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1. Mitochondria 
Mitochondria are organelles responsible for aerobic energy production in eukaryotic cells (40, 54). Although most of the proteins 
of mitochondria are coded by nuclear DNA, a number of essential proteins are coded by mitochondrial DNA (mtDNA) that 
resides within the mitochondria itself (40). In many organisms, including mammals (26) and most flowering plants (63), mtDNA 
is maternally inherited; it encodes essential subunits of inner mitochondrial membrane respiratory chain complexes, the main 
function of which is to produce energy, in the form of ATP, from the oxidation of glucose and fatty acids through the process of 
oxidative phosphorylation (54). Mitochondria are also involved in other cellular functions, such as calcium homeostasis, apoptosis 
(programmed cell death), iron homeostasis, various pathways of intermediary metabolism and cellular signaling (20). 
According to the traditional endosymbiont theory, present day mitochondria evolved from an aerobic bacterium that invaded a 
primordial eukaryotic cell and became a symbiotic partner that provided metabolic machinery for the complete oxidation of 
fermentation end products. More recently, it has been theorized that the primordial eukaryote emerged following the fusion of an 
anaerobic archaebacterium with aerobic respiration-competent alpha-proteobacterium (29, 70). In either case, over evolutionary 
time, genes were transferred from the genome of the aerobic partner into what became the eukaryotic nucleus, leading, eventually, 
to the reduced genomes found within the mitochondrion in present day eukaryotes. 
 
2. Mitochondrial DNA 
The mitochondrial genome has several unique features relative to the nuclear genome. The organization of mitochondrial DNA 
(mtDNA) is different from that of nuclear (nDNA), in some organisms its genetic code is different, and its replication is 
independent of the cell cycle. Furthermore, there is widespread diversity among modern mitochondrial genomes with respect to 
both their structure and their organization. 
 
2.1. Size and Structure of mtDNA 
Regarding the diversity in mtDNA size, structure and gene content, much of our current knowledge comes through the sequencing 
of over 130 mitochondrial genomes (30). Members of the apicomplexan protozoans possess the smallest mtDNAs, 6 Kbp in size 
(22); at the other extreme are land plants, whose genomes range up to 2400 Kbp (muskmelon). The structure of mtDNA is quite 
variable. Typically, vertebrate mtDNA is a circular 16-Kbp DNA molecule that contains 37 genes (11). Even though the most 
common mtDNA structure is a single circle, multi-circular and linear mtDNAs also exist. For example, the metazoan Dicyema’s 
mtDNA consists of a series of 2 to 3-Kbp circles each containing one gene (74). Alternatively, the mitochondrial genomes (mt-
genomes) of more than 10 fungi such as Hyaloraphidiu curvatum have been shown to be linear (25, 60). 
 
2.2. Gene Content in mtDNA  
The extant mt-genomes exhibit not only diversity in size and structure but also variation in gene content. Although the gene 
number among various mt-genomes varies dramatically from 98 in the protozoan Reclinomonas americana (45) to 3 genes in 
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Abstract: 
The removal of group II introns from plant mtDNA is essential for normal function of mitochondria, thus respiratory 
functions. Intron encoded maturases are proteins which facilitate self splicing of group II introns in bacteria and organellar 
genomes of several lower eukaryotes. It was recently found that the nuclear genomes of higher plants bear four genes (nMat 
1-4), which are closely related to maturases and contain N-terminal mitochondrial localization signals. The roles of three of 
these paralogs in Arabidopsis, nMAT1 and nMAT2, nMAT4 in the splicing of mitochondrial introns have been established. In 
this review, background information on maturases with recent discoveries has been presented.  
 
Key words: maturase/ group-II/ intron/ splicing/ mitochondria 
 



 The International Journal Of Science & Technoledge      (ISSN  2321 – 919X)   www.theijst.com                
 

205                                                              Vol 2 Issue 3                                                           March, 2014 
 

Plasmodium falciparum (16), most mtDNAs encode a similar set of proteins which can be categorized into two groups. 
Information processing genes, such as mitochondrial ribosomal RNA (rRNA) genes and transfer RNA (tRNA) genes encompass 
the first group. The second assortment consists of protein-coding genes that are components of the mitochondrial respiratory 
chain. Specifically, genes for complex I (nad), complex III (cob), complex IV (cox) and complex V (atp) are typically encoded by 
mtDNAs (31). 
Based on the number of mtDNA-encoded genes, mt-genomes can be roughly classified into two general categories: ancestral 
(minimally diverged) or derived (29). The most extreme example of an ancestral mitochondrial genome is that of the protist 
Reclinomonas americana encoding the largest complement of genes described to date. The large contingent of mtDNA- encoded 
genes along with the distinct eubacterial nature of several of them supports the view that the Reclinomonas mt-genome is ancestral 
(30, 45). Land plants such as Marchantia (a liverwort) also retain a large contingent of genes with a total of 71. Furthermore, land 
plant mt-genomes accommodate extra genes including a complex II gene, ribosomal protein genes (rps and rpl) and certain 
complex I and complex V genes that are not present in the mtDNA of metazoans. Additional identifiable features of ancestral mt-
genomes are a standard genetic code, eubacterial-like gene clusters and eubacterial-like rRNA genes (29). 
 
2.3. Plant Mitochondrial Gene Content 
In contrast to the vertebrate mt-genomes that are compact and small, the mt-genomes of higher plants exhibit extraordinarily large 
sizes, extending from 222 Kbp of the Brassica napus (B. napus) mt-genome (34) up to and over 2000 Kbp for the mt-genomes of 
some species within the Cucurbitaceae (73). Due to large mtDNA sizes, gene density is relatively low in plant mtDNAs. In 
Arabidopsis thaliana (A. thaliana) and B. napus, identified genes account for only 10% of the genome. Introns, duplications, 
integrations of DNA of nuclear and plastid origin and large unidentified open reading frames (ORFs) account for another 30% 
(34). In the dicot sugarbeet, 55.6% of the mt-genome has no clear function (42). In the case of two grasses, maize and rice, the 
scenario repeats itself as non-coding sequences represent 83% and 76% of their mt-genomes, respectively (14). Gene content is 
also somewhat variable among plant mtDNAs: some individual genes have been transferred to the nucleus in some species 
whereas in others they remain in the mitochondrial genome. Despite this, a population of genes that encode highly hydrophobic 
proteins for the complexes of the oxidative respiratory chain and the ATP synthase such as nad1, nad4, nad5, atp8, and atp6, are 
consistently maintained within the higher plant’s mt-genomes (34). 
  
2.4. Plant Mitochondrial Gene Expression 
In addition to, or perhaps as a result of, the complex mt-genomes in plants, regulation of gene expression of this organelle has 
distinctive features. Plant mitochondrial RNA polymerases and promoters, as well as post-transcriptional and translational 
controls, including 5’ and 3’ stability, cis- and trans-splicing, and RNA editing have been the subjects of several reviews (7, 35). 

 
2.5. Post-Transcriptional Regulation 
Transcription is only the first step in determining the steady-state population of translatable RNA. Post-transcriptional events such 
as 5’ and 3’ termini processing via nuclease activity, cis-splicing, trans-splicing, and RNA editing are also important in plant 
mitochondria. 
  
2.6. RNA Editing 
RNA editing is a feature of plant mitochondria gene expression, where specific C’s in the primary transcript are converted to U’s 
post-transcriptionally. The first case of RNA editing was discovered in 1986 and involved the addition and deletion of uridine 
residues in the RNAs of the kinetoplast, the mitochondria of trypanosomes (6). In 1989, cytosine to uracil editing was reported in 
angiosperm mitochondria by several laboratories (32, 17). The discovery had resulted from comparing DNA and messenger RNA 
(mRNA) sequences of several mitochondrial genes. Analysis of cytochrome oxidase subunit II gene (cox2) sequences had shown 
that some extremely conserved tryptophan residues (UGG) of cox2 were replaced by a CGG triplet which usually encodes the 
amino acid arginine (24). However, it was intriguing that only a small fraction of CGG triplets behave abnormally. Following the 
discovery of editing in plant mitochondria it was recognized that editing led to the conversion of some of these CGG’s to the 
expected UGG triplet that “universally” codes for tryptophan. No editing process was found to occur in the bryophyte Marchantia 
(61) although editing appears to be operative in the chloroplasts and the mitochondria of other bryophytes; interestingly, in the 
latter case, both U to C as well as C to U modifications were observed (49).  
A global investigation of editing sites in the A. thaliana mitochondria was conducted by Giegé and Brennicke in 1999. A total of 
441 editing sites were found, mostly located in coding regions; some were found to occur in introns and leader or trailer 
sequences, but were very rare elsewhere. In a similar investigation performed in B. napus, Handa (2003) discovered 427 sites, 
81% of which were shared with A. thaliana. Compared to the average DNA sequence similarity for protein coding genes of 9.2% 
between these closely related species, diversification of editing seems higher than the diversification of coding information. In 
neither of these surveys of editing sites could common sequence elements for editing be found. Electroporation experiments 
indicate that cis elements 20 nucleotides upstream of the editing site could help define editing sites (21). 
Although most of the editing sites reported corresponded to amino acids differing from those deduced from the gene as well as to 
the creation of initiation or stop codons, some silent editing events not leading to the change of the encoded amino acid have been 
described in several plant mitochondrial mRNAs. The reason for silent editing is still unknown. While RNA editing is abundant in 
mitochondrial mRNAs, some C to U events involve organellar tRNAs and some intronic regions (76). In the case of tRNAPhe, 
editing is absolutely necessary to produce the macromolecule from a longer precursor transcript (50, 51). 
Incompletely edited transcripts have also been detected. Recent results have shown that partially edited transcripts may be found 
in the polysomal fractions. Moreover, polymorphic proteins produced from partially edited mRNAs have been identified in the 
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case of maize mitochondrial rps12 (47). These authors have speculated that while the edited ribosomal protein is inserted in the 
ribosomal unit, the unedited form, found in the polysomal supernatant, may act as an RNA binding protein. 
 
2.7. Cis- and Trans-Splicing 
Coding sequences in plant mitochondrial genes are frequently interrupted by introns that are removed post-transcriptionally by 
RNA splicing (9, 26, 65). Group I and group II introns are large self-splicing ribozymes. In contrast to group I introns, group II 
intron excision occurs in the absence of GTP and involves the formation of a lariat, with an adenosine residue branchpoint 
strongly resembling that found in lariats formed during splicing of nuclear pre-mRNA (see below). Both group I and group II 
introns are found in plant mitochondrial genes and plant mitochondrial group II introns are found in either cis or trans 
configuration (57). Many group II introns in plants differ markedly from the canonical group II intron structural framework. Some 
lack elements that are considered to be essential to the formation of the catalytic center, and some have become fragmented during 
the course of evolution such that they are transcribed in pieces that must then be trans-spliced (48). Examples of group II trans-
splicing occur in the C. reinhardtii chloroplast psaA mRNA (13, 43), in the angiosperm mitochondrial nad1, nad2, and nad5 
mRNAs (10, 39). The trans-spliced intron fragments represent structural modules that assemble with one another via RNA-RNA 
interactions to recreate an intact group II intron structure. The efficiency and fidelity of this complex recognition process seem 
likely to be aided by protein cofactors, and there is genetic evidence for the participation of many proteins in the trans-splicing of 
the psaA introns in C. reinhardtii chloroplasts (28). 
 
3. Group I and II introns 
Introns of organellar genomes, including those of plant mitochondria, can be divided into two main groups (I and II) (54, 8, 77, 
44, 9) that differ by a number of criteria, such as differences in their predicted secondary structures and the mechanism by which 
some introns of both groups can undergo self-splicing in vitro. In land plant mitochondria, protein-coding genes frequently 
contain group I and group II introns (46). In Marchantia mtDNA, 32 introns, including both group I and group II introns, are 
present (61), whereas most of the 25 introns identified to date in flowering plant mitochondria (42, 34) are group II introns. 
Group I introns contain a set of conserved sequence elements that are involved in folding such a way that the exons are positioned 
closely together in space and splicing can occur (59). Some group I introns can undergo autocatalytic or self-splicing: splicing in 
the absence of any protein co-factor that requires no RNA other than the intron itself. Group I intron self splicing occurs via a 
transesterification mechanism (the process of exchanging the alkoxy group of an ester compound by another alcohol), initiated by 
an attack of a guanosine nucleotide at the 5' end of the intron; the liberated 3’- hydroxyl group of the 5’ exon then attacks the 3’ 
splice junction, resulting in exon ligation and intron release. 
Group II introns are large, natural ribozymes found in prokaryotes and eukaryotic organelles (mitochondria, chloroplast); they are 
identified by characteristic primary, secondary and tertiary RNA structural elements (53). The splicing of group II introns involves 
two successive trans- esterification reactions between RNA nucleotides leading into joining of two exons and releasing the typical 
intron lariat in a manner identical to the eukaryotic intron splicing (Figure 1). Group II splicing is initiated by the 2'-hydroxyl 
group of a “bulged” adenosine residue in the domain 6 helix, which attacks the 5’ splice junction. The covalent attachment of the 
2'-hydroxyl group to the 5’ intron residue results in a branched structure called as a lariat, and the attacking adenosine is called the 
“branchpoint”. The 3'-hydroxyl of the cleaved 5’ exon then attacks the 3’ splice junction, resulting in exon ligation and release of 
the intron as a lariat structure. Some structural elements of group II introns resemble those of eukaryotic spliceosomal snRNA 
which is consistent with the premise that the group II introns are the evolutionary precursors of eukaryotic spliceosomes (23, 68, 
72, 77). 

 
Figure 1 

 
Figure 1: Splicing of group II introns involves a two-step biochemical process. Both steps involve transesterification reactions that 
occur between RNA nucleotides. In the first step, a bulged adenosine in domain 6 attacks the 5' splice site junction, resulting in 
cleavage of the 5' exon and formation of a lariat intermediate. In the second step, the 5'and 3' exons are ligated together and the 
intron is released as a lariat. 
In vitro, some group II introns can splice autocatalytically without requiring any additional protein but in vivo all are thought to 
require accessory proteins for efficient splicing. The best known of these accessory proteins are the maturases, which in most 
cases, are encoded within the intron itself. Structurally, group II introns fold into a conserved secondary structure which consists 
of six domains (dI- dVI or D1-D6) that radiate from a central wheel and bring the 5' and 3' splice junction into close proximity 
(62, 53). The largest domain is domain 1, which is thought to deliver the molecular scaffold assembling the intron in its active 
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structure, while domain 5 is the phylogenetically most conserved part and represents the active site of the ribozyme (53). Multiple 
interactions between different domains are required to stabilize the tertiary structure of group II introns into their catalytically 
active forms (67) Plant mitochondrial group II introns are found either in a cis or trans configuration (57). Cis-splicing processes a 
single molecule where two exons are joined together by the removal of an intervening intron sequence. trans-splicing processes 
two different RNA transcripts and joins the two exons to produce one mature transcript. Group II introns can be further divided 
into groups IIA and IIB according to differences in the structure and the mechanism of splicing (46). 
 
4. The Spliceosome 
Spliceosome is a complex of specialized RNA and protein subunits (ribonucleoprotein machinery) that removes introns from a 
transcribed pre-mRNA (hnRNA) segment during splicing. The spliceosome is composed of 20 proteins and five RNA 
components, U1, U2, U4, U5, and U6 snRNAs, which share both structural and functional similarities with group II introns (69). 
From the five snRNAs, U1 and U4 leave the spliceosome prior to splicing catalysis and U5 helps to align the exons. U2 and U6 
are the only two snRNAs needed for the splicing steps. Comparative analysis of the U6/U2 complex revealed striking similarities 
with D5 and D6 of group II introns (63). 
Currently, it is believed that the primary role of U2 snRNA is to position internal adenine nucleophile for the initial trans-
esterification reaction. Deletion of D6 in group II introns drives the splicing via hydrolysis rather than trans-esterification (52). So 
U2 by default might not play a direct role in catalysis. The secondary structure of U6 shows a GRNA-type lock capping helix, an 
internal bulge, and an ACG triad (63). These secondary structures of U6 are structurally similar with domain 5 of group II introns 
(63). These structural equivalents have helped further the idea that the modern spliceosome originated from group II introns. 
 
5. Maturases 
Most group II intron maturases are encoded by the intron themselves, but some are encoded by other genes of the host organism 
(in the case of bacteria and higher plant mitochondria) or organelle (chloroplasts, plant and fungal mitochondria). Maturases 
function not only to promote splicing, but also the retrotransposition of the released intron into related genomic sites. Yeast 
mitochondrial coxI-I1 and I2 group II introns and the Lactococcus lactis L1.LtrB group II intron have been studied extensively 
and biochemical activities of the intron-encoded proteins (IEPs) are known (12, 52). 
Most maturases contain conserved domains (Figure 2) involved in reverse transcription of the intron (RT), intron-RNA binding 
(X), DNA binding (D) and DNA endonuclease activity (En). Among these, the RT, D, En domains are involved in intron mobility 
and the RT and X domains are involved in splicing (12, 52). Generally, maturases mediate the splicing and retrotransposition of 
only the introns that encode them, or of closely related introns. 
 

 
Figure 2 

 
Figure 2: Domains of maturases involved in intron splicing and retrotransposition. The RT domain specifies reverse transcription 
activity, the X domain functions in RNA binding associated with splicing, the D domain functions in DNA binding domain 
associated with reverse transcriptase activity, and the En domain specifies an endonuclease involved in reverse transcriptase 
activity. D and En also function in aspects of retrotransposition other than reverse transcription. 
Although the organellar introns in plants have probably evolved from maturase-encoding group-II introns (3), angiosperm 
mitochondrial genomes has retained only a single gene, matR, encoding a maturase-like protein designated as Maturase-Related 
(MAT-R) (66). MAT-R is encoded within within nad1 intron 4. RNA editing events increase the similarity of the encoded protein 
to other maturases ORF. MAT-R is expected to encode a functional protein, as it has been retained in the mtDNA in all 
angiosperms (2, 19, 33) suggesting that matR encodes a functional protein. There is no direct evidence, however, that matR 
encodes a functional protein. In addition to maturases, a number of other proteins are required for group II intron splicing in 
different organisms (44). For example, several plant genes designated as CRSs (Chloroplast RNA Splicing) have been found to be 
involved in the splicing of a number of chloroplast group II introns.  
Lately, four maturase-like proteins were identified in the A. thaliana nuclear genome (22). The proteins encoded by these genes 
are termed nuclear maturases (nMat) and were predicted to splice group II introns in mitochondria. The four nMat genes are 
classified as nMat1 (At1g30010), nMat2 (At5g46920), nMat3 (At5g04050), and nMat4 (At1g74350) (37, 38, 56). The NMat 
proteins are predicted to have mitochondrial localization signals and a conserved X domain suggesting that these putative 
maturases are transported to the organelle and may function in the splicing of group II introns. Orthologs of all four nMat genes 
are found in rice genome and cDNAs have been found for two of the four genes of the A. thaliana, suggesting that they encode 
functional proteins (56). In plant mitochondria there are 22 mitochondrial group II introns but only one, nad1i4, encodes a 
maturase, MatR (29). Since maturases are, in general, highly specific with respect to the intron they interact with, it is unlikely 
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that the MatR maturase can function in the splicing of all 22 mitochondrial introns. It thus seemed that nMAT proteins were likely 
to be involved in the splicing of at least some plant mitochondrial introns. 
In Arabidopsis, maturases seem particularly important for the maturation of primary nad1 transcripts. Homozygote nmat mutants 
show altered growth and developmental phenotypes, modified respiration and altered stress responses, which are tightly correlated 
with mitochondrial complex I defects (37, 58). While nMAT1 is required in trans-splicing of nad1 intron 1, nad2 intron 1 and 
nad4 intron 2 (37), nMAT2 functions in the efficient splicing of nad1 intron 2, nad7 intron 1 and the single intron in the 
cytochrome oxidase subunit 2 gene (cox2 intron 1) (37), nMAT4 functions in efficient processing of nad1 intron 1, 3 and 4 (15). 
The accurate biochemical functions of nuclear-encoded maturases in the splicing process have not yet been established. At present 
there is no report on nMAT3.  

 
6. Evolution of the Mitochondrial Genome 
Extensive gene loss by mitochondrial genomes has occurred in all eukaryotic lineages. It is not unexpected that the hypothetical 
ancestor of mitochondrion would lose genes required by the free living organism. Moreover, once the process of gene loss began, 
it may have accelerated because it could have provided a means of enabling nuclear coordination of expression of mitochondrial 
gene expression and thus nuclear control over mitochondrial function (75). Several theories have been formulated to describe why 
mitochondria have maintained certain genes in all lines of descent, and not allowed for complete transfer of genes to the nucleus. 
The hydrophobicity hypothesis states that because the most conserved mitochondrial gene products are also among the most 
hydrophobic proteins, import of these proteins from the cytoplasm may have been difficult, thus preventing the transfer of the 
genes encoding them to the nucleus (71). A second theory suggests that the change in genetic code between nuclear and 
mitochondrial genomes, especially the common change of UGA to code for tryptophan in mitochondria instead of a stop codon, 
would lead to severe truncation in proteins or amino acid substitutions and thus being selected against gene transfer (36). This 
codon change appears to have occurred after the loss of the majority of genes, so it may be involved in maintenance of the now 
heavily reduced mitochondrial chromosomes (18). Lastly, the location based expressional control theory states that key genes 
involved in oxidative phosphorylation are expressed in the mt-genome so that their proximity to the enzyme complexes may 
regulate their expression (1, 4, 5). 
On the basis of the structural features, the similarity in exon-intron boundaries and a common splicing mechanism, group II 
introns are proposed to be ancestors of the eukaryotic spliceosomal introns. While only a single intron maturase has been retained 
in the two organelle genomes of angiosperms, several other maturase genes have been transferred into the nucleus during the 
evolution of plants. It seems that a group II intron invaded the eukaryotic cell nucleus, possibly derived from the mitochondrial 
symbiont and served as the evolutionary precursor to the nuclear splicesomal introns.  
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