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ABSTRACf 

The chloroplast genes of Euglena gracilis contain more than 100 

introns. A comparison of intron content and position among plastid 

and prokaryotic genes has lead to the hypothesis that introns have 

been inserted into chloroplast genes during evolution. 

Several Euglena loci contain unusual introns. These introns 

have been characterized by direct primer extension cDNA 

sequencing, cDNA cloning and sequencing, and northern 

hybridization. The psbF locus has a 1042 nt intron that appears to be 

one group II intron inserted into domain V of another group II 

intron. It was determined that a 618 nt internal intron is first 

excised from the 1042 nt intron, resulting in a partially spliced pre

mRNA containing a 424 nt group II intron with a spliced domain V. 

The 424 nt intron is then removed to yield the mature psbF mRNA. 

The term "twintron" was used to define this new genetic element. 

Splicing of the internal and external introns occurs via lariat 

intermediates. 

The splicing of the 409 nt intron of the rps3 gene was also 

examined. This intron is a "mixed" twintron, composed of a 311 nt 

group II intron internal to a 98 nt group III intron. 

The splicing of four additional introns with mean lengths twice 

typical group III introns, three within the rpoC 1 gene and one within 

the rp1l6 gene, was analyzed. The 1604 nt intron in the psbC gene, 

which encodes orf458, was also examined. These introns are group 

III twintrons. 0 rf45 8 is encoded within the internal group III intron 
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of the psbC twintron. Splicing of internal introns in three of the five 

group III twintrons involves multiple 5'- and/or 3'-splice sites. 

Excised group III introns accumulate as lariat RNAs. 

Twintrons represent evidence for intron insertion during gene 

evolution. One possible mechanism for twintron formation is by 

intron transposition. The disruption of functional domains by 

internal introns may necessitate a sequential in vivo splicing 

pathway, requiring excision of internal introns prior to excision of 

external introns. The origins of alternative splicing and a possible 

evolutionary relationship between group II, group III and nuclear 

pre-mRNA introns are discussed. 



17 

DISSERTATION OVERVIEW 

In order to understand the significance of twintrons, or introns 

which interrupt other introns, to intron biology in general, I felt that 

a review of RNA evolution and RNA structure/function was in order. 

These topics are therefore reviewed in chapters one and five, 

respectively. Chapters two, three, and four are devoted to the 

experimental analysis of twintrons in chloroplast genes of E ug lena 

gracilis. 

Chapter one of this dissertation is an introduction. In this 

chapter I review the early environment in which life likely arose, 

and the constraints this environment must have imposed on 

molecular evolution, particularly the evolution of RNA. I then 

present the central dogma of molecular genetics, and review the 

discovery of introns and mechanisms of intron excision. I also 

include a brief review of the mechanisms of intron insertion, and the 

function of organellar intron-encoded open reading frames and 

nuclear-encoded splicing factors. I then discuss introns as they relate 

to reverse transcription and mobile genetic elements. I then discuss 

the catalytic properties of RNA in light of a transition from an RNA 

world to the modern DNA/protein world. Finally, as an introduction 

to Euglena gracilis as a system, I discuss the phylogeny of Euglena 

and its chloroplast, as well as the introns which interrupt coding 

regions in the nuclear and chloroplast genes of Euglena. 

Chapter two describes the first experimental evidence for the 

existence of an intron-within-an-intron, or twintron. This chapter is 
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the basis of a published manuscript in which I focus on various 

experimental approaches used to identify intermediates in the 

mRNA maturation pathway of a group II twintron. 

Chapter three has also been published and focuses on a mixed 

group II/group III twintron. In this chapter I discuss the 

significance of twintron formation as evidence for intron insertion 

during gene evolution, as well as potential mechanisms for twintron 

formation. 

Chapter four is devoted to the analysis of group III twintrons, 

and has also recently been published. In this chapter I discuss 

structural features of group III introns, and potential mechanisms of 

group III intron excision, including a possible maturase encoded 

within a group III twintron. I also present a discussion on twintron 

formation and alternative splice site selection. 

Chapter five is a general discussion in which I review what is 

known about general RNA structure and ribozyme structure and 

chemistry. I also review RNA structures known to be required for 

catalytic activity involving group I, group II, and nuclear pre-mRNA 

introns. I then include a discussion on common features of group II, 

group III, and nuclear pre-mRNA introns, particularly as these 

features may pertain to potential mechanisms of group III intron 

excision. Finally, I present some ideas for future prospects 

concerning twintron evolution and group III intron excision. 
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One of the most enigmatic questions throughout the history of 

biology concerns the origin of life. To begin to understand the 

evolutionary process that resulted in primitive life-forms, one must 

come to grips with the environment of early Earth from which life 

emerged. From several credible, theoretical models one can predict 

the state of the prebiotic atmosphere during the process of formation 

of the Earth's surface (for review see Pace, 1991). The pressures 

(500 atm H20) and temperatures (5000C-I0000C) would have been 

extremely high. Certainly, the surface of the Earth had to cool in 

order to form complex organic molecules. 

Common Ancestor of Modern Life. The nature of the common 

ancestor of all modem life is not known. However, it is reasonable to 

assume that the earliest life forms evolved at temperatures at least 

as high as temperatures at which modern orgamsms occur. Several 

thermophilic organisms can be maintained at temperatures of 100-

1100C in the laboratory, and other microorganisms may exist at 

temperatures as high as 1500C (for review see Stetter et aI., 1990). 

The advent of molecular phylogeny, that is the establishment of 

evolutionary relationships of modern organisms by macromolecular 

sequence comparisons, has greatly improved our understanding of 

the evolutionary history of life. For example, molecular phylogenies 

derived from ribosomal RNA (rRNA) have established that all known 
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organisms are related, linking modern organisms to a common 

ancestor (Pace, 1991). 

Based on molecular characterizations, all modern organisms are 

thought to be classified into three primary lineages formally known 

as eubacteria, archaebacteria, and eukaryotes, proposed to be the 

domains Bacteria, Archaea, and Eucarya, respectively (Woese et al., 

1990). Although the root of this universal phylogenetic tree is not 

apparent, a rooting strategy in which aboriginally duplicated genes 

are used as outgroups places the root of the tree along the 

eubacterial branch (Iwabe et al., 1989; Woese et al., 1990). However, 

to identify the most closely related modern organism to a common 

ancestor, one must also consider rates of evolutionary change. For 

example, based on rRNA sequence divergence, archaebacteria 

possess fewer accumulated mutations and are therefore more closely 

related to a common ancestor than either eubacteria or eukaryotes 

(Pace, 1991; Woese, 1987). 

The most evolutionarily primitive genera of archaebacteria 

occupy geothermal environments such as submarine hydrothermal 

vents (Stetter et al., 1990). These organisms require high growth 

temperatures, geochemical energy sources such as sulfur and 

molecular hydrogen, C02 fixation, and anaerobic conditions (Pace, 

1991). Many of these growth characteristics are believed to be 

similar to those required by the most recent common ancestor of all 

modern life (Woese, 1987). Therefore, it seems likely that modern 

geothermal settings, such as submarine hydrothermal vents, may 
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mimic the prebiotic environment that gave rise to the 

chemosynthetic, thermophilic universal ancestor (Corliss, 1990). 

Evolution of the Organic Chemistry of Life. One major consideration 

for the formation of life is the environmental constraints on the 

evolution of the organic chemistry of life. It is generally accepted 

that the simple organic molecules found in cells, such as amino acids, 

nucleic acid bases, and sugars, readily form in an aqueous 

environment, and would have been prevalent on the primitive Earth 

(Miller and Orgel, 1974). However, biological systems require that 

these simple organic molecules polymerize into functional 

macromolecules such as nucleic acids and proteins. The 

phosphodiester bond in nucleic acids and the peptide bond In 

proteins generally form by dehydration, or the removal of water. In 

an aqueous environment in which water has a concentration of SSM, 

hydrolysis is far more favored over polymerization (Pace, 1991). 

Polymerization becomes even more untenable in an aqueous 

environment at high temperatures. 

The idea that RNA preceded DNA In early evolution was first 

suggested in the late 1960s (Crick, 1968; Orgel, 1968; Woese, 1967). 

Within the last decade, advances in RNA chemistry have resulted in 

increased attention on the RNA molecule during pre-cellular 

evolution. RNA may represent the earliest genetic information due to 

its ability to act as a repository for genetic information and its 

catalytic properties (see below). However, the chemical property of 

RNA that renders the molecule catalytic, also renders the polymer 
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susceptible to hydrolysis in an aqueous environment. The ribose 2'

OH, which distinguishes RNA from DNA, acts as an excellent 

nucleophile in nucleophilic substitution reactions involving the RNA 

polymer. The 2'-OH group makes a nucleophilic attack on the 3'

phosphate, with the 5'-OH of the RNA polymer acting as the leaving 

group. This reaction results in the formation of a 2'-3'-cyclic 

phosphate and a concurrent break in the RNA phosphodiester bond. 

High temperature, high pH, and divalent cations (which polarize the 

phosphate groups) accelerate the hydrolysis reaction. 

It seems reasonable to assume that given the likely state of the 

prebiotic environment, the nature of the organic chemistry, and the 

RNA polymer chemistry neccessary for life, the "RNA world" would 

have required a special microenvironment in which to develop. It 

has been proposed that life arose in an organic scum, or involved 

organic surface chemistry on clays, in which the concentration of 

water could have been high, but the chemical activity of water was 

low (for review see Pace, 1991). Indeed, even within the aqueous 

environment of the cell, there are two forms of solvent (Fulton, 

1982). About half of the water in a cell is immobilized by hydration 

of polar molecules (water of hydration) resulting in low chemical 

activity, and the remaining has the physical and chemical properties 

of bulk water. It is possible that these two phases of water were 

maintained during cellular evolution, and in fact, the water of 

hydration phase may be the major site of cellular regulation (for 

review see (Fulton, 1982). 
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The exact nature of the earliest genetic system is unknown, 

although the recent focus has been the RNA molecule. Others have 

argued that the prebiotic synthesis of ribose and the ribonucleotides 

would have been inefficient (Joyce et aI., 1987). In addition, the half

life of ribose would have been short on an evolutionary time-scale, 

and enantiomeric inhibition would have been problematic for the 

replication of an early genetic system based on RNA (Joyce et aI., 

1987). Joyce et aI. (1987) suggest that the RNA genome evolved from 

a polymer composed of flexible, acyclic nucleotide analogues that 

were readily synthesized and easily replicated on the primitive 

Earth. One such system could have been based on glycerol-derived 

acyclonucleosides, formed by the condensation of glycerol with 

formaldehyde, followed by heating with the four bases (Joyce et aI., 

1987). These components would have been prevalent and stable on 

the primitive Earth. Eventually, the RNA molecule could have 

evolved from this ancestral genome, probably due to its 

advantageous physical and chemical properties. 

DNA and the Central Dogma of Molecular Genetics. Deoxyribonucleic 

acid (DNA) was first discovered in 1869 by Friedrich Miescher, who 

extracted the material from the nucleus and called it nuclein (for 

history of DNA see Fruton, 1972; McElroy and Glass, 1957). In 1944, 

Avery and colleagues first demonstrated that DNA was the genetic 

material by producing virulent bacterial cells from avirulent 

bacterial cells by classical transformation experiments (A very et aI., 

1944). The molecular structure of DNA was defined in 1953 by 
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Watson and Crick (Watson and Crick, 1953), with the help of X-ray 

diffraction data from Rosalind Franklin and Maurice Wilkins. The 

structure of the DNA double helix led to several important 

discoveries concerning the transfer of genetic information in the cell. 

Meselson and colleagues showed that messenger RNA (mRNA) was 

responsible for the transfer of information from DNA to protein 

(Brenner et aI., 1961). Finally, in the early 1960s, Nirenberg and 

Khorana and their colleagues determined the genetic code linking 

nucleic acid to protein with the discovery of the three base code or 

"codon" (for review see Nirenberg, 1963). These discoveries lead to 

the central dogma of molecular genetics in which RNA transcription 

mediates the transfer of genetic information from DNA to protein 

synthesis by ribosomes. 

Introns and Mechanisms of Intron Excision. In 1977, two groups 

discovered RNA splicing In the synthesis of the adenovirus 2 late 

mRNA (Berget et aI., 1977; Chow et aI., 1977). Introns were 

subsequently found in many genes in many species leading to much 

speculation as to the evolutionary implications for interrupted genes. 

Currently, there are two main views of intron evolution: "introns 

early" versus "introns late". The introns early hypothesis states that 

splicing mechanisms were in place in the most primitive cells, and 

prokaryotes lost their introns by "genomic streamlining" for rapid 

DNA replication (Darnell and Doolittle, 1986; Doolittle, 1978). Gilbert 

and his colleagues have extended this view and proposed the "exon 

shuffling" hypothesis, which defines introns as primitive elements 
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that mediate the recombination events that assemble exons, the 

structural and function domains of proteins (Dorit et aI., 1990; 

Gilbert, 1978; Gilbert et aI., 1986). The introns late hypothesis states 

that introns have been added to ancestral genes, and that splicing 

mechanisms emerged with the eukaryotic cell or soon thereafter 

during evolution (Orgel and Crick, 1980). Recently, a new and more 

plausible hypothesis concerning intron phylogeny states that introns 

are of unequal antiquity (Cavalier-Smith, 1991). 

The highly structured, self-splicing group I introns, which have 

also been found within eubacterial Leu-tRNA genes (Kuhsel et at, 

1990; Xu et aI., 1990), are probably the most ancient, originating 

about 3500 million years ago (Cavalier-Smith, 1991). Nuclear 

spliceosomal introns probably evolved from self-splicing group II 

introns between the origin of mitochondria from eubacterial 

ancestors (1000 million years ago) and the origin of the nucleus 

(1700 million years ago). The protein-catalyzed introns of nuclear 

tRNA genes and archaebacterial tRNA and rRNA genes probably 

evolved from the self-splicing group I introns about 1700 million 

years ago (Cavalier-Smith, 1991). This hypothesis is based on the 

fact that some archaebacterial Leu-tRNA genes possess a protein

catalyzed intron in the same position within the anticodon loop as 

the group I introns within the eubacterial Leu-tRNA genes. 

The initial discovery of introns occurred about 15 years ago, 

but the molecular mechanisms of intron excision are only partially 

understood. There are at least three distinct mechanisms of intron 
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excision. Self-splicing nuclear, organellar, and eubacterial group I 

and organelle group II introns are RNA-catalyzed in cis, requiring 

intron secondary and tertiary structure for proper excision (Cech, 

1990; Michel et aI., 1989). Nuclear pre-mRNA splicing occurs in a 

complex ribonucleoprotein particle called the spliceosome, and is 

probably catalyzed by one or more of the small nuclear RNAs 

(snRNA) that are part of this complex (see below). The excision of the 

small introns located in the anticodon loops of eukaryotic precursor 

transfer RNA (tRNA) and precursor tRNA and rRNA of archaebacteria 

is protein catalyzed, requiring an endonuclease and an ATP

dependent ligase (Greer et aI., 1983; Peebles et aI., 1983; Peebles et 

aI., 1979). 

The introns 1D fungal and plant organelles have been classified 

into two groups based on several conserved sequences, and 

conserved core secondary structures (Davies et aI., 1982; Michel and 

Dujon, 1983; Michel et aI., 1982). Group I intron excision occurs via 

two successive transesterification reactions consistent with an in

line, bimolecular, nucleophilic substitution reaction, or an SN2 (P) 

mechanism (for review, see Cech, 1990). The first reaction is 

initiated by a nucleophilic attack at the 5'-splice site by the 3'-OH of 

an exogenous guanosine or guanosine nucleotide (GMP, GDP, or GTP), 

which forms a 3'-5'-phosphodiester bond with the intron. In the 

second reaction, the 3'-hydroxyl of the 5'-exon attacks the 

phosphorus atom at the 3'-splice junction resulting in 5'- and 3'-exon 

ligation and intron excision. Group I excision requires Mg++, and the 
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two reactions are reversible. The excised intron may convert to a 

circular form by an intramolecular transesterification reaction, which 

may shift the equilibrium in favor of spliced exons (Cech, 1990). 

Many of the group I introns self-splice in vitro. Intron secondary 

structure mediates this process (Bass and Cech, 1986; Cech, 1988). 

Using comparative sequence analysis of 87 available group I introns, 

a three-dimensional (3D) model for the catalytic core of group I 

introns has been developed (Michel and Westhof, 1990; see Chapter 

5). Interestingly, shortened versions of the Tetrahymena group I 

intron also have other enzymatic activities which turnover upon 

reaction with RNA substrates (for review, see Cech, 1990). Enzymatic 

activities include a sequence-specific endoribonuclease, a 

nucleotidyltransferase using dinucleotides, an RNA ligase using an 

external template. and a phosphatase. All catalysis occurs via 

transesterification reactions utilizing the same active site as the 

splicing reaction in either the foward (first step) or reverse (second 

step) directions. Group I intron splicing probably requires proteins in 

vivo (Cech, 1990; see below). 

Group II introns have conserved core secondary structures and 

intron boundary sequences distinct from that of the group I introns 

(Keller and Michel, 1985; Koller et al., 1984; Michel et al., 1983; 

Michel et al., 1982). The secondary structure is represented as a 

central core with six radiating helical domains (I-VI) (reviewed III 

Michel et al., 1989). The mechanism of group II intron excision, as 

determined by in vitro studies of yeast (Saccharomyces cerevisiae) 



28 

mitochondrial self-splicing introns, involves two successive 

transesterification reactions (Peebles et aI., 1986; van der Veen et aI., 

1986). First, the 2'-hydroxyl of an internal adenosine residue within 

domain VI initiates a nucleophilic attack at the 5'-splice site. In the 

second reaction, the 3'-hydroxyl of the 5'-exon makes a nucleophilic 

attack at the 3'-splice junction resulting in 5'_ and 3'-exon ligation 

concomitant with intron excision. Group II introns are excised as 

"lariats" In which the 5'-nucleotide of the intron is linked to the 

internal adenosine residue within domain VI via a 2'_5'_ 

phosphodiester bond. Domain V of the conserved secondary 

structure is absolutely required for the first transesterification 

reaction, and may also deliver the branch site of domain VI to the 

5'-splice junction (Jarrell et aI., 1988). Other structural elements 

participating in secondary and tertiary interactions are also involved 

in the splicing process (Jacquier and Jacquesson-Breuleux, 1991; 

Jacquier and Michel, 1987; Jacquier and Michel, 1990; Michel et aI., 

1989; also see Chapter 5). Group II intron splicing also requires 

proteins in vivo (Carignani et aI., 1983; see below). 

Nuclear pre-mRNA introns are defined in cis by the 5'_ and 3'_ 

splice site and branchpoint sequences. These introns are said to 

follow the 5'-GU--AG-3' rule, as defined by the conserved residues at 

the exon/intron boundaries (Sharp, 1981). Splicing occurs by two 

successive transesterification reactions initiated by a nucleophilic 

attack at the 5'-splice site by a 2'-OH from an internal adenosine 

within the branchpoint sequence (Green, 1986; Guthrie, 1991; 
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Maniatis and Reed, 1987; Padgett et aI., 1986). Nuclear pre-mRNA 

introns are also excised as lariats. Excision of pre-mRNA introns 

depends on trans-acting splicing factors that consist of snRNA

containing ribonucleoprotein particles (snRNPs) Ul, U2, U4-U6, and 

U5 and an ever increasing number of accessory precursor RNA 

processing (PRP) proteins (for review, see Guthrie and Patterson, 

1988; Ruby and Abelson, 1991; Steitz et aI., 1987; Steitz et aI., 1988). 

These factors recognize and assemble around the pre-mRNA to form 

a large ribonucleoprotein complex, the spliceosome (Green, 1986; 

Maniatis et aI., 1987; Ruby et aI., 1991; Smith et aI., 1989; Steitz et 

aI., 1987). It is thought that the components of the spliceosome 

function to fold the intron into an active conformation for splicing. 

Due to the relatively low information content of nuclear introns, 

many also believe that the snRNAs, either individually, in 

combination, or as interactions with the intron, catalyze the splicing 

reaction (Guthrie, 1991). The similarity of intron boundary 

sequences and the common two-step transesterification splicing 

mechanism lead to the suggestion of an evolutionary relationship 

between group II introns and nuclear mRNA introns (Cech, 1986a; 

Perlman et aI., 1990). 

There may be corresponding structural/functional features 

between the snRNAs and the cis-encoded domains of group II 

introns (see Chapter 5). Ul and U2 snRNPs play essential roles in 

early spliceosome assembly via snRNA base-pair interactions at the 

5'-splice site and branch point, respectively (Guthrie, 1991; Parker et 
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aI., 1987; Seraphin et al., 1988; Siliciano and Guthrie, 1988; Wu and 

Manley, 1989; Zhuang and Weiner, 1986; Zhuang and Weiner, 1989). 

U2 binds to the branch site following VI association with the pre

mRNA (Cheng and Abelson, 1987; Pikielny et al., 1986). The U5 

snRNP has recently been implicated in the two cleavage-ligation 

reactions involving the 51-splice site (Newman and Norman, 1991; 

Newman and Norman, 1992). The phylogenetic ally conserved single

stranded loop of the U5 snRNA has been shown to interact with exon 

sequences at the 51
- and 31-splice sites (Newman et al., 1992). The 

function of the U4 and U6 snRNAs is not understood. Apparently, 

U4-U6 and U5 snRNPs associate into an snRNP particle, which then 

enters the splicing complex following U2 association (Cheng et aI., 

1987; Konarska and Sharp, 1987; Lamm et aI., 1991; Seraphin et al., 

1991). U4 apparently leaves the U4-U5-U6 particle forming an 

intermediate complex to the active spliceosome (Blencowe et aI., 

1989). The disruption of the strong U4-U6 snRNA base-pair 

interaction would probably require an RNA helicase, and could 

activate U6 for catalysis (see below). In this view, U4 could be acting 

as an antisense negative regulator (Guthrie, 1991). Consequently, 

Guthrie has proposed that the U6 snRNA may be the most likely 

candidate for a catalytic RNA (Brow and Guthrie, 1989; Guthrie, 

1991). This hypothesis is also supported by the phylogenetically 

conserved and functionally important nucleotides at or near stem I 

of U6 snRNA (of a U4-U6 intermolecular helix) (Guthrie et aI., 1988), 

the fact that mutations in these regions block either the first or the 
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second step in splicing (Fabrizio and Abelson, 1990), and the 

presence of introns in these regions (Guthrie, 1991; Tani and 

Ohshima, 1989). 

A working model has been proposed for the assembly of the 

spliceosome (Ruby et at, 1991). It is known that A TP is required for 

several steps along the assembly pathway. These same steps also 

require PRP proteins that represent putative RNA helicases. It is also 

known that several steps along the pathway can be resolved 

biochemically and correspond to intermediate spliceosome 

complexes. One popular hypothesis is that ATP-dependent RNA 

helicases function to change the conformation of the spliceosome 

thereby driving the assembly process (Guthrie, 1991; Ruby et at, 

1991). This process may also be important to the fidelity of nuclear 

pre-mRNA splicing (Burgess et at, 1990). 

The splicing of eukaryotic pre-tRNAs and archaebacterial pre

tRNAs and pre-rRNAs is protein-catalyzed. An endoribonuclease is 

responsible for recognition of and binding to the precursor RNA 

molecule, followed by cleavage at the two splice sites. In yeast, the 

endonuclease recognizes the mature domain of the pre-tRNA, which 

is folded into an L-shaped conformation that is stabilized by the 

interaction between the D and T'VC loops, and measures the distance 

to the splice sites (Mattoccia et aI., 1988; Reyes and Abelson, 1988). 

The Xenopus enzyme has recently been shown to also recognize a 

structural feature of the intron consisting of a base-pair between a 

pyrimidine at the first base in the anticodon loop and a purine in a 
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single-stranded loop of the intron (Baldi et aI., 1992). Once the 

endonuclease cleaves the two splice junctions, the two exons are 

covalently attached via an A TP-dependent ligase. 

Intron Insertion. Intron-encoded Maturases and Other Splicing 

Fa c tor s . The tenet of intron insertion is based on molecular 

sequence analysis of individual genes from diverse taxa as well as 

members of multi gene families. In light of organismal relationships 

that have been established through molecular phylogeny, the most 

parsimonious explanation for the phylogenetic distribution of introns 

is intron insertion (for reviews, see Cavalier-Smith, 1991; Palmer 

and Logsdon, 1991; Rogers, 1989). There is overwhelming evidence 

for group I intron insertion (for review, see Lambowitz, 1989) and 

nuclear spliceosomal intron insertion (Palmer and Logsdon, 1991; 

Rogers, 1989), and some evidence for group II intron insertion 

(Gingrich and Hallick, 1985; Manhart and Palmer, 1990; Meunier et 

aI., 1990). Several mechanisms of intron insertion in these systems 

are well known and ensure accurate excision following intron 

insertion. One such mechanism IS reversal of the two 

transesterification reactions that occur during splicing, or reverse 

splicing. In vitro reverse splicing has been shown to occur for the 

self-splicing group I (Woodson and Cech, 1989) and group II introns 

(Augustin et aI., 1990; Morl and Schmeizer, 1990). The intron 

insertion process is mediated by the group I intron internal guide 

sequences (lGS) and the group II intron exon binding sequences 

(EBS) that are required for intron excision. In fact, Lambowitz has 
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argued that the group I IGS and the group II EBS evolved primarily 

for intron insertion (Lambowitz, 1989). All sequences capable of 

base-pairing with these elements could potentially be targets for 

intron insertion (Grivell, 1990; Woodson et al., 1989). The newly 

recombined RNA species could then replace the pre-existing gene by 

reverse transcription and homologous recombination. Although 

reverse splicing is inefficient in vitro, maturases and other splicing 

factors may also facilitate the reverse reaction in vivo (see below). 

An aberrant reverse splicing event has also been proposed as one 

possible mechanism to account for the apparf;nt nuclear 

spliceosomal-type intron insertions into the phylogenetically 

conserved and functionally important regions of stem I and an 

upstream hex a-nucleotide within U6 snRNAs (Guthrie, 1991). 

However, this type of aberrant splicing event would not be mediated 

by the IGS/EBS interactions. 

Another mechanism of intron insertion is site-specific 

recombination. Several group I introns have been shown to be 

"infectious" in vivo (for reviews, see Lambowitz, 1989; Perlman and 

Butow, 1989; Perlman et al., 1990). This process occurs at the DNA 

level and is mediated by site-specific endonucleases encoded within 

the intron. There is also genetic evidence for in vivo group II intron 

transposition to alleles lacking introns in yeast mitochondria 

(Meunier et al., 1990; Skelly et al., 1991). These group II introns (all 

and al2 of the cytochrome c oxidase subunit 1 or cox1 gene) 

potentially encode open reading frames with homology to retroviral 
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reverse transcriptases (Michel and Lang, 1985). These putative gene 

products may be involved in the transposition event (Meunier et al., 

1990). There is also genetic evidence that these proteins are 

required for a mitochondrial intron deletion process, possibly by 

reverse transcription (Levra-Juillet et al., 1989). 

Several of the group I and group II intron-encoded open 

reading frames (ORFs) that are involved in intron mobility also 

promote intron excision (for reviews, see Lambowitz and Perlman, 

1990; Perlman et al., 1989). These so-called maturases are required 

for efficient splicing in vivo and are thought to bind and stabilize 

catalytically active RNA structures. As discussed previously, the self

splicing group I and group II introns are the most ancient introns, 

and probably acquired open reading frames later in evolution. The 

group I and group II maturases have been described as 

idiosyncratic, possibly reflecting a relatively recent evolutionary 

development with the recent acquisition of introns (Lambowitz et al., 

1990). 

The first group I maturases were identified genetically in yeast 

mitochondria. The maturases are encoded within introns bI2, bI3, 

and bI4 of the apocytochrome b (cob ) gene. Each have been shown 

genetically to be required for excision of their respective introns 

(Lazowska et al., 1989; Lazowska et al., 1980). The maturase within 

the bI4 group I intron is also responsible for splicing the aI4 intron 

of the cox1 gene (Anziano et al., 1982; De La Salle et al., 1982). Th e 

ORFs of the group II introns all and aI2 discussed above are also 
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maturases (Carignani et al., 1983; Mecklenburg, 1986). Although not 

all group II introns encode open reading frames, the ORFs that are 

group II intron-encoded are highly conserved and contain portions 

with a high degree of homology to reverse transcriptases (Michel et 

al., 1985; Xiong and Eickbush, 1988; Xiong and Eickbush, 1990). 

There is a common theme of bifunctionality of group I and group II 

intron-encoded ORFs participating both in intron mobility and intron 

splicing. An interesting speculation is that during the transition from 

the RNA world to the DNA/protein world, bifunctional intron

encoded proteins may have evolved to allow both the spread and 

tolerance of their host introns (Wenzl au et al., 1989). 

In addition to intron-encoded maturases, many nuclear (host) 

genes have been found to encode splicing factors for organelle group 

I and group II intron splicing. For example, a genetic test was 

designed to screen for yeast nuclear PET genes (genes that affect 

post-transcriptional mitochondrial gene expression) neccessary for 

mitochondrial intron excision (Seraphin et al., 1987). Based on this 

screen, the authors estimated that 18 nuclear-encoded gene products 

(complementation groups) are directly involved in mitochondrial 

splicing. Also, an analysis of Chlamydomonas reinhardtii m u tan ts 

defective in the maturation of the chloroplast t ra ns-spliced p s a A 

mRNA identified 14 nuclear complementation groups as well as one 

chloroplast locus, tseA, that are required for psaA mRNA splicing 

(Goldschmidt-Clermont et al., 1990). 
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Several nuclear-encoded gene products that participate 1D 

organellar intron splicing also function in other cellular processes 

(for review, see Lambowitz et al., 1990). One of the best 

characterized nuclear-encoded mitochondrial splicing factors is the 

cyt-18 gene product of Neurospora. This gene encodes mitochondrial 

tyrosyl-tRNA synthetase (tyrRS) and functions in splicing 

mitochondrial group I introns (Akins and Lambowitz, 1987). A 

biochemical analysis of the cyt-18 protein has demonstrated that 

this protein is both neccessary and sufficient to splice the 

mitochondrial large rRNA group I intron in vitro (Kittle et ai., 1991). 

The tRNA-binding domain of the cyt-18 protein is required for both 

splicing and tyrRS activities. These results support the hypothesis 

that the protein recognizes an intron structure or sequence similar to 

its cognate tRNA, and may function by stabilizing a catalytic RNA 

structure (Kittle et aI., 1991). In yeast, the nuclear gene (N AM2), 

which was isolated as a dominant suppressor of mitochondrial 

mutants that lack the bl4 maturase, was shown to encode 

mitochondrial leucyl-tRNA synthetase (Herbert et aI., 1988). The 

yeast MRS2 gene pr~duct is a splicing factor for the mitochondrial 

group II introns, but has no splicing activity for the group I introns 

(Wiesenberger et al., 1992). In strains devoid of mitochondrial 

introns, a deletion of the MRS2 gene results in the pet- phenotype 

and cytochrome deficiency, indicating that the MRS2 protein may be 

indirectly involved in the formation of functional membrane 

complexes in mitochondria (Wiesen berger et al., 1992). There are at 
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least SIX other nuclear-encoded multifunctional mitochondrial 

splicing factors in yeast and Neurospora (for review, see Lambowitz 

et at, 1990). Several of these splicing factors have homology to 

translation initiation factors and helicases, and others are also 

involved in mitochondrial 5'- and 3'-RNA processing and protein 

synthesis. There are also a group of host-encoded splicing factors 

that may function only in splicing. 

As briefly mentioned above, it is generally accepted that 

maturases and other splicing factors . function by facilitating the 

formation of and/or stabilization of a catalytic RNA structure, 

although there is no direct evidence for this hypothesis. The group 1-

encoded site-specific DNA endonucleases may recognize the splice 

junctions by virtue of the enzyme's association with intron mobility, 

thereby aiding intron excision. The multifunctional splicing factors 

may bind and stabilize structures in common with other cellular 

RNAs, such as tRNA helices in the case of the tRNA synthetases. RNA 

helicases may aid the formation of an active intron structure through 

a series of folding and unfolding reactions, and thus drive the 

equilibrium such that all pre-mRNAs are spliced. Alternatively, RNA 

helicases may facilitate successive secondary and tertiary RNA 

conformations required for splicing, as has been hypothesized in the 

nuclear pre-mRNA system (see above). 

Mitochondrial Plasmids, Introns and Reverse Transcription. 

Characteristics of several mitochondrial plasmids from fungi also 

relate mitochondrial introns to reverse transcriptase and mobile 
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genetic elements. The a-senDNA of Podospora mitochondria and the 

Mauriceville and Varkud mitochondrial plasmids of Neurospora exist 

as autonomous DNA or RNA species (Lambowitz, 1989; Osiewacz and 

Esser, 1984; Saville and Collins, 1990). The Podospora plasmid is a 

group II intron of the cox 1 gene and encodes a reverse 

transcriptase-like protein (Osiewacz et at, 1984). Podospora strains 

that accumulate a-senDNA contain an activity that polymerizes 

deoxynuc1eotides using exogenous RNA templates (Steinhilber and 

Cummings, 1986). The Neurospora plasmids contain sequence 

elements characteristic of group I introns, and also encode 

retroelement-like reverse transcriptases (Akins et aI., 1988; Michel 

et at, 1985; Nargang et aI., 1984). These plasmids have been shown 

to integrate into mitochondrial DNA, possibly via an RNA 

intermediate by reverse transcription (Akins et aI., 1986). The 

mitochondria from Mauriceville and Varkud strains contain reverse 

transcriptase activity that is associated specifically with the plasmids 

(Kuiper and Lambowitz, 1988). The reverse transcriptase synthesizes 

full-length minus-strand DNAs beginning at a tRNA-like structure at 

the 3'-end of the plasmid transcript. The authors propose that the 

Mauriceville and Varkud plasm ids may be related to the first DNA 

elements (Kuiper et aI., 1988), based on the hypothesis of Weiner 

and Maizels (1987) that suggests that 3'-terminal tRNA-like 

structures are molecular fossils of the RNA world, acting as genomic 

tags for replication by early RNA replicases (see below) (Weiner and 

Maizels, 1987). 
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Catalytic RNA and Evolution of the DNAlProtein World. The self

splicing group I and group II introns represent two types of catalytic 

RNAs. There are several other types of catalytic RNAs that may also 

represent relics of the RNA world. These catalytic RNAs include the 

RNA subunit of ribonuclease P (RNase P), which is a 

ribonucleoprotein responsible for 5'-endonucleolytic cleavage of 

precursor tRNA molecules (Guerrier-Takada et aI., 1983). The RNA 

hammerheads of plant and animal pathogens self-cleave to produce 

monomers during replication by a rolling circle mechanism (Symons, 

1989). The RNAs for these categories of ribozymes each contain 

conserved primary and secondary structures, and in some cases 

tertiary interactions for higher order RNA structure, that are 

presumably required for catalytic activity (Cech, 1990; Forster and 

Altman, 1990; Jacquier et al., 1991; James et al., 1988; Michel et al., 

1989; Michel et al., 1990; Symons, 1989). Other ribonucleoprotein 

particles may also contain ribozymes such as the spliceosome 

(Guthrie, 1991) and telomerase (Blackburn, 1991). However, these 

potential ribozymes may depend on protein components for catalytic 

activity. 

The ribozymes discussed above catalyze transesterification or 

hydrolysis reactions involving the phosphodiester backbone of RNA. 

Two recent reports have extended RNA catalysis to include 

formation of the peptide bond (Noller et al., 1992) and hydrolysis of 

an aminoacyl ester (Piccirilli et aI., 1992). Noller and colleagues have 

demonstrated that the peptidyl transferase activity of eubacterial 
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70S ribosomes and 50S subunits are resistant to protein extraction 

procedures, implicating the 23S rRNA in the peptidyl transferase 

function of protein synthesis (Noller et aI., 1992). Piccirilli et aI. 

(1992) have shown that an engineered version of the Tetrahymena 

ribozyme is capable of hydrolyzing an aminoacyl ester, the reverse 

reaction of aminoacylation, suggesting that the first aminoacyl tRNA 

synthetase could have been an RNA molecule (Piccirilli et aI., 1992). 

Others have taken advantage of in vitro evolution procedures to 

expand the repertoire of catalytic activities of the Tetrahymena 

group I ribozyme. For example, by a process of introduction of 

genetic variability, selection based on a catalytic activity, and 

specific amplification of the resulting molecules, a ribozyme was 

engineered with a 100-fold increase in DNA-cleavage activity within 

ten successive generations (Beaudry and Joyce, 1992). These 

catalytic RNA activities and the in vitro evolution of new ribozyme 

activities further support the RNA world hypothesis in which RNA 

molecules were responsible for metabolism prior to protein 

synthesis. 

One interpretation of the experimental results discussed above 

IS that group I and group II introns have adapted to a DNA/protein 

world as mobile genetic elements and autonomous DNA elements via 

intron-encoded maturases and reverse transcriptases. The self

splicing introns probably predated the intron-encoded open reading 

frames, which were acquired later in evolution. The intron-encoded 

open reading frames could have evolved in the RNA world to 
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facilitate the mobility and splicing of introns (Lambowitz, 1989). 

There are several theoretical models for the evolution of the 

DNA/protein world from the RNA world. One attractive model for the 

origin of protein synthesis is the genome tag model (Weiner et aI., 

1987). 

The genome tag model is an extension of the model proposed 

by Cech (1986) for the RNA-catalyzed template-dependent 

replication of RNA based on known properties of the Tetrahymena 

ribozyme, such as the poly (C) polymerase activity (Cech, 1986b). 

These authors propose that the earliest genomic RNA molecules were 

tagged at the 3'-ends to provide affinity and polarity for an RNA 

replicase (Weiner et aI., 1987). They suggest that these tags were the 

first tRNA-like structures,. which may persist today in RNA viruses of 

bacteria and plants. A distinction between genomic and functional 

RNAs could have occurred during evolution of ribozyme activity, and 

that removal of the 3'-tag would increase the variety of activities. 

They propose that the RNA component of RNase P could have 

evolved to perform this function, generating a population of tRNA

like molecules that could have been recruited for protein synthesis 

later in evolution. It is perhaps noteworthy that transcripts of the 

Neurospora Mauriceville and Varkud mitochondrial plasmids also 

contain 3'-terminal tRNA-like structures from which replication 

initiates, probably by reverse transcription (see above) (Kuiper et aI., 

1988). Weiner and Maizels (1987) also predict that a variant RNA 

replicase, by virtue of its binding site for a tRNA-like structure with 
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a terminal CCA, could give rise to the first tRNA synthetase. As 

discussed above, an engineered version of the T e t r a h y men a 

ribozyme demonstrates the feasibility of this hypothesis (Piccirilli et 

aI., 1992). With the recent experiments from the Noller lab 

suggesting that rRNA is responsible for the catalytic mechanism of 

protein synthesis, it is also feasible that the components for this 

complex process originated in the RNA world. 

Phylogeny of Euglena Gracilis. Euglena gracilis is a photosynthetic 

protist. The classification of Euglena has been an enigma in the past. 

Since green algae and Euglena chloroplasts contain both chlorophyll a 

and chlorophyll b (chI alb), Euglena has been classified with the 

green algae in the phylum Chlorophyta. However, the euglenoid 

flagellates are a diverse group of phototrophs, heterotrophs, and 

phagotrophs that are more closely related to each other than 

chlorophytes, and therefore have been classified in a separate 

division called the Euglenophyta (Leedale, 1967). Based on classical 

phylogenetic relations using morphological comparisons, the 

euglenophytes are most closely related to the Kinetoplastida, which 

consist of the parasitic trypanosomatids and the free-living bodonids 

(Kivic and Walne, 1984). The euglenophytes and the kinetoplastids 

probably share common ancestry, and the acquisition of chloroplasts 

within the euglenophytes was probably a relatively late event 

during evolution (Kivic et al., 1984). Based on a phylogenetic 

companson of small subunit (16S-like) rRN A sequences, 

Euglenophyta and Kinetoplastida are also sister taxa (Sogin et aI., 
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1989). Interestingly, these two taxa represent some of the most 

primitive eukaryotes, branching after the protozoan parasite Giardia 

I a m b I i a, which lacks mitochondria and normal endoplasmic 

reticulum or Golgi, and the microsporidian Vairimorpha necatrix 

(Sogin et aI., 1989). 

As stated above, Euglena probably acquired plastids relatively 

late during evolution. However, the origin of the euglenoid plastids 

in controversial. Indeed, it is presently not clear whether all plastids 

originated once or more than once (mono- versus polyphyletic 

origin) (for review, see Gray, 1991). Based on a phylogenetic analysis 

of plastid 16S rRNA sequences, the origin for plastids is within the 

cyanobacteria (chI a/phycobilins), with an early dichotomous 

branching of the chlorophytes/metaphytes from the 

chromophytes/rhodophytes (Douglas and Turner, 1991). However, 

the euglenophyte plastids (chI alb), specifically the closely related 

species Euglena gracilis and Astasia longa, cluster with the 

chromophytes (chI alc) rather than the chlorophytes (chI alb). This 

relationship is also supported by biochemical and other genetic 

evidence (Douglas et aI., 1991; Palmer, 1991; and references therein). 

Others have also reported a euglenophyte/chromophyte association, 

but the branching order of each clade (chlorophyte/metaphyte vs. 

euglenophyte/chromophyte) relative to the cyanobacterial branch 

differs (for review, see Gray, 1991). One consequence of these results 

is that chlorophyll b must have evolved twice during plastid 

evolution. The E ug lena chloroplast is surrounded by three 
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membranes, and ultrastructurally is similar to both the chlorophytes 

and the more primitive prasinophytes (chI albIc) (Gibbs, 1970). 

These observations have led to the proposal that euglenoid plastids 

could have originated by the uptake of a eukaryotic green algae, 

possibly a prasinophyte (Douglas et aI., 1991; Gibbs, 1978; Gibbs, 

1981). Phylogenetic analyses of rbcS and rbcL sequences clusters the 

euglenoids with the chlorophytes in support of this hypothesis 

(Morden and Golden, 1991). Therefore, the origin of the euglenoid 

plastids is ambiguous. 

Introns of Euglena Gracilis. Little is known about the nuclear pre-

mRNA introns of Euglena gracilis. Only five exon/intron boundaries 

of the mRNA encoding the polyprotein precursor of the light 

harvesting chlorophyll alb binding proteins of photosystem II 

(LHCPII) have been determined by genomic and cDNA cloning and 

sequencmg (Muchhal and Schwartzbach, 1991). These introns do not 

follow the 5'-GU--AG-3' rule typical for other nuclear pre-mRNA 

introns (Sharp, 1981). Based on this small sample size, the Euglena 

introns seem to possess conserved dinucleotides at the 5'-end of the 

introns at positions 3 and 4 (CC), the 3'-end of the introns at 

positions -7 and -6 relative to the 3'-splice site (UG), and positions 2 

and 3 of the downstream exons (AC) (Muchhal et aI., 1991). These 

authors also report that no consensus polyadenylation signals were 

found in the 3'-regions of the mRNA, as has been reported for other 

Euglena mRNAs. Euglena gracilis nuclear pre-mRNA processing may 

be different from other known organisms. 
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The majority of E ug Ie na cytoplasmic mRNAs contain very 

closely related 5'-leader sequences (Tessier et aI., 1991). By genomic 

and cDNA cloning and sequencing of the rbcS gene, the authors 

demonstrated that the leader sequences of the rbcS mRNA were not 

encoded within the gene. The 5'-leaders were found to be the 5'-

ends of a population of small RNAs. The authors proposed that the 

leaders (SL) are trans··spliced from the small RNAs (SL RNA) to 

cytoplasmic RNAs, as has been demonstrated in trypanosomes (Van 

der Ploeg et al., 1982), further supporting an evolutionary 

relationship between Euglena gracilis and the trypanosomatids (see 

above) (Kivic et al., 1984). The Euglena SL RNAs are similar to those 

from trypanosomes and C. elegans (Blumenthal and Thomas, 1988) 

as well as U snRNAs in that they are approximately 100 nt in size, 

contain a consensus binding site for the Sm antigen, and can be 

folded into a common secondary structure. However, Euglena nuclear 

pre-mRNA splicing seems to be unique as the transcripts undergo 

both cis- and trans-splicing, whereas cis-splicing is unknown in 

trypanosomes, and only 10% of C. elegans transcripts contain trans

spliced 5'-leaders. 

The chloroplast genome of Euglena gracilis is a circular DNA 

molecule of approximately 145 kilobases (kb) (for review, see 

Hallick and Buetow, 1989). The genes are generally organized into 

polycistronic transcription units, and are similar to the equivalent 

operons in plant plastids and E. coli. The gene content between 

E ug len a and plant plastids IS very similar, however there are 
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differences in operon organization and gene structure, particularly in 

intron content and position (for reviews, see Hallick et at, 1989; 

Palmer, 1991). For example, the Euglena psbA gene contains four 

group II introns (Karabin et at, 1984). The p s b A gene of 

Chlamydomonas reinhardtii contains four group I introns in positions 

that differ from the Euglena introns (Erickson et aI., 1984). Since the 

psbA loci in monocots, dicots, and cyanobacteria lack introns, these 

results have lead to the conclusion that introns have been inserted 

into chloroplast genes during evolution (Gingrich et aI., 1985). This 

hypothesis is also supported by the Euglena rbcL gene which 

contains nine group II introns (Gingrich et aI., 1985; Koller et aI., 

1984 ). 

The chloroplast genes of Euglena gracilis contain at least 47 

group II introns. All of the E ug lena group II introns possess the 

highly conserved catalytic domain V, and domain VI, which contains 

the non-paired adenosine residue that initiates the nucleophilic 

attack at the 5'-splice junction. These introns are shorter than other 

group II introns of fungal mitochondria and plant plastids, and have 

abbreviated versions of domains I-IV (Michel et aI., 1989; also see 

Chapter 3). However, many Euglena chloroplast group II introns 

retain the two- and three-dimensional base-pairing interactions of 

known functional significance, such as the diagnostic group II 

domain V, exon-binding sites, 'guide pair', E-E', and y-y', (Jacquier et 

at, 1991; Michel et aI., 1989; R. B. Halliel\:, unpublished observation). 
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In addition to group II introns, the chloroplast genes of 

Euglena also contain at least 47 introns of a unique class designated 

group III (Christopher and Hallick, 1989). Group III introns appear 

to be abbreviated verSIOns of group II introns. They have 

degenerate versions of the group II intron consensus boundary 

sequences, but lack a conserved secondary structure. Group III 

introns retain the U at the second position and the G at the fifth 

position of the group II 51-splice site (Christopher et aI., 1989). In 

addition, these introns are small and uniform in size at 

approximately 100 nucleotides (nt). Recently, group III introns have 

also been found in plastid genes of the colorless, heterotrophic, 

euglenoid flagellate Astasia longa (Siemeister et aI., 1990). Group II 

and group III introns are probably evolutionarily related, and may 

have some splicing mechanisms in common. 

The focus of my dissertation is a new type of intron unique to 

the chloroplast genome of Euglena gracilis. These introns are 

composite introns termed twintrons, which consist of introns 

internal to other introns. Chapters two, three, and four are devoted 

to the experimental analysis of the RNA maturation pathways of 

three different types of twintrons, and emphasize the identification 

of the key intermediates which prove the existence of twintrons. 

Consequently, fundamental questions In RNA evolution, intron 

biology, and RNA structure/function are discussed in the 

introduction and discussion of my dissertation. The significance of 

twintrons to these questions are presented In each chapter. 
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Unexpectedly, the analysis of twintrons involving external group III 

introns has also provided important insights into group III intron 

structure/function and mechanism of excision. 



CHAPTER 2 

GROUP n TWINTRON: AN INTRON-WITHIN-AN-INTRON IN A 

CHLOROPLAST CYTOCHROME B-559 GENE 

Introduction 
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The photosystem II reaction center core from chloroplast thylakoid 

membranes was reported to consist of four chloroplast DNA-encoded 

polypeptides, the D 1- (p s b A) and D2- (p s b D) reaction center 

polypeptides and the a- and ~-subunits of cytochrome b-559 (Nanba 

and Satoh, 1987; see below). However, a fifth component, the 4.5 kDa 

product of the psb/ gene, also copurifies with the photosystem II 

reaction center core (Webber et aI., 1989a). The a- and J3-subunits of 

apo-cytochrome b-559 are 9.3 and 4.4 kDa, respectively (Widger et 

aI., 1985). Both subunits are oriented with the NH2-terminus on the 

stromal side of the photosynthetic membranes, and the COOH

terminus on the lumenal surface (Tae et aI., 1988; Tae and Cramer, 

1989). There are most likely 2 cytochrome b-559s per reaction 

center (Dekker et aI., 1989), with the two hemes bound either to 2 

a J3 dimers, or an a 2 J3 2 tetramer (Widger et aI., 1985). The specific 

function of cytochrome b-559 in the reaction center is unknown. 

The genes for the cytochrome b-559 a- and J3-subunits were 

mapped to a single locus in spinach chloroplast DNA (Westhoff et aI., 

1985) and sequenced (Herrmann et aI., 1984). The psbE (for gene 

nomenclature, see Hallick, 1989) encodes the 83-residue a-subunit. 

Immediately downstream, and within the same operon, are the psbF 

gene, which encodes the 39-residue J3-subunit, the psbL gene for a 
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38 residue photosystem II polypeptide (Ikeuchi et aI., 1989; Webber 

et aI., 1989b), and an orf of 40-42 residues for a yet unidentified 

polypeptide, likely from photosystem II. The psbE-psbF-psbL

orJ40142 genes from wheat (Hird et aI., 1986), Oenothera hookeri 

(Carrillo et aI., 1986), M archantia polymorpha (Ohyama et aI., 1986), 

tobacco (Shin ozaki et at, 1986), Cyanophora paradoxa (Cantrell and 

Bryant, 1987), Eug Ie na gracilis (Cushman et aI., 1988a), 

Synechocystis 6803 (Pakrasi et aI., 1988), rye (Kolosov et aI., 1989), 

barley (Chakhmakhcheva et aI., 1989)~ and maize (Haley and 

Bogorad, 1990) have been sequenced. In this diverse group of 

photosynthetic organisms, both the gene organization and the 

predicted amino acid sequences of the four polypeptides are highly 

conserved. 

The Euglena chloroplast psbE-psbF-psbL-orJ 40142 locus is 

exceptional with respect to the other chloroplast, cyanelle and 

cyanobacterial operons in two respects. First, In E ug Ie na these 4 

genes are co-transcribed with the psaA and psaB loci encoding the 

reaction center polypeptides of photosystem I as a psaA -psaB -psbE

psbF -psbL-orJ42 operon. This juxtaposition of photosystem I and II 

genes in the same operons 
. . 
IS umque to date. Second, this 

hexacistronic operon contains at least 12 group II introns, 3 in psaA, 

6 in psaB, 2 in psbE, and 1 (or more) in psbF (Cushman et aI., 1988a; 

Cushman et aI., 1988b). Other known cytochrome b-559 genes lack 

introns. Of the 47 characterized group II introns of E u g len a 

chloroplast DNA, 46 fall into the size range of 277-618 nt. The 
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exception is the psbF intron, which has a length of 1042 nt (Cushman 

et aI., I988a). In their excellent review on group II introns of 

mitochondria and chloroplasts, Michel et al. (1989) noted that the 

psbF intron could be interpreted as one group II intron inserted into 

another group II intron. Using both direct primer extension cDNA 

sequencing and cDNA cloning and sequencing, it was determined that 

the psbF intron is an intron-within-an-intron as predicted, which is 

designated "twintron". A 618 nt internal intron is first excised from 

psbF pre-mRNA, resulting 10 a partially spliced pre-mRNA containing 

a 424 nt group II intron that is spliced in domain V. The 424 nt 

intron is then removed to yield the mature psbF mRNA. 

Materials and Methods 

Enzymes and chemicals were purchased from Bethesda 

Research Labs (BRL) (Gaithersburg, MD), New England Biolabs 

(Beverly, MA), Promega Biotechnology (Madison, WI), U. S. 

Biochemicals (Cleveland, OH), Perkin-Elmer Cetus (Norwalk, CT), 

Sigma Chemical Company (St. Louis, MO), and BIORAD (Richmond, 

CA). The Bluescribe vectors (pBS+/-) were purchased from Vector 

Cloning Systems (San Diego, CA). The Bluescript vectors (pKS+/-, 

pSK+/-) were purchased from Stratagene Cloning Systems, Inc. (La 

Jolla, CA). GENECLEAN was purchased from BIO 101 (La Jolla, CA). 

Host bacterial cells were Escherichia coli (E. coli) strain XLI-Blue 

{recAl, e ndA 1, gyrA96, thi, hsdR 17, (rk-,mk+), supE44, re lAl , A-, 
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lac-, [F', proAB, lac/QZt1M 15, tnl0(tet)]} (Bullock et aI., 1987). 

Genescreen membrane was purchased from NEN Research Products, 

DuPont Company (Boston, MA). Radionucleotides were purchased 

from NEN, DuPont Company (Boston, MA) and ICN Biochemicals 

(Costa Mesa, CA). Synthetic deoxyoligonucleotide primers were 

purchased from the University of Arizona Biotechnology Center. 

The following general procedures were used for all methods 

involving molecular cloning. Restriction enzyme digestions and 

preparation of vectors were done according to the specifications of 

the manufacturer. Vectors were routinely digested with restriction 

enzyme(s), treated with calf intestinal phosphatase (CIP) (NEN, 

DuPont Company, U. S. Biochemicals), and gel purified by GENE CLEAN 

(BIO 101). Ligation reactions (lOJlI) typically contained 100ng of 

vector, 2 pmole ends excess insert for cohesive-end ligations or 

3pmole ends excess insert for blunt-end ligations, 5mM Tris-HCI pH 

7.5, 10mM MgCI2, 10mM DTT, ImM ATP, and 1-2 units of T4 DNA 

ligase. Competent XLI-Blue cells were prepared according to the 

procedure of Hanahan (Hanahan, 1985). Mini-plasmid DNA 

preparations were performed by the boiling lysis method (Sambrook 

et aI., 1989). Large scale plasmid DNA preparations were done using 

the alkaline lysis PEG precipitation procedure as outlined in the 

Promega Protocols and Applications Guide. DNA plasmid sequencing 

was done by the dideoxy chain termination method (Sanger et at, 

1977) using the Sequenase kit (U. S. Biochemicals) according to the 

manufacturers specifications. 
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Molecular Clonin fl. DNA sequence coordinates (see below) for 

subcloning have been described (Figure 2, Cushman et al., 1988a). 

The recombinant plasmid pEZC704.6 was used as the source of DNA 

for cloning sequences specific for psbE introns 1 and 2. The 281 bp 

psbE intron I-specific SspI -RsaI fragment (positions 102-382), and 

the 264 bp psbE intron 2-specific Oral fragment (positions 476-739) 

from pEZC704.6 were gel purified using GENECLEAN and blunt-end 

ligated into the HincH site of Bluescript KS( -). The resulting plasmids 

were designated pEZC704.61 and pEZC704.62, respectively. The psbF 

exon-specific sequences (positions 2022-2128) were cloned by 

releasing the 250 bp EcoR V fragment from pEZC704.10 and religating 

the resulting molecule. This plasmid was designated pEZC704.13. The 

psbFl-specific sequences corresponding to positions 1057 -1324 

were cloned by isolating a 328 bp HindIII fragment from pEZC704 

deletion clone L\ 158 (Cushman et aI., 1988a) and ligating this 

fragment into the HindIII site of Bluescript KS( -). The resulting 

plasmid was designated pEZC704.11. The psbF2-specific sequences 

corresponding to positions 1350-1582 were cloned by digesting 

pEZC704.10 with HinfI and AccI, treating the resulting DNA 

fragments with 50 units/ml S 1 nuclease, gel purifying the 233 bp 

fragment using GENECLEAN, and blunt-end ligating this fragment 

into the HincII site of Bluescript KS( -). The resulting plasmid was 

designated pEZC704.12. The plasmid pEZC270, which contains 

sequences specific to psbL and or/42 at postions 2301-2467, has 

been described previously (Christopher et aI., 1989). The p s b A 



54 

intron I-specific sequences (Karabin et at, 1984)(positions 242-623) 

were cloned as the plasmid DNA pEZC514.31 by partial digestion of 

pEZC514.9 with RsaI (position 623) and complete digestion within 

the multiple cloning site (MCS) at HincH. The 5'-position of the 

intron 1 sequences (242) was generated by the ExoIII/S 1 deletion 

cloning method protecting the vector by Sael digestion and deleting 

from the ApaI site, followed by intramolecular ligation (Christopher 

et aI., 1989). 

RNA Purification. Chloroplasts were purified from 

photoautotrophically grown Euglena gracilis Klebs, Pringsheim strain 

Z cells as described by Hallick et aI. (1982). RNA was isolated from 

purified chloroplasts as described by Christopher and Hallick 

(Christopher et aI., 1989). The purified chloroplasts were 

resuspended in lysis buffer (10mM Tris-Hel pH 7.5, ImM EDTA, 0.5% 

SDS, 5mM DTT), extracted twice with an equal volume of phenol 

saturated with 10mM Tris-HCI (pH 7.5), extracted twice with an 

equal volume of phenol-chloroform-isoamyl alcohol (24:23: 1), 

extracted once with diethyl ether, and ethanol precipitated. High 

molecular weight RNA (HMW RNA) and "soluble RNA" (sRNA) were 

prepared by isopropanol fractionation as described by Orozco (1982). 

Primer Extension cDNA Sequence Analysis. A purified 

deoxyoligonuc1eotide primer 5'-ATTATTTCCTATAAAACTGC-3' (cDNA 

primer 289) complementary to the RNA-like strand in FI of psbF 

(positions 1969-1988) was 5' -end labelled using polynucleotide 
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kinase. A total of 1 x 107 dpm of 32P-Iabelled primer was co

precipitated with 10Jlg of chloroplast RNA and resuspended in 12JlI 

of 200mM KCI, 10mM Tris-HCI (pH 8.3 at 420C). The sample was 

heated at 850 C for 3 minutes, then quickly cooled on ice. The mixture 

was then heated at 500C for 5 minutes, transferred to 420 C for 1.5 

hours, and then slowly cooled to room temperature. The primer 

extension reactions were done essentially as described by 

Christopher and Hallick (Christopher et al., 1989). The reactions 

contained 575JlM of dATP, 770JlM of dTTP, 290JlM each of dCTP and 

dGTP, 333JlM of ddATP, 500JlM of ddTTP, and 166JlM each of ddCTP 

and ddGTP. 

cDNA Synthesis, PCR Amplification, and cDNA Cloning. The purified 

deoxyoligonucleotide primer 5'-ATTATTTCCTATAAAACTGC-3' (cDNA 

primer 289) complementary to the RNA-like strand in Fl of psbF 

used above in the primer extension cDNA sequence analysis was 

used to prime first strand cDNA synthesis using a cDNA synthesis kit 

(BRL). The reaction contained 10Jlg of DNA-free total chloroplast RNA 

and 200ng of deoxyoligonucleotide primer. A purified oligo

deoxynucleotide primer 5'-CAATGCTTTAGAACAAATGG-3' (PCR 

primer 288) complementary to the template-like strand in p s b E 

ex on 3 (positions 916-935) was used to amplify the resulting cDNAs 

by polymerase chain reaction (PCR) using the Taq polymerase 

(Perkin-Elmer Cetus). The reaction contained the cDNA synthesis 

product from 5Jlg of chloroplast RNA and 200ng of each oligo

nucleotide primer. PCR amplification consisted of 1 minute of 
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denaturation at 940 C, 2 minutes of annealing at 40oC, and 3 minutes 

of elongation by Taq polymerase at 720 C for a total of 35 cycles. The 

455 bp psbF PCR product was gel purified using GENECLEAN, treated 

with 50 units/ml S 1 nuclease to blunt the ends, and digested with 

MboI, which cuts at position 935 in psbE exon 3. The PCR fragment 

was then cloned into the BamHI and HincH sites of Bluescribe (+). 

The resulting plasmid was designated pEZC 1 0 14. 

Northern Analysis. 3J.Lg of total chloroplast RNA, high molecular 

weight enriched chloroplast RNA, and the sRNA fraction were 

subjected to electrophoresis on vertical 1.2% agarose gels containing 

2.2M formaldehyde in the 1 X MOPS/EDT A buffer system (20mM 

MOPS [3-(N-morpholino) propanesulfonic acid], 5mM Na acetate, 

ImM EDTA, pH 7.0) of Fourney et al. (1988). Fractionated RNAs were 

transferred to Genescreen membranes. The membranes were 

prehybridized at 500 C for 18 hours in 50% formamide, 5X SSPE (20X 

SSPE: 3.0M NaCI, 0.2M Na phosphate, monobasic, 20mM EDTA, pH 7.4 

with ION NaOH), 5X Denhardt's solution (50X Denhardt's: 1 % [w/v] 

Ficoll, 1 % [w/v] polyvinylpyrrolidone, 1 % [w/v] bovine serum 

albumin), 1 % SDS, and 100J.Lg/ml herring testes DNA. The membranes 

were probed with uniformly 32P-Iabelled complementary RNAs 

synthesized in vitro from linearized plasmids containing gene

specific sequences using either T3 or T7 RNA polymerase. The 

hybridizations were carried out in 50% formamide, 5X SSPE, 5X 

Denhardt's, 1 % SDS and 100J.Lg/ml herring testes DNA at 500 C for 18 

hours with 1 x 107 dpm 32P-Iabelled probe. The membranes were 
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washed in 2X SSPE, 0.5% SDS at 550 C for 1 hour and O.lX SSPE, 0.5% 

SDS at 550 C for 1 hour. Autoradiography was done for 2-24 hours at 

-80oC with intensifying screens on Kodak X-omat-AR X-ray film. 

Transverse Linear Gradient PAGE. Transverse gradient gel 

electrophoresis (TGGE) for RNA electrophoresis is an adaptation of a 

protein gel procedure (Margolis and Kenrick, 1968), suggested by 

Udo Johanningmeier. The apparatus of Studier (1973) was used. Gel 

plates 14 cm by 16 cm were assembled with 4 mm spacers on the 

top, bottom, and left side of the plates. With the gel plates held 

vertically, and the right side on top, the gel was cast with a 

peristaltic pump (flow rate 4.5 ml/min) from a linear gradient 

maker with 8% acrylamide/8M urea in the mixing chamber and 3.5% 

acrylamide/8M urea In the second chamber. The 

acrylamide:bisacrylamide ratio was 19: 1 in both solutions. TEMED 

(0.02%) and ammonium persulfate (0.04%) were added. The gel was 

overlaid with butanol and allowed to polymerize for 1 hour. The 

spacer at the top of the gel was then removed, and the right spacer 

was clamped 10 place. This resulted In a linear 3.5-8% 

polyacrylamide gradient gel cast transverse to the direction of 

electrophoresis. 100Jlg of total Euglena gracilis chloroplast RNA was 

resuspended in loading dye (95% formamide, 10mM EDTA, pH 8.0, 

1 Jlg/ml bromphenol blue, 1 Jlg/ml xylene cyanol), heated at 650 C for 

15 minutes, and placed on ice. The RNA was then loaded across the 

top of the gel and subjected to electrophoresis in 0.5X TBE (44.5mM 

Tris-borate, 44.5mM boric acid, and 1 mM EDTA) at 50 rnA. When the 
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xylene cyanol had migrated to the bottom of the gel on the 8% side, 

another sample of dyes was loaded. Electrophoresis was continued 

until the second xylene cyanol band reached the bottom of the 3.5% 

side of the gel. The gel was stained with IJ!g/ml ethidium bromide 

and photographed. Fractionated RNAs were transferred by 

electroblotting to a Genescreen membrane in IX TAE (40mM Tris

acetate and 1 mM EDTA), and hybridized using intron-specific 

riboprobes as described above. 

Results 

cDNA Sequence Analysis of Partially Spliced Twintron. The 1042 nt 

intron of the Euglena chloroplast psbF gene can be interpreted as 

two group II introns, one internal to the other (Figures 2-1 and 2-2). 

The external, or Fl, intron is 424 nt in length with the 6 helical 

domains I-VI typical of group II introns (Michel et al., 1989). It is 

adjacent to psbF exon 1 at its 5'-end, and psbF exon 2 at its 3'-end, 

with normal group II 5'- and 3'-boundary sequences. This intron is 

split into two halves by an internal group II, or F2, intron of 618 nt. 

As shown in Figure 2-2, the proposed insertion site for the internal 

intron is within domain V of the external intron. The complete 

sequence of this region is given in Cushman et al. (1988a); the 

proposed internal intron has coordinates 1346-1963 in Figure 2). 

To test initially if the postulated twin intron structure is 

correct, cDNA sequence analysis was employed. This experiment was 
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Figure 2-1. The Euglena chloroplast apocytochrome b-559 ~

subunit gene psbF is encoded in the psaA operon. (A) Physical 
location of the psaA operon on the 145 kb Euglena chloroplast 
genome relative to other operons. The arrows indicate the direction 
of transcription. (B) The structure of the 12 kb psaA operon. The 
vertical arrows indicate the putative sites for endonucleolytic 
cleavage of the polycistronic transcript. (C) The organization of the 
psbE-psbF-psbL-orJ42 (2.6 kb) genes. The filled boxes correspond 
to exons and the open boxes correspond to introns. The stippled box 
within psbF denotes the internal intron F2. 
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Figure 2-2. Secondary structural model for the psbF twintron. The 
external intron psbFl is on the left and the internal intron psbF2 is 
on the right. The proposed twintron junction site is within domain 
V of the external intron Fl and is marked with an arrow. The 
domains I -VI for each intron are indicated in bold. The asterisks 
denote the adenine residues that are the proposed branch sites 
involved in lariat formation. Arrows also denote psbF ex on and 
twintron boundaries. The secondary structural model is based on 
the model proposed by Michel et al. (1989) and structural elements 
with known or suspected importance are indicated (Michel et al., 
1989; Jacquier and Jacquesson-Breuleux, 1991). 
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designed to detect an RNA processing intermediate with the internal 

F2 intron removed, and the split halves of domain V of intron Fl 

spliced. A synthetic, 20-mer of sequence 5'

ATTATTTCCTATAAAACTGC-3', complementary to RNA spanning 

domains V and VI of intron FI, was used for direct, primer extension 

cDNA sequence analysis across the predicted twin intron splice 

junction. Purified chloroplast RNA was used as template. The location 

of the cDNA primer is highlighted in Figure 2-3B. The results are 

shown in Figure 2-3A. 

With total chloroplast RNA as template, two sequence ladders 

can be clearly distinguished. The most prominent ladder is the cDNA 

sequence of the spliced FI intron shown in upper case letters. The 

cDNA sequence begins 5'-CGAG ... adjacent to the priming site, and 

continues ... ATACTTTCATA ... As shown in Figure 2-3B, this is the 

cDNA sequence of spliced domain V of intron Fl. This is the first 

direct evidence for an intron-within-an-intron. I have named this 

twin intron a "twintron." A minor cDNA sequence ladder can also be 

distinguished beginning after the 5'-CGAG... and continuing 

... gaaagaaatag ... As shown in Figure 2-3C, this is the cDNA sequence 

of the un spliced twintron. The presence of two distinct cDNA ladders 

is the expected result if the chloroplast RNA template is a mixture of 

un spliced and partially spliced psbF pre-mRNA. In support of this 

interpretation is the observation that several steps in the sequence 

ladder have only single bands, including the region (C or t)ATAAA(G 

or a). These single bands occur in regions where the un spliced and 
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Figure 2-3. The internal intron F2 is excised from the p s b F 
twintron. (A) Primer extension cDNA sequence analysis of the 
partially spliced and un spliced psbF twintron. Total chloroplast 
RNA was used as template for dideoxy cDNA sequencing using 
AMV reverse transcriptase and a 32p end-labelled oligonucleotide 
primer (see below). The sequence complementary to the RNA is 
shown. The splice junction of the FI intron is indicated by the 
lower arrow at the left. The upper case letters correspond to the 
major bands of the spliced FI intron. The lower case letters 
correspond to the minor bands of the un spliced psbF twintron. The 
stop representing the putative branch site of the F2 intron lariat 
intermediate is indicated by the higher arrow at the left. (B) 
Secondary structure of domain V of the FI intron after splicing of 
the F2 intron. This RNA corresponds to the upper case letters in 
(A). The splice site of the FI intron is indicated by the arrow. (C) 
Secondary structures of domain VI of the FI and F2 introns prior to 
excision of the F2 intron. This RNA corresponds to the lower case 
letters in (A). The junction of the FI and F2 introns in the unspliced 
twintron is indicated by the arrow. The unpaired A-residue 
marked with an asterisk in domain VI of F2 corresponds to the 
putative branch site of the F2 intron intermediate identified as a 
stop in the cDNA sequence ladder in (A). The location of the 
priming site for cDNA sequencing is highlighted. The vertical arrow 
marks the boundary of the psbF twintron and the 3'-psbF exon. 
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partially spliced twintron have the same sequence equidistant from 

the priming site. 

One other feature of the cDNA sequence ladder of Figure 2-3A 

is noteworthy. There is a noticeable stop in the ladder with the 

sequence 5'-... COAOOAAAOAA-OH. As shown by an asterisk in Figure 

2-3C, this stop corresponds to the expected position for branch 

formation in domain VI of an excised intron F2. If this interpretation 

is correct, the template for this cDNA must have been an intron lariat 

intermediate still connected to downstream sequences. The 

downstream sequences in this case was intron FI, which contained 

the sequence complementary to the cDNA primer. 

PCR Amplification of Pre-mRNA and Partially Spliced mRNA. One 

limitation of direct cDNA sequencing is that the chloroplast RNA used 

as template contains a mixture of species complementary to the 

cDNA oligonucleotide primer. It could not be determined if the 

template for identification of the spliced Fl intron was the excised 

intron itself, or the partially spliced pre-mRNA. Likewise, the 

template for cDNA analysis of un spliced twintron could be un spliced 

pre-mRNA, or an excised twintron, that is subsequently spliced. 

Intermediates 10 the splicing reaction, such as intron lariat-3'-exons 

could also be templates. In order to characterize specific 

intermediates In the twintron splicing pathway, the polymerase 

chain reaction (PCR) was used to amplify RNA processing 

intermediates, which were then cloned and sequenced. The location 

of the cDNA and PCR oligonucleotide primers is shown in Figure 2-4. 
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Figure 2-4. Experimental design for the analysis of the p s b F 
twintron. The polymerase chain reaction (PCR) was used to amplify 
precursors of the psbF mRNA. First strand cDNA synthesis was 
primed using the cDNA primer highlighted in Figure 2-3. PCR was 
used to amplify the resulting cDNAs using the cDNA primer and the 
psbE exon 3 primer. An abundant cDNA of size 455 bp representing 
a pre-mRNA template with a spliced PI intron was cloned as the 
phagemid pEZCIOI4. The locations of the cDNA and PCR primers 
used for the analysis of the psbF twintron are indicated. The cDNA 
insert of the plasmid pEZCIOl4 corresponding to the partially 
spliced twintron is also shown. 
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The cDNA primer described above was used for first strand 

synthesis. To ensure that intermediates in the mRNA maturation 

pathway were being amplified, and not excised introns, a synthetic 

20-mer from exon 3 of psbE was used for peR-amplification. With 

this oligonucleotide, only precursors to the 1.2 kb psbE-psbF -psbL

orf42 mRNA containing either an intact twintron or a spliced intron 

Fl would be amplified. 

Two double-stranded cDNA products were obtained (Figure 2-

4). The most abundant cDNA was 455 bp in length. This cDNA is the 

size expected for a pre-mRNA with a spliced Fl intron. The other 

cDNA was 1073 bp in length. This cDNA is as expected for a pre

mRNA with an unspliced twintron. The 455 bp cDNA was cloned as a 

phagemid designated pEZCI014, and sequenced. The DNA sequence 

data for a region of the plasmid DNA complementary to the pre

mRNA, including the twintron junction region, is shown in Figure 2-

5. This sequence corresponds to the spliced domain V of intron Fl 

with the internal 618 nt intron F2 removed. It is the same sequence 

as the most prominent eDNA sequence ladder of Figure 2-3A. The 

remainder of the cDNA sequence was also determined (data not 

shown). It has the expected sequence for the 3'-end of psbE, a 9 nt 

intergenic spacer, psbF exon 1, and the spliced psbF intron F1. 

The existence of an intron-within-an-intron, or twintron, and 

the location of the twintron junction sequence within domain V of 

intron Fl are confirmed by the cDNA cloning of the partially spliced 

pre-mRNA as the plasmid pEZCI014. In addition, the identification of 
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Figure 2-5. The internal intron F2 is excised from the twintron of 
the psbF pre-mRNA. The sequence data for the plasmid DNA 
pEZCIOI4 encompassing the splice site is indicated. The DNA strand 
complementary to the pre-mRN A is shown. The splice site in 
domain V of intron FI is indicated by arrows (also see Figure 2-3B). 
A portion of the cDNA primer retained during the PCR cloning is 
shown in brackets. 
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a partially spliced, polycistronic pre-mRNA linked to the proximal 

psbE coding region, is evidence for a sequential in vivo splicing 

pathway. The partially spliced mRNA must arise from splicing of the 

psbF twintron in a precursor to the psbE-psbF -psbL-orf42 mRNA, 

and not from splicing of an excised twintron. 

Analysis of Cytochrome B-559 Pre-mRNAs and mRNAs. To 

determine more about how the twintron is processed in vivo, 

northern hybridization experiments were used to detect 

intermediates in the splicing pathway. It had previously been 

determined that the psaA-psaB-psbE-psbF-psbL-orf42 genes are 

transcribed as a polycistronic operon, and that fully-spliced 

transcripts corresponding to hexacistronic, pentacistronic (p sa B

psbE -psbF -psbL-orf42), tetracistronic (psbE -psbF -psbL-orf42), 

dicistronic (psaA-psa8), and monocistronic (psaA, psa8) mRNAs 

accumulate (Christopher and Hallick, 1990; Cushman, 1987; Manzara 

et al., 1987). In order to detect precursors to mature psbF mRNA and 

excised introns, riboprobes specific to psbE intron 1 (E1), psbE intron 

2 (E2), psbF external (F1) and internal (F2) introns, and exon-specific 

probes for psbF exon 2 and the psbL-orf42 locus were hybridized to 

membrane filter blots of chloroplast RNA. Total chloroplast RNA, and 

chloroplast RNA fractionated into "soluble RNA" (sRNA) fraction and 

high molecular weight enriched RNA fractions (HMW RNA) were 

separated electrophoretic ally, transferred to nylon membranes, and 

hybridized individually with the 6 riboprobes. The results are shown 

in Figure 2-6. 
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Figure 2-6. Analysis of psbF twintron-containing pre-mRNAs by 
northern hybridization. 3Jlg of total chloroplast RNA, and chloroplast 
RNA fractionated into a "soluble' RNA" (sRNA) fraction and a high 
molecular weight-enriched RNA fraction (HMW RNA) were subjected 
to electrophoresis on vertical 1.2% agarose gels containing 2.2M 
formaldehyde. Fractionated RNAs were transferred to nylon 
membranes and hybridized with intron- and exon-specific probes. 
(A) Location of the probes used in the northern hybridizations. 
Radiolabelled riboprobes complementary to the intron- and exon
specific sequences indicated at the bottom were prepared by T3 or 
T7 transcription from plasmids containing the corresponding 
sequences. (B) and (C) Northern analysis of psbF twintron-containing 
pre-mRNAs and control transcripts. The RNA panel shows the 
ethidium bromide stained gel of fractionated RNA markers (lane 1), 
total chloroplast RNA (lane 2), HMW RNA (lane 3), and sRNA (lane 4). 
The sizes of the RNA markers as well as internal chloroplast RNA 
markers (Schnare and Gray, 1990) are indicated at the left. 
Chloroplast RNA samples were hybridized with the probes indicated 
above each panel. Hybridizations and post-hybridization washes in 
(B) were performed at a higher stringency than those in (C). The 
numbers at the right of (B) and (C) refer to psbF exon-specific 
transcripts (l,2, and 7) and intron-containing transcripts (3,4,5, and 
6). Excised linear and/or lariat introns are also indicated. 
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The ex on specific bands 1 (6.7 kb), 2 (3.4 kb), and 7 (1.0 kb), 

which were detected with both the psbF exon 2-specific and the 

psbL-orf42 locus probes, represent the fully spliced hexacistronic, 

pentacistronic (psaB-psbE-psbF-psbL-orf42), and tetracistronic 

(psbE-psbF -psbL-orf42) transcripts, respectively (Figure 2-6B) 

(Christopher et al., 1990; Cushman et al., 1988a). Note that further 

processing of the tetracistronic psbE -psbF -psbL-orf42 RNA is not 

observed. This is the end-product of the mRNA maturation pathway. 

The intron-containing bands 3 (2.7 kb), 4 (2.3 kb), 5 (2.0 kb) 

and 6 (1.5 kb) were detected with the El, E2, Fl, and F2 intron

specific probes, as well as the psbF ex on 2-specific and psbL-orf42 

locus probes. These transcripts are interpreted to be RNA processing 

intermediates of the 1.0 kb tetracistronic mRNA (band 1) with all 

four introns (band 3), three introns (band 4), two introns (band 5) 

and one intron (band 6) present. Since the splicing of Ell g len a 

chloroplast transcripts is not an ordered process (Koller et al., 1985), 

the diffuse bands 4, 5, and 6 most likely represent populations of 

transcripts with different combinations of introns El, E2, Fl, and F2 

present. Un spliced precursors of the hexacistronic psaA-psaB-psbE

psbF -psbL-orf42 RNAs are also observed, most notably with the El 

and E2 probes. Since un spliced precursors to both the hexa- and 

tetracistronic RNAs are present, the endonuclease cleavage event 

that produces the tetracistronic RNA is not ordered with respect to 

splicing. 
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The excised, linear introns were not readily detected with each 

probe in the total chloroplast or HMW -enriched RN A samples. 

However, RNAs corresponding to the linear introns El (0.36 kb), E2 

(0.34 kb) and Fl (0.44 kb) were detected in the sRNA fraction 

enriched for small RNAs (Figure 2-6B and 2-6C). The intron F2 was 

not observed in this experiment. Its relatively low abundance may 

reflect either a low effciency of conversion from lariat to linear form, 

or a more rapid degradation of this intron. To better distinguish 

between linear and lariat RN A molecules and to obtain more 

information on the twintron RNA splicing pathway, a novel, 2-

dimensional gel system was employed. 

Splicing of Cytochrome B-559 Pre-mRNA Occurs via Lariat 

Intermediates. To determine if the splicing of chloroplast group II 

introns occurs via lariat intermediates, analogous to the fungal 

mitochondrial group II introns, a northern analysis of chloroplast 

RN A separated by electrophoresis in transverse linear gradient 

polyacrylamide gels was undertaken (see Materials and Methods). 

In studying complex RNA processing pathways for pre-mRNAs with 

multiple introns it is often necessary to resolve RNA splicing 

intermediates and different topological forms of RNA. Conventional 

one dimension northern hybridization analysis does not offer enough 

resolution to discriminate intron lariats from larger unspliced pre

mRNAs. Historically, two gels with different concentrations of 

acrylamide have been used to distinguish between circular and 

linear RNA species (Grabowski et aI., 1984; Ruskin et aI., 1984). 
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However, these analyses were done on 32P-Iabelled, in vitro 

synthesized RN A subjected to in vitro splicing reactions where 

sensitivity of detection is not a problem and the number of RNA 

species are limited. Such an analysis on in vivo RNA of genes 

containing multiple introns is ambiguous due to the many linear and 

lariat-containing splicing intermediates and the low concentrations 

of RNA processing intermediates in cellular RNA samples. Detecting 

lariat RNAs with 2 gels is further complicated with complex RNA 

mixtures when an RNA band detected on one gel cannot be equated 

with the comparable band on another gel because the RN As change 

migration order. Therefore, a new method was developed to 

discriminate between linear and lariat RNAs in a complex, cellular 

RNA sample. During transverse linear gradient polyacrylamide gel 

electrophoresis (TGGE) under denaturing conditions, the 

electrophoretic mobility of lariat-containing RNA molecules changes 

much more dramatically as a function of polyacrylamide 

concentration than that of linear RNAs. In 8% polyacrylamide/8M 

urea, circular RNAs have slower mobility than like-sized linear 

molecules. By contrast, in 3.5% polyacrylamide/8M urea, linear RNAs 

have a slower mobility than like-sized lariat molecules. In a 3.5-8% 

polyacrylamide TGGE, lariat molecules run as downward arcing 

bands that cross over linear molecules. This feature of TGGE allows 

one to infer relationships between linear and lariat-containing RNAs 

based on their band shape across the entire gel. TGGE also offers 

superior sensitivity of detection due to pattern recognition compared 
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to a ID gel, because very faint signals that might be ignored as 

background in a ID gel appear as distinct arcs in TGGE. 

As a control, TGGE was used to analyze p s b A intron 1-

containing transcripts. One of the most abundant transcripts of the 

E ug lena chloroplast is the psbA mRN A, and partially spliced pre

mRNAs and excised introns have been detected (Hollingsworth et aI., 

1984; Johanningmeier and Hallick, 1987; Koller et aI., 1985) The 

psbA pre-mRNA is monocistronic, with 4 group II introns of sizes 

435, 443, 434, and 617 nt, respectively (Hollingsworth et aI., 1984). 

At least 18 psbA intron 1 nontaining RNA species are detected 

(Figure 2-7). The longest linear Kl~}\S are previously described 

partially spliced psbA pre-mRNA (Hollingsworth et aI., 1984; 

Johanningmeier et aI., 1987). The low molecular weight linear RNAs 

have not been resolved previously. The smallest linear RNA is the 

size expected for the excised psbA intron I, 435 nt. The other linear 

RNAs are splicing intermediates. Several lariat-containing RNAs are 

clearly detected as sharply curving bands (Figure 2-7). The smallest 

is the excised 435 nt intron 1 lariat. The next is intron lariat 1 linked 

to spliced exons 2-5. The largest are intron lariat 1 linked to 

partially spliced forms of exons 2-5. Circular or lariat excised intron 

RNAs for the Euglena psbA gene have been detected previously by 

electron microscopy (Koller et aI., 1985). Results approaching the 

resolution or sensitivity of detection with this RNA sample and 

conventional ID gel methods were not possible. 
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Figure 2-7. Resolution of psbA intron I-containing linear and 
lariat RNA molecules by TGGE. The horizontal arrow at the top left 
marks the position of the origin. The polyacrylamide gradient from 
left to right across the gel is 8% - 3.5%. The interpretations of linear 
and lariat RNA molecules, indicated at the right, are based on 
previous analyses of Euglena psbA transcripts (Hollingsworth et aI., 
1984; Johanningmeier and Hallick, 1987; Koller et aI., 1985). The 
filled boxes correspond to exons, and the hatched boxes correspond 
to a mixture of downstream partially spliced and unspliced 
sequences. The narrow lines refer to psbA introns. The "circle
with-tail" symbol denotes intron 1 lariat. 
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Total chloroplast RNA (lOOJlg) was electrophoresed through a 

gradient gel of 3.5-8%, transferred by electroblotting to nylon 

membranes, and hybridized with the 6 intron- and exon-specific 

riboprobes described above. The ethidium bromide stained gels 

(left-RNA panels), the northern blots (middle-Hybrids panels), and 

an optimized, computer-aided trace of the northern blots (right

Analysis panels) for each probe are shown in Figure 2-8. The RNAs 

detected via ethidium bromide staining are the 16S and 23S 

chloroplast rRNAs, the cytoplasmic 18S rRNA, and subfragments of 

the cytoplasmic 28S rRNA of known size (Schnare and Gray, 1990). 

These RNA species serve as internal standards for linear RNA size 

determination. 

The intron-specific probes each detected a common linear RNA 

species of approximately 3.0 kb (band a in Analysis panels). This 

species is interpreted as the tetracistronic pre-psbE-psbF-psbL

or/42 mRNA with all four introns. A zone of smearing of multiple, 

low abundance linear RNA molecules beneath the tetracistronic pre

mRNA was also detected with each intron-specific probe. This region 

is interpreted as linear intermediates of the partially spliced 

tetracistronic pre-mRNA with various combinations of excised 

introns. Each of the intron-specific riboprobes also hybridized to RNA 

molecules that migrated at approximately the position of the linear 

forms of the excised introns (E I-band c, E2-band d, Fl-band f, F2-

band g). No linear form of an excised twintron was detected with 

either the Fl- or F2-specific riboprobes. 
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Figure 2·8. Splicing of the internal intron F2 and the external 
intron F1 occurs via lariat intermediates. 100~g of total chloroplast 
RNA was fractionated on 3.5-8% transverse linear gradient 
polyacrylamide/8M urea gels. Fractionated RNAs were electroblotted 
to nylon membranes and hybrized with the riboprobes described in 
Figure 2-6. The RNA panels show the ethidium bromide stained gels 
of fractionated chloroplast RNA. The internal chloroplast markers 
(Schnare and Gray, 1990) described in Figure 2-6 are indicated at 
the left. The polyacrylamide gradient from left to right across the gel 
is 8% - 3.5%. The hybrids panels show the northern hybridizations of 
the corresponding gels using the riboprobes indicated at the left. The 
analysis panels represent the major bands of the corresponding 
northern hybridization. The linear bands (a)-(g) are described in the 
text. The lariat RNA molecules for each analysis panel are indicated. 
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High molecular weight, lariat-containing molecules (see upper 

right of Hybrids and Analysis panels) were observed with 5 

different riboprobes. They are evident as curving bands that cross 

over the linear RNAs. With each of the intron specific probes (El, E2, 

Fl, F2), small lariat RNAs interpreted to be excised intron lariats, as 

well as larger lariat containing RNAs are observed. At least four 

different high molecular weight lariat molecules were also detected 

with the psbF exon-specific probe (panel F, Hybrids and Analysis). 

These larger molecules are interpreted to be splicing intermediates 

that contain 5'-intron lariats with 3'-distal exons either spliced, 

partially spliced, or un spliced (the "2/3 molecule"). These lariat

containing RNA populations are heterogenous (panel F, Hybrids), as 

would be expected for a non-ordered splicing of the 4 introns El, E2, 

Fl, and F2. Excised lariats were the most abundant of the lariat

containing RNA species, as well as the most abundant forms of the 

excised introns. The points at which these lariats crossed over a 

common linear molecule (Le. the tetracistronic pre-mRNA, band a in 

Analysis panels) could be correlated with the expected size of the 

lariat molecules. The group II introns have putative branch sites for 

lariat formation at an A-residue in domain VI, 7 or 8 nt from the 3'

boundry of the intron. The largest of the introns (F2, 618 nt,) crossed 

the psbF pre-mRNA closest to the 3.5% acrylamide side of the gel 

(panel F2, Analysis). The next largest intron (Fl, 424 nt) crossed 

over the pre-mRNA at a point near the middle of the gradient (panel 

PI, Analysis). The El lariats, the smallest of which is 350 nt, crossed 
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the pre-mRNA very near to the 8% acrylamide side of the gel, while 

the smallest intron E2 (326 nt) did not cross over the p s b F pre

mRNA (panels El and E2, Analysis). The El-specific probe hybridized 

to two lariats that were very similar in size. The largest lariat is 

interpreted as the E 1 lariat covalently linked to the fully-spliced 

downstream exons. The smaller lariat represented the excised E 1 

intron. The E2 probe detected only one lariat species interpreted to 

be the excised E2 intron. The Fl- and F2-specific riboprobes only 

detected one lariat molecule that corresponded to their respective 

excised introns. 

Discussion 

psbF Twintron is Derived from Two Group II Introns. The psbF 

gene of Euglena gracilis chloroplast DNA, which encodes the ~

subunit of cytochrome b-559 of the photosystem II reaction center, 

was found to contain a novel genetic element consisting of one group 

II intron inserted into domain V of a second group II intron. This 

intron-within-an-intron was correctly predicted by Michel et aI. 

(1989) based on secondary structure models for domains I-VI of 

both the internal and external intron. I have suggested the name 

"twintron" to describe an-intron-within-an-intron. 

Group II introns of plant and algal chloroplasts and fungal and 

plant mitochondria have a conserved core secondary structure 

(reviewed in Michel et aI., 1989), represented as a central wheel, 
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with SIX radiating helical segments designated domains I-VI. Many 

Euglena chloroplast introns have the same core group II secondary 

structure (Michel et aI., 1983; Michel et aI., 1989), including both the 

psbFl and psbF2 introns of the twintron (Figure 2-2). Nevertheless, 

E ug lena chloroplast group II introns are considerably smaller than 

self-splicing fungal mitochondrial introns and are not self-splicing. 

Many lack one or more identifiable domains I-IV of the group II 

core secondary structure, and have abbreviated versions of the 

domains I-IV that are present. For example, the psbF introns have 

abbreviated versions of subdomains C and D and lack subdomains A 

and B of domain I (Figure 2-2). All E ug lena group II introns have 

normal domains V and VI. The insertion of intron psbF2 into domain 

V of intron psbFl to form a twintron is significant because an intact 

domain V is essential to the normal splicing mechanism. Knowledge 

of the group II splicing mechanism is based largely on studies on the 

self-splicing introns of yeast mitochondrial genes (Peebles et aI., 

1986; Perlman et aI., 1990; van der Veen et aI., 1986). Splicing 

occurs by a pair of transesterification reactions. First, the 2'

hydroxyl of an adenosine 7 or 8 nt from the 3-splice boundary 

makes a nucleophilic attack on the 5'-nucleotide (usually guanosine) 

of the intron. The 5'-exon is released with a 3'-OH terminus, and the 

initiating A-nucleotide forms a 2'-5'-phosphodiester bond with the 

5'-end of the intron, forming a lariat RNA intermediate. In the 

second reaction, the 3'-OH of the 5'-exon initiates a nucleophilic 

attack on the 3'-exon to produce the spliced exons and release the 
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free intron lariat. Domain V has an essential functional involvement 

in the splicing reaction (Jarrell et al., 1988), activating hydrolytic 

cleavage at the 5'-exon-intron junction and delivering domain VI 

containing the nucleophilic A-nucleotide to the catalytic site. The 

introduction of a 618 nt group II intron into domain V of intron 

psbFI would be expected to block splicing of this intron, and 

necessitate a sequential twintron splicing mechanism. 

psbF Twintron RNA Splicing Mechanism by Sequential Splicing of 

Group II Introns. To confirm the existence of twintrons, and to 

characterize events in the psbF mRNA processing pathway, a 

combination of cDNA cloning and sequencing, and RNA 

hybridizations with intron-specific probes was used. It is clear from 

these results that the internal intron F2 can be excised from the pre

mRNA prior to excision of the Fl intron. To the limits of detection of 

these experiments, there is no conclusive evidence for excision of the 

intact twintron. Domain V is absolutely required for the first reaction 

in the mechanism of group II intron splicing (Jarrell et al., 1988). 

Therefore, I argue that the internal intron F2 has disrupted the 

functional domain V of the external intron Fl and two sequential 

splicing events are required for the maturation of psbF pre-mRNA. 

In the first step, the 618 nt internal intron is removed from the 

twintron, and the resulting segments of the external intron are 

spliced. In the second step, the spliced 424 nt external intron is 

removed and the psbF exons are spliced to yield the translatable 

mRNA. 
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Based on the characterization of intermediates of twintron 

splicing and the generally accepted mechanism for group II intron 

splicing, a model for the psbF twintron splicing mechanism is shown 

in Figure 2-9. The proposed RNA intermediates detected by cDNA 

and/or hybridization analysis are labeled (a)-(i). psbF mRNA 

maturation occurs within a polycistronic pre-mRNA, either tetra-, 

penta-, or hexacistronic. For simplicity, only psbF splicing events are 

considered. The initial psbF mRNA precursor contains the intact 

twintron (Figure 2-9a). Evidence for this precursor include its 

detection with intron FI and F2 specific probes in northern 

hybridizations of ID-gels (Figure 2-6), and TGGE (Figure 2-8). The 

twintron-containing pre-mRNA was also amplified as a cDNA via the 

polymerase chain reaction, and detected by cDNA sequence analysis 

(Figure 2-3). The initial splicing event is predicted to be cleavage at 

the 51-boundary of the internal, or F2 intron, and release of the F2 

intron as an intron lariat attached to the 31-segment of the split FI

intron and the distal ex on sequences (the "2/3 molecule") (Figure 2-

9c). High molecular weight intron lariat species were detected by 

transverse gradient gel electrophoresis with an F2 intron-specific 

probe (Figure 2-8). However, it is not possible to determine which 

intron initiated the lariat in these molecules. The fact that the p s b F 

exon-specific probe also detects high molecular weight lariats 

supports the existence of the 2/3 molecules. The branch point for 

lariat formation is inferred to be at the unpaired A-residue in 

domain VI of intron F2 (Figure 2-3C) from the prominent stop in the 
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Figure 2-9. A model for the sequential splicing of the p s b F 
twintron. The psbE -or/42 pre-mRNA is shown. The filled boxes 
correspond to psbF exons. The hatched boxes depict the other genes 
in the pre-mRNA. The intercistronic regions are shown as thin lines. 
The 5'- and 3'-portions of the external intron FI of the p s b F 
twintron are represented by thin open boxes. The internal intron F2 
is shown by a thick line. The contribution of the psbE introns to 
potential twintron-containing intermediates is ignored and 
represented as a hatched box. The internal intron F2 is first excised 
via a lariat-containing intermediate, which is then resolved into an 
RN A with spliced FI intron in domain V and free F2 lariat. The 
external intron FI is then excised via a lariat-containing 
intermediate. This intermediate is then resolved into an RNA that 
contains a fully spliced psbF gene and free FI lariat. Not shown is 
the conversion of FI and F2 lariats into linear intron forms. The 
RNA molecules (a)-(i) are described in the text. 
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cDNA sequence analysis (Figure 2-3A). The "1/3 molecule" linear 

splicing intermediate containing the 5'-segment of intron Fl and 

upstream exon sequences (Figure 2-9b) may also be evident in the 

TGGE analysis. Such an intermediate with a fully spliced psbE mRNA 

would have an expected length of 640 nt. A linear intermediate is 

detected with the Fl-intron probe with mobility between that of the 

698 and 617 nt internal RNA standards (Figure 2-8, band e panels 

FI-Hybrids and Analysis). Jacquier and Michel (1987) defined two 

sequences, designated EBS 1 and EBS2 within domain I of group II 

introns that basepair with sequences designated IBSI and IBS2 at 

the 3'-end of the 5'-exon. These potential EBSI-IBSI and EBS2-IBS2 

pairings are conceptually present within a psbF2-psbFl interaction 

(Figures 2-2 and 2-10). 

The second step in the sequential splicing pathway is ligation 

of the 5'- and 3'-segments of intron Fl to yield polycistronic pre

mRNA containing the partially spliced twintron (Figure 2-9d), and 

release of the F2-intron as a lariat (Figure 2-ge). The identification of 

the partially spliced twintron is the key experimental result 

confirming the existence of the twintron and a sequential splicing 

mechanism. It was identified by direct primer extension, cDNA 

sequence analysis with chloroplast RNA as template (Figure 2-3). 

The partially spliced twintron was also amplified by the polymerase 

chain reaction, cloned as a cDNA containing a portion of psbE, and 

sequenced, confirming that sequential twintron splicing occurs in the 

pre-mRNA maturation pathway (Figures 2-4 and 2-5). 
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Figure 2-10. A model for the exon binding site-intron binding site 
interactions of the internal intron psbF2 for the external intron 
psbFl of the psbF twintron. EBSI of the D3 loop and EBS2 of the Dl 
loop of domain I of the internal intron psbF2 (shaded) are shown 
interacting by Watson-Crick base-pairs with the IBS 1 and IBS2 
regions of the external intron psbFl. The boundary between the 5'
portion of the external intron psbFl and the internal intron psbF2 
is indicated by a vertical arrow. The 5' -splice site of the internal 
intron psbF2 is also shown. The model is based on the interaction 
defined by Jacquier and Michel (1987). 
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The remaining steps in the twintron splicing pathway are 

comparable to the splicing of a normal group II intron, involving 

formation of the Fl-intron lariat-3' -exon splicing intermediate, and 

subsequent ligation of the psbF exons with release of the Fl-intron 

as an intron lariat (Figure 2-9f-i). The Fl-intron containing 

intermediates, and the fully-spliced mRNA were detected by 

northern hybridization and TGGE analysis. Correct splicing of the 

psbF exons was earlier confirmed by primer extension eDNA 

sequence analysis (Cushman et al., 1988a). 

Evolution of Twintrons. How was the psbF twintron formed? One 

reasonable hypothesis is that the psbF2 intron was inserted into a 

progenitor psbF gene within a pre-existing psbFl intron. This 

hypothesis is compatible with the idea that chloroplast genes have 

acquired introns in their evolutionary descent from an ancestral 

progenitor that lacked introns (Gingrich et al., 1985). At least in the 

case of E ug len a, intron addition seems to be involved in the 

evolution of chloroplast genes. Although several group I introns have 

been shown to be "infectious," there is no conclusive evidence for 

group II intron transmission to alleles that lack introns (for review 

see Perlman et al., 1990). However, some group II introns have been 

found to encode open reading frames with similarity to retroviral 

reverse transcriptase (Michel et al., 1985; reviewed in Perlman et al., 

1990). A plausible mechanism for group II intron transposition could 

involve a three step process of events that are known to occur in 

organelles. The first step could involve a reverse splicing reaction 
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mediated by the EBSI-IBSI and EBS2-IBS2 interactions. This process 

has been shown to occur in vitro for group II introns (Augustin et al., 

1990; Morl et aI., 1990). A eDNA copy of the product of reverse 

splicing could then be formed by reverse transcription. Finally, the 

eDNA could replace the pre-existing gene by homologous 

recombination, a process that occurs during chloroplast and 

mitochondrial transformation (Boynton et al., 1988; Johnston et al., 

1988). 

Euglena gracilis chloroplast DNA has many more introns than 

any other well-studied chloroplast genome. There are presently 

more than 47 known group II introns (R. B. Hallick, unpublished 

observation), and at least 47 group III introns (Christopher et al., 

1989; R. B. HaUick, unpublished observation). At least 25-30% of the 

single copy region of Euglena chloroplast DNA encodes introns. The 

intron content of the psaA operon is even higher. The 13 introns of 

the 11.8 kb psaA-psaB-psbE-psbF -psbL-orf42 operon total 6324 bp, 

or 54% of the DNA. If introns are being added to genes during 

chloroplast gene evolution, there is certainly a large target size for 

twintron formation within the E ug lena chloroplast genome. The 

insertion of one intron into a pre-existing intron is necessary but not 

sufficient for twintron formation. The internal intron must also 

maintain its identity as a functional intron. One hypothesis to 

account for such an event is that upon insertion, the i:1ternal intron 

has disrupted an essential region of the external intron required for 
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its excision. Therefore, a sequential intron splicing mechanism must 

occur in order to generate a translatable mRNA. 

Do other types of twintrons exist? Given the large proportion of 

introns in the chloroplast genome of E ug lena, it is likely that other 

twintrons also exist. The psbF twintron is a group II intron inserted 

into another group II intron. Based on an analysis of the boundary 

sequences of each intron, Christopher and Hallick (1989) proposed 

that the 409 nt rps3 intron 1 was a group II intron inserted into a 

group III intron. This might be a mixed group II/group III twintron 

(see Chapter 3). 

If intron transposition is an active mechanism in the evolution 

of genes, one might expect remnants of twintrons in other kinds of 

pre-mRNAs. However, an internal intron would usually lose its 

identity when inserted into a non-essential region of an external 

intron, unless there was some advantage to regulate its splicing. Such 

a situation would maintain the original open reading frame while 

allowing genetic drift of the internal intron until an altered splicing 

event produces a transcript that becomes advantageous. This 

argument has been used to explain the exploitation of duplicated 

exons during the evolution of alternatively spliced genes (Smith et 

aI., 1989). In some cases, alternatively spliced pre-mRNAs with 

multiple 5' and 3' splice sites could have possibly been formed by 

intron insertion. A process of genetic drift and regulated splicing of 

the internal intron could have led to an alternatively spliced gene In 
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which splice-site selection has major functional consequences to the 

expression of this gene. 

The results presented in this chapter were the basis for two 

published manuscripts (Copertino et aI., 1990; Copertino and Hallick, 

1991). 
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CHAPTER 3 

A MIXED GROUP II/GROUP III TWINTRON IN THE EUGLENA 

GRACIUS CHLOROPLAST RmOSOMAL PROTEIN S3 GENE: EVIDENCE 

FOR INTRON INSERTION DURING GENE EVOLUTION 

Introduction 

A central question in molecular evolution concerns the origin of 

introns and the role of introns during gene evolution. The debate 

over this question has focused on two views of intron evolution: 

"introns early" versus "introns late". In the introns early model 

(Darnell et al., 1986), genes are viewed as being assembled from 

exons that code for structural or functional domains. Introns 

represent primitive elements for mediating recombination events 

that assemble domains of proteins. This process is termed "exon 

shuffling" (Darnell et al., 1986; Oorit et al., 1990; Gilbert et al., 1986). 

An alternative view is that introns have been added to ancestral 

genes (Cavalier-Smith, 1991; Gingrich et al., 1985; Rogers, 1989). 

Consequently, introns represent mobile or transposable elements 

invading protein coding regions during gene evolution. 

Insertion of transposable elements into exons does not always 

disrupt gene function. For example, insertion of the Zea mays 

Dissociation (Os) transposable element into several alleles of the w x 

(waxy) locus results in excision via splicing of the transcribed Ds 

element during RNA processing (Wessler et al., 1987). Excision occurs 

by utilization of multiple 5'- and 3' -splice sites in the Os element and 

w x gene. Also, the Enhancer (En) or Suppressor-mutator (Spm) 
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transposable element ie also excised via splicing following insertion 

within an allele of the A2 locus of Zea mays (Menssen et at, 1990). 

Although capable of complementing an a2 mutant, the A2 enzyme is 

slightly altered due to imprecise excision of the transposable 

element. These are two examples in which transposable elements 

function as novel introns. However, in each case the element is 

imprecisely excised utilizing cryptic splice sites within the element 

or the genes in which they have inserted. 

Introns are also known to be mobile genetic elements 

(Lambowitz, 1989; Perlman et aI., 1989). Some group I introns, the 

best known being the (0+ intron, are transmitted from intron+ alleles 

to intron- alleles. Intron insertion occurs by DNA site-specific 

recombination catalyzed by enzyme(s) encoded within the intron. 

There is also genetic evidence for the transfer of mitochondrial 

group II introns to alleles lacking introns (Meunier et aI., 1990). 

These introns potentially encode retroviral-like reverse 

transcriptases. It is not known if these putative gene products are 

required for the transposition event. 

The existence of a E ug lena chloroplast twintron, a group II 

intron within a group II intron, was described in Chapter 2. Since the 

location of the internal intron difi. upts a functional domain of the 

external intron, it has been proposed that a sequential splicing 

pathway may be required, and thus both introns must retain their 

unique identity (Michel et aI., 1989; Chapter 2) In this chapter, I 

report that the 409 nt intron of the Euglena gracilis chloroplast 
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ribosomal protein gene rps3 is a "mixed" twintron, in which a 311 nt 

group II intron is inserted within a 98 nt group III intron. 

Materials and Methods 

The materials and general procedures have been described 

previously (see Materials and Methods, Chapter 2, page 51). 

cDNA Cloning and Sequencing. RNA was isolated and isopropanol 

fractionated from purified chloroplasts as described previously (see 

Materials and Methods, Chapter 2). DNA sequence coordinates (see 

below) for cloning rps3 sequences have been described (Figure 2, 

Christopher et aI., 1988). A synthetic deoxyoligonucleotide, 5'

GGGAATTCGCGACTAAGAAAATAGAAAAC-3' (cDNA primer 388) 

complementary to the RNA-like strand at the rps3 intron-3'-exon 

boundary (positions 3918-3938) was used to prime cDNA synthesis 

with total chloroplast RNA as template as previously described (see 

Materials and Methods, Chapter 2). A second deoxyoligonucleotide 

5'-AAAAGCTICCCTITAGGGTITAGGC-3' (PCR primer 385) of the RNA

like strand in rps3 exon 1 (positions 3495-3511) was used to 

amplify the resulting cDNAs by the polymerase chain reaction (PCR) 

as described (see Materials and Methods, Chapter 2). The rps3 PCR 

products were digested to completion with EcoRI and partially 

digested with HindIII. The PCR fragments were then cloned into the 

HindIII and EcoRI sites of Bluescript KS(-) vector. The plasmid DNA 

corresponding to the un spliced rps3 cDNA was designated pEZC1022. 
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The plasmid DNA corresponding to the partially spliced rps3 cDNA 

was designated pEZCI021 (Figure 3-1). The cDNA inserts from these 

plasmid DNAs were completely sequenced on both strands by 

dideoxy DNA sequencing using the Sequenase kit (U. S. Biochemicals). 

Direct Sequencing of PCR Amplified cDNA. A deoxyoligonucleotide 

5'-CCATTTAATAAAGTTCC-3' (cDNA primer 575) complementary to 

the RNA-like strand of the downstream or/516 (Figure 3-1) was 

used to prime cDNA synthesis as described (see Materials and 

Methods, Chapter 2). The cDNAs were amplified by PCR using the 

primer of the RNA-like strand in rps3 ex on 1 described above (see 

Materials and Methods, Chapter 2). The PCR product representing the 

752 bp fully spliced cDNA was separated by gel electrophoresis and 

eluted by crush and soak (Sambrook et aI., 1989). The gel-purified 

PCR product was used as template for dideoxy sequencing using the 

Sequenase kit. The rps3 ex on 1 PCR deoxyoligonucleotide was used 

to prime the sequencing reaction by the optimized method of 

Casanova et aI. (1990). In order to sequence close to the primer, the 

Mn++ buffer was included under these conditions (see the Sequenase 

kit, U. S. Biochemicals). 

Northern Analysis. 51l g each of total chloroplast RNA, high 

molecular weight enriched chloroplast RNA, and the sRNA fraction 

were subjected to electrophoresis on a 6% polyacrylamide gel 

containing 8M urea in O.5X TBE (44.5mM Tris-borate, 44.5mM boric 

acid, and ImM EDTA) using the apparatus of Studier (1973) (see 
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Materials and Methods, Chapter 2, for details of apparatus, 

polymerization of acrylamide gels, and treatment of RNA samples). 

Electrophoresis was allowed to continue until the bromphenol blue 

band reached the bottom of the gel. The gel was stained with IJlg/ml 

ethidium bromide and photographed. Fractionated RNAs were 

electroblotted to Genescreen membranes in 1 X T AE (40mM Tris

acetate and ImM EDTA). The prehybridization, hybridization, and 

post-hybridization washes were done as previously described (see 

Materials and Methods, Chapter 2). 

Phylogenetic Analysis of the rDs3 Gene Product. For phylogenetic 

analysis of the derived ribosomal protein S3 amino acid sequence, 

related sequences in the Protein Identification Resource (P.I.R.) 

database of the National Biomedical Research Foundation (Barker et 

aI., 1991) and in the SWISS-PROT protein sequence data bank 

(Bairoch and Boeckmann, 1991) were identified by the FASTA search 

algorithm of Lipman and Pearson (1985). Multiple sequence 

alignment was conducted using the CLUSTAL sequence alignment 

program (Higgins and Sharp, 1988). The ribosomal protein S3 

sequences were analyzed by maXImum parsimony using the 

exhaustive search option of Phylogenetic Analysis Using Parsimony 

(PAUP) version 3.0L program of Swofford (1990). The CLUSTAL 

multiple alignment was used as the input matrix, with sites included 

only when information was available for more than half of the taxa. 

The tree was rooted USIng the eubacterial sequences from 

Escherichia coli and Mycoplasma capricolum, which were included in 
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the analysis. Confidence values for specific branches of the tree were 

determined by a bootstrap analysis (Felsenstein, 1985) with 100 

replications. The decay analysis (Donoghue et al., 1992) for each 

clade was performed using the heuristics option (simple addition 

sequence, TBR branch swapping, MULPARS). Character state changes 

(branch lengths) were determined by character state optimization 

using accelerated transformation (ACCTRAN). The forced topological 

constraint analysis placing Euglena within the higher plant clade was 

done using the branch and bound alogrithm. 

Results 

cDNA Cloning and Sequencing. The rps3 gene is in the rpl23 

ribosomal protein operon (Figure 3-1) (Christopher et al., 1988). This 

operon is a conserved unit of gene evolution. The comparable 

operons from eubacteria, chloroplasts of Eug Ie na, monocots, dicots 

and bryophytes, and cyanelles have the same overall gene 

organization (Figure 3-1B) (Christopher et al., 1988; Michalowski et 

al., 1990; Sugiura, 1989). Eubacterial, plant chloroplast, and cyanelle 

rps3 genes lack introns (Christopher et al., 1988; Michalowski et al., 

1990; Sugiura, 1989). The Euglena chloroplast rps3 gene is 

interrupted by a 102 nt group III intron and the 409 nt intron. 

Based on secondary structural analysis, Christopher and Hallick 

(1989) proposed that this 409 nt intron was a "mixed" twintron in 

which a group II intron was internal to a group III intron. To test 
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Figure 3·1. The Euglena chloroplast rps3 gene is encoded in the 
rpl23 ribosomal protein operon. (A) Physical location of the rpl23 
operon on the 145 kb Euglena chloroplast genome relative to other 
operons. The arrows indicate the direction of transcription. (B) The 
structure of the 12.2 kb rpl23 ribosomal protein operon. The 
hatched boxes denote the genes of the operon. (e) The structure of 
the rps3 gene and experimental design for analysis of the rps3 
twintron. The filled boxes refer to exons and the open boxes refer to 
introns. The stippled box within rps3 refers to the internal group II 
intron. The locations of the cDNA and peR primers used for the 
analysis of the twintron are indicated. The cDNA inserts of the 
plasmids pEZe 1 022 and pEZe 1 021 corresponding to the un spliced 
and partially spliced twintron, respectively, are also shown. 
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this hypothesis, the polymerase chain reaction (PCR) was used to 

amplify rps3 pre-mRNA processing intermediates. The locations of 

the cDNA and PCR primers are indicated in Figure 3-1C. The primer 

used for first strand cDNA synthesis spanned the distal intron-exon 

junction. To ensure amplification of intermediates of the RNA 

processing pathway and not excised introns, the PCR primer was 

complementary to rps3 exon 1 sequences. 

Two double-stranded cDNA products were amplified (Figure 3-

2), cloned as plasmid DNAs, and sequenced. A portion of the DNA 

sequence analysis (mRNA-like strand) for each plasmid DNA IS 

shown in Figure 3-2. One product (pEZCI022) is 460 bp in length. It 

corresponds to the rps3 un spliced cDNA. The other product 

(pEZCI021) is 149 bp in length. It corresponds to the partially 

spliced cDNA in which a 311 nt internal group II intron has been 

excised. The result of excision of the internal group II intron is the 

splicing of 79 nt 5'- and 19 nt 3'-portions of a 98 nt external group 

III intron (Figure 3-2). The excision of the entire 409 nt twintron 

and the ligation of the two exons was confirmed by direct 

sequencing of PCR amplified fully spliced rps3 cDNA (Figure 3-2). 

The identification of the partially spliced pre-mRNA is direct 

evidence that the 409 nt rps3 intron is a mixed twintron, formed 

from the insertion of a group II intron into a group III intron. 

Identification of the partially spliced pre-mRNA is consistent with a 

sequential in vivo splicing pathway (Figure 3-3). The 311 nt internal 

group II intron is first excised from the twintron. The 98 nt group 
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Figure 3-2. The internal group II intron is excised from the 
twintron of the rps3 pre-mRNA. (Far left panel.) PCR amplification 
of rps3 partially spliced pre-mRNAs. PCR was used to amplify 
precursors of the rps3 mRNA. First strand cDNA synthesis was 
primed using a cDNA primer that spanned the intron-3'-exon 
boundary. PCR was used to amplify the resulting cDNAs using the 
cDNA primer and a primer complementary to rps3 exon 1 
sequences. A portion (10%) of the PCR amplification was subjected 
to electrophoresis on a 1 % agarose-T AE gel. A portion of the PCR 
amplification from the psbF group II twintron is also shown. The 
sizes at the right are based on the characterized PCR products. 
(Middle left panel) DNA sequence analysis of the unspliced rps3 
cDNA clone, pEZCI022. A portion of the cDNA primer retained 
during cloning is indicated. The arrow refers to the position of the 
internal group II intron-external group III intron 3'-boundary. 
(Middle right panel) DNA sequence analysis of the partially spliced 
rps3 cDNA clone, pEZCI021. A portion of the cDNA primer retained 
during cloning is indicated. The arrow refers to site where the 
internal group II intron was excised. (Far right panel) DNA 
sequence analysis of the fully spliced rps3 cDNA PCR product. The 
arrow refers to the position of the twintron. Portions of exon 1 and 
exon 2 within the DNA sequence are indicated. 
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Figure 3-3. A model for the sequential splicing of the r p s 3 
twintron. The filled boxes correspond to exons. The hatched boxes 
refer to other genes in the pre-mRNA. The intercistronic regions are 
shown as thin lines. The 5'- and 3'-portions of the external group 
III intron of the rps3 twintron are represented by thin open boxes. 
The internal group II intron is depicted by a thick line. The 
contribution of the upstream and downstream genes to the rps3 
RNA maturation pathway is not included and represented as 
hatched boxes (a). The internal group II intron is first excised via a 
lariat-containing intermediate (c), which is then resolved into an 
RNA species with spliced external group III intron (d) and free 
internal group II intron lariat (e). The external group III intron is 
then excised resulting in the fully spliced rps3 mRNA (f) and the 
excised group III intron (g). 
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III intron is then removed from the pre-mRNA, resulting in the 

ligation of the 5'- and 3'-exons of the mature mRNA. 

Secondary Structural Model for the rps3 Twintron. The conserved 

core secondary structure of group II introns is represented as a 

central wheel with six radiating helices designated domains I-VI 

(Michel et at, 1989). The 311 nt internal group II intron of the 

Euglena chloroplast rps3 twintron appears to have a streamlined 

version of the conserved group II core secondary structure (Figure 

3-4). Smaller introns may require fewer internal interactions to 

stabilize their structure and position the intron for splicing than 

their much larger, fungal mitochondrial counterparts. 

The 311 nt internal intron possesses the highly conserved 

catalytic domain V, which is required for activating cleavage at the 

5'-splice site and delivering domain VI to the catalytic center (Jarrell 

et aI., 1988). The intron also has the conserved, non-paired 

adenosine residue within domain VI that initiates the nucleophilic 

attack at the 5' -splice junction. The reduced size of this group II 

intron (311 nt) is largely due to one of the smallest domain I's 

known among group II introns. Domain I apparently retains only 

subdomains C and D, which may be the only common feature of 

domain I of all E ug Ie na group II introns (see Results, Chapter 2). 

Jacquier and Michel have defined two regions in subdomains D3 and 

Dl of domain I of group II introns, designated EBSI and EBS2, 

respectively, that interact with sequences in the 3'-portioll of the 5'

ex on (Jacquier et aI., 1987). The exon binding sites of the Euglena 
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Figure 3-4. Secondary structural model for the rps3 twintron. The 
internal group II intron is on the top and the external group III 
intron is on the bottom. The proposed twintron junction is within 
the domain VI-like region (VI') of the group III intron and is 
marked with an arrow and dotted lines. The asterisks denote the 
adenine residues that are the proposed nucleophiles during lariat 
formation and intron eXCISIOn. The vertical arrows mark the 
boundary of the rps3 twintron and the 5'- and 3'-exons. The exon 
sequences are italicized. The secondary structural model is based 
on the model proposed for group II introns by Michel et al. (1989) 
and structural elements with known or suspected importance are 
indicated (Michel et al.,1989; Jacquier and Jacquesson-Breuleux, 
1991 ). 
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rps3 internal group II intron may be combined into a single site of 8 

nt positioned asymmetrically in the D terminal loop (Figure 3-4). 

This feature has also been seen in the D3 terminal loop of group II 

introns that lack EBS2 (Michel et aI., 1989). There is also a potential 

hinge region within the stem of domain I. This feature may allow 

rotation of domain I to assist intron interactions at the 5'-splice site. 

My interpretation is that structural features of the internal r p s 3 

group II intron are minimized yet the group II ribozyme and 

splicing mechanism are maintained. 

Group III introns have some unifying characteristics 

(Christopher et aI., 1989). The 5'- and 3'-boundary sequences are 

minimal subsets of the group II intron consensus boundary 

sequences (Christopher et aI., 1989). The 5'-UUGAG and AUUUUCUU-

3' boundaries (Figure 3-4) of the external group III intron of rps3 

are typical of group III introns (Christopher et aI., 1989). The size 

and base content of U>A>G>C are also characteristic of group III. 

There is also a potential domain VI-like structure at the 3'-end of 

the intron, previously unidentified for group III introns. 

Interestingly, the site of insertion of the internal intron is at the base 

of this potential group III feature (Figure 3-4). A model for a 

potential secondary structure in the 5'-region of the 98 nt group III 

intron IS also shown in Figure 3-4. The base pairing resembles that 

of a domain ID-like structure, with a potential EBS sequence 

positioned within the terminal loop. The pnmary sequence of the 

domain ID-like stem is also very similar to that of the group II 
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domain I stem (Figure 3-4). Few group III introns fit this model as 

well as the rps3 external group III intron. 

Analysis of [os3 Transcripts. The rps3 gene is part of an operon 

containing 11 ribosomal protein genes, a tRNA gene, and a new locus 

with an open reading frame of 516 amino acids (0 r /51 6) 

(Christopher et aI., 1990). The primary transcript is approximately 

11.8 kb, and contains at least 23 group II and group III introns. An 

RNA processing pathway for this complex chloroplast ribosomal 

protein operon has been proposed (Christopher et aI., 1990). To 

determine if the introns of the r p s 3 twintron are excised 

sequentially or as a single intron, northern hybridization 

experiments were performed. Total chloroplast RNA (ctRNA), and 

chloroplast RNA fractionated into a isopropanol soluble fraction 

(sRNA), and a high molecular weight fraction (HWM) were 

electrophoretic ally separated on 6% polyacrylamide gel containing 

8M urea. The fractionated RNAs were then transferred to a nylon 

membrane and hybridized with riboprobes specific for the internal 

group II intron (pEZC517.9.39) and the partially spliced cDNA 

(pEZCI021). The results are shown in Figure 3-5. 

The internal group II-specific riboprobe hybridized to an RNA 

species migrating at 240 nt (Figure 3-5A). This RNA is interpreted as 

the linear form of the excised 311 nt internal group II intron. On the 

top of the 6%/7M polyacrylamide gel, un spliced and partially spliced 

mono- and polycistronic transcripts that contain the rps3 internal 

group II intron are not resolved and appear as a smear. Lariat-
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Figure 3-5. Analysis of rps3 twintron-containing transcripts by 
northern hybridization. 5J.1g of total (ctRNA), high molecular weight 
(HMW), and "soluble" (sRNA) chloroplast RNA were subjected to 
electrophoresis on a 6% polyacrylamide/8M urea gel. Fractionated 
RNAs were electroblotted to a nylon membrane and hybridized 
with riboprobes. (Upper panel) Location of probes used in the 
northern hybridizations. (A) and (B) refer to regions from which 
uniformly labelled riboprobes were synthesized by in vitro 
transcription from plasmids. (Lower panel) (A) Northern blot 
hybridized with sequences 3620-3876 specific for the internal 
group II intron (Christopher et al., 1988). (B) Northern blots 
hybridized with sequences corresponding to the partially spliced 
cDNA (pEZCI021). The blot to the right is a shorter exposure of the 
same blot at left. The sizes of internal chloroplast RNA markers are 
indicated (Schnare and Gray, 1990). The positions of the internal 
group II and external group III introns are also indicated. The 
bracket (}) refers to group II -containing un spliced and partially 
spliced polycistronic transcripts. The bands marked with an 
asterisk (:1:) represent mono- and polycistronic fully spliced rps3 
transcri pts (Christopher and Hallick, 1990). 
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containing speCIes cannot be identified in this experiment. Due to 

their altered mobility on polyacrylamide gels, these RNA species are 

expected to migrate towards the top of the gel. The partially spliced 

cDNA riboprobe hybridized strongly to an RNA migrating at 100 nt 

(Figure 3-5B). This RNA is the excised, external group III intron. It is 

not known if this RNA is a linear and/or lariat form of the intron. 

The high molecular weight bands indicated by asterisks (see Figure 

3-5B, right panel) are fully spliced mono- and polycistronic rps3 

transcripts detected previously (Christopher et aI., 1990). There is no 

evidence of an excised 409 nt twintron in this experiment. 

rps3 Gene Product. The derived amino acid sequence from the 

Euglena gracilis chloroplast rps3 gene was compared with the 

corresponding sequences from E. coli, Mycoplasma, Cyanophora, and 

chloroplasts from red algae and higher plants using the CLUSTAL 

sequence alignment program of Higgins and Sharp (1988) (Figure 3-

6). All sequences shown in this alignment have the PROSITE 

signature for ribosomal protein S3 (Bairoch, 1991). Based on this 

alignment, there is 32-43% primary sequence identity to the Euglena 

sequence among the eubacterial, cyanelle and chloroplast gene 

products. The ribosomal protein S3 sequences were analyzed by 

maximum parsimony using the exhaustive search option of the 

Phylogenetic Analysis Using Parsimony (PAUP) version 3.0L 

program of Swofford (Swofford, 1990) (Figure 3-7). The g 1 statistic 

for the skewness of the tree-length distribution was -0.889, 

indicating significant phylogenetic structure in the data 
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Figure 3-6. Alignment of the Euglena gracilis chloroplast 
ribosomal protein S3 with those of other organisms. The amino acid 
sequence deduced from the Euglena gene is compared with those 
from Escherichia coli (Zurawski and Zurawski, 1985), Cyanophora 
paradoxa (Michalowski et aI., 1990); Mycoplasma capricolum 
(Ohkubo et aI., 1987); and the chloroplast genes from Nicotiana 
tabacum (Tanaka et aI., 1986), Spinacia oleracea (Zhou et aI., 1989), 
Oryza sativa (Shimada et al., 1989), Zea mays (McLaughlin and 
Larrinua, 1987), Marchantia polymorpha (Fukuzawa et aI., 1988), 
and Gracilaria tenuistipitata (Kao et aI., 1990). Gaps in the sequence 
indicate insertions or deletions. The bold amino acids marked with 
an asterisk (*) represent complete amino acid conservation and the 
bold amino acids marked with dots ( .. ) refer to conservative 
replacements. The vertical arrows mark the positions of introns in 
the Euglena gene. 
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Figure 3-7. A rooted cladogram of the Euglena gracilis chloroplast 
ribosomal protein S3 with those from other organisms. The 
ribosomal protein S3 sequences were analyzed by maximum 
parsimony using the exhaustive search option of PAUP version 3.0L. 
The CLUST AL multiple alignment was used as the input matrix, with 
sites included only when information was available for more than 
half of the taxa. The tree was rooted using the eubacterial 
sequences Escherichia coli and Mycoplasma capricolum, which were 
included in the analysis. The gl statistic for the tree-length 
distribution skewness was -0.889. The most parsimonious tree of 
456 steps was found with 135 phylogenetically informative 
characters in the input matrix (consistency index = 0.864; retention 
index = 0.759). Confidence values for each branch determined by 
bootstrap analysis are indicated as percentages. The decay values 
for each clade are indicated within parentheses. The numbers below 
each line represent the character state changes (branch length) for 
each branch. 
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(Huelsenbeck, 1991). The most parsimonious tree of 456 steps was 

found with 135 phylogenetically informative characters in the input 

matrix (consistency index = 0.864; retention index = 0.759). The 

eubacterial sequences were defined as the outgroup in order to root 

the tree. A decay analysis for each clade (Donoghue et aI., 1992) 

indicated that all clades, including the higher plant clade, broke 

down within 11 steps, except the monocot clade, which remained 

together after 24 steps (Figure 3-7). A topological constraint analysis 

forcing the Euglena protein within the chlorophyll b-containing clade 

required 8 additional steps. Therefore, our data do not support the 

hypothesis that clusters the Euglena plastid with other chlorophyll 

at b-containing plastids (Morden et aI., 1991). An association of 

chromophyte and euglenoid plastids has been reported by others 

(Douglas et aI., 1991). If the tree is rooted along any branch other 

than the Euglena branch, then intron addition would be the most 

parsimonious explanation for the presence of introns in the E ug lena 

gene (Figure 3 -7). Even if the tree is rooted along the E u g len a 

branch, intron loss and intron addition would be equally 

parsimonious. 

Discussion 

Introns Early Versus Introns Late. The 409 nt Euglena gracilis 

chloroplast rps3 twintron is comprised of a 311 nt group II intron 

inserted within a 98 nt group III intron. This intron is the second 
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example of a new type of genetic element termed a "twintron." It is 

the first case of a mixed twintron, a combination of two distinct 

types of organelle introns. 

How was the rps3 twintron formed during the evolution of the 

rps3 gene? The ribosomal protein S3 falls into the category of 

ancient proteins. There is a direct-line descendancy for this protein 

from eubacteria to eukaryotes and contemporary prokaryotes 

(Figure 3-7). This protein serves the same function in these diverse 

organisms. Therefore, the rps3 gene was likely present in the 

common ancestor of eubacteria, archebacteria, and eukaryotes. One 

view of the evolution of proteins, known as "exon shuffling", holds 

that primordial genes were assembled from a limited number of 

exons (Darnell et al., 1986; Dorit et al., 1990). Such ancestral genes 

are thought to have lost their introns through the process of "genome 

streamlining" In eubacteria and lower eukaryotes, but maintained 

their introns In higher organisms. An alternative view, termed 

"introns late," is that ancestral genes, such as the ancestral ribosomal 

protein S3 gene, lacked introns (Cavalier-Smith, 1991; Gingrich et al., 

1985; Rogers, 1989). The most parsimonious explanation for 

twintron formation is the addition of one intron into another after 

the descent of this gene from a common ancestor. During the 

evolutionary descent of E ug Ie na chloroplast rps3 gene from the 

common ancestor with eubacteria, cyanelles, cyanobacteria, higher 

plants, algae, and eukaryotic cytoplasm, a group III intron was 

inserted, and subsequently a group II intron was inserted in the 
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group III intron. This same argument also applies to the group II 

twintron in the ancient photosystem II gene, psbF (see Chapter 2). 

The existence of twintrons can only be explained by an introns late, 

intron insertion model. This argument doesn't necessarily preclude 

the intron early model, but clearly intron mobilization mechanisms 

are in place for evolution of ancient genes. Recently, group I self

splicing introns have been discovered in eubacterial tRNA genes 

(Kuhsel et al., 1990; Xu et aI., 1990). Therefore, the phylogenetic 

evidence seems to favor an unequal antiquity for introns (Cavalier

Smith, 1991). The existence of twintrons is evidence that group II 

introns are now or at one time were mobile genetic elements. Group 

II introns were inserted into ancestral genes lacking introns during 

chloroplast gene evolution. 

Mechanism of Intron Insertion. A possible mechanism for group II 

intron transposition during twintron formation has been discussed 

(see Discussion, Chapter 2). The internal group II introns of the rps3 

and psbF twintrons contain exon-binding sites for their respective 

external introns. These structures are consistent with a reverse 

splicing mechanism for intron insertion. The three steps required for 

reverse splicing, reverse transcription, and homologous 

recombination are all known to occur in organelles (Augustin et aI., 

1990; Boynton et aI., 1988; Lambowitz, 1989; Michel et aI., 1985). In 

the case of the psbF twintron (see Chapter 2), the site of insertion of 

the internal intron within domain V was significant because an intact 

domain V is essential to the group II splicing mechanism, thus 
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necessitating a sequential twintron splicing mechanism. The location 

of the internal group II intron in the r p s 3 twintron is within a 

potential base-paired region of the external group III intron. This 

region may be functionally significant to group III intron excision 

and its disruption may necessitate a sequential twintron splicing 

mechanism. One hypothesis to account for the location of the internal 

intron is that intron insertion occurred as a neutral mutation that 

was "fixed" due to the site of insertion. An alternative hypothesis for 

the formation of twintrons is that an aberrant splicing event resulted 

in intron insertion at or near the active site. This mechanism was 

recently discussed by Guthrie (1991) to explain the introns near 

stem I of several yeast U6 snRNAs. 

It is formally possible that twintron formation by whatever 

mechanism of intron insertion could occur in non-essential regions of 

the external intron. In the case of group II introns, such a non

essential region would probably be limited to loop regions in some of 

the six domains, since the integrity of the secondary structure is 

presumably required for higher order RNA structures that are 

required for proper intron excision. In this situation, the internal 

intron could eventually lose its identity and the entire twintron 

could excise in a single step. In the case of other pre-mRNAs in 

which many of the cis elements necessary for intron excision are 

supplied in t ra ns, such as nuclear or group III introns, twintron 

formation could result in a situation in which splice site selection has 

major functional consequences to the expression of the gene. In 
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these situations, twintron formation followed by genetic drift and 

regulated splicing of the internal intron could result in the 

generation of alternatively spliced genes. 

Continuum of Intron Evolution. What is the relationship between 

group II and group III introns? The fact that domain I of the 

internal group II intron is greatly reduced in size and yet maintains 

features known to be required for proper intron excision implies 

that streamlining has occurred in the Euglena chloroplast group II 

introns. Since group III introns have several features that are group 

II-like, including boundary sequences, non-paired-A residue, and 

potential domain VI-like structure, it is possible that group III 

introns are a highly degenerate version of group II introns in which 

only those features necessary for orienting the intron to the splicing 

machinery have been maintained. In other words, group III introns 

may represent the most streamlined group II intron in which many 

of the cis elements necessary for intron excision are supplied in 

trans. An evolutionary relationship between group II introns and 

nuclear mRNA introns has been proposed (Cech, 1986a). Therefore, 

group III introns may be the closest relative among the organelle 

introns to the nuclear mRNA introns, in which both types of introns 

may have resulted from similar, but perhaps independent paths of 

intron degeneration (Christopher et al., 1989). 

The results presented in this chapter have been published 

(Copertino et al., 1991). 
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CHAPTER 4 

EUGLENA GRACIliS CHLOROPLAST GROUP ill 1WINTRON EXCISION 

UTILIZING MULTIPLE 5'- AND 3'-SPLICE SITES 

Introduction 

In addition to group II and group III introns, some E u g len a 

chloroplast genes also contain twintrons, introns-within-introns that 

are sequentially spliced. One type of twintron, a group II twintron, is 

located within the psbF gene, which encodes the p-subunit of 

cytochrome b-559 of the photosystem II reaction center (Chapter 2). 

The psbF twintron is composed of a 618 nt group II intron inserted 

within domain V of a 424 nt external group II intron. Another type 

of twintron, a mixed group II/group III twintron, is located within 

the ribosomal protein gene rps3 (Chapter 3). The rps3 twintron is 

composed of a 311 nt group II intron at the base of a domain VI-like 

structure internal to a 98 nt group III intron. The internal group II 

introns of the psbF and rps3 twintrons were identified by the 

conserved core secondary structure, particularly the diagnostic 

group II domain V (Christopher et al., 1989; Michel et al., 1989), and 

confirmed by analysis of partially spliced, pre-mRNAs. The location 

of the internal intron in a functional domain of the external intron is 

thought to neccesitate a sequential splicing pathway. The psbF an d 

rps3 twintrons proceed through a sequential in vivo splicing 

pathway. The excision of the internal introns occurs prior to excision 

of the external introns. The mechanism for twintron formation is 
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unknown, although a three step process of reverse splicing, reverse 

transcription, and homologous recombination has been proposed. 

The possibility of a third type of twintron, a group III 

twintron, has been proposed for intron 1 of rp116 and introns 1, 3, 

and 11 of rpoCl (Christopher et al., 1989; Radebaugh, 1990). These 

introns are each twice the length of a typical group III intron. I 

tested this hypothesis by cDNA cloning and sequencing of partially 

spliced pre-mRNAs and northern hybridization, and determined that 

these four introns are each group III twintrons. Twintron excision 

proceeds by a two-step, sequential splicing pathway. The excision of 

the internal group III introns occurs prior to excision of the external 

group III introns. Excision of several of the internal group III 

introns of the twintrons occurs by utilization of multiple 5'- and 3'

splice sites. 

The 1.6 kb intron in the carboxy-terminal portion of the 

E u g len a chloroplast psbC gene, the gene encoding the 44 kDa 

component of the photosystem II reaction center (Alt et aI., 1984; 

Holschuh et aI., 1984), is one of the largest known E u g len a 

chloroplast introns. This intron follows the 5'-GU---AG-3' rule typical 

for nuclear pre-mRNA introns (Sharp, 1981), possesses structural 

features in the 3'-region similar to domains V and VI of group II 

introns and thus was predicted to be a group II intron, and contains 

an open reading frame (orf) of 458 codons with no known function 

(Montandon et aI., 1986). The splicing of the 1.6 kb intron was 

examined by cDNA cloning and sequencing, and northern 
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hybridization. This intron is also a group III twintron. The orf458 is 

encoded within a group III intron, which in turn is internal to 

another group III intron. 

Materials And Methods 

The materials and general procedures have been described 

previously (see Materials and Methods, Chapter 2, page 51). 

cDNA Cloning and Sequencing of rp1l6 Twintron. Chloroplast RNA 

was isolated and fractionated with isopropanol from purified 

chloroplasts as described previously (see Materials and Methods, 

Chapter 2). DNA sequence coordinates (see below) for rp116 have 

been described (Figure 1, Christopher et aI., 1989). Two synthetic 

deoxyoligonuc1eotides, 5'-GGGAATTCAGAAAAGAAAACAGTAAAAA-

3' (cDNA-l, primer 386) complementary to the RNA-like strand in 

rp116 intron 3 (positions 815-834), and 5'

GGGAATTCGTAATAACTCTACGAATIAAAT-3' (cDNA-2, primer 891) 

complementary to the RNA-like strand at the rp116 intron-3'-exon 

boundary (positions 851-872), were used to prime cDNA synthesis 

with total chloroplast RNA as template. A third deoxyoligonucleotide 

5'-AAAAGCTIGCCTGGTfGGATAACTICACG-3' (PCR primer 387) of the 

RNA-like strand in rp116 ex on 3 (positions 614-634) was used to 

amplify the resulting cDNAs by the polymerase chain reaction (PCR). 

PCR amplification consisted of a 5 minute 'hot start' at 800 C prior to 

addition of enzyme, 1 minute of denaturation at 940 C, 2 minutes of 
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annealing at 450 C, and 2 minutes of elongation by Taq polymerase at 

720 C for a total of 30 cycles. The rpll6 PCR products were digested 

to completion with EcoRI and HindIII, gel-purified by the crush

and-soak method (Sambrook et aI., 1989) and cloned into the 

HindIII and EcoRI sites of Bluescript KS(-). The plasmid DNAs 

corresponding to unspliced rp116 cDNAs from cDNA-l primer 386 

and PCR primer 387, and cDNA-2 primer 891 and PCR primer 387 

were designated pEZCI024, and pEZCI027, respectively. The plasmid 

DNAs corresponding to partially spliced rp116 cDNAs from cDNA-l 

primer 386 and PCR primer 387 were designated pEZCI023, 

pEZCI025, pEZCI026, and the corresponding plasmid DNAs 

representing partially spliced rp116 cDNAs from cDNA-2 primer 891 

and PCR primer 387 were designated pEZCI048, pEZCI028, and 

pEZCI030, respectively. (Figure 4-3, data not shown). The cDNA 

inserts from these plasmid DNAs were completely sequenced on 

both strands by dideoxy DNA sequencing using a Sequenase kit (U. S. 

Biochemicals). 

Direct Sequencing of PCR-Amplified rnU6 Fully Spliced cDNA. A 

third synthetic deoxyoligonucleotide cDNA primer 5'

TCCAAAGTTTGCCCCCACGT-3' (cDNA-3, primer 4L16) complementary 

to the RNA-like strand in rpll6 exon 4 (positions 885-904) 

(Christopher et aI., 1989) was used to prime cDNA synthesis as 

previously described. The resulting cDNAs were amplified by PCR 

using PCR primer 387 as described above. The PCR product 

representing the fully spliced r p [16 cDNA was separated 



118 

electrophoretically and isolated by the crush-and-soak method 

(Sambrook et aI., 1989). The PCR product was sequenced directly 

using the PCR primer 387 and the optimized method of Casanova et 

al. (Casanova et al., 1990). Mn++ buffer was included in the reaction 

in order to sequence close to the primer (Sequenase kit). 

cDNA Cloning and Sequencing of rpoC} Twintrons. DNA sequence 

coordinates (see below) for rpoC 1 have been described (EMBL 

accession number XI7191). Synthetic deoxyoligonucleotides 5'

GGGAATTCGTAACATATCTTCCACC-3' (eDNA primer 887) 

complementary to the RNA-like strand at the rpoC1 intron l-exon 2 

boundary (positions 6002-6018), 5'

GGGAATTCCCCAACATAATAAAAGAT-3' (cDNA primer 889) 

complementary to the RNA-like strand at the rpoC1 intron 3-exon 4 

boundary (positions 6592-6609), and 5'

GGGAATTCCCCTATAGTGGTGCGAATATTATTG-3' (cDNA primer 890) 

complementary to the RNA-like strand at the rpoC1 intron ll-exon 

12 boundary (positions 9099-9124) were used to prime cDNA 

synthesis with total chloroplast RNA as template. The resulting 

cDNAs from the corresponding introns were amplified by the PCR 

using synthetic deoxyoligonucleotide primers 5'

AAAAGCTTGGACGGAAAGATCTTTGCC-3' (PCR primer 886) of the 

RNA-like strand in rpoC 1 exon 1 (positions 5746-5764), 5'

AAAAGCTTGGTATTTAAAAAGTAGGCC-3' (PCR primer 888) of the 

RNA-like strand in rpoC 1 exon 3 (positions 6354-6372), and 5'

AAAAGCTTGAGAAGGTT AAAAGTGC-3' (PCR primer 389) of the RNA-
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like strand in rpoC 1 ex on 11 (positions 8767-8783), respectively. 

The rpoC 1 PCR products were digested to completion with EcoRI and 

HindIII, gel-purified by crush and soak (Sambrook et aI., 1989), and 

cloned into the HindIII and EcoRI sites of Bluescript KS( -) vector. 

The plasmid DNA corresponding to un spliced rpoC1 introns 1 (Cl-l), 

3 (CI-3), and 11 (Cl-ll) were designated pEZCI033, pEZCI042, and 

pEZCI047, respectively. The plasmid DNAs corresponding to partially 

spliced Cl-l cDNAs were designated pEZCI034, pEZCI035, and 

pEZCI036, to partially spliced CI-3 cDNA, pEZCI043, and to partially 

spliced Cl-11 cDNAs, pEZCI044, pEZCI045, pEZCI046, pEZCI051, and 

pEZC 1 052. The cDN A inserts from these plasmid DN As were 

completely sequenced on both strands by dideoxy DNA sequencing 

using the Sequenase kit. 

cDNA Cloning and Sequencing of psbC Twintron. DNA sequence 

coordinates (see below) for psbC have been described (Figure 2, 

Montandon et aI., 1986). A synthetic deoxynucleotide primer 5'

GGGGATCCGCTACATGAGCTTAATTTAG-3' (cDNA primer 1126) 

complementary to the RNA-like strand at the psbC intron-3'-exon 

boundary (positions 2163-2182) was used to prime cDNA synthesis 

with total chloroplast RNA as template. A second 

deoxyoligonucleotide 5'-GGTAATTCTAGACTTATAAATGTATCAGG-3' 

(PCR primer 1127) of the RNA-like strand in the upstream psbC exon 

(positions 525-553) was used to amplify the resulting cDNA by the 

PCR. The psbC PCR product was digested to completion with XbaI and 

BamHI, gel-purified by crush and soak (Sambrook et aI., 1989), and 
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cloned into the XbaI and BamHI sites of Bluescript KS- vector. The 

plasmid DNA corresponding to the partially spliced psbC cDNA was 

designated pEZCI041 (Figures 4-7 and 4-8). The plasmid DNA 

pEZC 1 041.1 was generated by digesting pEZC 1 041 with HincH and 

Smai, releasing a 40 bp fragment of the multiple cloning site that 

contains the EcoRI site, and religating the resulting molecule. To 

synthesize an external group III intron-specific riboprobe, 

pEZCI041.1 was linearized at the EcoRI site within the 51-region of 

the external intron (position 577). However, the plasmid pEZCI041.1 

contains 10 nt of the 31-exon as part of the cDNA primer. The 

plasmid cDNA inserts were completely sequenced on both strands. 

Genomic Cloning and Sequencing of asbC Twintron. Euglena gracilis 

chloroplast DNA (ctDNA) was isolated by the method of Hallick 

(1982). The two deoxynucleotide primers described above were used 

to amplify the corresponding region of the chloroplast genomic DNA. 

200ng of chloroplast DNA was boiled for 10 minutes, placed on ice, 

and amplified by PCR (Perkin-Elmer, Cetus). 430ng of psbC cDNA 

primer 1126 and 400ng of psbC PCR primer was included in the 

amplification. Prior to amplification, a 2 minute "hot start" at 800 C 

was done in the absence of Taq polymerase (Perkin-Elmer, Cetus). 

The Taq polymerase was then added and amplification occurred for 

30 cycles. The DNA was denatured at 940 C for 1 minute, annealed at 

42 0 C for 1 minute, and extended at 720 C for 2 minutes. The PCR 

product was then digested with XbaI and BamHI, gel-purified by 

GENECLEAN, and cloned into the XbaI and BamHI sites of Bluescript 



121 

KS-. The plasmid DNA was designated pEZC2000. The internal group 

III intron-specific sequences corresponding to positions 1083-1520 

were cloned by gel-purifying the 437 bp HindIII/EcoRI fragment 

from pEZC2000 using GENECLEAN, and ligating the fragment into the 

HindIII and EcoRI sites of the Bluescript KS-. The resulting plasmid 

DNA was designated pEZC2000.1. These plasmid DNAs were 

characterized by dideoxy DNA sequencing from the ends of the 

inserts and restriction endonuclease mapping. 

Northern Analysis of rv116 and rvoCI Twintrons. 2Jlg each of total 

chloroplast RNA, high molecular weight enriched chloroplast RNA, 

and the sRNA fraction were subjected to electrophoresis on a 6% 

polyacrylamide gel containing 8M urea in 1 X TBE. 2Jlg per lane of the 

sRNA fraction were incubated in HeLa S-100 fraction (generous gift 

from Steven Mayer and Bernardo Nidal-Ginard) as described (Ruskin 

and Green, 1985), and subjected to electrophoresis on 6% and 15% 

polyacrylamide gels containing 8M urea. Fractionated RNAs were 

electroblotted to Genescreen membranes and hybridized with 

riboprobes corresponding to the un spliced cDNA plasmid inserts 

generated by T3 or T7 in vitro transcription (see cloning above and 

Figure 4-10). The 5S rRNA probe was generated by T3 in vitro 

transcription from pEZC 1.16. The prehybridization, hybridization, 

and post-hybridization washes were done as previously described 

(see Materials and Methods, Chapter 2). 
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Northern Analysis of psbC Twintron. 2Jlg each of total chloroplast 

RNA, high molecular weight-enriched chloroplast RNA, and the sRNA 

fraction were subjected to electrophoresis on a 1.2% agarose gel 

containing 2.2M formaldehyde in the 1 X MOPS/EDT A buffer system 

of Fourney et al. (1988) (see Materials and Methods, Chapter 2) 

using the optimized surface tension procedure of Rosen et al. (1990). 

Fractionated RNAs were transferred to Genescreen membranes and 

hybridized with riboprobes corresponding to intron-specific plasmid 

inserts generated by T3 or T7 in vitro transcription (see cloning 

above and Figure 4-10). The prehybridization, hybridization, and 

post-hybridization washes were done as previously described. 

Analysis of the or{458 Gene Product. The derived amino acid 

sequence from or/458 was used to search for related sequences in 

the Protein Identification Resource (P.I.R.) database of the National 

Biomedical Research Foundation (Barker et al., 1991), the SWISS

PROT protein sequence data bank (Bairoch et al., 1991), and the 

GenPept GenBank translation using the BLAST search algorithm 

(Altschul et al., 1990). The computation was done at the National 

Center for Biotechnology Information (NCB I) using the BLAST 

network service. The sequence alignment was done using CLUST AL 

(Higgins et al., 1988). 

Results 

The size of 47 group III introns has been determined. A histogram of 

the resulting size distribution is shown in Figure 4-1. Most group 
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Figure 4-1. A histogram of the size distribution of Euglena gracilis 
chloroplast group III introns. The majority of the 47 group III 
introns (43) have a mean length of 101 nt. The remaining four 
group III introns are approximately twice this size, with a mean at 
207 nt. The sequences of the group III introns can be obtained 
from EMBL using the accession numbers M22010, X17191 and 
Zl1874. 
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III introns are in the SIze range of 90-120 nt, with a mean size at 

101 nt. However, there are four introns which are twice the mean 

length (x = 207, Figure 4-1). Three of these introns are in the RNA 

polymerase subunit gene, rpoC 1, and the forth in the ribosomal 

protein L16 gene, rp1l6. There is a strict bimodal size distribution. 

No introns of sizes intermediate between x = 101 and x = 207 are 

seen. This suggests that a size of approximately 100 nt is a 

fundamental property of group III introns, and that the population 

of introns at x = 207 might be formed from two individual group III 

introns. 

cDNA Cloning and Sequencing of the rp116 Twintron. The rp116 

gene is in the rpl23 ribosomal protein operon (Figure 4-2). This 

operon encodes 11 ribosomal proteins, a tRNA, and an unidentified 

gene (orf516). The 11.8 kb primary transcript encodes all 13 

cistrons, as well as 6 group II and 14 group III introns. The r p 11 6 

gene contains the 97 nt group III intron 1, the 356 nt group II 

intron 2, and a putative 208 nt group III twintron, intron 3 (see 

Figure 4-10) (Christopher et al., 1989). To test the hypothesis that 

the 208 nt rpll6 intron 3 is a group III twintron, the polymerase 

chain reaction (PCR) was used to amplify rpll6 pre-mRNA processing 

intermediates. Three different oligonucleotide primers were used for 

first strand cDNA synthesis. One was specific to intron 3 (cDNA-1), 

one spanned the distal intron 3-exon 4 junction (cDNA-2), and one 

was specific to the downstream ex on 4 (cDNA-3) (see Materials and 
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Figure 4-2. The Euglena rp116 and rpoC1 twintrons are encoded in 
the rpl23 ribosomal protein and rpoB RNA polymerase subunit 
operons, repectively. (A) Physical location of the rp 12 3 and r po B 
operons on the 145 kb Euglena chloroplast genome relative to other 
operons. The arrows indicate the direction of transcription. (B) The 
organization of the 12.2 kb rpl23 ribosomal protein operon. (C) The 
organization of the 11.6 kb rpoB RNA polymerase subunit operon. 
The cross-hatched boxes refer to the genes (exons and introns) 
encoded within each operon. The direction of transcription is 
indicated. 
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Methods). To ensure amplification of RNA processing intermediates 

and not excised introns, the PCR primer was complementary to rp 116 

exon 3 sequences. The double-stranded cDNA products were cloned 

as recombinant plasmid DNAs and sequenced on both strands. 

Results· of DNA sequence analysis for the un spliced cDNA plasmid 

DNA (pEZCI027), several patially spliced cDNA plasmid DNAs 

(pEZCI023, pEZCI028, and pEZCI030), and the fully spliced cDNA 

(PCR product) are shown in Figure 3A. The cDNA products are also 

represented diagrammatically in Figure 3B. 

Using different cDNA primers (cDNA-l, cDNA-2) cDNA clones of 

several partially spliced pre-mRNAs were obtained (Figure 4-3). 

Two of these cDNAs were derived from a common internal 5'-splice 

site at position 661 (UUGUGA) (for DNA sequence coordinates see 

Figure 1, (Christopher et al., 1989) but two different internal 3'_ 

splice sites at positions 772 and 780. The most abundant cDNA, 

represented by pEZCI028 (661-772)(27 of 48 independent cDNA 

clones), resulted from excision of a 112 nt internal intron from a 96 

nt external intron. The cDNA represented by pEZCI030 (661-780) 

defines a 120 nt internal intron and an 88 nt external intron (6 of 48 

independent cDNA clones). These pre-mRNAs each contain spliced 

external group III introns with a 5'-splice site at 651 (UUGUGG) and 

a 3'-splice site at 858. These species are expected to further process 

to the mature rp116 mRNA. Another "partially spliced" cDNA 

represented by pEZCI023 (15 of 48 independent cDNA clones) 

resulted from the excision of a 122 nt intron utilizing the external 
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Figure 4-3. (A) The internal group III intron is excised from the 
twintron of the rp1l6 pre-mRNA utilizing multiple 5'- and 3'-splice 
sites. The DNA sequences of the mRNA-like strand are read 5' to 3', 
from bottom to top for each panel. (Left panels) DNA sequence 
analysis of regions of the unspliced cDNA clone, pEZCI027. The 5'
and 3'-splice junctions are indicated by arrows. (Top right panels) 
DNA sequence analysis of the partially spliced rp116 cDNA clones, 
pEZCI023, pEZCI028, and pEZCI030. The internal 5'- and 3'-splice 
sites used during excision of the internal intron are indicated at the 
top of each panel. The arrows refer to the site of excision of the 
internal intron. (Bottom right panel) Direct DNA sequence analysis 
of the PCR amplified fully spliced rp1l6 cDNA. The 5'- and 3'-splice 
junctions of the twintron are indicated at the top of the panel. The 
arrow refers to the position of the group III twintron. (B) 
Diagrammatic representation of rp1l6 cDNA clones. The symbols 
that depict twintron features are based on the most common 
partially spliced pre-mRNA. The large filled boxes refer to exons. 
The smaller open boxes refer to the 5'- and 3'-portions of the 
external intron. The thick black line depicts the internal intron. The 
shaded box refers to the region between the two internal 3'-splice 
sites. The splicing events that gave rise to each clone are indicated 
at the left. The thin lines denote the excised portions of the 
twintron. The splice sites that remain following each splicing event 
are indicated. 
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51 -splice site of the twintron at position 651 (UU G U Q..G) and the 

internal 31-splice site at 772. The remaining 86 nt intron has an 

uncharacteristic group III 51-splice site at 773 (A~U U A U), and may 

not further process, although other uncharacteristic group III 51_ 

splice sites have been used in vivo (see below and unpublished 

observations). If translated, this "partially spliced" RNA species 

would yield a truncated L16 ribosomal protein. A cDNA was not 

isolated in which this external 51-splice site at 651 was used in 

combination with the other internal 31-splice site at 780. The 

sequence of fully spliced rpl16 mRNA was previously reported 

(Christopher et al., 1989). This result was confirmed by direct 

sequencing of PCR-amplified, fully spliced rpll6 mRNA (Figure 4-3). 

As a control for the generation of false RNA processing 

intermediates by PCR, the cDNA primers (cDNA-l,-2, and-3) were 

also used in combination with PCR primer 387 to amplify genomic 

chloroplast DNA and an in vitro-synthesized, un spliced r p 116 

transcript. This transcript was synthesized from an un spliced cDNA 

template (pEZCI027) derived from PCR amplification of RNA using 

cDNA-2 primer 891 and PCR primer 387. The resulting PCR products 

were cloned and sequenced. No products corresponding to the 

partially spliced in vivo pre-mRNAs were obtained (data not shown). 

These experiments support the conclusion that the in vivo, partially 

spliced cDNA clones represent bona fide Euglena chloroplast RNAs. 

cDNA Cloning and Sequencing of the rnoCI Twintrons. The other 

three potential group III twintrons are within the rpoC 1 gene. The 
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r po C 1 gene is encoded within the r po B - r po C 1 - r po C 2 RNA 

polymerase subunit operon (Figure 4-2). The complete DNA 

sequence of the rpoB-rpoC1-rpoC2 operon is known (EMBL accession 

number XI7191). The rpoC1 gene is interrupted by 11 introns; one 

group II intron of 349 nt, seven typical group III introns of sizes 97, 

100, 102, 103, 107, and 119 nt, and three unusual introns of sizes 

198 (intron 11), 210 (intron 1), and 213 nt (intron 3) (see Figure 4-

10) (Radebaugh, 1990). To test the hypothesis that these atypical 

introns are group III twintrons, PCR was used to amplify 

intermediates In the RNA processing pathway. First strand cDNA 

syntheses were primed with synthetic deoxyoligonucleotides that 

spanned the distal intron-downstream exon junction for each rpoC 1 

twintron (see Materials and Methods). RNA processing intermediates 

were amplified from PCR primers complementary to upstream exon 

sequences. 

The double-stranded cDNA products were cloned as 

recombinant plasmid DNAs and sequenced. All three atypical rpoC 1 

introns were excised in multiple steps as expected for group III 

twintrons. The internal intron of the rpoC} intron 1 (Cl-l) is excised 

from three different internal 5'-splice sites in combination with one 

internal 3'-splice site at position 5990 (Figure 4-4). The most 

commonly used internal 5'-splice site (9 of 11 independent cDNA 

clones) is at position 5895 (UUUUGA). In this reaction, an internal 

group III intron of 96 nt is spliced from an external group III intron 

of 114 nt. Single cDNAs were isolated in which the 5'-sites were at 
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Figure 4·4. (A) The internal group III intron is excised from the 
twintron of the rpoC 1 intron 1 pre-mRNA utilizing multiple 5'-splice 
sites. The DNA sequences of the mRNA-like strand reads 5' to 3', 
from top to bottom. The internal 5'- and 3'-splice sites used during 
excision of internal introns for the partially spliced cDNAs are 
indicated, and the represented cDNA plasmids are also indicated. The 
arrows refer to the sites of excision. (B) A model for the sequential 
in vivo splicing pathway of the rpoC 1 intron 1 twintron. The symbols 
that depict twintron features are based on the most common 
partially spliced pre-mRNA. The large filled boxes refer to exons. 
The smaller open boxes refer to the 5'- and 3'-portions of the 
external jntron. The thick black line depicts the internal intron. The 
splicing events that gave rise to each clone are indicated at the left. 
The thin lines denote the excised portions of the twintron. The splice 
sites that remain following each splicing event are indicated. 
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positions 5896 (UUUG A U) or 5897 (UUG A UU). These pre-mRNAs 

contain spliced external group III introns with a 5'-splice site at 

5799 (GUGUUG) and a 3'-splice site at 6008. These pre-mRNAs are 

expected to further process to the fully spliced exon l-exon 2 of 

rpoC 1 mRNA. The excision of the twintron (5799-6008) and splicing 

of exons 1 and 2 has been shown previously (Radebaugh, 1990). 

Only one splicing intermediate was obtained from rpoC 1 intron 

3 (CI-3) (15 independent cDNA clones). The internal intron spliced 

at 5'-splice site position 6483 (AUUU G U) and 3'-splice site position 

6584 (Figure 4-5). The 5' -splice site of the external intron is at 

position 6386 (AU G A G A) and the 3'-splice site is at position 6599. 

Therefore, the internal group III intron is 102 nt and the external 

group III intron is 111 nt. The excision of the twintron and splicing 

of exons 3 and 4 has been shown previously (Radebaugh, 1990). 

The internal group III intron of rpoC 1 intron 11 (Cl-ll) is 

excised utilizing multiple internal 5'- and 3'-splice sites (Figure 4··6). 

A total of 32 cDNAs of partially spliced pre-mRNAs were 

characterized. The most common partially spliced twintron, 

represented by the cDNA in pEZCI046 (19 of 32 independent cDNA 

clones), had an internal 5'-splice site at position 9001 (UUU AG U) and 

an internal 3' -splice site at position 9096, resulting in excision of an 

internal group III intron of 96 nt from an external group III intron 

of 102 nt. An additional internal 5'-splice site at position 8991 

(AA G UU A) was also used in combination with the 3'-splice site at 

9096 (pEZCI044, 3 of 32 independent cDNA clones), resulting in an 
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Figure 4-5. (A) The internal intron of the rpoC 1 intron 3 group III 
twintron is excised from the pre-mRNA. The DNA sequences of the 
mRNA-like strand are read 5' to 3', from top to bottom for each 
panel. The represented cDNA plasmids are indicated below each 
panel. The arrows refer to the site of excision of the internal intron. 
(B) A model for the sequential in vivo splicing pathway of the rpoC 1 
intron 3 twintron. The large filled boxes refer to exons. The smaller 
open boxes refer to the 5'- and 3'-portions of the external intron. 
The thick black line depicts the internal intron. The splicing events 
that gave rise to each clone are indicated at the left. The thin lines 
denote the excised portions of the twintron. The splice sites that 
remain following each splicing event are indicated. 
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Figure 4-6. (A) The internal group III intron is excised from the 
twintron of the rpoe 1 intron 11 pre-mRNA utilizing multiple 5'
and 3'-splice sites. The DNA sequences of the mRNA-like strand are 
read 5' to 3', from top to bottom for each panel. The internal 5'
and 3'-splice sites used during excision of internal introns for the 
partially spliced cDNAs are indicated at the top of each panel, and 
the represented cDNA plasmids are indicated below each panel. The 
arrows refer to the sites of excision internal introns. (B) 
Diagrammatic representation of Cl-11 cDNA clones. The symbols 
that depict twintron features are based on the most common 
partially spliced pre-mRNA. The large filled boxes refer to exons. 
The smaller open boxes refer to the 5'- and 3'-portions of the 
external intron. The thick black line depicts the internal intron. The 
shaded box refers to the region between the two internal 5' -splice 
sites. The stippled box depicts the adjacent internal 3'-splice sites. 
The splicing events that gave rise to each clone are indicated at the 
left. The thin lines denote the excised portions of the twintron. The 
splice sites that remain following each splicing event are indicated. 
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internal group III intron of 106 nt and an external group III intron 

of 92 nt. The 5'-splice site of the external introns for both partially 

spliced twintrons is at position 8911 (GUUUQ.A) and the 3'-splice site 

is at position 9108. Both of the internal 5'-splice sites were also used 

with an internal 3'-splice site that was shifted one nucleotide to 

position 9097 (2 of 32 independent cDNAs for 3385, 1 of 32 

independent cDNAs for 3395). The splicing of exons 11 and 12 of 

mature rpoC 1 mRNA has also been shown previously (Radebaugh, 

1990). The splicing event represented by cDNA clone pEZCI045 (7 of 

32 independent cDNA clones) was similar to the event that gave rise 

to the rp116 cDNA clone pEZCI023 (see above and Figure 4-3). The 

5'-splice site of the external intron (twintron) was used in 

combination with the internal 3'-splice site at 9096, generating a 

"pseudo" fully spliced transcript in which 186 nt of the intron has 

been removed, and 12 nt remain. It is not known whether this 

spliced transcript resulted from one or two group III splicing events. 

If translated, this transcript would be in-frame and result in a four 

amino acid (N, N, N, I) insertion into the rpoC 1 gene product. 

cDNA Cloning and Sequencing of the psbC Twintron. The Euglena 

gracilis chloroplast DNA contains only one known intron-encoded 

open reading frame of 458 amino acids (or/458) located within the 

photosystem II gene psbC (Figure 4-7). The 1.6 kb intron in the C

terminal portion of psbC contains structural features similar to group 

II introns (Montandon et al., 1986). These features include the intron 

boundary sequences and potential base-paired regions analogous to 
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Figure 4-7. The Euglena chloroplast or/458 is encoded in a group 
III twintron within the photosystem II psbC gene. (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 and 
the experimental design for the analysis of the p s b C group III 
twintron. The locations of the cDNA and peR primers used for the 
analysis of the psbC twintron are indicated by arrows. The filled 
boxes correspond to psbC exons and open boxes correspond to the 
external group III intron. The stippled box denotes the internal 
group III intron. The hatched box depicts the open reading frame 
orf458. (e) Structure of the psbC partially spliced cDNA, pEZCI041. 
The cDNA insert of the plasmid pEZel041 corresponding to the 
partially spliced twintron is shown. The excision of the or/458-
containing internal group III intron is indicated. 
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domains V and VI located at the 3'-portion of the intron. However, 

the base of the putative domain V stem lacks the primary structural 

homology known for group II introns (Michel et ai., 1989), and the 

3'-structure is reminiscent of the potential domain VI-like region of 

the external group III intron of the rps3 twintron (see Chapters 2 

and 3). To test the hypothesis that the 1.6 kb psbC intron is a 

twintron, PCR was used to amplify psbC pre-mRNA processing 

intermediates. The primer used for first strand cDNA synthesis 

spanned the distal intron-exon junction. To ensure amplification of 

intermediates of the RNA processing pathway and not excised 

introns, the PCR primer was complementary to psbC exon sequences. 

One double-stranded cDNA product was amplified, cloned as 

the plasmid DNA pEZCI041, and sequenced (Figure 4-8). As a 

control, the primers were also used to amplify the corresponding 

1.6 kb region from genomic chloroplast DNA. This product was 

cloned as the plasmid DNA pEZC2000, mapped by restriction 

endonuclease digestion (not shown), and the boundaries of the 

insert were sequenced (Figure 4-8). A portion of the DNA sequence 

analysis for the cDNA plasmid DNA (pEZCI041) and the genomic 

plasmid DNA (pEZC2000) is shown in Figure 4-8. The cDNA insert is 

143 bp in length and corresponds to a partially spliced cDNA in 

which a 1503 nt intron has been excised. A large portion of the 

internal intron is open reading frame (1377 nt from AUG through 

UAG) with 125 nt of intron remaining. Assuming the orf possesses 
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Figure 4-8. The orf458-containing internal group III intron is 
excised from the twintron of the psbC pre-mRNA. (Left panel.) PCR 
amplification of psbC partially spliced pre-mRNAs a.nd psbC 
genomic DNA. PCR was used to amplify precursors of the psbC 
mRNA as well as the psbC genomic DNA. First strand synthesis was 
primed using a cDNA primer that spanned the intron-3'-exon 
boundary. PCR was used to amplify the resulting cDNAs and 
genomic DNA using the cDNA primer and a primer complementary 
to psbC upstream ex on sequences. A portion (10%) of the peR 
amplification was subjected to electrophoresis on a 1 % agarose-T AE 
gel. The sizes at the right are based on the characterized PCR 
products. (Middle panel) DNA sequence analysis (mRNA-like strand 
reads 5' to 3', from bottom to top) of the unspliced, genomic p s b C 
clone, pEZC2000. The arrow refers to the position of the external 
group III intron-internal group III intron 5' -boundary. (Right 
panel) DNA sequence analysis (mRNA-like strand reads 5' to 3', 
from bottom to top) of the partially spliced psbC cDNA clone, 
pEZC1041. The arrow refers to site where the orf45 8-con taining 
internal group III intron was excised. 
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5' and/or 3'-untranslated regions, and considering a secondary 

structural analysis of the intron (see below), I propose that the 

internal intron of the p s b C twintron is a group III intron which 

contains an open reading frame of 458 amino acids. The result of 

excision of the internal intron is the splicing of 21 nt 5'- and 81 nt 

3'-portions of a 102 nt external group III intron. The identification 

of the partially spliced pre-mRNA is direct evidence that the 1605 nt 

psbC intron is also a group III twintron, formed from the insertion of 

a group III intron into a group III intron. The 1503 nt internal orf

containing group III intron is first excised from the twintron. The 

102 nt external group III intron is then removed from the pre

mRNA, resulting in the ligation of the 5'- and 3'-exons of the mature 

mRNA. 

Identification of the partially spliced pre-mRNA for each of the 

group III twintrons is consistent with a sequential in vivo splicing 

pathway (Figure 4-9). Since all RNAs were amplified from the 

upstream exons, the partially spliced mRNAs observed must arise 

from splicing of precursor mRNA molecules, and not excised 

twintrons. A consequence of this RNA processing mechanism would 

be the accumulation in vivo of excised internal and external introns, 

rather than corresponding twintron-sized products. To test this 

prediction excised rp116, rpoC 1, and psbC introns were characterized 

by northern analysis. 

Northern Analysis of the rv/16 and rpoe] Twintrons. Total 

chloroplast RNA (ctRNA), and chloroplast RNA fractionated into a low 
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Figure 4-9. A model for the sequential splicing of the psbC group 
III twintron. The filled boxes correspond to exons. The 5'- and 3'
portions of the external group III intron of the psbC twintron are 
represented by thin open boxes. The internal group III intron is 
depicted by a thin line, and the orf458 is represented by a thick 
line bound by AUG and UAG codons. The contribution of the 
upstream and downstream regions of the p s b C pre-mRN A 
maturation pathway is not included and represented as hatched 
boxes (a). The 0 rf45 8 -containing internal group III intron is first 
excised via a hypothetical lariat-containing intermediate (not 
shown), which is then resolved into an RNA species with spliced 
external group III intron (b) and free internal orf458-containing 
group III intron lariat (c). The external group III intron is then 
excised resulting in the fully spliced psbC mRNA (d) and the excised 
external group III intron (e). 
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molecular weight, isopropanol-soluble fraction (sRNA), and a high 

molecular weight fraction (HWM) were electrophoretically separated 

on 6% polyacrylamide gels containing 8M urea, transferred to a 

nylon membrane, and hybridized with riboprobes corresponding to 

the un spliced cDNAs for rp116 (pEZCI027), rpoCl intron 1 

(pEZCI033), rpoCl intron 3 (pEZCI042), and rpoCl intron 11 

(pEZCI047). The results are shown in Figure 4-10. 

The rp 116 twintron probe hybridized to an RNA species of 

approximately 105 nt (Figure 4-10A), interpreted as excised group 

III intron. This band may represent more than one RNA species (see 

below). No RNAs of the size of an excised group III twintron were 

detected. The riboprobe, which contains both twintron and exon 

sequences, also hybridized to several larger RNA species. This is a 

complex mixture of species in the pre-mRNA maturation pathway 

that has been previously described (Christopher et aI., 1990). 
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Figure 4-10. Northern analysis of rp 116 and rp 0 C 1 twintron
containing transcripts. (A) and (B) Top. The structures of the rp116 
(1 kb) and rpoC 1 (1.8 kb) genes and the location of the probes used 
in the northern hybridizations. The filled boxes correspond to exons 
and the open boxes correspond to introns. The stippled boxes 
denote the group III twintrons. The polarity of the genes is 
indicated. 32P-radiolabeled riboprobes complementary to the exon 
and intron sequences indicated were prepared by T3 and T7 
transcription from the plasmids pEZCI027, pEZCI033, pEZCI042, 
and pEZCI047. These plasmids represent un spliced cDNAs. (A) and 
(B) Bottom. Northern analysis of rpl16 and rpoCl twintron
containing transcripts. 2Jlg of total chloroplast RNA (ctRNA), and 
chloroplast RNA that was fractionated into a high molecular weight 
enriched RNA fraction (HMW) and a "soluble RNA" fraction (sRNA) 
were electrophoresised on a 6% polyacrylamide gel containing 8M 
urea. Fractionated RNAs were electroblotted to nylon membranes 
and hybridized with the riboprobes described above. Excised group 
III introns are indicated at the right of each panel. The brackets 
refer to RNA species that represent unspliced, partially spliced, 
and/or fully spliced mono- and polycistronic transcripts that 
contain other genes in each operon. The sizes of internal E ug len a 
RNA markers are indicated at the left (Schnare and Gray, 1990). 
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The rpoC 1 twintron probes each hybridized to RNA species of 

approximately 105 nt, and to high molecular weight RNA (Figure 4-

lOB). These latter RNA species represent un spliced, partially spliced, 

and/or fully spliced mono- and polycistronic transcripts that contain 

the genes rpoB, rpoe 1, and rpoC2 (Radebaugh, 1990; Yepiz

Plascencia et al., 1990). The Cl-l cDNA probe also hybridized to two 

less abundant species of approximately 160 and 364 nt. This 160 nt 

RNA species is too small to represent an excised twintron of 210 nt. 

Either of these species might represent a lariat form of the excised 

group III introns, or non-specific hybridization. Based on the limits 

of detection in these experiments, there is no evidence for excised 

rpoC 1 200 nt twintrons. These hybridization experiments are all 

consistent with the proposed sequential splicing pathway for the 4 

different group III twintrons. 

Northern Analysis of psbC Twintron. The structure of the Euglena 

chloroplast psbC gene is not known. Previous northern hybridization 

experiments using a DNA probe specific for the downstream intron

exon region of the psbC twintron detected transcripts of 2.1 and 2.5 

kb, interpreted to be pre-mRNAs containing one and two introns, 

respectively (Montandon et al., 1986). A transcript of 1.5 kb was also 

detected with this probe. This RNA species was interpreted to be the 

fully spliced psbC mRNA. A DNA probe corresponding to or/458 

detected a transcript of 1.4 kb, interpreted to be the 1605 nt excised 

intron. Total chloroplast RNA (ctRNA), and chloroplast RNA 

fractionated into an isopropanol-soluble fraction (sRNA), and a high 
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molecular weight fraction (HWM) were electrophoretic ally separated 

on a 1.2% agarose gel containing 2.2M formaldehyde. The 

fractionated RNAs were then transferred to a nylon membrane and 

hybridized with riboprobes specific for the internal 0 r[45 8-

containing group III intron (pEZC2000.1), the partially spliced cDNA 

(pEZC1041), and the external group III intron (PEZCI041.1). The 

results are shown in Figure 4-11. 

The internal or[458 -containing group III intron-specific 

probe hybridized predominantly to an RNA species migrating at 1.5 

kb (Figure 4-11 A). This species is interpreted to be the excised 

internal or/458-containing group III intron. The probe also 

hybridized to several species of 3.1, 2.7, and 2.2 kb, interpreted to 

be intron-containing pre-mRNAs. The 40 nt RNA species appearing 

in the sRNA lane is interpreted to be cross-hybridization to tRNA 

due to the GC-rich nature of the or/458-specific riboprobe. The 

partially spliced cDNA riboprobe hybridized to an RNA species 

migrating at 1.4 kb (Figure 4-11 B). This RNA species is interpreted 

to be the fully spliced psbC mRNA. Intron-containing pre-mRNAs of 

2.7 and 2.2 kb are also detected with the partially spliced probe. 

Pre-mRNAs of 5.8, 4.7, and 3.8 kb are also detected upon longer 

exposure of this blot (data not shown). However, an excised 

external group III intron is not detected in any chloroplast RNA 

fraction with the partially spliced cDNA riboprobe. The riboprobe 

corresponding to the external group III intron hybridized to three 
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Figure 4-11. Analysis of psbC twintron-containing transcripts by 
northern hybridization. (Top) Structure of the psbC twintron and 
the location of the probes used in the northern hybridizations. The 
filled boxes correspond to psbC exons and open boxes correspond to 
the external group III intron. The stippled box denotes the internal 
group III intron. The hatched box depicts the open reading frame 
or/458. The polarity of the gene is indicated. 32P-radiolabeled 
riboprobes complementary to the exon and intron sequences 
indicated at the bottom (A, B, C) were prepared by T3 and T7 
transcription from plasmids containing the corresponding insert. 
(Bottom) Northern analysis of psbC twintron-containing transcripts. 
2Jlg of total chloroplast RNA (ctRNA), and chloroplast RNA that was 
fractionated into a high molecular weight enriched RNA fraction 
(HMW) and a "soluble RNA" fraction (sRNA) were electrophoresised 
on a 1.2% agarose in IX MOPS gel containing 2.2M formaldehyde. 
Fractionated RNAs were transferred to a nylon membrane and 
hybridized with the riboprobes corresponding to the plasmid 
inserts A, B, and C. The sizes of BRL RNA markers are indicated at 
the left. 



147 

species with equal intensity (Figure 4-11C). The faster migrating 

species of 1.4 kb is interpreted to be the fully spliced psbC mRNA. 

Although this probe contains predominantly external intron 

sequences, the insert also contains 10 nt of the 3'-exon as part of the 

primer used for the reverse transcription reaction. It is also possible 

that the linearization of pEZC 1 041.1 at the EcoRI site within the 

external intron was not complete, and that a small portion of the in 

vitro generated riboprobe contains sequences complementary to the 

5'-exon. Intron-containing pre-mRNAs of 2.6 and 2.1 kb are also 

detected with the external group III intron probe. An excised 

external group III intron is also not detected in any chloroplast RNA 

fraction with this riboprobe. 

Excised group III introns are lariat or circular RNAs. Group II and 

nuclear pre-mRNA introns are excised as lariats, which migrate 

anomalously slowly upon electrophoresis on gels containing high 

concentrations of acrylamide (Peebles et aI., 1986; Ruskin et aI., 

1984; van der Veen et aI., 1986). To determine the topology of 

excised group III introns, the sRNA ctRNA fraction was 

electrophoretic ally separated on 6% and 15% polyacrylamide gels 

containing 8M urea, transferred to a nylon membrane, and 

hybridized with riboprobes corresponding to the unspliced cDNA for 

rp116 (pEZCI027) and 5S rRNA (pEZC1.16), a linear RNA control. The 

results are shown in Figure 4-12. 
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Figure 4-12. Excised group III introns are lariat or circular RNAs. 
2Jlg of the sRNA fraction of ctRNA (-) was incubated in a HeLa S-
100 extract (+) and subjected to electrophoresis on (A) 6% and (8) 
15% polyacrylamide gels containing 8M urea. Fractionated RNAs 
were electroblotted to nylon membranes and hybridized with 
riboprobes corresponding to the unspliced cDN A pEZC 1 027 (rp116) 
and pEZC1.16 (5S rRNA). The proposed topology of the excised 
group III introns are indicated at the right (also see text). 
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On a 6% polyacrylamide gel the group III introns of the rp 116 

twintron (approximately 100 nt) are represented as one band which 

migrates slightly faster than the 5S rRNA control (123 nt)(Figure 4-

12A). However, on the 15% gel the rp1l6 probe hybridized to an 

abundant RNA species that migrates anomalously slowly compared 

to the 5S rRNA control (Figure 4-12B). I interpret this species to be a 

topological isomer of the intron, either a lariat or circular RNA. The 

probe also hybridized to a less abundant species which comigrates 

with 5S rRNA. If group III introns are excised as lariats, this species 

may represent linear debranched group III introns. A less abundant 

species is also detected, which migrates slightly faster than the most 

abundant species. This species may represent Y -shaped broken 

lariats. These molecules would also migrate anomalously slowly at 

high concentrations of acrylamide, depending on the length of the 

branches following nicking. Treatment with the debranching activity 

of a HeLa S-100 fraction does not alter the hybridization pattern. 

Either the structure responsible for the topology of the excised group 

III introns is not susceptible to hydrolysis by this enzyme or the 

enzyme is inhibited by the mixture of in vivo RNA used In the 

experiment. In control experiments a linear group III intron (intron 

3 of rps2) synthesized in vitro migrates faster than 5S rRNA (data 

not shown). These experiments support the hypothesis that group 

III introns are not excised as linear RNA molecules. 

Group III Twintron Features and Sites of Intron Insertion. The sizes 

and 51-boundary sequences for the internal and external group III 
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introns making up the r p /16, r po C 1, and p s b C twintrons are 

summarized in Table 4-1. Considering first the most frequently 

observed, partially spliced intermediates, both the internal and 

external introns all display typical group III 5' -boundary sequences. 

All have a U at position +2 and a G at position +5. In addition, the 

sizes of internal and external introns are within the range 96-114 nt, 

consistent with the overall range of 93-119 for all group III introns, 

with one exception (Figure 4-1, Table 4-1). The internal group III 

intron of the psbC twintron is 1503 nt (see below). 

In addition to the more abundant splicing intermediates, 

alternative 5'- and/or 3'- splice sites were observed for excision of 

the twintrons rp 116, rpoC 1-1 and rpoC 1-11. Some variation from 

consensus 5'-boundary sequences and intron size occurred within 

this less abundant class of partially spliced intermediates (Table 4-

1). For example, rpoCt-ll 8991-9096 has a 5'-boundary of 

AAGUUA, lacking both U at +2 and G at +5. The uses of alternative 5'

and/or 3'-splice boundaries also results in slightly smaller (86-88 

nt) and larger (120-122 nt) group III introns than previously 

characterized. There may be a cause and effect relationship between 

the variation from consensus size and/or 5'-boundary sequences and 

the lower selection of these splice sites. 

Most group III introns have dyad symmetry near their 3'-end 

similar to domain VI of group II introns. A consensus model for this 

symmetry is abc d e f (xxx) f e' d'A * c' b' a' xxxx, where A * is 

generally 8 nt proximal to the 3'-splice site. Variation in the amount 



Table 4-1. Features of GrOll Intermediates 
int~m~l intron gxtemal intr~m 

ene coordinates size (nt) 51-bound ene coordinates size (nO 51-bound 

rp116 661-ma 112 UUGUGA rp116 651-858a 96 UUGUGG 

rpl16 661-780 120 UUGUGA rp116 651-858 88 UUGUGG 

rp116 651-772 122 UUGUGG rp116 773-858 86 ACUUAU 

rpoCl-l 5895-5990a 96 UUUUGA rpoCl-l 5799-6008a 114 GUGUUG 

rpoCl-l 5896-5990 95 UUUGAU rpoCl-l 5799-6008 115 GUGUUG 

rpoCl-l 5897-5990 94 UUGAUU rpoCl-l 5799-6008 116 GUGUUG 

rpoCl-3 6483-6584a 102 AUUUGU rpoCl-3 6386-6599a 112 AUGAGA 

rpoCl-l1 9OO1-9096a 96 UUUAGU rpoCl-ll 8911-9108a 102 GUUUGA 

rpoCl-l1 8991-9096 106 AAGUUA rpoCl-ll 8911-9108 92 GUUUGA 

rpoCl-11 9001-9097 97 UUUAGU rpoCl-11 8911-9108 101 GUUUGA 

rpoCl-11 8991-9097 107 AAGUUA rpoCl-11 8911-9108 91 GUUUGA 

rpoCl-l1 8911-9096 186 GUUUGA rpoCl-11 9097-9108 12 AACAAU 

sbe 589-2091a 1503b UUGUGG sbc 568-2172a 102 GUGUGU 

group III N/A 93-119 nUnnGn group III N/A 93-119 nUnnGn 
consensus consensus 

aThese splicing events represent the majority of the partially spliced intermediates for the 
respective group III twintron. 
bThis internal intron contains an open reading frame of 458 amino acids (1377 nt). -U\ -



152 

of base pairing around the unpaired A occurs, as does the position of 

the A relative to the 3'-splice site. Proposed domain VI-like dyad 

symmetry of the internal and external group III introns are shown 

in Table 4-2. The 3'-structures of the external introns for each 

twintron conform best to the consensus. This feature may be related 

to the need for accurate external intron excision to form mature 

mRNA. The domain VI-like structures for the most common internal 

introns for the C 1-1 and C 1-11 twintrons also conform to the model. 

The Cl-l internal intron is excised using only one internal 3'-splice 

site. The Cl-ll internal intron is excised using two 3'-splice sites 

that only differ by one nucleotide. These alternate 3'-splice sites 

position the unpaired A at 8 or 9 nt from the 3'-splice site, but the 

3'-structure is maintained. The domain VI-like structures for the 

internal introns of the rp 116 twintron are slightly divergent from the 

consensus. The fact that two 3' -splice sites varying by 8 nt are used 

during internal intron excision may indicate the "weak" functional 

nature of these 3'-structures. The structure preceeding the splice 

site at position 780 does not conform as well to the domain VI 

model, which may reflect the relatively infrequent use of this site. A 

3'-structure for the internal intron of the CI-3 twintron weakly 

conforms to the domain VI model. This structure unpairs a U rather 

than an A 8 nt from the 3'-splice site. A purine (0) is 9 nt from the 

3'-splice site and the nearest A is 15 nt (or 3 nt) from the end of the 

intron. Interestingly, there was no variation in the excision of the 

internal intron from the Cl-3 twintron. However, the internal intron 



Table 4-2. Domain VI-like Structures of GrOll III Twintrons 
internal intron external intron 

ene coordinates 3'-bounda ene coordinates 3'-bound 

rp116 661-772a UUCGAUAAAAAAGGUUUUUUAA*~AUUU rp116 651-858a UUUCUAAAAAAAAAUUUYYUQA*QQYAAUU 

rp116 661-780 AA~UUUUUUAACUUAUUQA*~AQAA rp116 651-858 UUUCUAAAAAAAAAUUQUUUUA*QQYAAUU 

rp116 651-772 UUCGAUAAAAA~UUUUUAA*~AUUU rp116 773-858 UUUCUAAAAAAAAAUUUUUUUA*QQYAAUU 

rpoCl-l 5895-5990a cUUUCUUUUAAAAAAAAUQQQQA*YQAUUA rpoCl-l 5799-6008a UAUUACCAAAAAQAUUYAMQAA*GGUGGAA 

rpoCl-l 5896-5990 cuuUCUUUUAAAAAAAAU~A*QQAUUA rpoCl-l 5799-6008 AUUACCAAAAQaUAUUYAQQAA*GGUGGAA 

rpoCl-l 5897-5990 cuuUCUUUUAAAAAAAAUQQQQA*YQAUUA rpoCl-l 5799-6008 UUACCAAAAUY.A,UAUUM.A!!Y.AA*GGUGGAA 

rpoCI-3 6483-65840 UUAUUUUUUUGUCAAUGC~U*QYQUAAC rpoCI-3 6386-6599a GUUUUUUUUAAGAUAUUUUQAA*~UUA 

rpoCl-11 9001-90960 UUUAUUUCAAAAAUAUG~A*llYQUAAA rpoCl-11 8911-9108a ACUUUQQAAQYllAAAA~AA*QAAUAUU 

rpoCl-11 8991-9096 UUUAUUUkAAAAAUAUGGUUUA*QYQUAAA rpoCl-ll 8911-9108 UUUQQACAYQA£UUUQQAACAA*QAAUAUU 

rpoCl-ll 9001-9097 UUAUUUCAAAAAUAUGGUUUA*YQQUAAAA rpoCl-11 8911-9108 UACUUUQQAA~UAAAA~AA*YAAUAUU 

rpoCl-11 8991-9097 UUAUUUCAAAAAUAUG~A*QYQUAAAA rpoCl-11 8911-9108 UUUUQQACA~UUU~AA*QAAUAUU 

rpoCl-11 8911-9096 UUUAUUUCAAAAAUAUG~A*QYQUAAA rpoCl-ll 9097-9108 AACAA*UAAUAUU 

sbC 589-2091a UUGUUCUUA~GUAAAUUUYQQA*~UUA sbC 568-2172a UUAAAUUAGUGAUUAUUUACUA*AAllQAAG 

group ill N/A a~c~(xxx)fleld:A*clb'a:xxxx group ill N/A _ab_~!ig£( x x x ) ~~~A 1: _~a~x x x x 
consensus consensus 

aThese splicing events represent the majority of the partially spliced intermediates for the respective group ill twintron. 

..... 
Ut 
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of the psbC twintron, which also is excised with no variation, does 

possess a 3' -structure that conforms to the model. Although the 

group II-like domain VI model fits most group III introns, there are 

varying degrees of conformity to this model. 

The insertion site of a group II intron in the external group III 

intron of the rps3 mixed twintron is at the 5'-base of a domain VI

like secondary structure (Chapter 3). I propose that this feature may 

be essential for group III intron excision necessitating sequential 

intron excision of the twintron. The sites of insertion of three of the 

five internal introns of the group III twintrons are also located in a 

domain VI-like structure of the external group III introns, 

consistent with a functional role for this domain (Figure 4-13). 

Secondary Structural Models for the rv1l6 and vsbC Twintrons. The 

insertion sites of the internal introns of the rp 116 and p s b C 

twintrons are in the 5' -regions of the external introns, and may 

define another functional domain for group III introns. There may 

also be significant base composition at other positions within the 

first 15 nucleotides of group III introns In addition to +2 and +5 

(Stevenson et aI., unpublished observations). A secondary structural 

model for the rp 116 twintron is shown in Figure 4-14. The insertion 

site of the internal group III intron is located at the base of a 

potential stem-loop structure in the 5'-region of the external group 

III intron. The structure is similar to that proposed for the external 

group III intron of the rps3 twintron (see Figure 3-4). The internal 

intron of the rp1l6 twintron also possesses this structure. As noted 
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a) rps3 b) rpl16 

A* III (112 nt) A* 

uUgaG 
II (311 nt) ......... l.tl., : U 

uUguG ~ :LJ 
(-20) (-86) 

c) rpoC1-1 d) rpoC1-3 
III (96 nt) -~ :1 

A* A* 

-U :LJ - I 
gUguG (-17) v aUgaG (-15) 

e) rpoC1-11 
III (96 nt) 

f) psbC 
:I~ 

III (1503 nt) A* A* -U I :LJ - * gUuuG gUguG (-12) (-81 ) 

Figure 4·13. Sites of insertion of internal introns in external group 
III introns of Euglena chloroplast twintrons. The 5'-splice sites of 
the external group III introns are indicated. The 3'-splice sites are 
denoted as small vertical arrows. The putative domain VI-like 
structures at the 3'-boundary of the external group III introns are 
shown diagrammatically. The sites of insertion of internal introns 
are shown by arrows, and the type and size of each internal intron 
are also indicated. The positions of the insertion sites relative to the 
5'-splice sites are indicated below each intron. 
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exon I U-A A-U I exon 
5'- C U G C U Vu U G UG G U U-A U U C U-A AU UVCG UAG -3' 

A-U 
A-U 
A-U 
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Figure 4-14. Secondary structural model for the rp116 twintron. 
The internal group III intron is on the left and the external group 
III intron is on the right. The proposed twintron junction is within a 
stem-loop structure in the 5'-portion of the external intron, and is 
marked with an arrow. The asterisks denote the adenine residues 
that are the proposed nucleophiles during lariat formation and 
intron excision. The vertical arrows mark the boundary of the rp 116 
twintron and the 5'- and 3'-exons. The ex on sequences are italicized. 
The secondary structural model is based on the model proposed for 
the external group III intron of the rps3 mixed twintron (see Figure 
3-4). Potential exon-binding sites of the internal intron for the 
external intron are also indicated. 
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for the rps3 model, the base pairing resembles that of a domain ID

like structure. The structure of the internal intron also has potential 

EBS-l and EBS-2 sequences complementry to IBS sequences in the 

external intron and 5'-exon (Figure 4-14). The external intron seems 

to lack this interaction. However, the terminal loop of the external 

intron structure is U-rich, possibly allowing base-pair interactions 

with additional nucleotides other than the usual Watson-Crick 

partner A, as has been recently demonstrated (Holbrook et al., 

1991). Both group III introns of the rp116 twintron also possess a 

potential stem-loop structure positioned between the domain VI

like and domain ID-like structures. These structures may aid in 

reducing the size of the "core" of the group III intron, thereby 

bringing the splice boundaries of the intron in close proximity to 

each other (see Chapter 5). 

A secondary structural model for the psbC twintron is shown 

10 Figure 4-15. The insertion site of the internal group III intron is 

also located within a potential stem-loop structure in the 5'-region of 

the external group III intron. The internal intron of the p s b C 

twintron also possesses a stem-loop structure in the 5' -region of the 

intron. The 1374 nt open reading frame (from initiator codon AUG 

through terminal amino acid) is positioned within this structure. This 

feature may explain the apparent discrepancy of the size of the 

internal group III intron of the psbC twintron. The size of the entire 

intron is 1503 nt, but the 5'-secondary structure may form to keep 

the intron core at a distinct size in three-dimensional space. The 5'-
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Figure 4-15. Secondary structural model for the psbC twintron. 
The internal group III intron is on the left and the external group 
III intron is on the right. The proposed twintron junction is within a 
stem-loop structure in the 5'-portion of the external intron, and is 
marked with an arrow. The position of the open reading frame 
(orf458) within the internal group III intron is also within a 5'
stem-loop structure. The asterisks denote the adenine residues that 
are the proposed nucleophiles during lariat formation and intron 
excision. The vertical arrows mark the boundary of the p s b C 
twintron and the 5'- and 3'-exons. The ex on sequences are italicized. 
The secondary structural model is based on the model proposed for 
the external group III intron of the rps3 mixed twintron (see Figure 
3-4 ). 
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and 3'-untranslated regions of orf458 are included within this 

structure. However, these regions have not been defined, but 

presumably would not contribute to the intron structure. Both of the 

introns seem to lack potential exon-binding sites. The internal intron 

of the psbC twintron also possesses a potential secondary structure 

positioned between the domain VI-like and domain ID-like stem

loops. The external intron does not contain a similar structure, but 

the distance between the two stem-loops is already minimal. 

Discussion 

A new type of genetic element, a group III twintron, has been 

described. This brings to three the different categories of twintrons. 

All four atypical Euglena chloroplast group III introns with a mean 

size of 207 nt are composed of one group III intron internal to 

another group III intron. The 1605 nt intron within the psbC gene is 

composed of an internal 1503 nt group III intron that contains an 

open reading frame of 458 amino acids, and an external group III 

intron of 102 nt. Based on cDNA cloning and sequencing, and 

northern hybridiztion experiments, group III twintron excision is 

found to proceed by a two-step, sequential in vivo splicing pathway. 

Excised group III introns of the rp116 twintron are not linear RNA 

molecules but lariat or circular. It is possible that these twintrons 

also excise as single group III introns, but this pathway was not 

detected. Suprisingly, the excision of the internal group III introns of 
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the rp116 intron 3 and rpoC 1 introns 1 and 11 twintrons involves 

multiple 5'- and/or 3'-splice sites. 

Twintron Evolution. How did twintrons evolve? Introns of Euglena 

chloroplast genes have most likely evolved by insertion of introns 

into progenitors of their host genes and operons (Gingrich et al., 

1985; Chapters 2 and 3). Since introns are so abundant in Euglena 

chloroplast genes, the probability of intron insertion into a pre

existing intron (Michel et al., 1989; Chapters 2 and 3) must have 

been a significant factor in twintron evolution. Intron insertion has 

also occurred within intercistronic spacers (Stevenson et al., 1991). 

One possible mechanism for twintron formation is a three step 

process of reverse splicing, reverse transcription, and homologous 

recombination (also see Chapter 2). Reverse splicing of one intron 

might occur within another intron of an un spliced pre-mRNA, 

mediated by EBS-IBS interactions between the two introns. If the 

site of insertion is within a functional domain of the host intron, the 

requirement for a sequential splicing pathway may co-evolve with 

the host gene. If a non-essential sequence were interrupted, there 

would be no selective pressure to maintain a twintron. 

Euglena group III introns contain a domain VI-like structure 

at the 3'-end of the intron. In group II introns and perhaps group 

III introns, the unpaired adenosine in domain VI initiates the first 

transesterification reaction during intron excision (Peebles et al., 

1986; van der Veen et al., 1986). Interestingly, the sites of insertion 

of four of the internal introns of the mixed group II/group III and 
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group III twintrons are in the domain VI-like regions of the eXLernal 

group III introns (Figure 4-13). The disruption of domains V and VI 

of E ug 1 e na twintrons is consistent with the hypothesis that twintron 

insertion sites represent disruptions of functional domains of the 

external intron. The rp116 and psbC internal introns do not interrupt 

a domain VI-like structure of the external introns, but each are 

located 10 nt and 21 nt, respectively, from the S'-splice site of the 

external introns. These insertions sites are within potential domain 

ID-like structures of the external introns. The position of these 

internal introns may define another functional domain of group III 

introns, or alternatively may reflect a proximity to the catalytic 

events at the S'-splice boundary. 

Twintron Formation and Alternative Splice Site Selection. Twintron 

formation is one potential mechanism by which alternatively spliced 

genes are generated. Intron insertion into a pre-existing intron 

results in a larger intron with multiple 5'- and 3'-splice sites, while 

the original open reading frame of the host gene is maintained. The 

excision of internal group II introns is well defined and mediated by 

cis-encoded domains. However, boundaries of nuclear or group III 

introns are not always precise, and depend on interactions of 

elements or factors supplied in trans for proper intron excision. 

The utilization of multiple 5'- and/or 3' -splice sites during the 

excision of the internal introns of the group III twintrons may have 

some biological significance in terms of gene evolution. Alternative 

splice site selection of these pre-mRNAs containing multiple 5'- and 
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3'-splice sites could further evolve to yield two or more different 

gene products from a progenitor cistron. Alternative splicing of some 

nuclear pre-mRNAs is known to yield multiple functional protein 

products. Other functional effects of alternative splicing include RNA 

stabili ty, translation efficiency, protein localization, deletion or 

modification of a protein activity, and/or new protein activities (for 

review, see (Smith et al., 1989). If translated, transcripts generated 

by alternative splicing events for the rp116 (651-772) and rpoC 1 

intron 11 (8911-9096) twintrons would result in a truncated L16 

protein, and a four amino acid insertion in the r po C 1 protein, 

respectively. 

Structural Similarities Between Group II Introns and SnRNAs. 

Knowledge of the mechanism of group II intron excision stems from 

in vitro studies of the mitochondrial self-splicing introns (Peebles et 

al., 1986; van der Veen et al., 1986). The Perlman and Peebles 

laboratories have developed an intermolecular (tra ns-) splicing 

assay of yeast mitochondrial intron aI51 in an attempt to map 

functional domains and other important RNA interactions. The trans

splicing assay was used to show that domain V activates cleavage at 

the 5'-splice site (the first reaction) via an interaction with the 

intron, and delivers the branch site of domain VI and the 3'-exon to 

the reaction center of the intron (the second reaction) (Jarrell et al., 

1988). Further analysis has shown that RNA precursors deleted in 

cis for every domain except I and V undergo the first reaction, 

implicating an RNA binding site for domain V within domain I, 
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although deletions of domain VI result in utilization of cryptic 3 1_ 

splice sites (Koch et aI., 1992). RNA precursors deleted for various 

combinations of domains II, III, IV, and VI activate 51-splice site 

cleavage. However, these mutations affect the second reaction to 

varying degrees. Based on these results, the authors conclude that 

the catalytic core of group II introns is the 51 -ex on and domains I 

and V of the intron. The nucleophilic adenosine within domain VI 

and the 31-exon emerge at the reaction center via the domain 1-

domain V interaction. 

Euglena group III introns resemble small nuclear pre-mRNA 

introns. Nuclear pre-mRNA splicing occurs by two successive 

transesterification reactions within the spliceosome (for recent 

reviews, see Guthrie, 1991; Ruby et al., 1991; Steitz et al., 1988). The 

similarity of intron boundary sequences and the common two-step 

transesterification splicing mechanism lead to the suggestion of an 

evolutionary relationship between group II introns and nuclear 

mRNA introns. It is thought that the cis-encoded domains of group II 

introns evolved into the snRNAs of nuclear pre-mRNA splicing which 

function in trans (Cech, 1986a; Jacquier, 1990; Perlman et al., 1990; 

Sharp, 1991). A corollary of this hypothesis might be a 

correspondence of structural and functional domains between 

snRNPs and group II introns. Ul and U2 snRNPs play essential roles 

in early spliceosome assembly via snRNA base-pair interactions at 

the 51-splice site and branch point, respectively (Guthrie, 1991; 

Parker et al., 1987; Seraphin et al., 1988; Siliciano et al., 1988; Wu et 
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aI., 1989; Zhuang et aI., 1986; Zhuang et aI., 1989). A potential group 

II structural counterpart of the Ul snRNA-5'-splice site interaction 

may be the E-E' pairing between domain IC and the third and fourth 

nucleotides of the group II 5'-splice site (Jacquier et aI., 1990). The 

U2 snRNA-UACUAAC box base-pair interaction, which bulges the 

adenosine nucleophile from an RNA helix (underlined) (Parker et aI., 

1987), is analogous to the unpaired A of domain VI of group II 

introns (Jacquier et aI., 1990). The U5 snRNP has recently been 

implicated in the two cleavage-ligation reactions involving the 5'

splice site (Newman et aI., 1991; Newman et aI., 1992). The 

phylogenetically conserved single-stranded loop of the U5 snRNA 

has been shown to interact with the 5'- and 3'-splice sites (Newman 

et at, 1992). The base pair interactions are analogous to the exon

binding sequence (EBSl) and "guide pair" interactions, repectively, of 

the D3 loop of domain I of group II introns. These interactions have 

been proposed to stabilize the group II intermediate reaction 

complex (J acquier et aI., 1990; Michel et aI., 1989). The function of 

the U4 and U6 snRNAs is not understood. Apparently, U4-U6 and U5 

snRNPs associate into an snRNP particle, which then enters the 

splicing complex (Cheng et aI., 1987; Konarska et aI., 1987; Lamm et 

aI., 1991; Seraphin et aI., 1991). Guthrie has propose that nuclear 

intron excision may involve a catalytic RNA, and that the U6 snRNA 

may be the most likely candidate (Brow et aI., 1989; Guthrie, 1991). 

This hypothesis stems from the phylogenetic ally conserved and 

functionally important nucleotides at or near stem I of U6 snRNA (of 
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a U4-U6 intermolecular helix), the fact that mutations in these 

regions block either the first or the second step in splicing, and the 

presence of introns in these regions. If the U6 snRNA is shown to be 

catalytic in the absence of proteins, then U6 snRNA may be 

comparable to domain V of group II introns, which is also highly 

conserved both in primary and secondary structure (Michel et al., 

1989). A recent interaction between U2 and U6 snRNAs may 

resemble that of domain V and the branch site within domain VI 

following pairing with the UACUAAC box (Madhani and Guthrie, 

1992). Group III introns also lack many of the cis-encoded domains 

of group II introns, and may represent an evolutionary link between 

group II and nuclear pre-mRNA introns (see below). 

Group III Intron Excision. Presently, the mechanism of group III 

intron excision is unknown. Euglena group III introns appear to be 

streamlined versions of group II introns (Christopher et al., 1989; 

Chapter 3). The group III 5'-splice site retains a U at the second 

position and G at the fifth position of the conserved group II 

sequences, and resembles the nuclear pre-mRNA 5'-splice site. The 

conservation of nucleotides at these positions in all three splicing 

systems suggests that these nucleotides are intimately involved in 

the splicing reaction, possibly being involved In important 

interactions at the active site. Group III introns contain a domain 

VI-like structure at the 3'-end of the intron, which may donate the 

nucleophile during group III intron excision. Indeed, the excised 

group III introns of the rp116 twintron are not linear RNA molecules, 
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but accumulate predominantly as lariat or circular RNAs (Figure 4-

12). Based on structural and evolutionary relationships among group 

II, group III, and nuclear pre-mRNA introns, I propose that group 

III introns are also excised as lariats. The external group III intron 

of the rps3 mixed twintron also contains a potential secondary 

structure in the S'-region of the intron that resembles domain 10. 

The group III introns of the rp116 and psbC twintrons possess 

similar structures. The sites of insertion of the internal introns of 

these group III twintrons are within these potential domains of the 

external introns. Most group III introns are in the size range of 90-

120 nt, with a mean size at 101 nt (Figure 4-1). This feature 

suggests that a size of approximately 100 nt is a fundamental 

property of group III introns. Group III intron size may be under a 

functional selective pressure, possibly to reduce the distance 

between 5'- and 3'-splice sites, thereby reducing the core of the 

group III intron. Group III introns appear to be abbreviated group 

II introns that contain domain VI minimally attached to the 5' -splice 

site, lacking most of the remaining structural elements. An attractive 

hypothesis is that many of the cis-elements required for group II 

intron excision may be supplied in trans- for group III introns. 

Is there a precedent for considering trans-acting RNAs as 

participants in group III splicing reactions? An intermolecular 

(trans-) splicing activity of the yeast mitochondrial intron alSy is 

evidence that domain V can activate cleavage at the S'-splice site 

(the first reaction) as a 42 nt small RNA (Jarrell et aI., 1988). A 
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recent deletion analysis of substructures of al51 have led to the 

conclusion that the catalytic core of this group II intron is the 5'

exon and domains I and V of the intron (Koch et al., 1992). Helix Cl 

of domain I of the yeast mitochondrial intron bIl, which is involved 

in the E-E' tertiary interaction, can restore splicing as a small trans

acting RNA (Suchy and Schmelzer, 1991). An analogous situation has 

been proposed for an evolutionary transition between group II 

introns and nuclear pre-mRNAs (Sharp, 1991). The tscA locus within 

the chloroplast of Chlamydomonas reinhardtii encodes a small RNA 

that represents domains I through IV of a group II intron, and acts 

in a trans-splicing reaction of intron 1 of the psaA mRNA 

(Goldschmidt-Clermont et al., 1991). This splicing system may 

represent an intermediate between the cis-encoded domains of a 

catalytic group II intron and the snRNAs supplied in trans- for 

nuclear pre-mRNAs (Sharp, 1991). Consequently, the catalytic core 

of group III introns may be composed of some as of an unidentified 

structure containing domain VI, of constrained size, possibly aided 

by proteins (see below). The size of the internal group III intron of 

the psbC twintron seems to contradict this hypothesis. However, 

or/458 is positioned within a stem-loop structure in the 5'-region of 

the intron, which may form to affectively reduce the core of the 

intron within any constraint. Based on this reasoning, group III 

introns may represent the closest relative of organelle introns to the 

nuclear pre-mRNA introns (Christopher et al., 1989; Chapter 3). It is 
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noteworthy that these are also the two classes of introns that exhibit 

alternative splice site selection. 

Is the psbC Twintron-encoded Open Reading Frame a Maturase? 

Several group I and group II introns encode open reading frames 

called maturases (for reviews, see Lambowitz et al., 1990; Perlman 

et al., 1989). These maturases are required for efficient splicing in 

vivo and are thought to bind and stabilize catalytically active RNA 

structures. The fungal mitochondrial group II intron-encoded 

maturases are highly conserved and contain portions with a high 

degree of homology to reverse transcriptases (Michel et al., 1985; 

Xiong et al., 1988; Xiong et al., 1990). However, the putative group 

II -intron encoded maturases within the plastid t r nK genes from 

tobacco, pea, mustard, and rice seem to lack siginificant homology to 

the blocks of amino acids that are diagnostic for reverse 

transcriptase-like sequences. 

Group III intron excision is also likely to require proteins in 

vivo. One potential group III maturase is or/458, which is encoded 

within the internal group III intron of the p s b C twintron. The 

Euglena or/458 amino acid sequence was used to search GenBank 

using the BLAST search algorithm (Altschul et al., 1990). Three 

significant matches were identified. The sequence with highest 

homology to or/458 was an open reading frame of 456 amino acids 

in the plastid of Astasia longa (see below)(Siemeister et al., 1990). 

The Euglena sequence also showed modest homology (24.2% identity, 

52.7% similarity) to a 91 kD protein encoded within a group II intron 
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in the Schizosaccharomyces pombe mitochondrial cob gene (Lang et 

al., 1985). A putative reverse transcriptase encoded within a group 

II intron in the plastid p e tD gene of the unicellular green algae 

KS3/2 was also identified (19.7% identity, 50% similarity)(Kiick, 

1989). 

Interestingly, the plastid DNA of the colorless, heterotrophic 

euglenoid Astasia longa contains an open reading frame (or/456) 

that has 55.5% identity and 84.8% overall similarity to the Euglena 

gracilis or/458 (Siemeister et al., 1990)(Figure 4-16). However, the 

Astasia or/456 gene is not known to be intron-encoded. The plastid 

DNA of Astasia is approximately 73 kb in size, and lacks all 

photosynthetic-related genes other than rbcL. The Astasia gene is on 

the same strand and in relatively the same location of the genome as 

the Euglena gene, given deletions of the psbA and psbC genes. 

Apparently, the Astasia plastid DNA has undergone deletions of 

dispensable genes, particularly those involved in the photosynthetic 

light reactions. Other highly conserved genes have been maintained, 

and therefore may be essential for plastid functions. The plastid 

genes of Astasia longa contain group III introns (Siemeister et al., 

1990; and EMBL accession number X16004). Or/456, which is group 

III twintron-encoded in E ug lena, may be required for group III 

intron excision in Euglena and Astasia. 

Other Twintrons? Do other kinds of twintrons exist? There are 

presently three types of twintrons, a group II twintron (Chapter 2), 

a mixed group II/group III twintron (Chapter 3), and group III 
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Euglena MIFYEIFQVSFSQNFSWEKSVRLLFKVQRRLFKVSYIHDKKNLYELQKLIFQ 
Astasia MISFSL INFSNNLSWDKVTNLIFKLQKRLFKVSYVYDRKKLYVLQKIIVQ 

** ** * **.* * ** * ******* .. *.*.** ***.* * 

Euglena SNCARLLAIREVTQLSFNKKISGVDGKTTLNFLERFELNEYLRKNWNNNWKP 
Astasia LNYSRLLAIKLVNHSVFNENLPGVDGYVSLNFYESFELNEFLKYNWNN WIF 

* ***** * ** **** *** *.***** * **** * 

Euglena QSLRKRCVFDLNENLISDTISTISDRSWQVLIKFALEPVHEAFFHPFNFGFR 
Astasia QNLKKVSLFDNDGKIIVKKVPVISDRVWCYLVKFAIEPVHEALFHPFNLGYR 

* * * ** * **** * *.***.******.***** * * 

Euglena YNVPIYKVQQAILLNLSNISFGSKKRILKVELNCNFSIFNYDYLMKKLIAPR 
Astasia SQYFIYEIQELILLNLSKFSFGSKKRVLKLDLSQNFCINNYSFLMEKLIAPR 

** .. *. ****** *******.** .. *. **.* ** **.****** 

Euglena NIKLGIFRLLELGFNLHFPENECQIST FSSLLLNVMLNGVENVHNCVRYG 
Astasia CIKLGIFKLLEKGFVLEFSNN CIFNKVDFSSLLLNIFLNGIEKLHNCIRYG 

******.*** ** * * * * ******* *** * ***.*** 

Euglena YYMLFFLRPMDNEKILANQILSLLYTRGIKKNSSKFLLVSNTKGFDFLGWHF 
Astasia YFLLFFLNPIDNEKELLSKIYLFLSKLDLKFNISEIELSSIINGFDFLGWHF 

* **** * **** * * * * * * * * ********* 

Euglena KFSEKVKNGISAIPSLNNYQFFLNRVKRIVNNSNYGSVVKASKLYPVIKNWR 
Astasia KFSYKSYNNLCIFPSFDNYNKFLTRIKVIINNSNYGSllKASKIYPIVKDWK 

*** * * ** ** ** * * *.******* ****.** .. *.*. 

Euglena EYHKYSDLRSLSYSLFFVKKHAFSAFNSESKQDFYSSKRLLFKSFLVSESFN 
Astasia EYHKYSDLFDLNYSLCFIKKRAFKIFKSESKQDFYSSKSLLLKCFSVFNIFN 

******** * *** *.**.** *.***********.** * * * ** 

Euglena TVSKKYNFHILNCFSFGHLTFL SESINFFNKINLYFCVHCGMKCI 
Astasia KDLKNLYNKFFKPLNFRHLVFLFNRGGEGFKYF YFCIHCGVILL 

* ...... * **.** . * .... * ***.*** 

Figure 4-16. Alignment of the Euglena gracilis chloroplast or/458 
gene product with the or/456 gene product from Astasia longa. The 
amino acid sequence deduced from the Euglena gene encoded with 
the psbC group III twintron is compared with that derived from the 
gene from Astasia longa (Siemeister et aI., 1990) using the CLUSTAL 
alignment package of Higgins and Sharp (1988). Gaps in the 
sequence indicate insertions or deletions. The amino acids marked 
with an asterisk (*) represent complete amino acid conservation 
and the amino acids marked with periods (.) refer to conservative 
replacements. 
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twintrons (Chapter 4). Given the large number of introns in the 

Euglena chloroplast genome, there certainly is a large target size for 

twintron formation. Another group III twintron has recently been 

characterized (M. R. Favreau and R. B. Hallick, unpublished). The 204 

nt intron 2 within the photosysteni II gene psbK is composed of two 

group III introns of 93 nt (external) and 111 nt (internal) in size. 

The site of insertion of the internal intron is not in a domain VI-like 

structure but is located 46 nt from the 5'-splice site. There may be 

in a potential stem-loop structure in this region of the external 

intron. 

Recently, several examples of a fourth type of twintron, a 

complex twintron, containing multiple intron insertions into pre

existing introns have been detected. The 434 nt intron 2 in the 

ribosomal protein S18 gene is composed of four distinct group III 

introns that are excised in four sequential steps (R. G. Drager and R. 

B. Hallick, manuscript in preparation). The external intron (2a) is 

107 nt in size, and is interrupted by an 108 nt intron (2b). Intron 2b 

is split into three pieces by two internal introns of sizes 107 nt (2c) 

and 112 nt (2d). The excision of internal introns 2b and 2c utilizes 

multiple 5'- and/or 3'-splice sites. The sites of insertion of internal 

introns 2b and 2d are in domain VI-like regions of their respective 

external group III introns. The insertion site of intron 2c is in a 

potential stem-loop structure in the 5'-region of intron 2b. 

Two additional complex twintrons encoded with the 

photosystem genes petB and orf31 have also been characterized (L. 
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Hong and R. B. Hallick, manuscripts In preparation). Intron 2 of petB 

is a compJex twintron of 954 nt in size. This intron is excised in three 

sequential steps. The external group II intron is 422 nt in size, and is 

interrupted by two introns of sizes 404 nt (group II) and 128 nt 

(group III). The internal group II intron disrupts the stem of domain 

II. The group III intron is positioned between domains II and III of 

the external intron, possibly interrupting the "(-1' interaction. 

The orf3l gene contains a single intron of 1352 nt in size. This 

unusual intron can apparently excise by four alternate, sequential, 

intron excision pathways. In the major two pathways the intron is 

composed of three group II introns. The external group II intron (A) 

is 358 nt In size, and is interrupted by two internal group II introns 

of 601 nt (B) and 393 nt (C) in size. The internal introns are both 

inserted in subdomain ID of the external intron, and their excision is 

not ordered. An alternative splicing pathway has been detected in 

the analysis of internal intron excision. Following excision of intron 

B, an unexpected 104 nt group III intron can also excise from the 

pre-mRNA. The intron contains the 51-portion of domain ID of the 

external intron, and the first 45 nt of intron C. A model for the 

secondary structure of this novel group III intron includes the 

domain VI structure, and a domain ID-like structure with an 

excellent EBS 1. It is not known whether the remaining 177 nt of 

intron C can further process. However, the remaining secondary 

structure is reminiscent of a group III intron containing domain V. 

The analysis of this complex group II twintron supports a 
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relationship between group II and group III introns, and provides 

one potential mechanism for the generation of group III introns 

from group II introns. 

Intron insertions of one or more introns may be a common 

mechanism that results in the formation of large introns. For 

example, nuclear pre-mRNA twintrons may exist. An intron in the 

chick a2-collagen (type I) gene contains multiple internal splice sites 

and is excised by alternate pathways (Avvedimento et aI., 1980). I 

am also curious whether the unusually large introns within human 

and Drosophila genes are composed of multiple introns and might 

excise through sequential intron excision. 

Some of the results presented in this chapter have recently 

been accepted for publication (Copertino et at, 1992). 
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The chloroplast genes of Euglena gracilis contain more than 100 

introns. At least eleven of these introns, of which seven have been 

characterized here, are excised In multiple steps. That is, the 

chloroplast genes of Euglena gracilis also contain introns within other 

introns. The term "twintron" has been used to define this new 

genetic element. Based on characterization of partially spliced 

intermediates, and primary and secondary structural analyses, the 

introns of twintrons belong to the two groups of introns (group II 

and group III) found in Euglena chloroplast genes. A comparison of 

intron content and position among plastid and prokaryotic genes has 

led to the hypothesis that introns have been inserted into chloroplast 

genes during evolution (Gingrich et aI., 1985; Palmer and Logsdon, 

1991). Twintrons represent direct evidence in support of this 

hypothesis. 

A plausible mechanism for twintron formation by intron 

transposition involves a three step process of reverse splicing, 

followed by reverse transcription and reintegration into the genome 

(Chapter 2). The reverse splicing reaction is mediated by EBS-IBS 

interactions (Augustin et aI., 1990; Morl et aI., 1990). Potential EBS

IBS interactions between several of the internal and external introns 

are consistent with this mechanism of twintron formation (Chapters 

2, 3, and 4). 
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Twintron excision was found to proceed by an in vivo 

sequential splicing pathway. The excision of int~rnal introns occurs 

prior to excision of external introns. One hypothesis to account for a 

sequential splicing pathway is that the insertion sites of internal 

introns may disrupt functional domains of external introns (Michel 

et aI., 1989). The insertion site of the internal intron of the p s b F 

group II twintron within the catalytic domain V supports this 

hypothesis (Chapter 2). Therefore, the insertion sites within group 

III introns may define functional regions previously unknown for 

group III introns. Four of the six insertion sites involving group III 

introns are in a potential domain VI-like structure at the 31-end of 

the intron (Chapters 3 and 4). The remaining two insertion sites are 

in the 51-region of the intron in a potential stem-loop structure that 

resembles domain ID (see below). Consequently, twintron formation 

by intron insertion into existing introns has provided important 

insights into group III structure, acting as an unexpected in vivo 

mutagenesis system. 

General RNA Structure. The complexity of three-dimensional (3D) 

RNA structure is directly responsible for the functional diversity of 

RNA. The 3D structure is ultimately a consequence of the primary 

sequence. RNA secondary structure mediates the transition from 

primary sequence to 3D structure, and thus biological function. The 

hairpin loop model (Fresco-Alberts-Doty model) of RNA secondary 

structure was first described more than thirty years ago (Fresco et 

aI., 1960). Fresco also recognized that RNA secondary structure 
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would originate from short, local "helix loops". Historically, RNA 

secondary structural models have been developed by comparative 

sequence analysis. These models can then be tested by site-directed 

mutagenesis and compensatory base changes. However, 3D 

structures and the interactions that stabilize these structures are less 

obvious. Comparative sequence analysis has also proven useful for 

establishing tertiary interactions within RNA (see below). 3D RNA 

structure has also been studied using site-directed mutagenesis and 

chemical and enzymatic probes. Atomic resolution of small RNAs by 

NMR spectroscopy and X-ray crystallography has greatly increased 

our understanding of the conformation of RNA and the types of 

interactions that stabilize these structures. 

Unpaired nucleotides in double-stranded RNA induce kinks in 

the molecule (Bhattacharyya et al., 1990). These structures may be 

important for tertiary interactions involving domains V and VI (and 

other domains and subdomains) in group II and group III introns. 

NMR analysis of a common and stable RNA hairpin 5-

GGAC(UUCG)GUCC-3' (loop in parenthesis) demonstrates that stacking 

of nucleotides from stems can continue into loops, and also the 

importance of base-phosphate interactions in stabilizing RNA helices 

(Cheong et al., 1990). The Us and G8 of the loop base pair, reducing 

the loop from four to two nucleotides. The C7 residue stacks on the 

G • U base pair and is stabilized by an interaction with the phosphate 

backbone between Us and U6. The backbone at U6 turns sharply, 

displacing the U6 base away from the stem. 
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The crystal structure of an RNA double helix 5'

(GGACUUCGGUCC)2-3' containing four internal non-Watson-Crick base 

pairs has been determined by X-ray diffraction (Holbrook et aI., 

1991). Surprisingly, the structure forms a regular RNA duplex, very 

similar to an A -type RN A helix. The U· C and G· U base pairs are 

stabilized by bridging water molecules in the minor groove. These 

bases are also linked to the phosphate backbone by water molecules 

in the major groove. This analysis further demonstrates the 

importance of not only base-base interactions in RNA helix stability, 

but also interactions involving hydroxyl groups of ribose, the 

phosphate oxygens, and tightly bound water molecules. 

The crystal structure of the yeast tRNA-Phe depicts many 

types of tertiary interactions (for review, see Rich and RajBhandary, 

1976). The structure is largely stabilized by extensive base stacking 

interactions. There are at least 20 tertiary interactions involving 

hydrogen bonds between bases, and between bases and the 

backbone. Only one base-base interaction involves Watson-Crick 

hydrogen bonding. Other base-base interactions include reverse 

Hoogstein pairings, and purine-purine and triple base interactions. 

Sharp bends in the structure appear to be stabilized by interactions 

between bases and the backbone. In contrast to the extensive 

structure within the molecule, the anticodon bases are available to 

hydrogen bond with mRNA, and the CCA of the acceptor stem IS 

single-stranded and flexible. 
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The few examples described above illustrate the complexity of 

interactions involved in secondary and higher order RNA structure. 

In addition to the traditional Watson-Crick base pair interactions, 

other interactions between bases such as Hoogstein, reverse 

Hoogstein, and triple base interactions also occur. Interactions 

between functional groups of the nucleotide bases and the ribose 

and phosphate backbone also take place and often involve bridging 

water molecules and divalent ions. These interactions ultimately 

stabilize base stacking, which is the greatest source of stability in the 

tRNA structure. Also, purine-rich tetraloops interact in the major 

and/or minor grooves of RNA helices as in 5S rRNA and group I 

intron structure (see below). Interactions in vivo are likely to 

involve proteins. Proteins probably bind and stabilize RNA 

structures, and contribute other functional groups for further RNA 

stability. 

Ribozyme Structure and Chemistry. Ultimately, the catalytic 

property of an RNA (and its evolution) is reduced to the reactivity of 

a nucleophile and its detailed orientation relative to an activated 

phosphate. The RNA may adopt any three-dimensional structure that 

creates an environment (active site) in which some functional groups 

are good nucleophiles and others are good leaving groups. Ribozymes 

are an attractive system to study RNA structure/function since 

catalytic activity is a direct response to RNA structure. Except in a 

few recent examples (Noller et aI., 1992; Piccirilli et aI., 1992), 

ribozyme catalysis predominantly involves reactions of phosphate 
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diesters. The chemistry of nucleotidyl transfer reactions is by a 

nucleophilic substitution reaction mechanism. Nucleophilic attack on 

the phosphorus atom is in-line, in the direction of (or parallel to) the 

labile phosphorus-oxygen bond. An engineered version of the group 

I active site also catalyzes hydrolysis of a carboxylate ester (Piccirilli 

et aI., 1992). However, nucleophilic attack does not occur in-line with 

the labile bond as in the group I mechanism, but occurs 

perpendicular to the 3'-oxygen-carbonyl carbon bond, probably by 

OH-. 

Each ribozyme system has likely evolved primary structural 

requirements for optimal activity within the context of the 3D 

structure. For example, the exogenous G positioned within the G

binding site of group I introns and the internal unpaired A of group 

II, nuclear, and perhaps group III introns (see below) act as 

nucleophiles within the active site relative to activated phosphates. 

Also, the conserved nucleotides at the 5'-splice sites of group II, 

group III, and nuclear pre-mRNA introns (see below); the base of 

domain V of group II introns; the conserved domain of U6 snRNA; 

and the core of the hammerhead domain may all represent 

structural requirements within active sites. Interestingly, the highly 

conserved nucleotides at the base of domain V of group II introns 

(Michel et aI., 1989), the conserved domain of U6 snRNA (Tani et at, 

1989), and the catalytic domain of hammerheads (Symons, 1989) are 

strikingly similar in structure. 
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Ribozymes such as group I introns, RNase P, hammerheads, and 

perhaps other ribozymes, require divalent cation~ (Cech, 1990, 

Dahm, 1991). Divalent cations promote progressive RNA folding in 

group I introns and RNAse P. These ions could also be involved in 

the chemistry at the active site by neutralizing the negative charges 

of phosphate groups, stabilizing transition states, or even supplying 

the nucleophile (Dahm and .Uhlenbeck, 1991). 

Three-dimensional Structure of Group I Introns. Primary sequence 

identity among group I introns is very low, typically less than 10% 

(Cech, 1988). These conserved nucleotides are generally limited to 

single-stranded stretches involved in tertiary interactions and 

nucleotides at the guanosine-binding site (Michel et aI., 1990). 

Despite the lack of primary sequence conservation, group I introns 

share a common core secondary structure consisting of conserved 

base-pair elements (PI-PI0; secondary structural nomenclature of 

Burke et aI. (1987», which was identified by comparative sequence 

analysis (Davies et aI., 1982; Michel et aI., 1982). The importance of 

these paired regions has been confirmed by various molecular 

genetic approaches (for reviews, see Burke, 1988; Cech, 1988; Cech, 

1990). Group I introns also contain stem-loops peripheral to the core 

that are more variable and often contain open reading frames. Based 

on structural differences, there are four major subgroups of group I 

introns lA, IB, IC, and ID (Michel et aI., 1990). For a recent review of 

group I intron structure see Saldanha et al. (1992). 
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A three-dimensional model (the Michel-Westhof model) of the 

conserved catalytic core of group I introns has been developed based 

on comparative sequence analysis of 87 group I introns, and aided 

by stereochemical modelling (Michel et aI., 1990). The general 

feature of the model positions two main,_ elongated RNA helices (P5-

P4-P6 and P9.0-P7-P3-P8) at a relatively small angle to form a cleft 

in which the PI and PI0 helices (substrate for the splicing reaction) 

fit. It is assumed that the catalytic core IS formed by a series of a 

hierarchial RNA folding events (Michel et aI., 1990). The RNA folding 

events initiate with local secondary structure to form A-type RNA 

helices. These folding events require Mg++ as individual RNA 

domains progressively fold (Celander and Cech, 1991). The RNA 

helices then stack end on end to form domains, which are stabilized 

by triple helix interactions. The domains then interact with each 

other to form the functional ribozyme. An interesting feature of the 

Michel-Westhof model is the long-range interactions between 

purine-rich tetraloops and double-stranded RNA helices, which 

result in the formation of these domains. The authors point out that 

this type of interaction may be a common structural feature of other 

RNA molecules, such as group II introns (Michel et aI., 1989) and 5S 

rRNA (Westhof et aI., 1989), as purine-rich tetraloops are 

phylogenetically conserved. This hypothesis is strengthened by 

recent NMR data which demonstrate that the GCAA tetraloop is not 

inherently thermodynamically stable (SantaLucia et aI., 1992). 

Several interactions surrounding the active site predicted by the 
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Michel-Westhof model have recently been confirmed by affinity 

cleavage (Wang and Cech, 1992). 

Tertiary Interactions of Group II Introns. Like group I introns, 

group II introns have little primary sequence identity. Group II 

introns also share a conserved secondary structure depicted as a 

central core with six radiating helical domains (I-VI) (Michel et al., 

1983; Michel et al., 1982; Michel et al., 1989). Based on secondary 

structure, group II introns can be divided into two major subgroups, 

IIA and lIB (Michel et aI., 1989). Domain I is composed of 

subdomains A, B, C, and D. Subdomains C and D are further divided 

into C1 and C2 and D1, D2, and D3, respectively. Conserved primary 

sequence is limited to nucleotides at the intron boundaries, reglOns 

within C1 and D, a purine-rich stretch between domains II and III, 

and the domain V helix (Michel et al., 1989). Functional interactions 

involving these conserved nuc1eotides are not entirely known (see 

below). 

Although there IS presently no three-dimensional model for 

the catalytic core of group II introns, several tertiary interactions 

necessary for proper intron excision have been determined. Domain 

I contains two elements called exon-binding sites (EBS1 and EBS2), 

which interact with exon sequences immediately upstream of the 5'

splice site (Jacquier et al., 1987). The EBS l-IBS 1 pairing defines the 

5'-spH-;e site (Jacquier et al., 1991). The EBS2-IBS2 pairing and an 

interaction (the E-E' interaction) between conserved nucleotides In 
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helix Cl of domain I and nucleotides +3 and +4 of the 5'-splice site 

aid in positioning the 5'-splice site (J acquier et aI., 1991). 

The 3'-splice site is defined by at least four distinct elements 

(Jacquier et aI., 1991). The nucleotide preceding EBSI in the D3 loop 

of domain I interacts with the first nucleotide of the 3'-exon in a 

"guide" interaction. Domain VI is involved in stabilizing a tertiary 

structure around the splice junction, but the specific interactions are 

presently unknown. A nucleotide in the purine-rich stretch between 

domains II and III base-pairs with the terminal nucleotide of the 

intron in the y_y' interaction. The first nucleotide of the 3'-exon is 

also involved in an undefined interaction (probably not Watson

Crick) that contributes to 3'-splice site specificity. 

Domain V is required for activation of the 5'-splice site (Jarrell 

et aI., 1988). Domain V binds to domain I and together with the 5'-

exon constitute the catalytic core of group II introns (Koch et aI., 

1992). The nucleophilic adenosine within domain VI and the 3'-exon 

emerge at the reaction center via the domain I-domain V 

interaction. The nature of the interaction between domains I and V 

is unknown, although it also is probably not a Watson-Crick 

interaction. Interestingly, the loop of domain V IS a conserved, 

purine-rich tetraloop (Michel et aI., 1989), and may interact in the 

major or minor grooves of other RNA helices. Group II intron 

structure has also been recently reviewed (Saldanha et aI., 1992). 

All of the E u g len a group II introns possess the highly 

conserved catalytic domain V and domain VI. Domain V of E ug lena 
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group II introns retain primary and secondary structure 

conservation, but the terminal loop can be more variable than group 

II introns from fungal and plant organelles (Michel et al., 1989). 

E ug lena chloroplast group II introns are also shorter than other 

group II introns, and have abbreviated versions of domains I-IV 

(Michel et aI., 1989, see Chapter 3,). However, many Euglena 

chloroplast group II introns retain the two- and three-dimensional 

base-pairing interactions of known functional significance, such as 

the diagnostic group II domain V, exon-binding sites, 'guide pair', E

E', and "(-"(', (Jacquier et al., 1991; Michel et al., 1989; R. B. Hallick, 

unpublished observation). Euglena group II introns have putative 

branch sites for lariat formation at an A-residue in domain VI, 7 or 8 

nt from the 3'-boundry of the intron. Circular or lariat excised intron 

RNAs for Euglena have been detected previously (Koller et al., 1985; 

Chapter 2). 

Pre-mRNA Structure During Nuclear Spliceosome Assembly. Nuclear 

pre-mRNA introns have primary sequence conservation at the splice 

junctions and to a lesser degree at the branch point, but lack any 

conserved secondary structure. Instead, the catalytic core of nuclear 

pre-mRNA introns is formed during spliceosome assembly, and 

depends on RNA-RNA, RNA-protein, and protein-protein interactions 

between the intron, snRNPs and other proteins (see also, Chapter 1). 

Uland U2 snRNPs recognize the conserved sequences at the 5' -splice 

site and branch point via snRNA base-pair interactions, respectively 

(Guthrie, 1991; Parker et aI., 1987; Seraphin et al., 1988; Siliciano et 
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at, 1988; Wu et at, 1989; Zhuang et at, 1986; Zhuang et at, 1989). 

Ul snRNA may also interact with the invariant AG at the 3'-splice 

site (Reich et aI., 1992). The phylogenetic ally conserved single

stranded loop of the U5 snRNA has been shown to interact with exon 

sequences at the 5'- and 3'-splice sites (Newman et aI., 1992). 

Based on these results and other snRNP interactions during 

spliceosome assembly, Steitz (1992) has proposed a model to 

juxtapose the 5'- and 3'-splice sites that mimics the Holliday 

structure. The four branches of the structure are formed as the 5'

and 3'-splice junctions cross each other. The structure is stablized by 

interactions of the Ul snRNA with intron sequences and the U5 

snRNA single-stranded loop with exon sequences at the 5'- and 3'

exon/intron boundaries. This model requires structural changes of 

the spliceosome during the two steps of the splicing reaction. The U5 

snRNA loop seems to shift during the transition from the first to the 

second step (Newman et aI., 1992), and other conformational changes 

also occur (Ruby et at, 1991). 

Common Features of Group II, Nuclear, and Group III Introns. The 

group III introns of the plastid genes of Euglena gracilis and Astasia 

longa are generally U-rich, which may allow more flexibility in base 

pair interactions (Holbrook et aI., 1991) as has been proposed for 

interaction between the phylogenetic ally conserved loop of U5 

snRNA and upstream exons (Newman et aI., 1992). Group III introns 

contain a subset of the conserved sequences of group II and nuclear 

pre-mRNA 5'- splice sites, retaining a U at +2 and G at +5. There may 
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also be significant base composition at other positions within the 

first 15 nucleotides of group III introns in addition to +2 and +5 

(Stevenson et al., unpublished observations). The conservation of 

nucleotides at these positions in all three splicing systems suggests 

that these nucleotides are intimately involved in the splicing 

reaction. 

The consensus sequence of yeast 5f-splice sites is GVAPyGV. A 

G to A transition (at +5) mutation (A5) of the yeast actin intron 

uncouples recognition and cleavage at the 5f -splice junction in vivo 

(Parker and Guthrie, 1985). In the A5 mutant the Sf-splice site 

appears to be recognized by the splicing machinery, although 

inefficiently. The intron undergoes the first step in splicing using the 

normal nucleophile within the branch point sequence. However, the 

5f-cleavage is abnormal, cutting six nucleotides 5f of the normal 

splice site. The compensatory change in VI does not suppress the use 

of this cryptic splice site in the A5 mutant, although recognition is 

more efficient (Seraphin et al., 1988; Siliciano et al., 1988). The A5 

mutation in another yeast intron also resulted in aberrant 5f_ 

cleavage in vivo (Jacquier et al., 1985). Precise 5f-splice site selection 

In yeast requires other interactions at the 5f-splice site independent 

of VI snRNA interaction (Seraphin and Rosbash, 1990). A mutant 

group II intron in which 17 nt of T7 promoter were inserted 

between the 5f-exon and the 5'-splice site self-splices in vitro 

(Jacquier et al., 1991). Cleavage occurred at the boundary between 

the 5f-exon and the T7 spacer by hydrolysis, not transesterification. 
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The G at +5, possibly in combination with the U at +2, may be 

part of the active site of nuclear, group II, and group III introns. The 

G appears to be crucial for activation of the proper phosphodiester 

bond for 5' -cleavage by the appropriate 2' -OH. This residue could 

provide important contacts within the active site, possibly interact 

with other elements such as domains VI (or V), the nucleophile, 

and/or be involved in the coordination of Mg++. 

Group III introns contain a domain VI-like structure at the 3'

end of the intron. Domain VI contains the unpaired adenosine that 

initiates nucleophilic attack at the 5' -splice site during excision of 

group II introns (Peebles et aI., 1986; van der Veen et aI., 1986). 

Domain VI is similar in structure and location to the U2 snRNA

U A C U A A C base-pair interaction in nuclear introns, which bulges the 

adenosine nucleophile from an RNA helix (underlined) (Jacquier et 

aI., 1990; Parker et aI., 1987). The sites of insertion of four of the 

internal introns of twintrons involving group III introns, and the 

sequential splicing of these twintrons, supports the hypothesis that 

this domain is functional for group III excision. The excised group 

III introns of the rp116 twintron are not linear RNA molecules, but 

accumulate predominantly as lariat or circular RNAs. Based on 

structural and evolutionary relationships among group II, group III, 

and nuclear pre-mRNA introns, I propose that group III introns are 

also excised as lariats, using the unpaired A within the domain VI

like structure to initiate nucleophilic attack at the 5'-splice site. 
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Most group III introns are in the SIze range of 90-120 nt, with 

a mean size at 101 nt. This feature suggests that a size of 

approximately 100 nt is a fundamental property of group III 

introns. However, the internal intron of the psbC twintron is 1503 nt. 

The more relevant feature of group III introns may be the three

dimensional conformation of the RNA, with the distance between the 

5'-splice site and domain VI (3'-splice site) being most critical. The 

internal intron of the rp 116 twintron and the external intron of the 

rps3 twintron contain elements almost identical to domain ID3 of 

group II introns. Other group III introns possess potential stem-loop 

structures in the 5'-region of the intron. Several insertion sites 

among group III and complex twintrons are within these putative 

structures, possibly defining a functional domain. These structures 

may act as 5' -exon/intron recognition elements similar to group II 

introns. Alternatively, the structures may reduce the distance 

between 5'- and 3'-splice sites, thereby reducing the core of the 

group III intron. There may also be another hairpin between domain 

VI and the 5'-element (see Chapter 4). 

Group III introns may represent abbreviated group II introns. 

Many of the cis-elements required for group II intron excision may 

be supplied in trans- for group III introns. For example, domain V 

could activate the first reaction 10 trans (Jarrell et al., 1988). The 

domains supplied in trans- may reconstitute the entire group II 

intron secondary structure, such as the t seA locus of the 

Chlamydomonas chloroplast in the trans-splicing reaction of intron 1 
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of the p s a A mRN A (Goldschmidt-Clermont et aI., 1991). 

Alternatively, only a portion of the structure may be provided in 

trans-, such as domain V. It is interesting to note that the 177 nt 

alternative intron of the orf31 twintron possesses a secondary 

structure reminiscent of a group III intron that contains domain V 

(see Chapter 4). Another possibility is the core of group III introns 

may be different from group II (or nuclear) introns. Group III 

introns may activate the correct phosphodiester bond for cleavage 

using the nucleophile within domain VI through an entirely 

different mechanism. These introns may assume a unique 

conformation to form the active site independent of the structural 

domains of group II introns. 

Future Prospects. Twintrons represent evidence for intron insertion 

during chloroplast gene evolution. It may be possible to demonstrate 

progressive intron insertion in a particular gene during the evolution 

of related euglenoid species. With PCR technology, intermediate 

twintron structures could be identified, particularly among complex 

twintrons, in which 0, 1, 2, or more introns have been added to a 

particular gene. An estimate of the time of divergence among the 

euglenoid species would approximate the evolution of the twintron. 

The resulting gene structures would also prove valuable for 

phylogenetic comparisons of intron structure. By examining 

covariation among the introns and between the same introns in 

different species, secondary structural models might then be 

formulated for E ug lena group II and group III introns. 
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The mechanism of group III intron excision is unknown. In the 

absence of genetics or an in vitro splicing system, one can only 

characterize in vivo splicing reaction products. The excised group III 

introns of the rps3 and rp116 twintrons migrate anomalously slowly 

on gels containing different concentrations of acrylamide compared 

to a 5S rRNA control (Figure 4-12, data not shown). However, the 

topology of an excised group III intron should be demonstrated 

more rigorously. An RNA-DNA hybrid of an excised group III intron 

and an oligonucleotide could be cleaved using RNase H. Lariat or 

circular molecules would be linearized, while a linear molecule 

would be cut into two pieces. The internal intron of the p s b C 

twintron may be best suited for these experiments due to its size 

(1504 nt). 

The internal group III intron of the psbC twintron contains an 

open reading frame which may encode a group III intron maturase. 

To test whether this orf is necessary for group III intron excision, 

orf458 (from the psbC twintron) could be expressed in transgenic 

Chlamydomonas reinhardtii chloroplasts or E. coli. Orf458-dependent 

group III intron excision could then be tested. To test if the orf458 is 

also sufficient for group III intron excision, the orf could be 

expressed in vitro, and the extract or a partially purified fraction 

could be incubated with transcripts containing a group III intron. If 

these experiments were successful, regions of the orf can be further 

studied for binding and/or splicing activity. These experiments could 

also lead to an in vitro system to study group III intron 
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structure/function. If a transformation system is developed for 

Euglena chloroplasts, these studies could possibly be done in Euglena. 

However, if orf458 encodes a group III maturase, it is likely to be an 

essential gene. Therefore, gene disruption experiments would be 

lethal and no transformants would be recovered. 
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