (Ferat and Michel, 1993), mitochondria and 

plastids (Saldanha, et al., 1993). The secondary structure of group n 

introns has also been defined by comparative analysis and mutational 

studies (Michel, et al., 1989). Group n introns have larger 5' and 3' exon-

intron junction consensus sequences than group I introns. The secondary 

structure of group n introns is usually depicted as a central wheel with six 

stem loops, designated domains I-VI, radiating from the core (Figure 1-

3A). The 5' exon is attacked by an unpaired adenosine in domain VI and 
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Figure 1-1. Group I intron secondary structure (from T. Cech, Annual 

Review of Biochemistry, 1990). Conserved base pairs P1-P9 are shown. 

Conserved sequence elements P,Q, R, and S are also shown. Dashed line 

between P4 and P6 is added to make the diagram less crowded and does not 

indicate any ommission of nucleotides. Splice sites are indicated with 

arrows. The small open arrow indicates location of extra stem loops in a 

subgroup of introns. 
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Group I introns. B) Group n introns C) Nuclear spliceosomal introns. 

Only U1 and U2 of the spliceosome are shown. D) Protein spliced introns. 
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Figure 1-3. Euglena gracilis chloroplast group n and group HI intron 

secondary structure (from D.W. Copertino and R.B. Hallick, TEBs, 1993) 

A) Group n intron secondary structure. Stem loop domains I-VI radiate 

from the central core. Exon binding sites (EBSl and 2) and intron binding 

sites (IBSl and 2), yand Y, e and £', 5' and 3' splice sites are indicated. 

The catalytic bulged "A" is shown in domain VI. Exon is represented by 

the thick black line. B) Group HI intron secondary structure. Domain VI 

with the catalytic bulged "A" is indicated. A putative domain I is 

represented as a large stem loop. 
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the intron forms a loop from the adenosine residue to the 5' splice site, 

trailing the intron 3' of the adenosine. This tailed loop is referred to as a 

lariat structure. The free 5' exon is Ugated to the 3' exon and the intron is 

released as a lariat (Figure 1-2B) (Peebles, et al., 1986, van der Veen, et 

al., 1986). 

Group m introns appear to be abbreviated versions of group n 

introns and have only been identified in plastids in the genus Euglena 

(Copertino and HaUick, 1993). Because group in introns splice as lariats, 

they are believed to splice via the same mechanism as group n introns 

(Copertino, et al., 1994). However, group HI introns are too short to form 

the complex secondary structure of group II introns. Only domain VI has 

been consistently identified in group in introns, although domain I can be 

found in some (Figure 1-3A). Group HI introns probably require trans

acting factors to facilitate splicing. 

Most nuclear introns belong to a fourth class of intron excised by 

spliceosomes, assemblies of protein and RNAs (for review see Nilsen, 

1994, Padgett, et al., 1986b, Sharp, 1994). Spliceosomal introns also 

excise as lariats (Konarska, et al., 1985) and may be related to group II 

introns (Figure 1-2C). Spliceosomal introns vary widely in size, and no 

secondary structures involved in spUcing have been identified (Sharp, 

1994). The 5' and 3' splice site consenses have been defined. The 

spUceosome itself is composed of at least 6 RNAs (U1-U6), associated with 

different proteins. Spliceosomes recognize the 5' and 3' splice sites and 

catalyze spUcing (Nilsen, 1994). 
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A final type of intron found in archaebacteria and nuclear tRNAs is 

entirely dependent on protein catalysis for splicing (Deutscher, 1984), and 

follows a unique splicing pathway (Figure 1-2D). 

T. Cavalier-Smith has proposed a phylogenetic relationship of the 

five intron types based on the physical distribution of introns (Figure 1-4) 

(Cavalier-Smith, 1991). The wide distribution of self-splicing group I 

introns suggests an ancient origin, possibly even in the RNA world before 

the eubacteria and archaebacteria branched. Group Il-like introns are 

found in ancient organisms as well, implying an early origin. The wide 

distribution of protein spliced introns may also indicate an ancient lineage. 

Protein-spliced introns may share a common ancestor with self-splicing 

group I and group n introns. 

The more limited distribution of spUceosomal introns suggests that 

they evolved after the eubacteria branched from the archaebacteria, and 

even after the metakaryotes (eukaryotes with mitochondria) branched from 

the archezoa (Giardia, Mastigamoeba, Pelomyxa) (for a review of 

spliceosomal introns see Nilsen, 1994). It is possible that group HI introns 

and nuclear spliceosomal introns are two evolutionary offshoots of group 

n introns, or a similar self-splicing intron. Although most of the complex 

secondary structure necessary for self-splicing of group n introns is 

lacking in spliceosomal and group III introns, both spliceosomal and group 

in introns (Copertino, et al., 1994) are spliced as lariats. It is believed that 

spliceosomal introns are derived from group II introns transferred to the 

nucleus (Rogers, 1989). The dependence on spliceosomes may have 

evolved as a regulatory mechanism to allow the cell more control over the 
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Figure 1-4. Possible evolutionary relationships among introns (from 

T. CavaUer-Smith, Tffis, 1991). 1) Origin of 3'-OH/5'-phophate 

self-splicing introns. 2) Conversion of some introns to protein 

dependent splicing. 3) Spread of self-splicing introns to eukaryotes 

via the purple bacterium ancestor of mitochondria. 4) Evolution of 

spliceosomal introns. 5) Transfer of additional self-splicing introns 

to eukaryotes via the cyanobacterial ancestor of chloroplasts. 
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rate of mRNA maturation (Cavalier-Smith, 1991). It has been suggested 

that the RNA co-factors in spliceosomes are the catalytic group II domains 

supplied in trans (Cavalier-Smith, 1991). It is also believed that group HI 

introns, which have an extremely limited distribution, are derivatives of 

group n introns (Copertino and Hallick, 1993). Because of their small 

size, group HI introns probably require trans acting factors in order to be 

spliced. Information regarding group HI splicing might be useful for 

understanding the complicated spliceosomal reaction. 

Intron acquisition 

In addition to the evolutionary relationship of introns, the 

mechanism by which introns have spread has also been smdied extensively. 

There are two main theories regarding the spread of introns: "introns 

early" and "introns late". In the introns early theory, as proposed by 

Darnell and Doolittle (Darnell and Doolittle, 1986), introns were originally 

widespread and have been lost from genomes over time. The dearth of 

introns in prokaryotes is explained as a genomic streamlining undertaken 

by rapidly growing organisms to decrease replication time. However, 

group I introns are found in virtually all organisms and group n introns 

have recently been found in eubacteria (Ferat and Michel, 1993). The 

introns early theory originally appeared to be supported by studies of gene 

families, such as the globins (Stamatoyannopoulis and Nienhuis, 1981). 

These gene families are highly conserved across species boundaries. The 

discovery of conserved intron locations in these genes was cited as proof of 

the introns early theory. However, while the location of many introns is 
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conserved among closely related genes in different organisms, many are 

shifted a few nucleotides (Rogers, 1989). Such shifted introns are referred 

to as discordant. Position shifts which alter the position of the intron 

relative to the reading frame of the gene are difficult to explain by the 

introns early theory. This discovery of discordant introns in many gene 

families combined with studies of intron position in prokaryotes and 

organelles weakened the introns early theory. 

The introns late theory has gathered strength with the accumulation 

of phylogenetic data and comparative analysis of intron distributions. In 

this theory it is proposed that introns have been proliferating over time 

(Cavalier-Smith, 1991, Rogers, 1989). In this scenario, genomes arose 

without introns, or with very few introns, and were "infected" by introns. 

These infectious introns then spread throughout the host genome. An 

evolutionary lineage of intron carrying organisms is essential in the introns 

late tiieory, since the most parsimonious explanation for the spread of 

introns is a linear spread from one intron carrying organism to another. 

For example, nuclear introns are proposed to have arisen from 

mitochondrial and chloroplast introns. Therefore, the presence of group n 

introns in bacteria, which gave rise to mitochondria and chloroplasts, is a 

crucial link in the introns late theory. Group n introns have been found in 

the predecessors of both mitochondria and chloroplasts (Ferat and Michel, 

1993). 

The presence of discordant introns in eukaryotic gene families is also 

compatible with the introns late theory. The uniform size of nuclear exons 

and random size of nuclear introns may be explained by exon centered 
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splicing (Berget, 1995). It has been proposed that vertebrate genes use 

exon definition to identify splice sites, meaning that the splice sites are 

determined by the 5' and 3' ends of the exons as opposed to the 5' and 3' 

ends of the introns. In the exon centered splicing model, the splicing 

machinery recognizes the 5' and 3' ends of each exon in an mRNA. After 

the splice sites are located, the intron is looped out, the exons are 

juxtaposed, and the introns are spliced out. Vertebrate introns range in 

size from 50 to 10,000 nt or larger, while exons are much smaller, 

averaging in the range of 137 nucleotides (Hawkins, 1988). Using exon 

definition to define splice sites reduces the possibility of using cryptic 

splice sites within introns. If exonic splicing occurs, the limitation on 

acceptable exon size would dictate permissible intron insertion sites. 

Another key feature of the introns late theory is the mobility of 

introns. Examples of both mobile group I and group n introns have been 

identified. The S. cerivisiae mitochondrial gene for LSU rRNA contains 

an "optional" intron. Yeast with the optional intron are termed omega + 

and can transmit the intron to omega - yeast (Colleaux, et al., 1986, Jaquier 

and Dujon, 1985, Macreadie, et al., 1985). Movement, or "homing", of the 

intron requires an intron encoded orf which acts as a DNA endonuclease 

(Delahodde, et al., 1989, Wenzlau, et al., 1989). The intron is transferred 

during the gap repair process . The group II intron in intron ail of the 

yeast mitochondrial COX gene can also be transferred to an intron-less 

copy of the gene (Meunier, et al., 1990, Skelly, et al., 1991). The model 

for group n intron mobility involves reverse transcription of the intron at 

the RNA level and insertion of the cDNA into the genomic DNA 
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et al., 1995),. The positions of group H intron insertions suggests a 

preferred target sequence instead of random insertion (Meunier, et al., 

1990, Moran, et al., 1995). 

Another example of intron mobility is provided by twintrons, 

introns within introns, found in Euglena chloroplasts (Copertino and 

Hallick, 1993). Twintrons are proposed to arise from the insertion of one 

intron into another. Different combinations of twintrons have been 

documented, including group n within group n (Copertino and Hallick, 

1991), group in within group HI (Copertino, et al., 1994), and group II 

witliin group HI introns (Copertino, et al., 1991). This implies that both 

group n and group HI introns are capable of mobility. 

Maturases 

Intron mobility is catalyzed by intron-encoded proteins. Mobile 

group I introns encode an endonuclease which contains a LAGLI-DADG 

motif (Delahodde, et al., 1989, Wenzlau, et al., 1989). Intron-encoded 

proteins which facilitate intron splicing or mobility in group n introns are 

called maturases. Based on phylogenetic analysis, group n introns 

encoding maturases have been placed with a small group of eukaryotic non-

long terminal repeat-transposable elements, called retroposons (McClure, 

1991). Retroposons, in turn, are a sub-group of the retroid family, which 

includes all genetic elements with reverse transcriptase (Boeke and Corces, 

1989, Fuetterer and Hohn, 1987). Like other retroids, maturases contain 

domains essential for mobility (Figure 1-5) (Mohr, et al., 1993). The 

domains include a Z domain, reverse transcriptase domains, an X domain. 



Figure 1-5. Maturase domains (based on G. Mohr et al, NAR, 

1993). Shown in this figure is a hypothetical maturase with all the 

known maturase domains. (Pro) is the inactive protease domain. Z 

is a region rich in proline residues. RT contains the reverse 

transcriptase domains I-Vn. The X domain is the RNA binding 

domain. Zn represents the zinc finger component of an 

endonuclease. 
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and Zn finger. The Z domain is a proline rich region of unknown function 

(Xiong and Eickbush, 1988). The activities of reverse transcriptase 

domains I-Vn are well established from studies of retroviruses (Kennell, et 

al., 1993, Moran, et al., 1995). The X domain is the RNA binding site 

(Moran, et al., 1994). Maturases examined to date are specific for the 

intron in which they are encoded. Maturase specificity may be determined 

by the X domain. This is possible, as the X domain consists mostly of 

conserved classes of amino acids and has very few specific conserved 

amino acid sequences. The Zn finger appears to be a remnant of an 

endonuclease domain (Zimmerly, et al., 1995). No maturase contains all 

these domains, but most contain the X domain and at least recognizable 

renmants of reverse transcriptase domains V-VII. 

Genes for maturase-like proteins have been identified in both 

chloroplast and mitochondrial group n introns (Mohr, et al., 1993). The 

group n maturase-like gene, matK, is found in a group II intron of many 

chloroplast tmK genes. Although die matK genes have been classified as 

maturase-like based solely on similarity with known maturases, the mustard 

matK gene has been shown to bind RNA, specifically the tmK pre-mRNA 

(Liere and Link, 1995). In addition, the matK gene is retained in the 

obligate parasite, Epiphagus virginiana, although the tmK intron has been 

lost (Wolfe, et al., 1992). This suggests the gene has a general and essential 

activity. Maturase activity has been demonstrated in yeast mitochondria 

for the intron encoded orf in COXl gene, all (Carignani, et al., 1983). 

Mutations in COX all block splicing of the host mtron. In addition, 
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reverse transcriptase activity has also been demonstrated for COX all and 

aI2 (Kennell, et al., 1993, Zimmerly, et al., 1995). 

Two potential maturases have been identified in the Euglena gracilis 

chloroplast. A putative group II maturase has been identified in the psbC 

gene, which codes for CP43 chlorophyll-binding protein of photosystem n 

(Zhang, et al., 1995b). The gene, mat2, is located in intron 2 of the psbC 

gene. mat2 contains an X domain and reverse transcriptase domains V, VI 

and vn. A second maturase-like gene has also been identified in intron 4 

of the psbC gene in Euglena gracilis chloroplast. Intron 4 is a group HI 

twintron (Copertino, et al., 1994). The gene, matl, contains an X domain 

and reverse transcriptase domains V, VI and Vn. It is interesting that 

although the psbC gene has been lost from the genome of the related non-

photosynthetic euglenoid Astasia longa, the matl gene is retained 

(Siemeister, et al., 1990). Since Astasia plastids also contain group HI 

introns, matl may function as a group HI maturase. 

RNA Chaperones 

Another class of proteins involved in RNA splicing are proteins with 

RNA chaperone activity (for review see Herschlag, 1995). These proteins 

are non-specific RNA binding proteins which often have multiple cellular 

functions. Although the RNA chaperone activity of many proteins has been 

described in vitro, there has been no description of an in vivo activity. 

Therefore, proteins with RNA chaperone activity are not referred to as 

RNA chaperones but as having RNA chaperone activity. 
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Proteins with RNA chaperone activity can be divided into three 

types: chaperones, matchmakers and effectors. RNA chaperone activit>' is 

analogous to protein chaperone activity, in preventing misfolding. 

However, unlike most protein chaperones, proteins with RNA chaperone 

activity are able to unfold mis-folded molecules (Herschlag, et al., 1994, 

Zhang, et al., 1995a). The RNA-protein interactions are defined as non

specific, however they cannot be duplicated by ionic detergents or charged 

peptides indicating that the effect is not due to general electrostatic 

shielding or molecular crowding (Herschlag, et al., 1994). The E. coli 

ribosomal S12 protein is an example of a protein with RNA chaperone 

activity (Coetzee, et al., 1994). The S12 protein has been shown to assist in 

the folding of group I introns and a hanunerhead ribozyme in vitro. A key 

feature of RNA chaperone activity is that the protein acts before the RNA 

molecule is fimctional and is not required for the RNA catalyzed reaction. 

Matchmakers, or guides, also interact with RNA in a non-specific 

fashion. Matchmakers may "capture" an appropriately folded RNA 

molecule or domain (Herschlag, 1995, Portman and Dreyfuss, 1994). By 

holding the RNA in a fixed position matchmakers improve the odds that the 

RNA will interact with an appropriate counterpart. Matchmaking activity 

may be facilitated by concomitant homopolymerization of RNA bound 

proteins. In this way matchmakers serve a two-fold function of increasing 

both the local concentration of RNA molecules and the number of RNA 

molecules in the correct conformation for appropriate interaction. 

Examples of matchmakers are hnRNP Al and C1/C2 (Portman and 

Dreyfuss, 1994). 
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Effectors have some RNA chaperone activity but primarily act as 

stabilizers of appropriate structures (Burke, 1988, Herschlag, 1995). In 

contrast with RNA chaperones which are not required for activity , 

effectors are required for RNA activity. The Neurospora CYT-18 protein, 

which is a mitochondrial tyrosyl tRNA sjoithetase, is required for splicing 

of group I introns in vivo (Mohr, et al., 1992). The protein interacts with 

a properly folded intron and stabilizes the active conformation. 

RNA chaperones as a group are difficult to define (Herschlag, 1995). 

To begin with, the proteins usually have other cellular functions. RNA 

chaperone activity is often redundant, so that mutant phenotypes are 

restricted to effectors. Many proteins with RNA chaperone activity also 

appear to have matchmaker or effector activity as well. In addition, the 

non-specific interactions of RNA chaperones range from very weak and 

general to specific for a motif or sequence. An individual protein can 

possess non-specific as well as specific interactive abilities. To date, 

proteins which act as RNA chaperones for group I introns, nuclear pre-

mRNAs and hammerhead ribozymes have been identified. RNA 

chaperones for group n and ni introns have not yet been found. 

Euglena chloroplast potential maturases and chaperones 

The Euglenaphycea are a family of photosynthetic protists, the most 

well characterized being Euglena gracilis. Some non-photosynthetic 

protists are also grouped with Euglena, such as Astasia longa which has a 

proplastid but no photosynthetic genes. The abundance of introns in the 

Euglena chloroplast makes it an excellent organism in which to study 



Euglena gracilis 
Chloroplast DNA 

143,172 bp 
psbE 

PsbJ ĵ 

Figure 1-6. The complete Euglena gracilis chloroplast genome with 

intron positions shown (from M. Thompson et al, NAR, 1995). 

Black boxes indicate genes. Genes on the outer circle are transcribed 

clockwise. Genes on the inner circle are transcribed 

counterclockwise. tRNA genes are identified by the single letter 

code for the cognate amino acid with the anticodon in parenthesis. 

Group n introns are represented by blue lollipops. Group EQ 

introns are represented by red lollipops. Intron encoded genes are 

represented as black boxes on lollipops. 
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introns and intron splicing. The complete chloroplast genome sequence is 

available for Euglena gracilis (Figure 1-6) (Hallick, et al., 1993). The 

genome is 143 kb, and composed of 38% introns. There are 86 group n 

introns, 64 group HI introns, and at least 17 twintrons. 

Group n introns are found in mitochondria and chloroplasts of other 

organisms, but group HI introns are restricted to the Euglenaphycea so far. 

In the Euglena chloroplast, group II introns are usually located in 

photosynthetic genes, while group in introns are more commonly found in 

genes for transcription and translation machinery (Table 1-1) (Hallick, et 

al., 1993). The Euglena group n introns fall in the size range of 277-671 

nt, which is smaller than group n introns in other organisms. However, 

the Euglena group II introns appear to have secondary structure similar to 

group n introns from other organisms. Group HI introns are much 

smaller and range from 91-119 nt (Hallick, et al., 1993). Due to their 

restricted size, group HI introns appear to have only domain VI. Both 

group n and HI introns have been shown to splice via a lariat intermediate 

(Copertino, et al., 1994). Because the Euglena introns are shorter than 

introns in other organisms, they may be missing structures necessary for 

efficient splicing. This is almost certainly tme for group in introns. 

Presumably these functions are provided in trans by maturase-like proteins 

and RNA chaperones. Trans acting factors which participate in splicing of 

group n and III introns either as maturases or RNA chaperones have not 

been identified. 



Table 1-1. Introns of the the Euglena gracilis chloroplast DNA by 

location, category and size in nucleotides (nt) (from R.B. Hallick et al. 

NAR, 1993). 

No. GSJD£ Intron Typg No. Ggne Intron IXBS HL 
I atpA 1 n 603 49 psbB 1 n 501 
2 atpA 2 n 551 50 psbB 2 m 104 
3 atpB 1 n 374 51 psbB 3 n 572 
4 atpB 2 n 431 52 psbB 4 n 567 
5 atpB 3 n 326 53 psbC 1 n 543 
6 atpB 4 n 480 54 psbC 10 n 423 
7 atpE 1 n-Ex 355 55 psbC 3 n 671 
8 atpE 1 H-In 402 56 psbC 4 ni-Ex 101 
9 atpE 2 n 661 57 psbC 4» m-in 1504 
10 atpF 1 n 613 58 psbC 5 n 590 
11 atpF 2 n 361 59 psbC 6 n 448 
12 atpF 3 n 632 60 psbC 7 n 668 
13 atpl 1 m 108 61 psbC 8 n 621 
14 atpl 2 m 108 62 psbC 9 n 305 
15 atpl 3 m 102 63 psbD 10 n 543 
16 atpl 4 n 323 64 psbD 2 n 364 
17 atpl 5 m 112 65 psbD 3 n 605 
18 atpl 6 in 106 66 psbD 4 n 651 
19 ccsA 1 n 332 67 psbD 5 n 498 
20 ycf4 1 n 297 68 psbD 6 n 606 
21 ycfl2 1 m 107 69 psbD 7 n 580 
22 ycfS 1 n-in 601 70 psbD 9 n 373 
23 ycfS 1 n-in 393 71 psbE 1 n 350 
24 ycf8 1 n-Ex 358 72 psbE 2 n 326 
25 roaA 1 n 349 73 psbF 1 n-Ex 424 
26 roaA 2 m 97 74 psbF 1 n-in 618 
27 roaA 3 n 325 75 psbK 1 ffl 105 
28 roaA 4 n 438 76 psbK 2 m-Ex 93 
29 petB 1 n-Ex 399 77 psbK 2 m-in 111 
30 petB 1 n-m 404 78 rbcL 1 n 404 
31 petB 1 m-in 106 79 rbcL 2 n 514 
32 petB 2 n 535 80 rbcL 3 n 513 
33 petG 1 n 372 81 rbcL 4 n 568 
34 psaA 1 n 490 82 ibcL 5 n 413 
35 psaA 2 n 542 83 rbcL 6 n 479 
36 psaA 3 n 361 84 rbcL 7 n 382 
37 psaB 1 n 441 85 rbcL 8 n 420 
38 psaB 2 n 525 86 rbcL 9 n 441 
39 psaB 3 n 508 87 rpll2 1 m 104 
40 psaB 4 n 590 88 rpil4 1 m 108 
41 psaB 5 n 579 89 rpI14-5 intcis. m 112 
42 psaB 6 n 570 90 ipll6 1 m 91 
43 psaC 1 n 320 91 rpll6 2 n 356 
44 psaC 2 n 391 92 rpI16 3 m-in 112 
45 psbA 1 n 433 93 rpll6 3 DI-Ex 96 
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47 
48 

97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 

116 
117 
118 
119 
120 
121 
122 
123 

psbA 2 n 447 
psbA 3 n 434 
psbA 4 n 616 

rpl23 3 m 103 
rpl23-2 intcis. in 100 
q}oB 1 m 93 
rpoB 2 m 95 
rpoB 3 m 94 
rpoB 4 m 99 
rpoB 5 in 101 
rpoB 6 ni 110 
rpoB 7 m 99 
rpoB 8 n 309 
rpoCl 10 m 103 
rpoCl 11 ni-Ex 102 
rpoCl 11 m-in 96 
tpoCl 1 ni-Ex 114 
rpoCl 1 in-in 96 
rpoCl 2 in 107 
rpoCl 3 ni-Ex 111 
tpoCl 3 m-in 102 
rpoCl 4 m 100 

rpoCl 5 m 119 
rpoCl 6 n 349 
rpoCl 7 m 97 
rpoCl 8 ffl 110 
rpoCl 9 m 102 
rpoC2 I n 580 
ipoC2 2 n 514 
rpsll 1 m 107 

rpl22 1 n 347 
rpI23 1 m 106 
rpl23 2 m 99 

q)sll 1 m 107 
rpsll 2 m 100 
rpsl4 1 m 106 
rpsl8 1 m 101 
rpsl8 2a ni-Ex 107 
rpsl8 2b m-in 110 
rpsl8 2c m-In 106 
rpsl8 2d in-In 112 
rpsl9 1 m 100 
rpsl9 2 m 97 
rps2 1 m 101 
rps2 2 m 112 
rps2 3 m 99 
rps2 4 n 390 
rps3 1 ni-Ex 99 
rps3 1 n-in 310 
rps3 2 m 102 

rps4-ll intcis. m 95 
rps7- intcis. m 96 
ti^ 
rps8 I n 327 
rps8 2 m 95 
rps8 3 n 277 
tufA 1 ffl 103 
tufA 2 m 110 
psbD I n.d. 1098 
psbD 8» n.d. 3658 
psbC 2* n.d. 4143 
Total 54804 

94 
95 
96 

123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 

142 
143 
144 
145 
146 
147 
148 
149 
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Another type of intron, unique to Euglenoid chloroplasts, is the 

twintron (intron-within-intron) (Copertino and Hallick, 1993). Twintrons 

consisting of every possible combination of group n and group in introns 

have been described. In addition, complex twintrons with multiple internal 

introns have been identified (Drager and Hallick, 1993a, Hong and Hallick, 

1994, Zhang, et al., 1995b). Internal introns are probably maintained 

because they interrupt domains in the external intron essential for splicing 

(Figure 1-7). The internal introns must be spliced to restore the splicing 

ability of the external intron. Twintrons present a complicated RNA 

folding problem, which could be facilitated by RNA chaperones. 

Twintrons indicate a recently mobile intron population. It is possible that 

the maturases responsible for intron mobility are still present in the 

Euglena chloroplast genome. Whether or not the introns are still mobile is 

unknown. 

Dissertation objectives 

In my thesis research, I have attempted to identify trans-acting 

proteins potentially involved in intron splicing in the Euglena gracilis 

chloroplast. There are at least two potential maturases, matl and mat2, in 

the Euglena chloroplast genome. In addition, a unique gene in the rpl23 

ribosomal protein operon has the potential to be a general RNA binding 

protein. 

My studies have focused on the roaA gene. Two potential 

open reading frames (orfs) were identified in a 2.8 kb intercistronic 

region between rpsS and rpll6 in the rpl23 operon (Christopher and 
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EBS1 ycfS 
psbCi2 

£882(2 
ycfB 
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psbP, psbD-1 

CO 
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Figure 1-7. Location of internal introns in twintrons (from D.W. 

Copertino and R.B. Hallick, TIBs, 1993). A) Secondary structure 

for a generic group n intron is shown as the external intron. 

Arrows indicate locations of internal introns. Arrows are labelled to 

indicate the gene the twintron is located in. B) Secondary structure 

for a generic group HI intron is shown as the external intron. 

Arrows indicate the location of internal introns. Arrows are labelled 

to indicate the gene the twintron is found in. 
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Hallick, 1990). I showed that these orfs constitute a single gene, rooA. In 

the first part of the dissertation I describe the rooA gene at the DNA and 

RNA levels. The gene codes for an extremely basic protein, with a high 

percentage of aromatic amino acids, which are indicative of RNA binding 

ability. roaA is unique to the Euglena chloroplast genome and may be 

involved in splicing as an RNA chaperone. I also describe the alternative 

splicing of the rooA mRNA. Introns 1 and 2 constitote a twintron in one 

of two possible splicing pathways. 

The rooA gene was a promising candidate for a protein with a role 

in RNA metabolism. Before testing for activities of the rooA gene 

product, expression of the roaA protein had to be demonstrated . In the 

second part of the dissertation I identify the roaA protein product 

immunochemically. Unexpectedly, I found the protein product is light 

regulated. 

The matl gene, which encodes a potential maturase, has already been 

defined at the DNA and RNA levels (Copertino, et al., 1994). I have 

identified the maturase-like matl protein product immunochemically. This 

work sets the stage for many experiments with roaA and matl to determine 

the roles these proteins play in RNA metabolism. 

In the appendix , I describe a screen for chloroplast RNA 

metabolism mutants 'mArabidopsis. Because Euglena is not a genetic 

system, I did some initial work investigating RNA metabolism mutants with 

the genetic tools available in Arabidopsis. A high percentage of high 

chlorophyll fluorescence (/ic^ mutants have been identified as chloroplast 

RNA metabolism mutations in other systems. However, a screen for 



Arabidopsis RNA metabolism mutants had not been performed. Several 

hcf mutants were identified in Arabidopsis with this screen. 
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CHAPTER 2 

ALTERNATIVE SPLICING OF THE Euglena gracilis 

CHLOROPLAST roaA TRANSCRIPT. 

Introduction 

Euglena chloroplast differs from the chloroplasts of higher plants at 

the level of transcription, RNA processing (Stevenson and Hallick, 1994), 

and RNA splicing (Copertino and Hallick, 1993). Due to high intron 

content, splicing plays a major role in Euglena gracilis chloroplast RNA 

metabolism. Euglena chloroplast contains group n introns similar to 

group n introns found in other organisms and group HI introns, which are 

unique to euglenoids. Group HI introns are believed to be abbreviated 

versions of group n introns. Group n introns can be represented in a 

complex secondary structure model of six helical domains (I-VI) radiating 

from a central core (Michel and Ferat, 1995). Domains I, V and VI have 

been shown to play a critical role in the self-splicing of group II introns. 

Group in introns lack domains II-V, but contain domain VI and may 

contain domain ID. Domains ID and VI are important for splice site 

selection and lariat formation during group H intron splicing. 

Since group HI introns lack domains II-V, the splicing activities 

performed by these domains may be supplied in trans. Several proteins 

have been reported to assist splicing of group I and n introns (Lambowitz 

and Perlman, 1990). Since group HI introns have been found only in 

euglenoids, proteins involved in splicing group HI introns are also likely to 
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be unique to euglenoid plastids. Genes for two maturase-like proteins have 

been identified in introns of the Euglena chloroplast psbC operon 

(Copertino, et al., 1994, Montandon, et al., 1986, Zhang, et al., 1995b). 

Euglena chloroplasts also contain at least 16 twintrons, or introns 

within introns (Copertino, et al., 1994). Simple twintrons composed of 

two group n or two group m introns, and mixed twintrons with one group 

n and one group HI intron have been identified. Complex twintrons with 

multiple internal introns have also been observed (Drager and Hallick, 

1993a, Hong and Hallick, 1994, Zhang, et al., 1995b). Twintrons are 

believed to be the result of a mobile intron inserting into another intron. 

Alternative splicing of nuclear pre-mRNAs is an important and 

widespread feature of regulating gene expression in many metazoans. It 

has been shown to be involved in regulation of important processes such as 

sex-determination, programmed cell death, and temporally and spatially 

controlled gene expression (Smith, et al., 1989). Alternative splicing may 

also play a role in evolution by allowing genetic diversity without 

requiring permanent changes at the DNA level (Smith, et al., 1989). 

There are only a few examples of alternative splicing of non-nuclear 

introns. Use of alternative 3'-splice sites in Podospora anserina nad l-i4 

and C0Xl-i7 group I mitochondrial introns is implicated in expression of a 

discontinuously encoded, intronic open reading frame (orf) (Sellem and 

Belacour, 1994). Alternative splicing has been observed at both the 5'- and 

3 - internal and external splice sites of some group HI twintrons 

(Copertino, et al., 1992, Drager and Hallick, 1993a). The potential of 

alternative splicing of group HI introns to mirror alternative splicing of 
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nuclear introns and play an important role in chloroplast genome evolution 

led me to an in depth analysis of selected group III splicing events. 

An example of alternative splicing of a group HI intron was found in 

a novel gene, roaA, encoded in the Euglena gracilis chloroplast rj)l23 

ribosomal protein operon (Figure 2-1). rooA was initially identified as 

two potential orfs in the intercistronic region between rps3 and rpll6 

(Christopher and Hallick, 1990). The presence of these orfs was 

considered unusual, since the gene content and order of the rpl23 operon is 

highly conserved (Lindahl and Zengel, 1986, Michalowski, et al., 1990, 

Tanaka, et al., 1986), and in E. coli and other chloroplasts, rps3 and rpll6 

are adjacent (Figure 2-2). I have determined the orfs constitute a single 

gene, rooA, which is interrupted by one group DI and three group II 

introns. The group HI intron 2 of the roaA pre-mRNA has an alternative 

splicing pathway which results in two distinct mRNAs encoding 

polypeptides of either 514 or 516 amino acids. This alternative splicing 

may have evolved after formation of a twintron by insertion of intron 1 

into the 5' splice site of intron 2. Intron insertion may play an important 

role in evolution of plastid genes of euglenoid protists by increasing the 

potential for alternative splicing. 
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A) rpl23 Operon 

B) 
rpl2v 

rpl23 

5' 

rbcL 

^ips19 

rpl22 ips3 

ipl14v ^rpl5 

roaA ipl16 I | rps8 I f  

rpl36 

•trni 

ips14 

•^3' 

Figure 2-1. The rpl23 operon. A) The Euglena gracilis chloroplast 

genome is represented as a circle, with the location of major operons 

labeled. Arrows indicate the direction of transcription. B) The rpl23 

operon. Genes are represented by black boxes. The arrow indicates 

direction of transcription. 
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Figure 2-2. Comparison of ribosomal protein operons. The gene content and order of the E. coli SIO and 
spc operons are compared with that of the Cyanophora, Euglena and tobacco chloroplast ribosomal protein 
operons. 
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cDNA analysis 

The gene content and order of the rpl23 ribosomal protein operon is 

highly conserved (Lindahl and Zengel, 1986, Michalowski, et al., 1990, 

Tanaka, et al., 1986), in E. coli and other chloroplasts (Figure 2-2). 

However, in the Euglena gracilis chloroplast rpl23 operon an unusual 

intercistronic region was identified between the rps3 and rpll6 genes 

(Christopher and Hallick, 1990). The rps3-rpll6 intercistronic region is 

2.8 kb in length and contains two potential orfs of 214 and 302 amino acids 

(aa). The rps3-rpll6 intercistronic region is co-transcribed with the rpl23 

operon. A mature mRNA from the 2.8 kb intercistronic region of 

approximately 1.4 kb RNA was detected in northern analysis. Since the 2.8 

kb region was transcribed and a stable mRNA accumulated, we suspected 

the presence of a novel gene in the rps3-rpll6 intercistronic region. To 

determine if the 214 and 302 aa orfs were independent or comprise a single 

gene, cDNAs from the rps3-rpll6 intercistronic region were studied. 

The 1.4 kb RNA species detected in northern analysis might be the 

spliced mRNA product of a larger pre-mRNA from the 2.8 kb region. To 

investigate this possibility, RNA from the 2.8 kb region was PCR 

amplified, cloned and sequenced. The nucleotide sequence of the 2.8 kb 

region and the location of primers used for PCR amplification are shown 

in Figure 2-3. A cDNA primer (cDNA3) located in the first exon of the 

rpll6 gene was used to prime cDNA synthesis of Euglena gracilis 

chloroplast RNA. Resulting cDNAs were amplified using the PCR primer 
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Figure 2-3. roaA DNA sequence. Numbering corresponds to the EMBL 

accession #X70810. RNA-like strand is shown. Exon sequence is shown in 

green. Coding regions are designated by the single letter amino acid code 

under the second nt of each triplet codon. Intron sequences are italicized. 

PGR and cDNA primer locations are underlined and shown in blue. The 

direction of each primer is indicated by arrows above the sequence. The 

locations of the peptides used for antibody production are shown in red, 

italicized letters. 5' and 3' processing sites are indicated with a slash (/). 
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S5QS6 OTaTTaAAnTTITM3ITariaAAICAlTAA2TnTlTaAroaAlTR3CflArnClTOUU5AITTCEMaaBMMaAAZaA2a3TnTCroUU2aJUH2MITflOcn31AlOl02rTrTITC iBCna 4, rooA. 55176 f:i"i'i|*riT.7'agTTaĵ 7TJ'raji'î jti-'tVirâ 'iV'-t-jjĵ .T*rra'ri"niTr>'j/7f •T*|»p|''r'i»nf'̂ /̂y*pfl7>j'raj'rr̂ i*py*ry*jf'TTa?T*rTj'PB'rai'?ajJT̂ TJT'['i'ATii'ri'Pj/ri»i'i*rP'rfcA'Ŵ  
U F 55296 

F F Q 2 
55416 AiMflMAaAmraaAflAimGaauum7riTCr2am«TZ3umrauuuiA2CiauirTiaAAA<HTzaaflArrarTCAmaMJiAm%(mcimmAAiiT^^ 
55536 AAflAff^A^T°VA^r^TM'^T^^'^Ta7T^flA7T^AA^'^7^ffiV7?^^TAfffa^TAP^T?Tfl^^r!^A^^'JTA7^X^TAA^^^'7TylflT^TiaAfl'TTflTT^P^^?TJ^AAATglAA'^'^TATB 

aeon 5, roaA. 5565^ 
'Tt^'rnea.arTTJi'-ir;t'<'}VLft<qTajjjjnrrm*ra^aaTi*]t^'prTV?rfl7raTTa/aTT»P7TrT*f«4AAAArwT:'Wj.Ma/y»rTJ'T*i»p^jj^'i'fn^yi;if H F F Z S T K V T Y  35770 a^UTUnTJtt;ATAgCTWa'llTAlTmTLTlTi>WmU.Vi!A3WVl^a^'lAlTlV»TAAAAAJUgtArgq3lILl'lUlTL'lJii.n,i'lUi3^aA;Ml»lTiTljagqTAAm^^ 
L F Y r O X F Y F F F K F P Y O F F X C K K I I I S F F S L R C r r L i r r M r S  55990 'lUl'l'l'i'I&TAaTrrGaCACOriTLT!AlVgAAlTiaTX'iAITnu>jOTTTrtMCAlTiU:inUUUg»i'Fl'miQJttOTAAa!MAAA«AggaaUgmagWCTW S F Y a F B T ? V F S F F I F O F L R F S S ! r r L L a i H K K a i Q F Y K I , S L  560ia a«^ft:A'rrCTaaAjmijii'i'i'iiafc»»iijJw.T^';>twiM'i»i»LWk^iii t^) n 1'! t'l'l I'-l' I i^ar^yyi'i^ip-Lttwri K M I V X M F L K X S V F F L V S L L N K K I L 0 C L 8 R 6 F F C F S N 9 F L F  56130 TtACAAiTiCAatJia'MacrrjuuxAi'iJgiu'iujicaaKpfflttAAAAjiLTitjiiTL'fjcjuutfUCTCAAcriqaOTDCictMAiigTC^ i'i I'i nuhaaugrroacA L B L O L Y L  Y R L L W R Y I  J C r L r S A X r K T V I Y S K t f r X F F S G Z W R  56250 TrrTTCArracrfaTltTIWUAyA<TOIMUrLiaiJa'ilTiJUU>tflL'lUUTlUiM'gLintUUAnTTITE»gACWKOC>AtT1lgaUUlrftMAABSaCC«taCTrO^ 
F r r T o r K T G S F L F L K S H L r s S K r F T a Y R S K K F K I S H T L H I  56370 
F B L Y t f X G K L B R K r ? S K F X 7 X F S P R F I V L T S B Q R G L C F F C R  56490 Ajuat»ATfm'iu;AAra>aTgui!AArmqA;y3viAjuuuu>ciaaucmii;i'i'i!Lmuuuua.iatjuTi'mCTCArrrT!KHCTM!nurmaA3CAiyrrqa^ K S r Y S S R F V I L S r X R t T B F S P F S S L Z L I B F Y C H S F H Q L Q *  rpUS < GOSKS 56610 

H L a P X R T K F R K T B R G R L T G K I  
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PCRl (Figure 2-3). The PGR products were cloned and sequenced. A 

single continuous orf comprised of five exons was detected. 

The translation start of the orf was not defined. AUG codons are 

absent in the genomic sequence between the stop codon of rps3 and the 

beginning of the orf. In fact, the first in-frame AUG codon is in exon 5. 

The orf may use the alternative start codon UUG. UUG, GUG and AUU 

are used as alternative start codons in E. coli (Gren, 1984) and plastids 

(Michalowski, et al., 1990). For example, in Euglena gracilis chloroplast, 

the atpF gene apparendy uses the alternative start codon GUG (Drager and 

Hallick, 1993b). If the UUG codon 55 nt downstream of rps3 (coordinates 

53736-53738) is used as the initiator codon, a protein of 516 amino acids is 

predicted. This 516 aa orf has been designated rooA for "ribosomal 

operon-associated" gene, and "A" as the first such gene. The gene 

structure is exon 1, 49 nt; intron 1, 349 nt; exon 2, 4 nt; intron 2, 97 nt; 

exon 3, 613 nt; intron 3, 325 nt; exon 4, 18 nt; intron 4, 438 nt; exon 5, 

867 nt. The entire gene is 2760 nt long (Figure 2-3) (coordinates 53736-

56495). Introns 1, 3 and 4 are group n introns. Intron 2 is a group HI 

intron. Exon 2, at 4 nt long, is the smallest plastid exon reported to date. 

mRNA analvsis 

Rather than using UUG, it is possible that an AUG start codon is 

supplied by trans-splicing of the roaA transcript. To test this hypothesis, 

the 5' end of the rooA transcripts were analyzed by RNA sequencing 

(Figure 2-4). The primer cDNAl in exon 1 of rooA was 32p.end-labeled 

and used to prime cDNA synthesis from Euglena gracilis chloroplast RNA 
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Figure 2-4. Analysis of the 5' and 3' ends of the rooA transcript. 

A diagram of the rooA gene is shown, and approximate primer locations 

are indicated by labeled arrows under the diagram. RNA sequencing from 

exon 1 of rooA with primer cDNAl is shown in the left panel. The primer 

is located in exon 1 of roaA (nt 53764-53780). The sequence is indicated 

to the left of the panel. An arrow indicates the processing site between 

rps3 and roaA. RNA sequencing from exon 1 of rpll6 with primer 

cDNA3 is shown on the panel on the right. The primer is located in exon 1 

of rpll6 (nt 56588-56607). An arrow indicates the processing site between 

roaA and rpll6. 
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by reverse transcriptase. Sequence ladders were generated from cDNA 

reactions using deoxy- and dideoxynucleotides. The resulting sequence 

extended 65(+2) nt upstream of the rooA UUG start codon to a major stop 

in all lanes at position 53673Gh2 nt) (Figure 2-4). Minor stops observed 3' 

of the major stop may be due to secondary structure. Sequence extending 

beyond the major stop was the result of unprocessed transcripts containing 

rps3 and rooA. Although it is possible that the mRNA is trans-spliced 3' of 

the primer cDNAl, based on this experiment, rooA is not trans-spliced and 

begins with the alternative codon UUG. 

The 3' end of the rooA mRNA was defined by locating the 

processing site between rooA and rpll6 (Figure 2-4). A primer, cDNA3, 

complementary to exon 1 of rpll6, was 32p.end-labeled and used to prime 

cDNA synthesis from Euglena gracilis chloroplast RNA. A major stop in 

the sequence at position 56502(±2nt), mapped 50(+2) nt upstream of the 

rpll6 start codon and 7(±2) nt downstream of the rooA stop codon. It is 

possible that the 3' end of the rooA transcript is processed further 

following intercistronic cleavage. Based on these experiments the 

monocistronic, fiilly spliced and processed roaA transcript is 1623(±4) nt. 

roaA intron 2 

rooA is interrupted by one group HI and three group II introns. 

Intron 2, a 97 nt group III intron, is of particular interest. The predicted 

secondary structure and exon binding site-intron binding site interaction 

(EBS-IBS) of intron 2 is shown in Figure 2-5A (Figure and secondary 

structure analysis by Ling Hong). Sub-domain ID and domain VI have 
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Figure 2-5. Secondary structure models of rooA intron 2. A) 97 nt group 

in intron 2. Exon 2 is shown in bold letters. The exon 1 IBS is 

underlined with a solid line. The intron 1 DBS is underlined with a dotted 

line. The intron EBS is indicated with a curved arrow. B) Alternatively 

spliced 103 nt group III intron. The IBS in exon 1 is underlined. The 

insertion site for intron 1 is indicated by a large arrow. In both panels, 5' 

and 3' splice sites are indicated by small arrows and the branch site "A" is 

denoted by an asterisk. 
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been identified. As shown in Figure 2-5A, intron 2 has an EBS-Uke 

domain that may interact with an IBS partially in exon 1. If this 

interaction is required for splicing of intron 2, intron 1 must be spliced 

first to restore the intron 2 IBS. 

Alternative splicing of the rooA transcript 

To investigate the splicing pattern of introns 1 and 2, RNA splicing 

intermediates were examined using cDNA and PGR techniques. PGR 

primers PGRl and cDNA2 were used to amplify roaA cDNAs (Figure 2-

6). The PGR products were cloned and 23 independent cDNAs were 

sequenced. Three cDNAs contained a 556 nt unspliced mRNA (Figure 2-

6A), two contained a 207 nt partially spliced mRNA with intron 1 excised 

(Figure 2-6B), and sixteen contained a 109 nt completely spliced mRNA 

(Figure 2-6G). None of the cDNAs contained the partially spliced product 

with intron 2 removed and intron 1 retained (predicted 458 nt). In 

addition, the 458 nt partially spUced product was not detected when PGR 

products were fractionated on agarose gels. 

Two of the completely spliced cDNAs represented alternatively 

spliced mRNAs (Figure 2-6D). In these cDNAs, intron 2 was spliced at an 

alternative site two nucleotides 5' of the site utilized in the 21 other fully 

spliced cDNAs. Along with intron 2, exon 2 and two nucleotides of exon 1 

are excised, and the remainder of exon 1 is spUced directly to exon 3. The 

expected and alternatively spliced products differ in length by 6 nt and can 

be resolved on 5% non-denaturing acrylamide gels (data not shown). 

Although the alternatively spliced transcript appears to be less abundant 
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Figure 2-6. Splicing intermediates of ttie rooA transcript. 

Locations of primers PCRl and cDNA2 used for PCR amplification of 

RNA intermediates are indicated under the diagram of roaA. Diagrams of 

the cDNA clones are shown under each panel. Exon 2 is boxed in the 

sequence to the right of each panel. A) Unspliced. B) Intron 1 excised. 

C) Introns 1 and 2 excised, exon 2 retained. D) Alternative splicing of 

exon 2. 
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than the predicted transcript, it does accumulate to significant levels. 

Alternative splicing does not change the reading frame of the protein. 

However codons for amino acids 18 and 19 (LEU-VAL) are missing, 

resulting in an orf of 514 aa. 

Discussion 

Identification of a new chloroplast gene 

The 2.8 kbp rps3-rpll6 intercistronic spacer of the Euglena gracilis 

chloroplast rpl23 ribosomal protein operon has been found to encode a 

novel and previously unknown chloroplast gene. The new gene has been 

designated "roa" for "ribosomal operon-associated" and "A" as the first of 

this class. The 2.8 kb waA pre-mRNA is co-transcribed with the rpl23 

operon (Christopher and Hallick, 1990), and then processed to a mono-

cistronic 1.6 kb mRNA by 5'- and 3'-endonuclease cleavage and splicing of 

4 introns. The mRNA is slightly larger than the original estimate of 1.4 kb 

which was based on northern hybridization. The predicted protein product 

is a basic polypeptide of 516 amino acids. 

Group in intron splice site selection 

An unusual feature of the rooA gene structure underscores an 

interesting splicing problem. The 5' splice sites of group n introns are 

defined by tertiary interactions between the EBS and IBS (Michel, et al., 

1989). Since group HI introns are believed to be degenerate group n 

introns, the same mechanism for 5' splice site selection has been proposed 
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(Copertino, et al., 1994). However, exon 2 of rooA is only 4 nt long, 

which may be too small to contain the intron binding site (IBS) required 

for splicing of the downstream group HI intron (intron 2). The two other 

sites which could complete the IBS for intron 2 are within either intron 1, 

or exon 1 after excision of intron 1. As shown in the model for group HI 

intron structures in Figure 2-5A, the putative BBS 1-IBS 1 pairing is more 

extensive if part of IBSl is derived from exon 1 (S'GGAAUUUAGU) 

rather than intron 1 f5'UUCAUUAGU). 

Splicing of introns 1 and 2 would normally be expected to be 

unordered (Hong and Hallick, 1994). However, the splicing intermediate 

containing intron 1 and lacking intron 2 has not been detected. Although 

the existence of this intermediate cannot be ruled out, the predominant 

intermediate species lacks intron 1 and retains intron 2 (Figure 2-7). This 

example of ordered splicing is consistent with the proposed model in which 

BBS-IBS interactions function in 5' splice site selection in group HI 

introns. If EBS-IBS interactions were unimportant, the intron 1 IBS could 

be utilized as efficiently as the exon 1 IBS and splicing would be 

unordered. 

Possible strucmral basis for alternative splicing 

Intron 2 is a single intron which can be spliced as either a 97 nt or a 

103 nt group III intron depending on 5' splice site selection. Previous 

work from this lab has suggested that group HI introns might have a 

tertiary interaction comparable to the EBSl-IBSl pairing of group n 

introns (Copertino, et al., 1994). As suggested in the models in Figure 2-
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x ' "  

C«\A" 

Figure 2-7. Alternative splicing pathways. Exons are indicated as black 

boxes. Introns are represented by open boxes. The 5' end of the roaA 

transcript is shown, beginning with exon 1 and ending in the 5' end of exon 

3. The predominant splicing pathway is indicated with solid arrows. The 

less abundant alternative splicing pathway is indicated with dashed arrows. 

An undetected splicing pathway is indicated with dashed lines and open 

arrowheads. 
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5A and B, different EBSl-IBSl tertiary interactions are possible for the 

two alternatively spliced variants of intron 2. The 103 nt intron is spliced 

when exon 2 and two nt of exon 1 are excised with intron 2. In Figure 2-

5B, subdomain ID for the 103 nt intron is shown to have a different EBS 

than the 97 nt intron. The 103 nt intron EBS-IBS interaction shifts the 5' 

splice site to UUUAG. This splice site fits the group HI consensus 

sequence NUNNG. However, the UUUAG alternative splice site cannot be 

used if intron 1 is present, since intron 1 is located between the second and 

third uridines in this splice site. In the 103 nt intron splicing pathway, 

intron 1 is inserted into the 5' splice site of intron 2 and must be spliced to 

restore the splicing ability of intron 2. Thus intron 1 and the 103 nt 

version of intron 2 represent a new twintron, the sixteenth in the Euglena 

gracilis genome. This twintron is only the second example of a group n 

intron within a group HI intron. The first example is in rps3, the upstream 

gene (Copertino, et al., 1992). 

From an evolutionary standpoint, the existence of this twintron 

implies that the "alternatively" spUced species lacking exon 2 may be the 

ancestral species. Exon 2 may have evolved from the 5' boundary of an 

interrupted ancestral group EH intron. If this is the case, Euglena species 

lacking introns 1 and 2 would encode a single mRNA of 514 amino acids. 

Alternative splicing of the rooA transcript 

The evolution of exon 2 firom a group HI intron would support the 

theory that alternative splicing of group HI introns has played a role in the 

evolution of the Euglena chloroplast genome. Alternative spUcing 
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pathways of Euglena gracilis chloroplast rpll6 and rpoC group HI introns 

have previously been described (Copertino, et al., 1992). In rpll6 and 

rpoC the internal and external group HI introns of group HI twintrons are 

excised using alternative 5'- and 3'-splice sites. In rpll6, one alternative 

product is a pre-mRNA which, if translated, would yield a truncated rpll6 

protein. In rpoC, translation of an alternatively spliced pre-mRNA would 

result in the addition of four amino acids to the COOH-terminus of the 

RNA polymerase p'subunit. It is not known if these alternatively spliced 

pre-mRNAs are translated or if they undergo further processing to result 

in the fully-spliced transcripts. 

The alternative splicing of the roaA transcript is the first example of 

exon skipping during plastid mRNA processing. Although the two distinct 

polypeptide products of roaA of 514 and 516 amino acids were not 

resolved by western blot analysis and have not yet been confirmed by 

amino terminal sequence analysis, it is reasonable to speculate that both 

mature mRNAs are translated. Exon skipping is a common feature of 

alternatively spliced nuclear pre-mRNAs, but has previously been 

associated only with nuclear, spliceosomal reactions. 

Alternative splicing is another mechanism for generation of genetic 

diversity. Introns and twintrons may be so prevalent in Euglena because 

they allow adaptability via alternative splicing. Group HI introns are good 

candidates for evolutionary mediators of altemative splicing because splice 

site selection is less constrained by secondary structure and tertiary 

interactions than in group I and group n introns. 
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The complete Euglena gracilis chloroplast genome is available in 

Genebank, EMBL accession #X70810. All coordinates in the manuscript 

refer to release 42, version 36 of this accession number. 

RNA isolation 

Chloroplasts were isolated from photoautotrophically grown Euglena 

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

purified chloroplasts as described previously (Stevenson and Hallick, 

1994). Briefly, isolated chloroplasts were phenol-chloroform extracted in 

NTES buffer (100 mM NaCl; lOmM Tris-HCl, pH 7.5; ImM EDTA; 1% 

SDS) and the nucleic acid was ethanol precipitated. DNA was removed by 

treating with RQl DNase (lunit/lug, Promega) in the presence of RNasin 

(40U/10U DNase, Promega) followed by a final phenol-chloroform 

extraction. 

cDNA Svnthesis. Amplification and Cloning 

cDNAs were synthesized using specific oligonucleotide primers 

(University of Arizona Biotechnology Center). For cDNA synthesis 

reactions, 200 ng of cDNA primer was used to prime cDNA synthesis from 

5ug of chloroplast RNA using the BRL cDNA synthesis kit. Primer 

cDNAl (5-CCATTTAATAAAGTTCC-3') (see Figure 2-3 for primer 

locations) and its complement PCRl (5'-GGAACTTTATTAAATGG-3', 

coordinates 53764-53780), are in exon 1. Primer cDNA2 (5-

CGCCGTTGTTTGTTTTTAACC-3', coordinates 54301-54321) is in exon 
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3. Primer cDNA3 (5'-CCTGTTAATCTACCTCTATG-3', coordinates 

56588-56607) is in exon 1 of rpll6. Amplification programs consisted of 

25 cycles with a dissociation segment at 940C for 1 minute, an annealing 

segment at 5^C below the melting temperature of the primer (420-560C) 

for 1.5-2 minutes, and an extension segment at 12^C for 2 to 3 minutes. 

PGR products were cloned in pBS+ (Vector Cloning Systems), pKS-

(Stratagene), or the TA cloning vector (Invitrogen). Cloned cDNAs were 

sequenced by standard methods using the Sequenase DNA sequencing kit 

(U.S. Biochemical). 

RNA Primer Extension 

cDNA primers cDNAl and cDNA3 were 5' end-labeled using 20 

units of T4 polynucleotide kinase (Promega). 1 X 10^ cpm of each 32p_ 

labeled primer was precipitated with 10 ug of RNA. The RNA-primer mix 

was resuspended in 12 ul aimealing buffer (200mM KCl, 10 mM Tris-HCl, 

pH 8.3 at 420C) and annealed for 2.5 hours at 420C. The primer extension 

reactions were carried out in the presence or absence of ddNTPs as 

previously described (Christopher and Hallick, 1989). 

Computer analysis 

Various search and comparison algorithms from the University of 

Wisconsin GCG package (Devereux, et al., 1984) were used in analysis of 

both DNA and protein sequences. Amino acid and nucleic acid analyses 

were performed at NCBI using the BLAST network service (Altschul and 

Lipman, 1990) and the protein analysis program BLOCKS (Henikoff, 



1991). Additional searches of the Swissprot, Prosite and PDB databases 

were performed at the GenQuest server using the Smith-Waterman 

comparison program (Smith and Waterman, 1981). The DNA Strider 

program (Christian Marck) was used for additional sequence analysis. 
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CHAPTERS 

ISOLATION OF AND FUNCTIONAL STUDIES \MTH THE rooA 

PROTEIN 

Introduction 

Catalytic RNA molecules assume complex secondary and tertiary 

structures which are necessary for activity. Folding of these molecules in 

vivo is complicated, as the correct interactions must be established despite 

the large size of some of these molecules and the presence of many other 

RNA molecules. In addition, improperly folded RNA structures are often 

quite stable, while biologically functional structures are not necessarily the 

most thermodynamically favorable conformations. How are inappropriate 

RNA interactions disassembled, or appropriate interactions stabilized? 

In some instances, proper folding of RNA molecules is ensured by 

RNA chaperones (for review see Herschlag, 1995). The idea of RNA 

chaperones was hypothesized over 20 years ago, based on protein 

interactions with DNA (Karpel, et al., 1982, Karpel, et al., 1974). RNA 

chaperones were proposed to be non-specific RNA binding proteins which 

assist in the proper folding of introns and other RNA molecules. Recently, 

several proteins with RNA chaperone activity have been identified 

(Coetzee, et al., 1994, Mohr, et al., 1992, Munroe and Dong, 1992, 

Portman and Dreyfiiss, 1994, Tsuchihashi, et al., 1993, Zhang, et al., 

1995a). The RNA chaperone activity of these proteins seems to result 

from ionic interactions with the backbone of the RNA molecule. These 
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interactions appear to be non-specific in that RNA chaperones cannot be 

identified based on the presence of a particular RNA binding domain. 

However, RNA chaperone activity cannot be duplicated by ionic detergents 

or highly charged peptides (Herschlag, et al., 1994). In addition, not all 

highly charged proteins have RNA chaperone activity. Therefore, RNA 

chaperone activity must be specific at some level. Most proteins with RNA 

chaperone activity seem to have other cellular functions as well. For 

example, the p7 nucleocapsid protein of HIV type-1 has been shown to have 

RNA chaperone activity for a hammerhead ribozyme (Herschlag, et al., 

1994, Tsuchihashi, et al., 1993). 

RNA chaperones can act as chaperones, matchmakers or effectors 

(Herschlag, 1995). These subdivisions reflect the stage at which the RNA 

chaperone interacts with the RNA molecule. Chaperone activity involves 

destabilizing incorrect interactions and assisting appropriate interactions 

(Herschlag, et al., 1994). This role appears to be largely at the level of 

primary sequence interactions. Chaperones play no role in the catalytic 

function of the RNA molecules and once the molecule is folded, the RNA 

chaperones can be removed (Coetzee, et al., 1994). A protein with this 

type of RNA chaperone activity is the E. coli StpA protein, which has been 

shown to simulate self-splicing of group I introns in vitro (Zhang, et al., 

1995a). 

Matchmakers, or guides, assist in forming appropriate interactions 

by capturing correctly formed domains or regions and stabilizing those 

correct structures (Dreyfuss, et al., 1993, Herschlag, 1995). Matchmakers 

can also hold unstructured RNA in position to allow interactions with other 
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RNAs. Matchmakers juxtapose correctly folded pieces of RNA or open 

RNA to guide interactions. Aggregation of proteins with matchmaker 

activity also improves the odds of correct folding by increasing the local 

concentration of potentially interactive RNA (Bamett, et al., 1991, Munroe 

and Dong, 1992). hnRNP Al is proposed to act as a matchmaker in nuclei 

(Portman and Dreyfuss, 1994). 

Effectors stabilize active conformations which may be 

thermodynamically unfavorable. An example of an effector is the CYT-18 

protein, which is required for splicing group I introns in Neurospora 

(Mohr, et al., 1992). CYT-18 cannot facilitate splicing of mis-folded 

introns, but can compensate for destabilizing mutations. In contrast, S12 

has RNA chaperone activity and can facilitate splicing of mis-folded group 

I introns in vitro, but cannot compensate for mutations (Mohr, et al., 

1992). As further evidence of the different roles played by these proteins, 

CYT-18 must be present for splicing to occur, whereas S12 can be 

removed after the introns are folded (Mohr, et al., 1992). RNA chaperone 

proteins may have a single activity or a combination of chaperone, 

matchmaker and effector activities. 

Unique problems in splicing Euglena chloroplast transcripts are the 

abundance of introns (Hallick, et al., 1993) and the presence of twintrons 

(Copertino and Hallick, 1993). Twmtrons place two introns in close 

proximity, where the extemal intron is unable to fold correctly due to the 

presence of the internal intron. The internal intron must be folded 

properly and spliced before the extemal intron can be spliced. Incorrect 

pairing between the internal and extemal introns may present a 
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complication in twintron splicing. RNA chaperones could increase the rate 

of twintron splicing by destabilizing incorrect interactions and stabilizing 

correctly folded regions. Improper intennolecular interactions may be 

another problem in the intron-rich Euglena chloroplast. RNA chaperones 

could reduce intennolecular interactions and insulate folded RNAs. 

A candidate RNA chaperone in Euglena chloroplasts is the roaA gene 

product. The predicted protein product of the roaA gene has a charge of 

+57, and contains 28% aromatic amino acids. Both the charge and the 

aromatic amino acids are spread evenly through the entire roaA protein. 

Positively charged RNA binding proteins or protein domains can bind the 

negatively charged RNA backbone through ionic interactions. +57 is an 

unusually high charge, comparable to the charge on histones (Murphy and 

Blumenfeld, 1986). The amino acid composition is suggestive of RNA 

binding activity because aromatic amino acids can be inserted between the 

protruding bases of an RNA molecule (Helene and Lancelot, 1982). This 

intercalation can be useful for holding an RNA molecule in a particular 

conformation. 

Many proteins with RNA chaperone activity also play other roles in 

RNA metabolism. Several proteins which have been identified as RNA 

chaperones, such as the E. coli S12 protein (Coetzee, et al., 1994), are 

ribosomal proteins. Most ribosomal proteins interact with RNA at some 

level. roaA is located in the rpl23 ribosomal protein operon. Although 

roaA has no known homologues, it's presence in an operon composed 

entirely of proteins which interact with RNA lends credence to the idea of 

an RNA binding ability for roaA. 
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Although many RNA binding domains have been described none 

could be identified in the predicted rooA protein product. Because the 

rooA protein has an amino acid composition and charge typical of many 

RNA binding proteins it is possible that rooA encodes a general RNA 

binding protein, such as an RNA chaperone. Since the rooA gene is novel, 

it was important to first show that it is expressed in Euglena chloroplasts. 

Once the presence of the protein was determined, RNA binding and 

localization studies could be conducted to determine the role of the rooA 

protein. I have shown that the rooA protein product is expressed, and is 

differentially expressed under light and dark growth conditions. The 

protein does not appear to be associated with ribosomes. Preliminary 

results provide support for an RNA binding ability of the rooA protein. 

Results 

Immunodetection of the roaA protein product 

The rooA protein product was identified by immunoblot analysis of 

Euglena gracilis chloroplast proteins. To generate antibodies against roaA, 

two synthetic oligopeptides, KQRRFFKS (PS0134RA, amino acids 44-51) 

and KKLHSRKTR (PS0134RB, amino acids 374-382) were made (Figure 

3-1). Chickens were inoculated with either peptide and antibodies were 

isolated firom egg yolks (Poison, et al., 1985). 

To prepare chloroplast proteins for immunodetection, isolated 

Euglena gracilis chloroplasts were lysed mechanically by freeze-thawing 

and Dounce homogenization. Membranes were separated from proteins 

soluble in 0.5M ammonium sulfate by centrifugation. Soluble proteins 
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rps3 roaA rpl16 

PS0134RA 
KKLHSRKTR 

PS0134FB 
KNKQRRFFKS 

Figure 3-1. Peptide locations. In this cartoon of the roaA gene black 

boxes represent exons and open boxed represent introns. The up- and 

downstream genes, rps3 and rpll6, are shown. Direction of transcription 

is indicated by the arrow above the genes. The locations of the peptides are 

indicated by bars underneath the roaA gene. The name and sequence of 

each peptide is shown. 



Figure 3-2. Protein preparation flowchart. Whole Euglena cells were 

broken in a French press. Membranes were isolated from whole cell 

homogenate or isolated chloroplasts by centrifiigation. Supernatant 

proteins were fractionated by (NH4)2S04 precipitation. 
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were fractionated in 30 and 70% ammonium sulfate precipitations (Figure 

3-2). Proteins were separated on SDS-PAGE gels, and transferred to 

nitrocellulose for western blot analysis, shown in Figure 3-3. 

Combined antibodies raised against both PS0134RA and RB 

recognize a protein which migrates at approximately 80kD in the crude 

0.5M anunonium sulfate and 70% precipitant fractions (Figure 3-3). Both 

antibodies recognize the same 80kD band when used independendy (data 

not shown). A pre-tmmune control does not recognize the 80kD band 

(data not shown). Although the predicted size of the roaA protein is 64kD, 

the roaA protein has a predicted charge of +57 which may result in 

anomalously slow migration. 

Location of roaA protein 

Since roaA is co-transcribed with ribosomal proteins, it seemed 

likely that the roaA protein was associated with the ribosomes. Therefore, 

chloroplast ribosomal fractions were assayed for the presence of roaA 

protein. Ribosomal fractions were collected by Dr. J. Stevenson as 

described in the materials and methods. Samples of the fractions were 

separated on 10% SDS-PAGE gels and transferred to nitrocellulose for 

immunodetection. The roaA protein product was not detected in any of the 

ribosomal fractions (data not shown). This analysis does not exclude the 

possibility that roaA is loosely associated with ribosomes in vivo and was 

lost during ribosome preparation. 

Chloroplasts contain at least two DNA-dependent RNA 

polymerases. One is easily soluble and the other has a high affinity 



Figure 3-3. Immunodetection of the roaA protein product. On the 

left is a western blot using both md-roaA antibodies and secondary 

anti-chicken antibody. An immunoreactive band, indicated with an 

arrow at approximately 80kD, is visible in the 70% precipitant and 

0.5M fractions. On the right is a westem blot using only secondary 

antibody as a control for nonspecific interactions. Molecular weight 

marker locations are indicated between the two panels. 
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for cbloroplast DNA. This second polymerase is referred to as TAC 

(transcriptionally active chromosome). Because of the potential RNA 

binding ability of roaA protein, the TAC fraction was also considered a 

reasonable location for the roaA protein. TAC fractions were prepared by 

Dr. M. Little as described in materials and methods and separated on 10% 

SDS-PAGE gels. The samples were transferred to nitrocellulose for 

immunodetection. No roaA protein product was found associated with the 

TAC fraction (data not shown). Again, it is possible that roaA was lost 

during protein isolation. 

Expression of roaA under different light conditions 

Euglena are heteroautotrophs and therefore able to grow under a 

variety of conditions (Cook, 1968). Euglena grow best on heterotrophic 

media with light, allowing them to exploit both heterotrophic and 

photoautotrophic growth. Euglena can be grown entirely 

photoautotrophically when supplied with CO2 or heterotrophically in the 

dark. Dark grown Euglena are bleached and the chloroplasts form small 

irregularly shaped proplastids (Schiff and Schwartbach, 1982). 

Transcription of aU cbloroplast genes, as well as RNA processing 

and splicing, is constitutive in the plastid of dark grown Euglena (Bouet, et 

al., 1986, Dix and Rawson, 1983). Photosynthetic genes are transcribed, 

but not translated. There are also differences in the rate of transcription 

and accumulation of processed mRNAs between light and dark grown 

Euglena (Stevenson and Hallick, 1994). Proteins of the translational 

apparatus are constitutively transcribed and translated. For example, the 
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ribosomal proteins are constitutively expressed. rooA is cotranscribed with 

the rpl23 ribosomal operon (Christopher and Hallick, 1990) and despite the 

apparent lack of homology with other known ribosomal proteins, rooA was 

suspected to be a ribosomal protein. The constitutive transcription of the 

rooA gene was corroborated by northern analysis of light and dark grown 

whole cell Euglena RNA. (Northern analysis done by M. Jenkins, data not 

shown). 

To test for constitutive expression of the rooA protein, whole cell 

protein was isolated from cells grown under different light conditions 

mcluding standard high Ught, low light, red light and dark conditions (see 

materials and methods for description of specific conditions). Because 

intact proplastids of dark grown Euglena are difficult to isolate , whole 

cell protein preps were used in these studies. The protein concentration 

was determined for each sample, to allow equal loading. Protein samples 

were separated on 10% SDS-PAGE, transferred to nitrocellulose and 

probed with anti-rooA antibodies. The results for high and red light and 

dark grown cells are shown in Figure 3-4. Low light protein samples were 

also tested (data not shown). rooA is present in high and low light and red 

light samples, but is absent from dark grown cells. The unexpected light 

regulation of the rooA protein makes it unlikely that it is a novel ribosomal 

protein. 



Ant\ - roaA Pre-immune 

Figure 3-4. Light regulation of the roaA protein product. A) Whole cell protein samples from Euglena 

cultures grown under high light, red light and dark conditions were probed with both anti-raaA 

antibodies. An approximately 80 kD band, marked with an arrow, crossreacts with the anti-ro«A 

antibodies in the high and red light cultures. The 80 kD band was not detected in the dark grown culture. 

B) Whole cell protein samples from Euglena cultures grown under high light, red light and dark 

conditions were probed with pre-immune control. No crossreactive bands were observed. Molecular 

weight marker locations are shown between the panels. --j 
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Overexpression of the roaA yene 

In order to collect sufficient protein for RNA binding studies, a 

cDNA copy of the roaA gene was cloned into the pMAL expression vector. 

However, no successful expression clones were generated. Full length 

inserts were cloned in the reverse orientation, ruling out size as the 

problem. A 708 nt roaA cDNA cloned in frame with the upstream p-

galactosidase gene in the pBS cloning vector caused host cells to grow very 

slowly. Based on these results, the roaA protein product may be toxic to 

host cells, even when produced at low levels. Therefore, further attempts 

to isolate the protein were directed at the native chloroplast protein. 

Purification of the roaA protein product for amino terminal sequencing 

Purifying the roaA protein from chloroplasts provided the 

opportunity to verify the ambiguous start site and determine whether the 

alternatively spliced roaA transcript is translated. In addition, since the 

putative roaA protein was identified on the basis of cross-reactivity of anti-

roaA antibodies, the identity of the cross-reactive band needed to be 

proven. Therefore, the roaA protein was purified for amino terminal 

sequencing. 

Protein fractions were either prepared from isolated chloroplasts, as 

described for inununodetection, or whole cells were broken in the French 

press first and then Dounce homogenized and prepared following the same 

protocol as for isolated chloroplasts. Protein samples were loaded on 

DEAE columns and eluted with 2.5% (NH4)2S04. Samples were separated 

on 7% denaturing polyacrylamide gels. A silver stain of the gel is shown 



79 

 ̂ o\o 

•11 9 kD 

-97 kD 

•roaA band 

•66 kD 

•45 kD 

Figure 3-5. Silver stain of elution fractions from the DEAE column. A 

silver stained gel with flowthrough and 2.5% (NH4)2S04 elution fractions 

from the DEAE column is shown. The putative rooA band is indicated by 

an arrow. Molecular weight marker locations are indicated to the right of 

the panel. 
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in Figure 3-5 and the roaA band is indicated in the 2.5% (NH4)2S04 

elution lane. The rooA band was cut out of a PVDF blot of the same gel 

and amino terminal sequenced. 

The amino terminal sequencing results suggest that the sequenced 

band was the chloroplast hsp70 protein. Because of their similar size and 

the high charge of roaA, the rooA gene may co-migrate on SDS-PAGE 

gels with Hsp70. The pre-inmiune control does not react with the 80 kD 

band, providing evidence that the antibodies which crossreact with the 

80kD band are a result of inoculating animals with roaA peptides. It is 

unlikely that both anti-rooA antibodies, which were raised against 

completely different epitopes, would interact non-specifically with the same 

protein. 

The roaA peptides used to generate antibodies were tested for 

similarity to the DnaK protein, the E. coli Hsp70. DnaK is a homologue of 

chloroplast Hsp70 and antibodies against DnaK recognize Euglena 

chloroplast Hsp70 (Amir-Shapira, et al., 1990) The homology for both 

roaA peptides with DnaK was very poor. In addition, Hsp70 is 

constitutively expressed in other organisms (Vierling, 1991) and has not 

been shown to be light regulated in Euglena. 

Preliminary RNA binding smdies with the roaA protein 

RNA binding studies were conducted with the putative roaA protein 

product. Antibodies against the roaA protein were immobilized on 

nitrocellulose and incubated with Euglena whole cell or chloroplast 

protein. Excess protein was removed and the nitrocellulose blots were 
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incubated with in vitro 32p.iabeled RNA transcripts, including group n 

and group HI introns, twintrons and mRNA. Unbound RNA was washed 

away and the nitrocellulose blots were exposed to film. In this assay, the 

antibody should selectively bind the roaA protein, and the antibody-protein 

complex should then bind RNA. As controls for antibody specificity, pre-

immune and rabbit anti-chicken antibodies were also tested. 1 ug of 

unlabeled poly U RNA was added as a non-specific competitor to half of 

the reactions during the RNA incubation. 

Preliminary results from this study are shown in Figure 3-6. The 

non-specific and pre-immune control positions show little to no RNA 

binding activity. Assays with either anti-PS0134RA or RB antibody show 

RNA binding activity. This assay needs to be confirmed and enhanced for 

further RNA binding studies. It is of interest to note that there is no 

evidence that Hsp70 binds RNA. 
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1 2 3 4 5 

Figure 3-6. RNA binding assay. Position 1 is a non-specific control of 

secondary antibody (polyclonal rabbit anti-chicken). Position 2 is a pre-

immune control (polyclonal chicken antibody). Position 3 is combined 

anti-PSOl34RA and anti-PS0134RB. Position 4 is antibody raised against 

peptide PS0134RA. Position 5 is antibody raised against peptide 

PS0134RB. 
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rooA protein product characteristics 

A protein migrating at approximately SOkD has been detected with 

anti-rooA antibodies. Although the role of the rooA protein is still 

unknown, it has several interesting characteristics which are suggestive of 

an ability to bind RNA. The protein contains 28% aromatic amino acids 

and has a charge of +57. Both the charge and the aromatic amino acids are 

spread evenly throughout the protein. Aromatic residues in nucleic acid 

binding sites of proteins can intercalate in target nucleic acids, forcing the 

nucleic acid into a specific form (Helene and Lancelot, 1982). A charge of 

+57 could provide a high level of electrostatic interactions with negatively 

charged nucleic acids. Similarities between roaA and RNA binding 

proteins and maturases have been found with BLAST. However, these 

similarities are based on the high charge and aromatic amino acid content, 

and not localized to any known RNA binding motifs. 

A partial roaA protein product appears to be toxic in E. coli. It is 

likely that the pMAL expression vector is "leaky", allowing a constant low 

level of expression of inserted genes. An avid RNA binding protein might 

be expected to have a toxic effect on host cells by binding all RNA 

molecules and preventing translation. roaA might be successfully over-

expressed in a double repression vector system. Such an expression vector 

only allows expression of inserted genes when induced. 
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Possible roles for the roaA protein product 

The light regulation of roaA expression was unexpected since 

proteins involved in the translation machinery are expressed constitutively 

(Dix and Rawson, 1983). Splicing is also a constimtive activity, and 

proteins involved in splicing are expected to be constitutively expressed, as 

well. roaA could play a role in regulating the increased level of translation 

under Ught grown conditions. For example, the increase in pre-mRNAs 

under light grown conditions could make proper folding of introns more 

difficult than under dark grown conditions because of intermolecular 

interactions and increased rate of splicing. The roaA protein could act as 

an RNA chaperone, stabilizing appropriate interactions and preventing 

inappropriate interactions. In addition, a high concentration of RNA 

chaperones can inhibit activity of target RNAs (Herschlag, et al., 1994, 

Munroe and Dong, 1992). Expression of roaA could be inhibitory in 

proplastids because of the relatively low levels of pre-mRNAs, but 

necessary in chloroplasts with high levels of pre-mRNAs. 

Preliminary results provide evidence that roaA does bind RNA. The 

RNA binding ability of roaA was tested with a combination of transcripts 

containing group n and group IH introns, twintrons and mRNAs. The role 

of the roaA protein may be elucidated by testing for binding specificity, 

including target RNAs, primary sequences and secondary structures. 

Further work on the roaA protein product should include verifying RNA 

binding and determining specificity, if any. 

The roaA protein could also be tested for RNA chaperone activity in 

established in vitro spUcing assays for yeast group n introns. RNA 
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chaperone activity would be indicated by increased levels of self-splicing 

in vitro dependent on addition of the rooA protein. Currently, there is no 

in vitro splicing assay for Euglena introns. Perhaps an in vitro splicing 

assay could be developed with the roaA protein. Another test for RNA 

chaperone activity is studying RNA dissociation rates in the presence and 

absence of the roaA protein. Since large quantities of the roaA protein will 

be required for these assays, another attempt at over-expressing the roaA 

gene in a double-repression vector system would be worthwhile. 

The lack of an identifiable RNA binding domain may reflect a more 

general RNA binding fimction for roaA. The location of roaA in a 

ribosomal protein operon is also compatible with a potential role as an 

RNA binding protein involved in maturation or translation of mRNA. In 

particular, roaA is an excellent candidate for an RNA chaperone. Several 

proteins with RNA chaperone activity are also involved in aspects of RNA 

metabolism. 

Materials and Methods 

Computer analvsis 

See Materials and Methods in Chapter 2. 

Chloroplast protein preparation 

Euglena chloroplasts were isolated as described previously (Hallick, 

et al., 1982). Isolated chloroplasts were Dounce homogenized in TE buffer 

(10 mM Tris, 1 mM EDTA), 1 mM AEBSF, a protease inhibitor 

(Calbiochem), and a protease inhibitor cocktail (final concentrations: 35 

mM EDTA, 10 mM EGTA, 1 mM DTT, 1 mM PMSF, 1 ug/ml leupeptin). 
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(NH4)2S04 was added to 15% and the membranes were removed by 

centrifugation at 225,000 x g for 60 minutes. The supernatant was 

collected and 30 and 70% (NH4)2S04 precipitations were performed. The 

fractions were desalted by dialysis against TE, and concentrated in 

Centriprep 30s and Centricon 30s (Amicon). Samples were run on 10% 

SDS-PAGE gels, unless otherwise indicated, and a wet electrophoretic 

transfer to nitrocellulose was performed in standard transfer buffer (20% 

methanol, 25 mM Tris, 192 mM glycine). 

Whole cell protein preparation 

50 ml heterotrophic media (7 mM NaC2H302, 0.1% beef extract, 

0.2% tryptone, 0.2% yeast extract, 6.8 mM CaCl2)was inoculated with 50 

ul of Euglena gracilis from a stationary phase culture. Cells were cultured 

for 15 days, shaking in an incubator under high light (24 C^, 60 umol s'l 

m"2 lights) or dark (24 0°, no light) conditions, or at room temperature 

(25 CO) under low light (indirect fluorescent light in a clear glass flask) or 

red light (in a red flask) conditions. The low light and red light cultures 

were swirled briefly once every 24 hours to resuspend the cells. Cells 

were pelleted at 650xg for 10 minutes. Cell pellets were resuspended in 25 

ml STE (0.37 M sucrose, 10 mM Tris-HCl, 50 mM Na-EDTA, pH7.6) and 

a protease inhibitor cocktail (final concentrations: 35 mM EDTA, 10 mM 

EGTA, 1 mM DTT, 1 mM PMSF, 1 ug/ml leupeptin). Cells were broken 

in a French pressure cell in a 1" piston,using the medium ratio setting, at 

1300-1500psi giving an interior pressure of approximately 4000psi. 

(NH4)2S04 was added to the solution to 15% and the membranes were 
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pelleted at 225,000xg for 60'. The supernatant was collected and 30 and 

70% (NH4)2S04 precipitations were performed. The fractions were 

desalted by dialysis against TE, and concentrated in Centriprep 30s and 

Centricon 30s (Amicon). Protein concentrations of samples were 

determined by Bradford assay. Unless otherwise indicated, 4.5 ug samples 

were separated on 10% SDS-PAGE gels and a wet electrophoretic transfer 

to nitrocellulose was performed in standard transfer buffer (20% 

methanol, 25 mM Tris, 192 mM glycine). 

Immunodetection of the rooA gene product 

Antigenic peptides were selected using the UWGCG PeptideStructure 

program (Jameson and Wolf, 1986). These peptides were synthesized as 

multiple antigenic peptides (MAPs) (Schaaper, et al., 1989) at the 

University of Arizona Biotechnology Center. A lysine core acts as a 

carrier protein in MAPs and the antigenic peptide is assembled on this 

core, eliminating the need for coupling to a carrier protein. 50 ug of MAP 

in Freund's complete or incomplete adjuvant was used to inoculate white 

leghorn chickens. Antibodies against the individual peptides were raised 

separately by inoculating chickens with only one antigen. As a pre-immune 

control, one chicken was inoculated and boosted with Freund's adjuvant 

alone. Eggs were collected and stored at 4° C. Antibodies were isolated 

from the yolks according to (Poison, et al., 1985). Approximately three 

yolks were used for each antibody preparation. Yolk proteins were 

removed from isolated yolks by 3.5% PEG precipitation in PBS (137 mM 

NaCl, 0.3 mM KCl, 1 mM Na2HP04, 0.2 mM KH2PO4, pH 7.2-7.4). IgY 



88 
antibodies were isolated from the supernatant by 12% PEG precipitation. 

A subsequent 50% ethanol extraction was done to remove the PEG. The 

antibodies were dialyzed overnight against buffer P (PBS without NaCl) 

and stored at 40 C or -70o C. Primary chicken antibodies were used at a 

1:1000 dilution in 10-20 ml of low salt buffer (LSB: 1% Triton, 10 mM 

Tris, pH 8.0, 1 mM EDTA, 150 mM NaCl). A polyclonal rabbit anti-

chicken IgG peroxidase conjugated antibody (Sigma) was used as a 

secondary antibody. To remove non-specific interactions between the 

secondary antibody and Euglena chloroplast proteins, secondary antibodies 

were incubated at a 1:100 dilution with Euglena chloroplast proteins 

immobilized on nitrocellulose. The supernatant was collected and diluted 

1:100 for use in western analysis. The ECL western detection kit 

(Amersham) was used for immunodetection experiments. 

Ribosome preparation and TAC preparation. 

Ribosomes were isolated by Dr. J. Stevenson as described (J. 

Stevenson PhD. dissertation. Transcription and intercistronic RNA 

processing of polycistronic operons of Euglena gracilis chloroplast, 1994). 

Briefly, Euglena cells were crushed, and the cell debris pelleted. The 

supernatant was subjected to a high salt wash (50 mM Tris-HCl, pH7.8; 40 

mM MgCl2; 75 mM NH4CI; 0.1 mM spermine; 0.1 mM EDTA). The 

pelleted material was washed in Buffer n (25 mM Tris-HCl, pH7.8; 25 mM 

MgCl2; 50 mM NH4CI; 0.1 mM spermine; 0.1 mM EDTA; 1 mM DTT) 

and clarified by ultracentrifiigation. The upper 4/5 of the supernatant was 
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loaded on a 10-30% sucrose gradient to separate the 70s and 80s 

ribosomes. 70s ribosomes were collected. 

The TAC fraction was prepared by Dr. M. Little as described (Little 

and Hallick, 1988). Briefly, Euglena chloroplasts were lysed and the 

soluble proteins separated from the membrane bound DNA. A high salt 

extraction removed the soluble RNA polymerase from the DNA. The TAC 

fraction was isolated from DNA after the high salt wash with 1% triton. 

Qverexpression stodv 

cDNA clone pEZC1019 was digested with Ncol and Xbal to generate 

a 853 nt fragment spanning 385 nt of exon 3, all of exon 4, and 450 nt of 

exon 5 of the rooA gene. Various combinations of primers were used for 

PGR amplification of rooA cDNAs. The pEZC1019 fragment and PGR 

amplified rooA cDNAs were ligated in the pMAL vector (NEB). Gloned 

cDNAs were sequenced and checked for expression of rooA protein. No 

clones in the correct orientation for expression were found. 

RNA binding assay 

Antibodies were immobilized on nitrocellulose using the 

vacuum-driven Minifold dot blot apparatus (Schleicher & Schuell). 

The nitrocellulose was washed with TE (ImM EDTA, pH 8.0; lOmM 

Tris, pH8.0). 50ul of antibody was applied and followed by another 

wash with TE. The nitrocellulose was dried for 5 minutes under a 

heat lamp and blocked with Blotto (Sambrook, et al., 1989) for at 

least 30 minutes. Nitrocellulose was incubated in LSB (LSB: 1% 



Triton, 10 mM Tris, pH 8.0, 1 mM EDTA, 150 mM NaCl) with 10 

ug of fresh chloroplast or whole cell protein overnight at 40C with 

gentle shaking. Excess protein was washed off with LSB and the 

nitrocellulose was incubated with labeled RNA transcripts. Clones 

used to generate transcripts are pEZClOl? digested with EcoRI, 

pEZClOlS digested with EcoRI, pEZC1033 digested with Xbal, 

pEZC1042 digested with Xbal, and pEZC2010 digested with Xbal. 

pEZClOl? and 1018 represent cDNA copies of roaA. pEZC1033 

and 1042 represent group III twintrons. pEZC2010 represents a 

group n twintron. Transcripts were generated with T3 or T7 

polymerase (Promega Transcription Systems) and 1x10^ cpm were 

applied in several mis of RNA binding buffer (17 mM HEPES, 3 

mM MgCl2, 17 mM KCl, 1 mM DTT, 3% glycerol). RNA and 

nitrocellulose were incubated at room temperature with gende 

shaking for 30 minutes. The nitrocellulose was washed with RNA 

binding buffer and exposed to X-ray film for 2 hours. 
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CHAPTER 4 

DETECTION OF THE matl PROTEIN 

Introduction 

Evidence is accumulating that even self-splicing introns utilize RNA 

chaperones and other trans-acting factors to facilitate splicing (for review 

see Herschlag, 1995, Lambowitz and Belfort, 1993). Some group n 

introns encode maturases essential for splicing (for review see Mohr, et al., 

1993). Among these are the matK genes found in many chloroplast tmK 

genes (Mohr, et al., 1993) and the yeast mitochondrial COX ail 

(Carignani, et al., 1983) and ai2 (Moran, et al., 1994) genes. Maturases 

seem to be multifimctional proteins. Their domains include Z, X, reverse 

transcriptase (RT), and Zn fingers. The function of the Z domain is 

unknown (Xiong and Eickbush, 1988). However, the roles of the other 

domains have been defined. The X domain is responsible for RNA binding 

(Mohr, et al., 1993, Moran, et al., 1994); the RT domains transcribe RNA 

to DNA (Kennell, et al., 1993); the Zn finger is proposed to be a part of an 

endonuclease domain (Moran, et al., 1995, Zimmerly, et al., 1995). 

Altogether, these domains appear to endow maturases with the ability to 

transcribe DNA copies of RNA and insert the DNA into chromosomal 

targets. The endonuclease, RT and RNA binding activities of maturases 

have all been demonstrated in the yeast COX ail maturase (Delahodde, et 

al., 1989, Kennell, et al., 1993, Moran, et al., 1994). Most maturases do 

not contain all these domains, but all contain at least the X domain and most 

have reverse transcriptase domains V, VI and VII (Mohr, et al., 1993). 
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Maturases lacking the Z, Zn and RT domains I-IV may have lost maturase 

functions related to intron mobility. 

Euglena chloroplast contains three types of introns: group II, group 

in and various types of twintrons (Hallick, et al., 1993). Group n introns 

of the Euglena gracilis chloroplast appear to have similar core secondary 

structure to group n introns in other organisms. The Euglena group n 

introns range in size from 277-588 nt. This is shorter than group II 

introns in other organisms. Euglena group n introns often have 

abbreviated domain Is and usually domains m and IV are shortened as 

well. Group HI introns may be abreviated versions of group n introns. 

Because of their small size, group m introns cannot form the six stem loop 

domains of group n introns. However, a group HI intron version of 

domain VI has been defined by comparative analysis and the identification 

of the intron-lariat branch point (Copertino, et al., 1994). Domain I can 

also be identified in some group m introns. In addition, group m introns 

have been shown to splice via a lariat intermediate, as do group n introns 

(Copertino, et al., 1994). 

Because Euglena introns are missing domains or parts of domains, it 

is possible that they lack some of the catalytic functions necessary for self-

splicing. These fimctions may be supplied in trans, similiar to the manner 

in which spliceosomes are proposed to provide catalytic activity for nuclear 

introns (Padgett, et al., 1986a). In Euglena chloroplast, proteins such as 

maturases may facilitate splicing by providing catalytic activity specific to 

missing domains. 
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A potential group HI maturase is located in intron 4 of psbC 

(Montandon, et al., 1986). Intron 4 is a twintron, with one group III 

intron inserted into another group HI (Copertino, et al., 1994). The 

orf is located in the internal intron and has been designated matl for 

"maturase-like protein 1" (Figure 4-1). The predicted protein is 

54kD, with a pi of 10.6. It also has a high percentage of aromatic 

amino acids. Such a high pl and aromatic amino acid content 

suggests an RNA binding ability for the matl protein. In addition, 

the predicted matl protein product has typical maturase domains 

including an X domain (Mohr, et al., 1993) and reverse transcriptase 

domains V-Vn. Before pursuing studies of the potential maturase 

activity of the matl protein, expression of the matl protein needed to 

be demonstrated. In this chapter, the computer analysis of the matl 

protein sequence and immunodetection of the protein are described. 

Results 

Computer analysis of the matl protein product 

Using the GCG FASTA program (Devereux, et al., 1984), matl was 

identified as a potential maturase based on similarity with a chloroplast 

RNA-directed DNA polymerase from greeen algae KS3/2 (Keuk, 1989), 

several RNA viruses and intron encoded proteins in the yeast mitochondrial 

cytochrome b gene (Jacq, et al., 1982). A potential X domain was 

identified in matl (Mohr, et al., 1993), and further analysis by eye lead to 

the identification of reverse transcriptase domains V, VI and Vn. 
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I 
PGR cONA 

Figure 4-1. The Euglena chloroplast matl gene is encoded in a group III 

twintron within the photosystem 11 psbC gene (From D.W. Copertino 

dissertation, 1992). (A) Physical location of the psbC gene on the 145 kb 

Euglena chloroplast genome relative to other operons. The arrows 

indicate the direction of transcription. (B) Genetic structure of the 1.6 kb 

psbC twintron. The filled boxes correspond to psbC exons and open boxes 

correspond to the external group III intron. The stippled box denotes the 

intemal group III intron. The hatched box depicts the open reading frame 

matl. 



A comparative analysis of the matl protein with other potential and 

known maturases was conducted (Figure 4-2 and 4-3). Since group 

in introns are restricted to the Euglena chloroplast, comparisons 

were made with group II encoded maturases. Chloroplast matK 

protein sequences from ten species were aligned with GCG PILEUP 

and used to generate a consensus sequence. The matl protein 

sequence was compared with this consensus sequence. 

A consensus sequence for the chloroplast reverse transcriptase 

domains was generated using chloroplast matK protein sequences 

from ten species (Figure 4-2A). The chloroplast consensus sequence 

differs from a consensus sequence generated using chloroplast and 

mitochondrial maturases in critical amino acid positions (Figure 4-

2B). The chloroplast consensus sequence is lacking the DD residues 

in domain vn which have been shown to be necessary for reverse 

transcriptase activity in retrovu^ses (Steitz and Steitz, 1993). It is 

possible that chloroplast maturases may no longer encode for reverse 

transcriptase activity. When matl was compared to the chloroplast 

consensus sequence, the YVRY in domain V and the FLG in 

domain vn were identified. Domain VI has fewer conserved amino 

acids than domains V and VIE, and is harder to identify. The matl 

domain VI has few conserved amino acids, but many conservative 

substitutions. Domains I-IV could not be found in matl. In general, 

the matl sequence is quite different from the group DL intron-coded 

potential maturases. 



A) 
Domain V Domain VI Domain VII 

ENVHNCVRYG YYMLFFLRPM DNEKILANQI LSLLYTRGIK KNSSKFLLVS NT///KGFDF LGWHFKFSE 
_  _ * • * * _  _  —  _  _  _  *  _  _  _  * _  _ *  * * _  

DPhhHYVRYp Gb.ILA.KGp .hL.pKWb.Y LhpFWO..hp hp.POPRhpI NQLpppp.pF MGYhSSV.. 
L 

B)  

ENVHNCVRYG YYMLFFLRPM DNEKILANQI LSLLYTRGIK /KNSSKFLLV SNTKGFDFLG WHFKFSEK 
_ * * *  _  _  _  _  _  * * *  _  

o.bh.YVRYA DD.hhGh.Gp hb.. h..Fh...h. h.h..abp.h ( & ) . . h . F L G  . . h  

Figure 4-2. mat! reverse transcriptase domains V, VI, and VII. Comparisons of the reverse 

transcriptase domains V-VII from matl (top line) with the chloroplast amino acid consensus 

sequence (bottom line, panel A, generated with PILEUP and PRETTY) and general amino 

acid consensus sequence (bottom line, panel B, from G. Mohr et al, 1993) are shown. Domain 

VI is underlined. A variable sized gap of 4-14 amino acids occurs in the general consensus 

sequence between domains VI and VII (&). Slashes (/) represent inserted spaces. Similar 

amino acids are indicated by a dash (-). Identical amino acids are indicated with an asterisk 

(*). Positions with no consensus amino acid are indicated with a dot (.). Classes of amino 

acids are as follows; h=hydrophobic, p=polar, b=basic, a=acidic, o=aromatic. 



Line 1; KFDTIVPI-P LIGSLAKAKF /CTVSGHPIS KP-WTDL/SD SD/ILDRFGR ICR// 
Line 2: K.DphhPhhP hIG.LAK..F /C..hGHPIS K..WpDL/SD .D/IhDRF.. ICR// 

• • • _ * • • • 

Line 3: RVKRIVNNSN /YGSWKASK LYPVIKNWRE YHKYSDLRSL SYSLFFVKKH AFSAF 

L i n e  4 :  . h . h . . P h . .  h h . b L . . . G .  . h  P . .  h . . h  I h . . o . . . h . b . .  

Line 1: NLFHYYSG/S SKKKTLYRIKY ILRLSCARTL ARKHKSTVRA FLKRLGS-EL LE 
Line 2: NhFHYYSG/S SKKKpLYRhKY ILRLSCAbTL ARKHKSThRT FhKbLGS L LE 

* * • * 

Line 3: NSESKQDFYS SKRLLFKSFLV SESFNTVS// //KKYNFHIL NCFSFGHLTF L/ 
_ _ ____ _ *_ "k 

Line 4: GhhNYY.o.. .N...h..h.Y hhb.S...TL A.K.K.p..b hh.boG.../ L. 

Figure 4-3. matl X domain comparison. Line 1) chloroplast tmK X domain amino acid consensus 

sequence generated with PILEUP and PRETTY. Line 2) tmK domain X consensus sequence from G. 

Mohr et al, 1993. Line 3) General maturase X domain amino acid consensus sequence from G. Mohr et al, 

1993. Line 4) matl amino acid sequence. Amino acid sequences are in capital letters, presented in blocks 

of 10. Lower case letters indicate classes of amino acids as follows: h = hydrophobic, b = basic, o = 

aromatic, p = polar. Slashes (J) represent inserted spaces. Positions with no consensus amino acid are 

indicated with a dot (.). 

vo --4 
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In the X domain alignment shown in Figure 4-3, it can be seen 

that the matl X domain diffen significantly from other X domains. 

The X domain consensus is vague, and only a few residues are 

conserved. In addition, without understanding the role of each 

amino acid, it is difficult to know if an amino acid substitution is 

conservative. For example, in position 19 of the X domain 

comparison, the serine in matl could be considered a conservative 

change as a polar residue. However, if the role of the lysine in the 

consensus sequence is dependent on its basic characteristic, the serine 

is not a conservative change. More study of the X domain is 

necessary before a reliable diagnostic X domain can be described. It 

is possible that the vagueness of the X domain allows each maturase 

to bind different RNAs. Also, the matK maturases are believed to be 

specific for group n introns whereas matl is predicted to be specific 

to group in introns. Differences in the RNA binding domains 

between the matK and matl proteins would be expected to reflect the 

different targets of these proteins. 

The matl protein product 

The matl protein product was identified by immunoblot analysis of 

Euglena gracilis chloroplast proteins. To generate antibodies against matl, 

two synthetic oligopeptides, RKNWNNWKPQS (amino acids 95-105) and 

BCNWREYHKYSD (amino acids 358-368) were made. Chickens were 

inoculated with either peptide and antibodies were isolated from egg yolks 

(Poison, et al., 1985). 
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Whole cell protein samples were prepared from 50 ml 

heterotrophically grown cultores. Cells were ruptured in a French 

pressure cell and the membranes were removed by centrifugation. 30% 

and 55% (NH4)2S04 precipitations were performed on the supernatant. 

The 55% supernatant was loaded on a DEAE column and collected in the 

flowthrough. Proteins were separated on 10% SDS-PAGE gels, and 

transferred to nitrocellulose for western blot analysis. 

The results of the western blot analysis are shown in Figure 4-3. A 

band migrating at approximately 55 kD is recognized by antibodies raised 

against either peptide, consistent with the predicted matl protein size. 

Constitutive expression of the mat I protein 

In Euglena cells grown in the dark the chloroplasts de-differentiate 

into proplastids (Schiff and Schwartbach, 1982). Transcription of all genes 

is constimtive in proplastids and rate of transcription plays a role in control 

of gene expression (Bouet, et al., 1986, Dix and Rawson, 1983). However, 

control of expression is largely at the translational level. Proteins involved 

in transcription, mRNA processing and splicing, and translation are 

constimtively expressed. Since the matl protein product is hypothesized to 

play a role in splicing, it is also expected to be constimtively expressed. To 

test for expression of matl, whole cell protein was isolated from cells 

grown under high light and dark conditions. Whole cell protein samples 

were separated on 10% SDS-PAGE, transferred to nitrocellulose and 

probed with anti-matl antibodies. The results are shown in Figure 4-4. 



Figure 4-4. matl immunoblot. In each panel, lane I is a pre-immune control, lane 2 is whole cell protein 

from light grown cells and lane 3 is whole cell protein from dark grown cells. Each panel was probed with 

antibodies from a different chicken. Panels A and B were probed with antibodies raised against peptide 

PS0568. Panels C and D were probed with antibodies raised against peptide PS0569. 
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The matl protein product is present in both light and dark grown cells. 

This result supports our h>'pothesis that .atl may be involved in splicing. 

Discussion 

matl protein characteristics and expression 

The matl protein sequence is similar enough to other 

chloroplast intron-encoded maturases to establish a clear relationship 

between the group n and group HI intron-encoded maturase-like 

proteins. The critical maturase domains, reverse transcriptase 

domains V, VI and Vn and an X domain (Mohr, et al., 1993), have 

been identified in matl. It is also interesting to note the differences 

between potential group n and group HI intron-encoded maturases, 

especially in the X domain. These differences may reflect the 

different RNA targets of these two classes of potential maturases. It 

is difficult to predict which changes are critical to RNA target 

selection, since the target sequence is not known for any maturase. 

Highly conserved domains or sequences such as the 5' splice site are 

likely targets. 

The predicted protein product of the matl gene is 54kD and 

has a charge of +44. The pi of this protein is 10.6. Proteins which 

interact with RNA often have an overall or local positive charge. 

The positively charged region of the protein can bind the negatively 

charged RNA phosphate backbone (Helene and Lancelot, 1982). 
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A protein migrating at approximately 55kD on SDS-PAGE 

gels was recognized by antibodies raised against matl peptides. This 

55 kD putative matl protein is not light regulated and is expressed 

constitutively. Constitutive expression is expected for a maturase-

like protein, since splicing is constitutive in Euglena chloroplasts. 

The matl protein is the first example of a group HI intron-

encoded maturase-like protein, matl is located in the internal intron 

of psbC intron 4, a group HI twintron. The location of matl in a 

twintron makes it even more intriguing, since the complex structure 

and strict splicing order of twintrons would presumably benefit from 

the presence of a trans acting splicing factor. 

matl homologues 

A m^tl homologue has been found in the plastid of the non-

photosynthetic euglenoid Astasia longa (Figure 4-5) (Siemeister, et al., 

1990). Both group n and group HI introns are found in the Astasia 

plastid. The Astasia plastid genome has lost all photosystem genes, 

including the psbC gene (Siemeister and Hachtel, 1989). Although the 

psbC gene has been deleted, the Astasia matl homologue has been retained. 

Since the Astasia plastid genome has lost non-essential photosynthetic genes, 

retention of matl suggests a critical role for the matl protein. The 

presence of group HI introns in the Astasia plastid supports the hj^thesis 

of the matl protein playing a role in group HI intron splicing. Attempts to 

show cross-reactivity of antibodies which recognize the Euglena matl 
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1 MISFSLINFS. .NNLSWDKVTNLIFKLQKRLFKVSYVYDRKKLYVLQKII 48 
I I  . | : | | ; |  . . | : | I  :  I  :  I  | |  I  I  I  h  •  I  :  I  •  I  I  I I I  

1 MIFXEIPQVSFYQNPSWEKSVRLLFKVQRRLFKVSYIHDKKNLYELQKLI 50 
• • • • • 

49 VQLNYSRLLAIKLVNHSVFNENLPGVDGYVSLNFYESFELNEFLKYNVflNN 98 
• I  | : . | l l l h  I - :  l | . . : ' l l l l  • • I I M ' l l l l h h  M i l  

51 PQSNCAKLLAIREVTQLSFNKKISGVDGKTTLNFLERFELNEYLRKMWNN 100 
• • • • • 

99 WIFQNLKKVSLFDNDGKirVKKVPVISDRVWCYLVKFAIEPVHEALFHPF 148 
I  | . | : |  : : M  I  I  =  I  I  I  =  I  I  I  M  h  I  T  "  

101 WKPQSLRKRCVFDLNENLISDTISTISDRSWQVLIKFALEPVHEAFFHPF 150 

149 NLGYRSQYFIYEIQELILLNLSKFSFGSKKRVLKLDLSQNFCnJNYSFLM 198 
h h l  .  I | . : | :  l l l l l | . : M l l l l h l | : : | -  ! h l  M - : "  

151 NFGFRYNVPIYKVQQAILLNLSNISFGSKKRILKVELNCNFSIFNYDYLM 200 

1 9 9  E K L I A P R C I K L G I F K L L E K G F V L E F S N N C I F N K V D F S S L L L N I F L N G I E K  2 4 8  

201 KKLIAPRNIKLGIFRLLELGFNLHFPEN. ECQISTFSSLLLNVMLNGVEN 
V. . . .VI 

2 4 9  LHNCIRyOYFLLFFLNPIDNEKELLSKIYLFLSKLDLKFNZSEZSLSSII 

: | l h l l l | : : | I I M : M M  I  - - I -  H  •  ' ' \  I  I -  I  i  
250 VHNCVRYCnmKLFFLRPMDNEKILANQILSLLYTRGlKIClISSKFLLVSNT 

V I I  . . . .  
2 9 9  NGFDPLOWHFKFSYKSYNNLCIPPSFDNYNKFLTRIKVIINNSNYGSIIK 

• I I I I I I I I I M I  I  I - : :  M - h l  h l l l l l l h  
3 0 0  KGFDFMWHFKFSEKVKNGISAIPSLNNYQFFLNRVKRIVNNSNYGSWK 

X domain 
3 4 9  ASKIYPrVKDNXBYHnrSDLFDUnrSLCFZKKRAnaFKSESKQDFYSSK 

l l h l | : : | : | : | | | | | | | |  - M M  h l h l l -  M I I M I I M I  
3 5 0  ASKLYPVIKMWRSYHinrSDLRSLSYSLFFVKlCHIkFSAmSSSKQDrYSSK 

249 

2 9 8  

2 9 9  

3 4 8  

349 

3 9 8  

3 9 9  

445 3 9 9  S L L L K C F S V T O I F N K D L K N L Y N K F F K P L N F R H L V F L F N R G G E G F K Y F .  .  
. | | : | : |  I  :  | | .  | . .  | | « | |  

4 0 0  RLLFKSFLVSSSFNTVSKKYNFHILNCFSFGHLTFL SESINFFNKI 445 

4 4 6  ..YFCIHCGV 4 5 3  
l l h l l h  

446 NLYFC V H C G M  4 5 5  

Figure 4-5. Alignment of Euglena matl Astasia orf456. Reverse 

transcriptase domains V-Vn and the X domain are shown in bold and labeled 

above the sequence. (Alignment generated with PAIR from GCG) 
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protein with the Astasia homologue were unsuccessful, due to difficulty 

isolating sufficient quantities of protein from Astasia. 

Group n encoded maturases for which activity has been 

demonstrated act only on the host intron (Kennell, et al., 1993). 

TheEuglena chloroplast genome contains many introns but only one group 

n and one group HI encoded potential maturase have been identified. 

Perhaps in Euglena chloroplasts these maturases have evolved a global 

splicing capability. The loss of some maturase domains and activities in 

matl may have been compensated for by the ability to splice all group HI 

introns. This approach would be much more practical than having each 

intron encode a maturase for a small genome, such as the Euglena 

chloroplast. 

Materials and Methods 

Computer analysis 

Various search and comparison algorithms from the University of 

Wisconsin GCG package (Devereux, et al., 1984) were used in analysis of 

protein sequences. Amino acid analyses were performed at NCBI using the 

BLAST network service (Altschul and Lipman, 1990) and the protein 

analysis program BLOCKS (Henikoff, 1991). Additional searches of the 

Swissprot, Prosite and PDB databases were performed at the GenQuest 

server using the Smith-Waterman comparison program (Smith and 

Waterman, 1981). The DNA Strider program (Christian Marck) was used 

for additional sequence analysis witii a Macintosh EE. 
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The chloroplast maturase consensus was created with PILEUP and 

PRETTY from the GCG package. Protein sequences from Pinus contortus 

(P24685), P. thunbergii (Q00866), Oryza sativa (P12175), Secale cereale 

(JN0302), Nicotiana tabacum (P12176), Solarium tuberosum (P32088), 

Saxifragia integrifolia (P36436), Pisum sativuum (S08056), Sinapsis alba 

(P09364), and Hordeum vulgaris (S28765) were analyzed. 

Whole cell protein preparation 

As described in chapter 3. Samples were run on 10% SDS-PAGE gels, 

unless otherwise indicated, and a wet electrophoretic transfer to 

nitrocellulose was performed in standard transfer buffer (20% methanol, 

25 mM Tris, 192 mM glycine). 

Immunodetection of the matl gene product 

Antigenic peptides were selected using the UWGCG PeptideStructure 

program (Jameson and Wolf, 1986). Synthetic peptides were made at the 

University of Arizona Biotechnology Center. Peptides were coupled at 

Cocalico Biologicals. Innoculation of chickens was also performed by 

Cocalico Biologicals. Antibodies against the individual peptides were 

raised separately by inoculating chickens with only one antigen. As a pre-

immune control, eggs were collected from each chicken before inoculation. 

Two chickens were inoculated with each peptide. Eggs were collected and 

stored at 4® C. Antibodies were isolated from the yolks according to 

(Poison, et al., 1985) as described in Chapter 3. Primary chicken 

antibodies were used at a 1:500 dilution. A polyclonal rabbit anti-chicken 
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IgG peroxidase conjugated antibody (Sigma) was used as a secondary 

antibody. To remove non-specific interactions between the secondar>' 

antibody and Euglena chloroplast proteins, secondary antibodies were 

incubated at a 1:100 dilution with Euglena chloroplast proteins 

immobilized on nitrocellulose. The supernatant was collected and used at a 

1:500 dilution in western analysis. The ECL western detection kit 

(Amersham) was used for inmiunodetection experiments. 
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APPENDIX 1 

IDENTmCATION OF HcfMinAmS IN ARABIDOPSIS THALIANA 

Introduction 

Chloroplast RNA processing mutants 

Chloroplast RNA processing is a complicated series of steps 

involving many proteins encoded by both chloroplast and nuclear genes 

(for review see Rochaix, 1992). Chloroplast pre-mRNAs are often 

polycistronic and must be processed into mono- or di- cistronic units. 

Many pre-mRNAs also contain introns which must be excised. One 

approach to understanding RNA processing is to look at RNA processing 

mutants. The effects of mutations in chloroplast RNA processing range 

from lethal to undetectable, depending on the number and type of events 

affected by the mutation (Rochaix, 1992). Some mutations affect few 

RNAs or non-essential RNAs, and the plants survive (Barkan, 1988). 

However, a mutation which knocks out a single essential gene can be lethal. 

Mutations affecting RNAs with a role in photosynthesis often cause easily 

observed defects. For example, bleached or yellow-green plants result 

from defects influencing chlorophyll production (Miles, 1982). 

Another set of colorful mutants, the high chlorophyll fluorescence 

ihcf) mutants, result from blocking the photosystem I pathway (Figure A-

1) (Taylor, et al., 1987). Chlorophyll fluorescence is a wUd type trait, 

resulting from the radiation of excess energy trapped in the photosystems 

as red light (Krause and Weis, 1991). However, the photosynthetic 

electron transport system of /ic/mutants is compromised and as a result 



Soluble Enzymes: 
Rubisco, et al. 

Stroma 
NADP 

NADPH 

ATP 
ADP + Pi 
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2 H^ + 1/2 O 

Figure A-1. Diagram of the photosynthesis pathway (from T. M. Murphy and W. F. Thompson, 

Molecular Plant Development, 1988). The components of photosystems I and II and ATP synthetase 

shown in the thylakoid membrane. 
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these plants cannot use absorbed light energy efficiently (Miles, 1980). hcf 

mutants emit the excess energy as light, just as wild type plants do, but at a 

much higher level. The amount of emission depends on the severity of the 

block. In large leafed plants, such as maize, /ic/emission is visible by eye 

under UV light (Miles, 1982). Maize is also a good system to study lethal 

/ic/phenotypes, since seedlings can survive for 10-14 days after 

germination on endosperm starch (Miles, 1980). 

Arabidopsis mutants 

Arabidopsis thaliana is an excellent organism for genetic analysis 

because of its small genome and short life cycle (Meyerowitz, 1987). 

Unlike many plant systems, Arabidopsis is amenable to laboratory research 

since it can easily be grown indoors. A great deal of information about the 

Arabidopsis genome, and the resources to take advantage of this 

information, are also available. 

In addition to the usual array of chemically-induced mutants, T-DNA 

tagged mutants are also available in Arabidopsis. A T-DNA mutant library 

was generated by infecting Arabidopsis seeds with Agrobacterium 

tumifaciens (Feldmann, et al., 1989). Upon infection, a modified portion 

of the bacterial genome, referred to as the T-DNA, incorporates randomly 

into the plant nuclear genome resulting in insertional mutagenesis (for 

review see Zambryski, 1988). Mutations in genes of interest can be 

identified by screening for likely phenotypes, for example hcf. The 

bacterial DNA is well defined and can be used as a tag to isolate flanking 

plant DNA, thus isolating the gene of interest (Koncz, et al., 1990). Since 
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the genes for many chloroplast proteins are nuclear encoded, chloroplast 

mutations can also be isolated from a T-DNA library. 

The goal of this study, was to identify mutants which disrupt aspects 

of chloroplast RNA metabolism. Several /zc/mutants in maize are either 

suspected of being, or have been shown to be, involved in chloroplast RNA 

metabolism (Miles, 1994). Mutations in protein transport or the 

photosynthetic apparatus (Miles, 1980) can result also in the /icf phenotype. 

However, the frequency with which /ic/mutants have been identified as 

RNA processing mutants makes the /ic/phenotype a likely marker in an 

initial screen for ftuther RNA processing mutations. 

The screen described here was designed to identify /ic/mutants in 

Arabidopsis which will then be screened to isolate chloroplast RNA 

metabolism mutants. In plants such as Arabidopsis with smaller leaves, hcf 

mutants cannot be detected by eye. For this project, an /ic/screen using 

long film exposures was developed. 

Results 

/tcf mutant screen 

To identify hcf mutants'm Arabidopsis, plants were screened under 

UV light. Due to the small size of Arabidopsis leaves, the fluorescence is 

too weak to be detected by eye and must be recorded on film, hcf mutants 

glow pink, while wild-type tissue appears purple. Under the red filter all 

tissues appear red, but the hcf mutants are brighter. Two known 

Arabidopsis hcf mutants, 431 and 433, were provided by Ken Feldmann 
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(Department of Plant Sciences, University of Arizona) as positive controls 

to use in developing the hcf screen (Figure A-2B). Treating leaves of wild 

type plants with DCMU (3-(3,4-dichlorophenyl)-l,ldimethylurea) mimics 

the /ic/phenotype and can also be used a positive control (Figure A-2A) 

(Duysens and Sweers, 1963). 

Approximately 552 individual lines were screened after the 

emergence of true leaves, but before formation of the inflorescence. One 

of the advantages of the T-DNA tagged library is that the mutation is 

maintained in a heterozygotic state. This allows screening for homozygous 

lethal mutations. Since cotyledons are maternal tissue, the first true leaves 

must be used to determine the phenotype of the seedling. Dead or dying 

tissue can also have an /zc/phenotype, therefore a photographic record of 

the plants taken under white light with no filter is useful for eliminating 

false positives. 

A total of 35 potential /ic/mutants were identified out of 

approximately 812 screened; a rate of approximately 1/200. Although all 

the potential Ac/lines should be re-screened before further work is 

undertaken, 14 of the these lines are very convincing. In most of these 

cases, true leaves clearly show the /ic/phenotype. Line numbers refer to 

Ken Feldmann's strain numbers. The 14 lines which appear hcfaie (Table 

A-1): 43, 44, 61, 92 (Figure A-3), 161, 168 (Figure A-3), 237, 290, 349, 

354, 480, 483, 538, and 627. Lines which need to be re-screened to verify 

the /ic/phenotype are (Table A-1): 23, 29, 30, 31, 83, 96, 135, 154, 207, 

243, 297, 363, 484, 485, 486, 509, 535, 547, 548, 557, and 674. Some of 



A) CX3MU control ^ B) hcf433 

\ 
Figure A-2. /zc/phenotype. A) /ic/phenotype induced by treatment of wild-type plants with 

DCMU. B) A previously identified hcf mutant, /JC/433, supplied by Dr. K. Feldmann. 

Arrows indicate location of hcf plants. 
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A) Line 92 B) Line 1 68 

Figure A-3. /ic/mutants. A) Line 92. The mutant grows at almost the 

same rate as phenotypically wild-type siblings. B) Line 168. This mutant 

grows very slowly. The first true leaves have recently emerged on this 

mutant, while the sibling has several fuU leaves. 
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Ac/lines: potential Ac/lines: 
43 23 
44 29 
61 30 
92 31 
161 83 
168 96 
237 135 
290 154 
349 207 
354 243 
480 297 
483 363 
538 484 
627 485 

486 
509 
535 
547 
548 
557 
674 

Table A-1. Ac/and potential Ac/Unes. 
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these lines may be false positives because the tissue used to diagnose the hcf 

phenotype was maternal or dead. 

Discussion 

Arabidopsis is an ideal organism for combined genetic and molecular 

biology studies of chloroplast RNA metabolism mutants for many reasons, 

including the small genome size and the advanced genetic tools available in 

this system (Meyerowitz, 1987). Many mutants in maize have been 

attributed to defects in RNA metabolism, and it seemed likely that many 

/ic/mutations in Arabidopsis would result from disruptions in RNA 

metabolism (Miles, 1994). The major drawback of using Arabidopsis to 

identify /zc/mutants was detection of the phenotype. The small leaves 

of the Arabidopsis plant make it impossible to detect chlorophyll 

fluorescence by eye, thus a screen employing long film exposures was 

necessary to identify potential /ic/mutants. Secondarily, Arabidopsis 

seedlings cannot survive long on the endosperm, making it difficult to 

screen for seedling lethals. However, non-photosynthetic Arabidopsis 

plants can be grown to maturity on sucrose media (Valvekens, et al., 1988), 

so it is feasible to work with seedling lethals. In addition, seedling lethals 

can be propagated as heterozygotes using kanamycin as a marker. 

35 potential Ac/lines were identified in this primary screen. After 

verifying the Ac/phenotype, the next step in this project should be to carry 

out a genetic analysis of each line to determine whether or not the hcf 

mutation is linked to a T-DNA insert and the number of T-DNA inserts per 
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plant. This is important because the T-DNA tag makes retrieval of the 

gene of interest feasible. Presence of a T-DNA insert is established by 

backcrossiag /ic/plants to wild-type plants and scoring for co-segregation 

of the /zc/phenotype and a T-DNA marker, kanamycin resistance. The 

number of inserts can be determined through segregation ratios for the hcf 

and kanamycin resistance phenotypes. If more than one insert is present, 

lines with single inserts can be established by backcrossing plants. 

The /zc/lines also need to be screened at the molecular level to 

identify potential RNA metabolism mutants. One way to screen for RNA 

metabolism mutants is to use key chloroplast RNAs as reporters and look 

for unprocessed or unspliced mRNAs. A simple approach would be a PGR 

based screen, where primers for likely genes are used to amplify RNA 

samples from Ac/mutants. Another possible approach is to compare 

northern analyses of hcf and wild-type total chloroplast RNA. Either of 

these experiments could reveal processing and splicing mutations. Potential 

lethal mutations might include mutations in chloroplast splicing factors, or 

ribosomal proteins. Non-lethal mutations might include factors specific for 

processing RNAs involved in photosynthesis. 

Chloroplast RNA processing is crucial to survival of photosynthetic 

organisms and involves coordinated expression of both nuclear and 

chloroplast encoded genes. There are many steps and proteins involved in 

creating a translatable mRNA from a pre-mRNA. Surprisingly little is 

known about which proteins are involved and what role these proteins play. 

It is important to understand RNA metabolism because it plays such a large 

role in chloroplast function. The Arabidopsis /zc/mutants described here 
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may provide useful information about the proteins and processes involved 

in chloroplast RNA metabolism. 

Materials and Methods 

Library source and growth conditions 

The T-DNA library was generously provided by Ken Feldmann 

(University of Arizona, Department of Plant Sciences). Individual lines 

from this library were planted by Michael Jenkins and Rebecca Mosher (a 

UBRP student). Plants were grown in under standard laboratory 

conditions (50/50 mix of Metromix 350 and Sunshine mix soils, 50/50 mix 

of cool white lights and F40 agro fluorescent lights, at room temperature, 

210-230C). 

hcf  screen 

The hcf screen was performed in a darkroom or under a black tent in a 

dimly lit room. Plants were exposed to long wave UV light (UVP inc., 

model UVL-56 Blak-ray lamp, long wave UV-366mn, 115V, 60Hz, 

0.16Amps) and photographed with a Nikon F3 using a 55mm macro lens. 

A #25 Kodak wratten filter (red) was also used in some cases. 

Kodachrome slide film, ASA 64 gave the best results. The automatic 

exposure compensation was set at +1 to accommodate the black 

background. The automatic exposure setting was used. Exposure times 

varied depending on the number and size of the plants and use of the 
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wratten filter, but several minutes were usually required for each 

exposure. 

Lines screened 

Lines 1-812 were planted out. Some lines were not screened because the 

seedlings died. Lines that have been screened are documented in archived 

slides. 
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Maturases and chaperones in intron splicing 

Self-splicing group I and group n introns are found in mitochondria, 

chloroplasts and the bacterial progenitors of these organelles (Ferat and 

Michel, 1993, Saldanha, et al., 1993). There is growing evidence that 

maturase encoding group H introns belong to the family of retroids, which 

are elements that propagate themselves using reverse transcriptase 

(McClure, 1991). This classification is based on the discovery of group n 

intron encoded maturases. Maturases contain domains involved in excision, 

reverse transcription and insertion of introns (Lambowitz and Belfort, 

1993). While maturase activity has been demonstrated only in yeast 

(Carignani, et al., 1983), other potential maturases have been identified in 

plant and algal chloroplasts based on homology to the yeast maturases 

(Mohr, et al., 1993). Many maturases appear to have lost the domains 

necessary for mobility and are predicted to retain only the splicing activity. 

The existence of maturases makes it possible that introns originated as 

mobile, self-propagating DNA and have evolved into more sedentary 

genomic elements due to loss of maturase domains (McClure, 1991). 

Group I and group n introns are capable of self-splicing in vitro 

(for reviews seeCech, 1990, Michel and Ferat, 1995). Catalytic domains 

within the introns catalyze excision of the introns from pre-mRNA. The 

complex secondary and tertiary structures assumed by the introns have 

been determined by comparative and experimental analyses (Cech, 1990, 
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Michel, et al., 1989). These catalytic structures are difficult to form 

correctly and are often not the most thennodynamically favorable structure 

possible. There is growing evidence that in vivo, folding of both group I 

and group II introns is assisted by RNA chaperones (Herschlag, 1995). 

RNA chaperones are proteins capable of interacting with RNA molecules to 

stabilize and facilitate formation of correcdy folded catalytic RNA 

structures. Paradoxically, a key feature of RNA chaperones is the ability 

to disrupt RNA-RNA interactions. Chaperones may facilitate the 

disassembly of incorrectly folded RNA structures, allowing the RNA to 

sample other possible structures more rapidly. Some chaperones appear to 

be involved in guiding RNA-RNA interactions at the primary level (23iang, 

et al., 1995a), while others hold RNA in open conformations and bring 

such RNA molecules in proximity to one another (Portman and Dreyfuss, 

1994). Some chaperones stabilize catalytic structures and in vitro splicing 

is enhanced when they are present (Mohr, et al., 1992). All chaperones 

identified currendy have other cellular roles as well as acting as 

chaperones. Many are involved in other aspects of RNA metabolism. 

The Euglena gracilis chloroplast genome presents unique splicing 

situations. Although 38% of the Euglena chloroplast genome is composed 

of introns, splicing is extremely efficient (HaUick, et al., 1993). Euglena 

chloroplasts contain group H, group in introns and twintrons. Of these, 

group in introns and twintrons are, to date, unique to euglenoids 

(Copertino and Hallick, 1993). Group HI introns are very short, ranging 

from 91-119 nt. Although the complete splicing pathway of group HI 

introns has not yet been determined, it is known that both group n and 
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group m introns excise as lariats (Copertino, et al., 1994, Michel, et al., 

1989). However, because group HI introns are so short, they are unable to 

form most of the catalytic secondary structures which are critical in group 

n splicing. It is likely that splicing of group in introns is catalyzed by 

trans-acting factors, such as maturases. 

Twintrons present another unusual splicing situation in Euglena 

chloroplasts. Twintrons are introns within introns (Copertino and Hallick, 

1991). It is believed the presence of twintrons suggests a recently mobile 

intron population. Since such a large percentage of the Euglena chloroplast 

genome is composed of introns, a mobile intron would be likely to insert 

into another intron. In all twintrons studied, the interior intron disrupts a 

catalytic domain of the exterior intron (Copertino and Hallick, 1993). 

Therefore, the interior intron must be spliced to restore the splicing 

capability of the exterior intron. Formation of incorrect secondary and 

tertiary structures is likely since the two introns are in such close 

proximity. Correct folding of twintrons would be gready facilitated by 

RNA chaperones. 

No trans-acting factors involved in splicing of group n introns, 

group in introns or twintrons have been found in Euglena chloroplasts. 

The source of intron mobility which generated twintrons has not been 

identified. The complete Euglena gracilis chloroplast genome sequence has 

been determined (Hallick, et al., 1993), providing the opportunity to search 

for chloroplast encoded splicing factors. Genes for two potential 

maturases, matl (Copertino, et al., 1994) and mat2 (Mohr, et al., 1993, 

Zhang, et al., 1995b), have been identified in the Euglena chloroplast. 
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Regions potentially encoding genes unique to Euglena chloroplast have also 

been described (Christopher and Kallick, 1990). I have defined rooA, a 

novel Euglena chloroplast gene. I have also completed an initial 

characterization of the protein products of the roaA and matl genes. 

The rooA gene 

In E. coli and a number of chloroplasts, the gene order and content 

are conserved in the rpl23 operon (Lindahl and Zengel, 1986, 

Michalowski, et al., 1990, Tanaka, et al., 1986). However, the Euglena 

chloroplast rpl23 operon contains a new gene, rooA. The function of the 

rooA gene product remains somewhat of an enigma, since no significant 

similarities with other proteins could be identified by computer analysis of 

the predicted rooA protein product. The predicted protein product has a 

charge of +57 and is composed of 28% aromatic amino acids. These are 

characteristics indicative of RNA binding capability, however no defined 

RNA binding domains were identified in the predicted roaA protein 

product. It is possible that roaA serves as a general RNA binding protein. 

There are examples of ribosomal proteins acting as RNA chaperones 

(Coetzee, et al., 1994). Since roaA is co-transcribed with the rpl23 

ribosomal protein operon, it may be a ribosomal protein unique to Euglena 

which plays a role in splicing. 

Alternative splicing of the roaA transcript 

One of the interesting aspects of the roaA gene is alternative splicing 

of the roaA transcript. roaA is interrupted by one group III and three 
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group n introns. Exon 2 of rooA is flanked upstream by a group n intron 

and downstream by a group III intron. In group II introns, the 5' splice 

site is delineated by a stretch of at least 6 nt in the 5' exon (intron binding 

site or IBS) which interacts with a complimentary stretch in the intron 

(exon binding site or EBS)(Michel and Ferat, 1995). Group HI introns are 

proposed to use a similar splicing mechanism and potential BBS-IBS 

interactions can be identified in group HI introns (Copertino, et al., 1994). 

However, exon 2 is only 4 nt long. 4 nt is not long enough to 

accommodate an EBS-IBS interaction. 

Several possibilities for the intron 2 EBS-IBS interaction are 

possible. The IBS could be 4 nt or the IBS could extend into the upstream 

intron. Both of these possibilities result in very weak EBS-IBS interactions 
• 

and are therefore unlikely. Another possibility is that an IBS is created by 

splicing intron 1 and using sequence in both exon 1 and 2 as the IBS 

(Figure 2-5). This final possibility appears to be the most likely. Except 

in twintrons, the splicing order of introns in Euglena chloroplast is random 

(Hong and Hallick, 1994). In the rooA transcript, intron 1 is consistently 

spliced before intron 2. Introns 1 and 2 constitute a twintron in which 

intron 1 is inserted in the IBS of intron 2. 

This twintron is alternatively spliced. Intron 2 has two possible 5' 

splice sites. The most frequently utilized site results in a transcript 

encoding a 516 aa protein. In approximately 10% of the analyzed 

transcripts, an IBS entirely within exon 1 is utilized. In these transcripts 

exon 2 and 2 nt of exon 1 are excised with intron 2. The resulting 

transcript encodes for a 514 aa protein. Use of alternative splice sites by 
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group in introns has also been documented in other twintrons (Copertino, 

et al., 1992). 

Expression of the rooA protein product 

In order to show that the roaA gene is expressed, I raised antibodies 

against two independent synthetic oligopeptides. Antibodies against either 

peptide cross-react with an approximately 80 kD chloroplast protein on 

SDS-PAGE gels. The 80 kD band is not recognized by pre-immune 

controls. Although 80 kD is larger than the predicted size of 64 kD, the 

high positive charge of the roaA protein could cause the protein to migrate 

anomalously. 

Since the roaA gene is located in a ribosomal protein operon, the 

roaA protein product could be a novel ribosomal protein. To determine if 

the roaA protein is associated with ribosomes, anti-rotzA antibodies were 

used in immunoblots of ribosomal proteins. The roaA protein product was 

not identified in ribosomal preparations. It is possible that the roaA 

protein is loosely associated with ribosomes and was lost during the 

preparation of ribosomal proteins. A different ribosomal isolation 

protocol might yield different results. Since the roaA protein is a potential 

RNA binding protein it could be associated with the TAC polymerase. 

Anti-rooA antibodies were used in immunoblots against TAC polymerase 

protein preparations. Again, the roaA protein was not identified in these 

preparations, but could have been lost during the protein isolation. 

In Euglena chloroplasts, transcription and RNA processing are 

constitutive (Bouet, et al., 1986, Dix and Rawson, 1983). Control of gene 
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expression is largely regulated at the level of translation. In dark grown 

Euglena, chloroplast proteins involved in translation and RNA metabolism 

are constitutively expressed. Photosynthetic genes are only expressed in 

light grown Euglena. As part of the translational machinery, the rpl23 

ribosomal protein operon is constitutively expressed. However, the roaA 

protein product appears to be light regulated. The 80 kD cross-reactive 

band was not found in immunoblots of total protein from dark grown 

Euglena probed with anti-rooA antibodies. It is possible that the protein is 

modified and migrates in a different position, but no likely bands were 

identified. 

Light regulation of the rooA protein was an unexpected result. One 

possible explanation for the light regulation of roaA is as a facilitator of 

either splicing or translation. Response to light requires rapid up-

regulation of transcription and translation of all light induced genes. It is 

possible that the regular splicing machinery is overwhehned by the sudden 

increase in the rate of transcription. Guide molecules such as chaperones 

could expedite the light response by increasing the rate of splicing. RNA 

chaperones may be not only unnecessary, but inhibitory in dark grown 

cells. The lower levels of pre-mRNAs in dark grown cells may be 

overwhelmed by chaperones. It has been shown that high levels of 

chaperones acmally inhibit RNA folding and splicing (Herschlag, et al., 

1994, Munroe and Dong, 1992). 

Several questions regarding the roaA transcript remain to be 

answered. The ambiguous start site needed to be confirmed and it was 

unknown whether or not the alternatively spliced 514 aa transcript was 
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translated. Both of these questions could be answered by amino terminal 

sequencing the proteLa identified as the rooA product. Therefore, the 

immunoreactive 80 kD band was isolated for amino terminal sequencing. 

The isolated band was identified as chloroplast Hsp70 by amino terminal 

sequencing. While this result may be accurate, it is best explained by co-

migration of the roaA protein product and Hsp70 for the following 

reasons. First, it is unlikely that antibodies raised against two independent 

roaA antigens would both non-specifically react with Hsp70. Also, the 

anti-rooA antibodies appear very specific. There is very little background 

in immunoblots. The anti-rooA antibodies do not recognize the 80 kD 

band in dark grown Euglena. Since Hsp70 is constitutively expressed in 

other organisms (Vierling, 1991), this result is inconsistent with the 

antibodies cross-reacting with Hsp70. Finally, based on results from 

preliminary RNA binding experiments, roaA appears to be an RNA 

binding protein. Hsp70 does not have any known RNA binding ability. 

matl protein product 

The intron-encoded orf in psbC intron 4 has been identified as a 

potential maturase based on similarities with retroviruses and other 

chloroplast maturases (Copertino, et al., 1994). The 458 aa orf, which was 

previously named ycfl3, has been designated matl, for maturase-like 

protein. Reverse transcriptase domains V, VI and Vn and the X domain 

have been identified in the matl predicted protein product. Although these 

domains are present, the matl protein sequence differs significantly from 

other maturases and potential maturases. Other maturases identified to date 
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are specific for group n introns (Mohr, et al., 1993). psbC intron 4 is a 

group in twintron and mail is encoded in the interior intron. matl may 

be specific for group HI introns and differences in critical domains may 

reflect that specificity. 

The matl protein is expressed and has been identified. Antibodies 

were raised against two independent synthetic matl oligonucleotides. 

These antibodies recognize a band in Euglena chloroplast proteins which 

migrates at approximately 55kD on SDS-PAGE gels. The protein is 

expressed in both light and dark grown cells, as is expected of a protein 

playing a role in splicing. 

Future directions 

A potential RNA chaperone and a potential group m intron maturase 

have been identified in the Euglena chloroplast genome. This preliminary 

data can be expanded on to define the roles these two proteins play in 

Euglena chloroplast. They might also provide general information 

regarding the function of maturases and chaperones. 

The first step which should be taken is to verify the identity of roaA. 

This can be easily accomplished by testing the roaA antibodies for cross-

reactivity with a pure sample of Hsp70. roaA antibodies should not cross-

react with Hsp70. Alternatively, antibodies against Hsp70 could be 

checked for cross-reactivity with a light regulated Euglena chloroplast 

protein. The Hsp70 antibodies would be predicted to recognize a 

constitutively expressed protein. 
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After establishing the specificity of the anti-rooA antibodies, further 

RNA binding studies could be pursued for both the rooA and matl 

proteins. The proteins could first be tested for transcript specificity. For 

example, the matl protein might be expected to bind group HI introns 

preferentially while the roaA protein might be predicted to bind RNA in a 

non-specific manner. Specific binding activity could also be further tested 

for regions of RNA, such as domain VI. 

Currently there is no in vitro splicing assay for Euglena introns. It 

is possible that a successful in vitro splicing assay could be developed using 

the matl or rooA proteins. The roaA and matl proteins could be 

overexpressed or purified for use in splicing assays. Alternatively, the 

matl and roaA proteins could be tested for activity in established splicing 

assays. For example, if roaA has maturase activity, it might improve the 

completion rate of in vitro splicing of a yeast group II intron. Domain 

specificity might be determined in domain swapping studies with the matl 

protein and group n intron maturases. 
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