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ABSTRACT

Introns and Inteins compose a group of mobile genetic elements that are ubiquitous across
the tree of life. This chapter describes these parasitic genetic elements, specifically group I
introns, group Il introns, and inteins. These genetic elements are spliced out of either RNA
or proteins after transcription or translation. Some of these molecular parasites encode
homing endonucleases that help in the invasion of intein/intron free alleles. In addition,
free-standing homing endonucleases are considered parasites in their own right. The
molecular parasites that use a homing endonuclease have a life cycle of their own called the
homing cycle and have played a role in gene and genome evolution.



INTRODUCTION

The discovery of the intron is one of the most fundamental discoveries of the twentieth
century. The concept of what is now termed the intron was first introduced in 1977 by
several groups. A large mRNA early transcript in the eukaryotic nucleus was observed in
adenovirus 2 and in HeLa cells that appeared to be post transcriptional modified to
produce a significantly smaller late mRNA transcript.l# The intragenic culprit of this
peculiar phenomena was later termed to be the intron.> These spliceosomal introns are
processed out of the mRNA during maturation by the spliceosome, which can be composed
of up to 200 unique proteins.® Spliceosomal introns are present in varying numbers in all
eukaryotic lineages, and they are completely absent from prokaryotic lineages. Some
supposedly deep branching lineages, such as the diplomonad Giardia, contain many fewer
spliceosomal introns, and fewer recognized spliceosomal proteins. However, the reduced
complexity of the spliceosome and the paucity of introns not necessarily reflect the
ancestral state but in part may reflect the outcome of genome streamlining.” The complete
loss of the spliceosome might be counterselected, because it is involved in transsplicing of
essential proteins.8

Soon after the discovery of introns, theories for the purpose of these intragenic elements
were proposed; the most noteworthy being the genes in pieces idea.>? This idea proposes
that introns are present to accelerate protein evolution by allowing for shuffling of protein
domains to generate new protein variants. The abundance of introns in eukaryotes implies
that eukaryotes may have evolved more complex functions more rapidly than
prokaryotes.? This theory was subsequently developed into the introns early theory, which
postulates that introns were present in the protein coding genes of the ancestor of the
eukaryotes and prokaryotes, and that spliceosomal introns were retained in the eukaryotes
and lost in the prokaryotes through genome streamlining.19-13 The opposing theory is the
introns late theory. After the discovery of group II introns (discussed further in the next
section), the intron late hypothesis was formulated which proposed that introns are
actually selfish genetic elements that spread into the nuclear genome from the
alphaproteobacterial ancestor of the mitochondria to the eukaryotic genome.l*17 More
recent evidence has provided a compelling argument for the introns late hypothesis over
the intron early hypothesis,® although it appears that the most recent ancestor of all
eukaryotes already possessed spliceosomes and spliceosomal introns.

GROUP IT INTRONS

Group II introns are self-splicing mobile genetic elements. They are thought to be the
predecessors of both the Eukaryotic spliceosomal intron and retrotransposons, and have
had a profound role in shaping evolution across the tree of life.1°-21 Group II introns are
found in all domains of life; Bacteria, Archaea and in the mitochondria and chloroplasts of
fungi, plants, protists and annelid worms.?? The RNA component of group II introns tends
to be about 500 nt long and has six conserved secondary structural domains (DI-DVI).
Group II introns are divided into three classes of RNA secondary structures (IIA, IIB and
[IC) and different subclasses of structural variation, I1IA1, IIA3 IIB1 and IIB2. Open reading
frames are often found within the DIV domain encoding between one and four intron
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encoded proteins (IEPs); these include proteins with domains for reverse transcriptase
(RT), maturase/splicing (X), DNA-binding (D), and endonuclease (En) activity.

Group II introns present in prokaryotes are considered to be self-splicing and mobile.
Group II introns present in chloroplasts and mitochondria tend to lack open reading
frames; if an ORF is present, it tends to be pseudogene-like, with premature stop codons. In
addition, the RNA domains tend to be degenerate which suggests that they are immobile
and have lost their self-splicing ability. For example, of about 20 group II introns in the
organelles of plants none are known to self-splice.2324 However, to maintain functional
genes, the introns must be spliced out. These degenerate self-splicing elements now rely
on host encoded splicing factors to facilitate splicing.2>-27

MOBILITY MECHANISMS FOR GROUP IT INTRONS

Similar to spliceosomal introns, group II introns splice through two transesterification
reactions that lead to exon ligation and intron excision (figure 1 A). However, for group II
introns the reactions are catalyzed by the RNA, which folds into conserved secondary and
tertiary structures, creating an active site for Mg2* ions to bind to and catalyze the
reactions.?8-31 This ribozyme activity results in the intron forming a lariat loop that is free
to move to a new intron less target site. Group II introns are mobile by at least two
different self-splicing mechanisms, retrohoming and retrotransposition.32 In these
mechanisms the intron and intron encoded proteins come together and function as a
ribonucleoprotein (RNP) to integrate into an intron less site. Retrohoming occurs for
group II introns that have the En domain among their IEPs.33-35 Retrohoming is a site-
specific process that is 100 times more efficient than retrotransposition.3> In the site
specific copy and paste mechanism of retrohoming the RNP recognizes specific nucleotide
bases or DNA structural features, and the intron reverse splices into the insertion site as a
linear intron between the two DNA exons. Then the En domain cleaves the opposite DNA
strand a short distance downstream and uses the 3’ OH end of the cleaved DNA as a primer
to initiate reverse transcription and invoke the DNA repair and/or recombination systems
of the host organism. The group II introns that lack an En domain or have a mutated En
domain are still mobile but are less successful than those that do. These elements use a
retrotransposition mechanism where they reverse splice into the single stranded DNA that
is exposed during replication and transcription. They preferentially reverse splice to the
lagging stranding where they can use the Okazaki fragments as primers to reverse
transcribe into the host genome.

EVOLUTION OF GROUP I INTRONS

Group II introns may have evolved from a retroelement. This hypothesis states that the
ancestor of extant group II introns was a bacterial ribozyme containing a RT domain.
Phylogenetic trees based on the RNA component and ORF of introns suggest a coevolution
of both elements.3¢-38 A more recent study revealed incongruence between the phylogeny
of the CL subclasses of proteins and the group Il introns they reside in, possibly suggesting
these ORFs move between introns.3° One possible mechanism for this is the occurrence of
twintrons.#? These are found in Archaea and Cyanobacteria, and are created when one
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Figure 1. Schematic of the group II and group I intron splicing mechanisms. Panel A
depicts the general group II intron splicing mechanism and the two transesterification
reactions that occur (adapted from Toro et al.).3? The intron encoded protein (IEP)
aids in mobility and/or splicing. The final products are the ligated exons and a lariat
loop RNA intermediate, which can move to an intronless allele either by retrohoming
or retrotransposition. Panel B shows the general group I intron splicing mechanism
and the two transesterification reactions that occur. G-OH indicates the guanosine (or
GMP, GDP or GTP) bound to the catalytic site of the intron. QG indicates the conserved
terminal guanine or adenine®? residue at the 3' end of the intron. The open reading
frame encoding the homing endonuclease (HE), which aids in group I intron mobility,
is depicted in the middle of the intron. Similar to the group II intron, one of the final
products are the ligated exons and in contrast to the group II intron the other product
is the linear RNA intermediate.

group II intron inserts into another group II intron.#! The inner intron must be spliced out
before the outer intron. One can imagine a scenario where the inner intron looses splicing
activity and decays, leaving one of its ORFs behind resulting in an intron with an ORF from
a different group II intron class.3?

Group II introns are thought to be the ancestors of spliceosomal introns and non-LTR-
retrotransposons.1®-21 Their evolutionary relationship with the spliceosomal intron is
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supported by the fact that group II introns and spliceosomal introns have a very similar
splicing mechanism, and have comparable boundary sequences and structural
similarities.#2-44 It is hypothesized that group II introns evolved in bacteria and were
transferred to the eukaryotic genome from the alphaproteobacterial endosymbiont
ancestor of the mitochondria and the cyanobacterial endosymbiont ancestor of the plastid,
then proliferated in the eukaryotic genome and evolved in to the spliceosomal intron.
Group II introns have played a role in shaping both eukaryote and prokaryote evolution. A
recent study of group II intron proliferation in Wolbachia, an extant alphaproteobacteria,
whose lifestyle is similar to the endosymbiont ancestor of the mitochondria, showed that
mobile genetic elements are associated with genomic rearrangements and gene conversion
events.*>

APPLICATIONS OF GROUP I1 INTRONS

Many gene disruption studies using derivatives of group II introns, targetrons, have been
deployed in organisms such as Lactococcus lactis, E. coli, Staphylococcus aureus, Francilla,
Clostrida.*¢-4° Targetrons are a site directed mutagenesis system that use the group II
intron from the ItrB gene of Lactococcus lactis adapted to function in clostridial hosts.
Availability of this system has greatly facilitated gene inactivation studies in the genus
Clostridium. This targetron system may also facilitate gene function studies in other
organisms for which a genetic system has not yet been developed.

GROUP I INTRONS

Group I introns are a self-splicing introns that splice out after transcription via an
autocatalytic two-step transesterification reaction. The first group I intron was identified in
Tetrahymena thermophila and it was one of the first rybozymes discovered in the early
1980s.59 They are small RNAs that range in size from 250 to 500 nucleotides and they are
composed of a catalytic RNA domain and often contain a homing endonuclease (HE)
encoding ORF.51-33 The HE recognizes a large (14-40) region in an intronless allele and
catalyzes a double strand cut. See the section on homing endonucleases below for
discussion of target site selection and the HE's role in the life cycle of the self splicing
elements. Group [ introns are present in the nuclear and organellar genomes of
Eukaryotes, in some Eukaryotic viruses, Bacteria, and bacteriophage; to date they have not
been identified in Archaea.>* Group I introns are found within genes essential to the cell,
specifically in 16S and 23S rRNA, tRNAs, ribonucleotide reductase, NADH dehydrogenase,
recombinase A, DNA polymerase, thymidylate synthase, and genes involved in
photosynthesis.>355

Interestingly these elements are found more frequently in structural RNAs in bacteria. This
could be due the fact that transcription and translation are coupled in bacteria, which
might not allow the newly synthesized mRNA sufficient time before translation to form the
tertiary structure necessary for splicing.>¢ Group I introns tend to be more abundant in the
mitochondria and chloroplasts of eukaryotes than bacteria. The traditional explanation for
this was the lack of sexual reproduction among prokaryotes. Sexual reproduction in
eukaryotes may bring homologous intron-less and intron-containing alleles together more
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frequently, providing more opportunities for rapid intron invasion in a population.
However, in light of horizontal gene transfer (HGT), which now appears to be rampant in
prokaryotes,’” HGT should provide ample opportunities for the introduction of intron
containing alleles, making the traditional explanation for the disparity in group I intron
abundances unsatisfactory.57>8 The co-existence of multiple genomes in the same cell that
is found after phage and virus infections of prokaryotes and in mitochondria was also
proposed as a factor favoring intron movement.>® Another possible explanation for the
inequality of intron frequency in eukaryotes and bacteria is that some bacterial group I
introns may inhibit growth. For example, when the group I introns of Tetrahymena and
Coxiella are expressed in E. coli, the introns were shown to associate with ribosomes and
inhibit translation, which ultimately slowed growth.>9-61

Although group I introns are not well conserved at the sequence level they all share a
conserved secondary structure, and use guanosine as a cofactor in splicing.6263 Based on
the conserved structure group I introns are classified into 14 subgroups. The secondary
structure is labeled by paired elements P1-P10. lkawa et al.* provides a detailed
description of these elements and of their three dimensional arrangement. P3-P7-P9 and
P4-P5-P6 form helices that make up the core of the secondary structure. Helix P3-P7-P9
forms the guanosine binding site, which on binding activates the self-splicing reaction.®* In
contrast to group II introns, the excised intron is generally linear (figure 1B); however, it
has been observed to circularize in some instances.®>

INTEINS

In the late 1980's, the first intein was discovered in the yeast vacuolar ATPases.t%67 The
first hint at something unusual resulted from comparisons of vacuolar ATPase catalytic
subunits from Neurospora crassa®® and carrot®® with a gene in yeast, initially thought to
encode a calcium ion transporter.’? Hirata et al.6” showed that an additional sequence in
the yeast homolog was retained in the processed mRNA, but absent from the functioning
host protein. Inteins are present in all domains of life; as of April 2rd 2011 the intein
database (InBase) lists 523 inteins residing in 65 distinct insertion sites within 36 different
proteins.’! Inteins are found within proteins that are essential to cell function. These
elements sit within a protein coding sequence and are translated with the gene it resides in.
Through an autocatalytic mechanism the intervening sequence (intein) removes itself from
the protein and the flanking protein sequences (exteins) are spliced together resulting in a
functional host protein.”27> Four conserved motifs are recognized in the general intein
structure called either Blocks A, B, F and G or N1, N3, C2 and C1.7176 Recently inteins have
been divided into three classes based on different splicing mechanisms.””78 Most inteins
are members of class 1, and are considered to follow the standard intein splicing
mechanism. Here we will discuss only class 1 inteins (figure 2); for more information on
class 2 and 3 inteins see the article by Tori and Perler.”8 Inteins are also divided into two
groups based on their size: large and mini inteins, which are differentiated by the presence
or absence of a homing endonuclease domain.”+79

All inteins share a low degree of sequence similarity in their splicing domain, which is
formed by the amino and carboxy-terminal parts of the intein sequence. This similarity is
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Figure 2. Schematic of the class I intein
splicing mechanism adapted from Elleuche
and Poggeler.”® The four step reaction starts
with an N-S acetyl rearrangement of the
peptide bond on the N-terminus (1),
proceeds to a transesterification between the
nucleophile on the C-extein and the thioester
on the N-terminus of the intein (2), then to
an Asn-cyclization and peptide bond cleavage
(3), and finally an N-O acyl shift
rearrangement of the ester bond, releasing
the intein from the extein and ligating the
flanking exteins together to generate the
functional host protein (4). The excised
intein can move to an inteinless allele and
cleave it with the help of a homing
endonuclease domain.
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sufficient to identify inteins in PSI-blast searches, and suggests a common origin of the
inteins splicing domain and an evolutionary relationship with the autocatalytic domain of
hedgehog proteins. The latter domain cleaves the hedgehog protein and adds cholesterol to
the other domain of the parent proteins.”>8081 [nteins found in the same positions within a
protein are more similar and in phylogenetic analyses group together with strong support
values; however, too little phylogenetic information is retained in the sequences to
reconstruct the relationship between inteins located in different insertion sites, and
between inteins and proteins which contain homologous domains.”>8283 The general
mechanism for intein splicing is a rapid succession of four nucleophilic attacks (figure 2). 1.
An N-S acetyl rearrangement of the peptide bond on the N-terminus of the intein, 2. A
transesterification between the nucleophile on the C-extein and the thioester on the N-
terminus of the intein, 3. An Asn-cyclization and peptide bond cleavage and 4. An N-O acyl
shift rearrangement of the ester bond, releasing the intein from the extein and ligating the
flanking exteins together to generate a functional protein.”8

Usually an intein is encoded as a contiguous piece of DNA that is flanked by the DNA
encoding the host protein. The amino and carboxyterminal exteins are transcribed and
translated together with the intein sequences. However, in an illustration of a selectively
neutral pathway towards higher complexity, the dnaE gene in Synechocystis sp. PCC6803
encoding DNA polymerase III catalytic subunit, the primary polymerase in DNA replication,
is broken into two separate genes, encoded in different parts of the genome.?* The amino-
terminal extein, together with the amino terminal part of the intein, is transcribed
independently from the carboxy-terminal part of the intein, which is transcribed and
translated together with the carboxy-terminal extein. The two parts of the intein, produced
from separate genes, associate after translation and then catalyze the splicing reaction that
joins the two exteins into the functional DNA polymerase subunit. At no point along the
evolutionary history, from the first invasion of the host protein by the intein to the gene
breaking into two separate units, does it appear that the events were associated with a
significant selective advantage or disadvantage for the cyanobacterium. A functional DNA
polymerase is produced at all steps along the way; however, initially the intein was
superfluous, it could be considered a molecular parasite, and the organism presumably
would have survived well without the intein being present; however, in the end the intein
has become an indispensible part of the machinery that synthesizes the functioning DNA
polymerase. A simple deletion of the intein is no longer possible. While the intein likely
has never provided a selective advantage to the host organism, it has become an essential
part of a complex machinery that is under strong purifying selection, because without its
splicing activity, a functioning DNA polymerase could no longer be produced. It is possible
that future mechanisms might evolve that use the complex machinery to better regulate the
synthesis of the DNA polymerase; however, the complex system initially evolved without
providing an adaptive advantage. The split intein in DnaE has a wide distribution in
cyanobacteria,®> suggesting this rather complex gene structure is an evolutionarily stable
arrangement. Arlin Stoltzfus describes other examples for neutral pathways towards
complexity, including spliceosomal introns, which might have evolved along a similar
trajectory.86 A recent genome survey found several split inteins separated only by free
standing homing endonuclease gene.8” This arrangement might be an intermediate on the
path to split inteins encoded in different parts of the genome, and also might be a precursor
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for large inteins that integrate homing endonuclease and splicing domains into a single
transcript.8”

APPLICATIONS OF INTEINS

A wide range of applications in biotechnology were developed based on inteins. These
include Kkits for intein mediated protein purification that are commercially available and
use different mechanisms to activate the splicing reaction leading to the release of the pure
protein (see 7° for a recent review). Split inteins have been used to synthesize toxic
proteins from two non-toxic precursors, to synthesize cyclic proteins, and to introduce
labels or synthetic peptides into proteins.”988

INSERTION SITES OF INTRONS AND INTEINS

Understanding where in a protein inteins, group [ introns, group II introns and
spliceosomal introns tend to accumulate sheds light on how these parasitic genetic
elements persist over long periods of time. Comparative studies have surveyed the
plethora of genomic data available to attempt to answer this. Studies on intein and group I
intron insertions sites have shown they are found in conserved sites, while studies on
group II and spliceosomal introns did not reveal a significant conserved site
preference.>>7589-93 This disparity between inteins, group I introns and group II introns can
be explained by differences in mobility between the elements. Inteins and group I introns
are generally mobile by homing endonucleases, these recognize large sequences that occur
infrequently in the genome. Targeting conserved sites in conserved proteins guarantees
that excision happens and is exact. Mutations in the insertion site that would allow a host
protein to become resistant against the homing endonuclease, would likely result in loss of
function of the host protein, and inaccurate splicing would result in small insertions or
deletions in the most conserved region of the host protein. Most conserved proteins
provide a vital function to the cell so exact excision is required to maintain a functional
protein, thus strong purifying selection acts on the intein to maintain accurate and efficient
splicing activity. Targeting a conserved motif that occurs in different protein families
might also aid the elements move to a new target site. Another reason for targeting
conserved proteins is that protein will be present in a more distantly related organism,
which may allow transfer and persistence in a new divergent population. The more
organisms a specific group I introns is found in, the more conserved the insertion site is.5>
Although most group II introns are mobile via an endonuclease, it has a much smaller
recognition site witch occurs more frequently in a genome. It appears that group II introns
evolved a different strategy that relies on frequent propagation to out pace loss.>> An
exemplary comparison of target site conversation of inteins, and group I and group II
introns is depicted in figure 3. Both inteins and group I introns are found inserted in the
most conserved region of the ribonucleotide reductase, whereas the group Il introns do not
show such a preference. See 55 for further examples and a statistical evaluation of target
site conservation.
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Figure 3. Positions of inteins, group I introns and group II introns along the protein
sequence and in the structure of ribonucleotide reducatases. Panel A shows the
conservation profile of class I and class II ribonucleotide reductases. The x-axis in the
amino acid positions along a multiple sequence alignment of ribonucleotide reductases and
the y-axis is the conservation level in a five amino acid window centered around the
indicated position. The lower the conservation score the more conserved a position is. The
profile was calculated as described in>5 except the window size is five. The positions of
inteins are shown as dark gray dots (or red in the colored image), the significance level for
conserved site preference of inteins in the ribonucleotide reducatase is p < 0.0001; group I
introns are shown as medium gray dots (or orange in the colored image), the significance
level for conserved site preference of group I introns is p = 0.0256, and group II introns are
shown in light gray (or blue in the colored image), with a significance level for conserved
site preference of p = 0.7407. le., the null hypothesis of insertion independent of site
conservation is rejected for inteins and group I introns, but not for group II introns. The
ribonucleotide reducatase hosts seven inteins, one group I intron and three group II
introns. Panel B - Panel D shows the crystal structure of a dimer of the human
ribonucleotide reductase R1 subunit (RNR) (PDB ID: 2WGH).113 Each is colored according
to sequence conservation. Panel B shows the crystal structure with the three group II
introns insertion sites mapped to it as spheres. Panel C shows the RNR structure with the
one group I intron insertion site mapped on to it as a sphere. Panel D shows the RNR
crystal structure with seven intein insertion sites mapped to it as spheres. The group I
intron and intein insertion sites map to conserved sites while the Group II intron do not.

10 | Kristen S. Swithers and J. Peter Gogarten: Inteins and Introns



HOMING ENDONUCLEASES

Homing endonucleases (HE) are a class of site-specific endonucleases that have a large
recognition site (14-40 bp) and provide mobility to group I introns and inteins.?4%¢ They
provide mobility to these genetic elements by targeting and cleaving intronless or
inteinless alleles. The double stranded cleavage invokes the hosts DNA repair mechanisms,
which uses the intron or intein containing allele as a template and copies the HE containing
element into the newly cleaved target site.

How the homing endonucleases became associated with the splicing elements is an
intriguing question. Among phages freestanding HEs are common along with HE-less group
[ introns. The free standing HEs are thought to provide a competitive advantage for the
phage when it comes in contact with competing phage, as the HE will cleave the foreign
phage genome.?” The recent sequencing of a large number of phages provides a snap shot
of how HEs could have possibly associated with introns and inteins. In cyanophages a free
standing HE, F-Cphl, is encoded downstream of the psbA gene and within the psbA gene
there is a HE free group I intron.?8 In related phages it was shown that the free standing HE
can cleave the intronless intron insertion site. In T7 and T3 phages free standing HEs are
able to cleave a gene encoding a DNA polymerase. Among T-phages there are some that
have a free standing HE and the same HE sitting within a group I intron. Both of these
elements were shown to cleave the intron insertion site.?® Another study of split inteins
and HEs in the global ocean survey (GOS) metagenomic data showed a possible
progression of an HE becoming associated with inteins.8” This progression from free
standing HE to a nested HE provides a picture of how a HE could have become associated
with its autocatalytic splicing element and suggests phage competition as a likely driver for
the HE associating with its splicing element.

While homing endonucleases have large recognition sites, they do not require a 100%
match to catalyze a double strand cut. HEs tolerate different nucleotides especially in
positions that allow for synonymous substitutions of the host protein, i.e. mutations in a
protein coding gene that do not change the encoded protein because of the redundancy of
the genetic code.100-102 This low precision of the HEs makes it more difficult for the host to
evolve immunity to the HE through changes in the target site sequence. However, the low
precision of the HEs also means that double strand cuts may also be created also in
positions that do not correspond to the target site. This activity may result in genome
rearrangements,193 which is the process that has become the main function of the mating
type switching HO endonuclease in yeast. This endonuclease evolved from a large intein
whose descendents also include the intein in the yeast vacuolar ATPase catalytic
subunit.75104
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Figure 4: A molecular rock-paper-scissors game: The diagram depicts the pairwise
relationships between carriers of the X allele, which does not contain a self-splicing
element (intein or group I intron) nor a homing endonuclease (HE); the Y allele, containing
a self-splicing element encoding a functioning HE; and the Z allele, which encodes a
defective HE. The relative pairwise fitness differences are depicted by three inequalities:
(I) Y beats X because the HE activity during sex or following gene transfer converts homing
endonuclease free alleles into those that contain the molecular parasite; (II) Z beats Y
because the defective HE produces less double strand breaks; the presence of the
molecular parasite in the HE target site also provides immunity to the HE; (III) X beats Z,
because its carriers have to expand less energy on replicating the molecular parasite and
on synthesizing the defective HE. The three alleles also depict the main serial succession
(central circular arrow) of the state of a particular homing endonuclease target site: The
empty target site (X) is converted to Y through invasion by the homing endonuclease, the
homing endonuclease in the Y alleles decays through mutation into the Z allele with
dysfunctional homing endonuclease, and finally a precise deletion of the intein/intron
restores the empty target site, i.e. Y converts to X. If each allele is successively fixed in the
population, the central arrow also describes the homing cycle;’51%5 however, the different
alleles may also coexist in a population for long periods of time.?6.108
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THE HOMING CYCLE

HEs are frequently found in inteins and group I introns, and provide a means for mobility
for these parasitic genetic elements. The genetic elements using HEs go through cycles of
invasion, decay and loss (compare figure 4). This cycle, termed the homing cycle, was first
proposed by Goddard and Burt to explain the cyclic nature of group I intron gain and loss.
This later was expanded to include inteins.”>96105 The activity of the HE and its
maintenance through purifying selection depend on the availability of unoccupied target
sites.

The general model starts with the invasion of a population by a HE containing mobile
element that is transferred from another gene, species, population or subpopulation. When
an allele with HE and an allele that does not contain an intron/intein in the target site are
present in the same cell as a consequence of sex or gene transfer, the HE has the
opportunity to cleave the empty target site and trigger the conversion of the empty target
site into an allele with inserted HE. The resulting super Mendelian inheritance leads to an
increase in frequency of the HE containing allele throughout the invaded population.
However, once all target sites are occupied the parasitic genetic element has no where else
to go within the local population two possible outcomes may occur: 1) It acquires a
beneficial function for the host and remains under purifying selection or 2) The homing
endonuclease begins to lose function through random mutations in the absence of
purifying selection then precise loss of the intron or intein occurs. If the latter occurs the
cycle of invasion by an allele with a functioning HE can begin again.

The relationships between the alleles with empty target site, alleles that harbor a
functioning HE, and alleles with a nonfunctioning HE form a non-transitive completion
network (figure 4). For each of the three alleles one of the alleles outcompetes one of the
other alleles, but loses out against the third allele. The progression of an individual target
site is indicated by the central arrow. If each of the pairwise interactions leads to fixation of
the winning allele, the traditional homing cycle results. However, in large populations the
three types of alleles may coexist, and different subpopulations may be dominated by
different alleles that propagate in the larger population similar to waves in an fluid
medium, without reaching fixation in the population.’¢ In a large, well mixed populations
the frequencies of the three alleles may follow a trajectory where higher frequency waves
for each of the alleles follow one another, oscillating in state space around an equilibrium,
similar to a Lotkal%-Volterral®” predator-prey model.108 With the amount of metagenomic
data that is being accumulated it seems possible that a quantitative and realistic model for
the relations between the different alleles can be developed. One outcome of such a model
would be a better understanding of gene flow within and between microbial populations.

ACQUISITION OF NEW FUNCTIONS

One way a HE and mobile genetic elements can avoid elimination and escape the homing
cycle is to develop a function advantageous for the host cell. The catalysis of genome
rearrangements has already been discussed above. Another example is the bacterial intein
-like (BIL) domains, which are thought to be remnants of the HINT domain of inteins. They
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are found in adhesin proteins and are thought to create protein diversity.109110 Another
example for an escape from the homing cycle is a Naegleria group I intron whose homing
endonuclease has acquired a maturase function.111

CONCLUSIONS/OUTLOOK

Many questions on the evolution and function of molecular parasites remain unanswered.
For inteins the halophillic archaea have been proposed as a model system to further
understand intein propagation and the effects inteins may have on their host.112 Utilizing
the vast amount of environmental metagenomic data has provided novel insights on how
homing endonucleases might have become associated with the self splicing elements.8”
Metagenomic data, deep sequencing projects, and better experimental systems promise a
quantitative understanding of the host parasite interactions that govern the life cycle of
HEs. Because gene transfer is a crucial step in this life cycle, these studies will also provide
information on gene flow within and between populations.
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