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Abstract

Primary homology in DNA and protein sequence has long been used to infer a
relationship between similar sequences. However gene sequence, and thus protein
sequence, can change over time. In evolutionary biology that time can be millions of
years and related sequences may become unrecognisable via primary homology. This is
demonstrated most effectively in chapter 4a (figure 10). Conversely the number of
possible folds that proteins can adopt is limited by the attractions between residues and
therefore the number of possible folds is not infinite. This means that folds may arise

via convergence between evolutionarily unrelated DNA sequences.

This thesis aims to look at a process to will wring more information from the
primary protein sequence than is usually used and finds other factors that can support or
refute the placement of a protein sequence within the family in question. Two quite
different proteins; the Major Vault Protein whose monomers make up the enigmatic
vault particle and the argonaute family of proteins (AGO and PIWI) that appear to have
a major hand in quelling parasitic nucleic acid and control of endogenous gene

expression, are used to demonstrate the flexibility of the workflow.

Principally the method relies on prediction of three-dimensional structure. This
requires at least a partially solved crystal structure but once one exists this method
should be suitable for any protein. Whole genome sequencing is now a routine practice
but annotation of the resultant sequence lags behind for lack of skilled personnel.
Automated pipeline data does a good job in annotating close homologs but more effort
is needed for correct annotation of the exponentially growing data bank of
uncharacterised (and wrongly characterised) proteins. Lastly, in deference to budding
biologists the world over, | have tried to find free stable software that can be used on an
ordinary personal computer and by a researcher with minimal computer literacy to help
with this task.
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Chapter One: Introduction

1. Overview

In this thesis | have studied the predicted tertiary structure of proteins that provide
support to putative evolutionary relationships between primary sequence in protein
families. There is increasingly reliable evidence for the effectiveness of structural
prediction but the main argument within this thesis is that biologists should not rely on
one form of evidence alone. Although for proteins with high primary homology
especially within closely related species this is a fair assumption. However there are
many instances where this breaks down, e.g. where sequence similarity is lost, or where
convergence is a possibility, there needs to be more than one line of evidence to support

the assumption of relatedness.

Different protein families require different methods of investigation and the
focus has been on computational methods that are ‘readily available’, ‘stable’, ‘simple’
and “free’. The traditional thesis chapters (chapters 1 and 5), published papers (chapters
2a, 2b, and 3), and submitted papers (chapters 4a, 4b and (in preparation) 4c); represent
the journey to find suitable computational methods for different types of protein and to

learn something about their evolutionary history.

1.1. Ribonucleoproteins

Ribonucleoproteins (RNPs) are associated with important biological roles, e.g. the
spliceosome found in all crown group eukaryotes (Collins and Penny, 2005), as well as
ribosomes with catalytic capabilities (Kruger et al., 1982) that are conserved throughout
all domains. RNPs are of particular interest in terms of evolutionary biology because in
many cases the RNA component may date to an ‘RNA world’ (Gilbert, 1986). A
scenario for the evolution of RNPs from this RNA world would be the occurrence of
short peptides that could chelate metal ions and possibly provide stability for the RNAs.
The RNA would then gradually associate with peptides or small proteins in the form of

chaperonins. These could act as a scaffold and protect the RNA from degradation. The



longer the RNA could last the more efficiently a task could be accomplished. Efficiency

breeds success, and so RNA could become more complex and proteins indispensable.

This thesis principally investigates two protein families; the Major Vault Protein
(MVP described in chapters 1 and 2), and the Argonautes which fall into two broad
categories; argonaute-like (AGO-L) and PIWI-like (PIWI-L) (described in chapters 3
and 4). What links these proteins is that they both interact with small RNAs, and in fact
there is evidence that the RNA found in the vault particle can be processed into small
RNAs utilised by the argonaute (described in chapter 1). The question is this: Do these
proteins date back (at least) to the Last Eukaryotic Common Ancestor (LECA)?
Additionally, can we say that their associated RNAs are ancestral or a recent

recruitment?

1.2. Protein Evolution

Once a functional protein is established it changes by both random drift and natural
selection. Frequently point mutations either do not change the resultant amino acid
because of redundancy in the code (synonymous) or the substituted residue has similar
properties to the one displaced. Most neutral (or slightly deleterious) changes simply
lead to polymorphisms in the population. Even where the substituted residue has very
different properties it matters in some positions more than others. In each of the proteins
that |1 have looked at there are regions that are more evolutionarily constrained than
others for different reasons.

Advantageous changes can become fixed under positive selection and
deleterious ones eliminated. An advantageous change in the genome, which is subject to
positive selection, will spread faster in the population. Without any selective pressure
we should expect that mutations would occur randomly throughout the sequence. We do
not in fact see this because a lethal mutation leaves no legacy. Some parts of a protein
sequence are under positive selection and some are not (Daly et al., 2013b).

With increasing genetic distance the number of nucleotide substitutions
increases and so the number of true substitutions might be underestimated (substitution
saturation). Since this thesis considers large evolutionary distances | have concentrated
on protein sequence, rather than at the nucleotide level, because amino acid

conservation corresponds to regions of structural or functional constraint. In some



instances | examined nucleotide sequence and intron placement to assist with

sequencing anomalies rather than evolutionary relatedness.

High levels of primary homology are usually a good indicator of evolutionary
relatedness, however multiple point mutations and insertions or deletions, that change
the primary sequence of the protein beyond the point where sequence similarity is still
detectable, may retain homologous folding patterns (Murzin et al., 1995; Orengo et al.,
1997). It is known that structure, or ‘fold” can persist where primary homology is lost
(Illergard et al., 2009). The fate of the protein is dependent on the way these
evolutionary changes affect the function of the protein. In some cases very large inserts
clearly do not affect the function of the protein because they can be found in well-

characterised functional proteins, described for example, in chapter four.

Structural homology analysis has been used to identify members of protein
super-families with low sequence homology (Holm and Sander, 1997) and folding
studies can also be used to predict function (Watson et al., 2005). There are only a
limited number of folds that are adopted (Chothia, 1992) and because of this it is
possible that structural similarity between two proteins could have arisen by
convergence (Fernandez-Fuentes et al., 2010).

Structural constraints arise from folding, packing or interactions with other
proteins, nucleic acid, metal ions, etc. Functional constraints are based on catalytic
properties as well as interactions even with other molecules. As the proteins studied
could have arisen by convergence, evidence in addition to sequence and structure is
included. It is for this reason that oligomerisation capability in the vault monomers and
conserved catalytic and C terminal residues in the argonautes were added to the pipeline
because only by using the sum of available evidence can relationships be more certain.
Constraints in terms of amino acid substitution for both structural and functional
reasons were found in the RNPs selected.

1.2.1. Evolutionary Aspects of the Chosen Proteins

The three ribonucleoproteins are of similar size (~860 residues long) and MVP and
AGO-L proteins have full-length solved crystal structures. The reference crystal
structures are rat liver major vault protein at 3.5 A resolution (PDB:2ZUO) (Tanaka et
al., 2009), (now superseded by PDB:4HL8 (Casafias et al.,, 2013)), the human
argonaute2 (PDB:40OLA 2.3 A), and human argonaute2 bound to a defined guide RNA

(PDB:4W50 1.8A) (Schirle and MacRae, 2012; Schirle et al., 2014). There are no full-
3



length PIWI solved structures but a number of domains e.g. PDB:4P1Z (the MID
domain from MIWI the mouse PIWI 2.3 A) (Cora et al., 2014) and PDB:307V (the
PAZ domain human PIWI1 2.1 A) (Tian et al., 2011b).

1.3. Pipeline

The criteria for computer-aided analysis of ‘readily available’, ‘stable’, ‘simple’ and
‘free’ means that an average biologist can utilise the world of computational biology
without computing expertise or access to sophisticated equipment. A succession of
servers that fulfil this criteria were trialled (described elsewhere) and the pipeline
developed (fig. 1.1) for the extraction of more data than is usual from primary protein
sequence. This scheme also allows for improved services, new servers and changes of
strategy depending on the type of protein selected. The method requires a minimum of a
solved homologous crystal structure for part of the protein in order for the structural
prediction algorithms (I-TASSER (iterative threading assembly refinement server)
(Yang et al., 2015) and Phyre2 (Kelley et al., 2015) described later) to be useful.

Initial pipeline for the Major Vault Protein

), —
3D
Multiple Tree Refine structural Protein
BLASTp sequence building tree analysis docking
alignment
. N A

Ultimate pipeline for the Argonaute proteins

N

e
3D Catalytic | Structural | MEEES - Refine 3D
BLASTp  structural | tetrad & C | alignment § SSCEEUESE St tree B structural
analysis | terminal alignment & analysis
signature
present
A
Check the ASR
Start here structure. Take that

sequence and start
from the beginning

Fig. 1.1 Pipeline evolution

The first three blocks in the green pipeline shows the method that would be chosen for selecting
sequences in order to reconstruct a family tree. Structural prediction and protein docking was added to
assess the liklihood that the MVP monomers would align and dock as they do in nature. In chapter 2b
ancestral sequence reconstruction (ASR) was also added in order to be able to use a putative ancestral
sequence as a seed sequence to search for more remote sequences (Collins et al., 2003a). For the
argonaute proteins the pipeline was adapted as docking is not a requirement for the argonaute proteins but
the analysis of other identifiers such as the catalytic and C terminal residues was included (described in
chapter 4a). The point is that the pipeline can be flexible depending on the protein being studied.

4



In silico research cannot replace the expensive and time-consuming work done
by crystallographers. The Protein Data Bank currently holds 37,523 entries, 8,229 of
which also contain nucleic acid (January 2016), this indicates that many proteins are
amenable to research involving structural analysis. The following section details the
basic steps in the pipeline; BLAST, protein prediction, tree construction and ancestral
reconstruction and how each relates to the overall goal. A glossary is also included that
describes the databases mined for source data plus the servers and algorithms for the
steps in general use. Some issues that have arisen have been described in the published

work and are also referred to in the discussion section in chapter five.

1.3.1. Basic Local Alignment Search Tool (BLAST)

Although the title of this thesis is ‘Beyond BLASTIing’, BLAST (Altschul, 1990)
searches are an essential and simple method of mining for sequences (protein or DNA).
The search algorithm compares primary biological sequence information from sequence
databases using a scoring matrix known as ‘BLOSUM, (BLOcks of amino acid
SUbstitution Matrix) (Henikoff and Henikoff, 1992). The sequences studied came
principally from UniProtKB (Consortium, 2015) or the National Centre for
Biotechnology Information (NCBI) and both enable the user to select a scoring matrix;
BLOSUM©90 where sequence homology is high and a stringent scoring matrix can be
applied through to BLOSUMA45 which will be more helpful searching for homologs
where the relationship is expected to be weak. BLOSUM®62 is the default matrix for
protein BLAST. This means that all sequences with more than 62% similarity are
merged into one sequence and that will be compared to sequences with less homology.
The idea is that there will be a lesser contribution from highly homologous sequences.
The default BLOSUMG62 or even BLOSUMS80 worked well for MVP but even
BLOSUMA45 will have missed many argonautes because of the very large number of

similar sequences.

Pairwise identity scored by the chosen matrix finds the best matching pair of
global alignments of two sequences. The databases BLAST tools used in this study use
the ‘word’ method (k-tuple method) where short, non-overlapping sequences, known as
‘words’ in the query sequence are matched to sequences in the database. The advantage
of this is the speed with which it can be done, particularly with highly conserved
sequences. The segment pairs whose scores cannot be improved by extension or

trimming are called high-scoring segment pairs or HSPs. The score ‘S’ is the sum of the
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matrix score (described above) and gap penalty scores where there are gaps between the

sequences in the database and the query sequence.

The BLAST algorithm results give an ‘Expect’ or E value as well as the bit
score which indicates the number of alignments between a result (hit) and the seed
sequence (or merged sequence from the matrix) with scores equivalent to or better than
S that are expected to occur in a database search by chance. An E value of 1x10™ (or
less) is considered homologous, although even low E values cannot always be trusted
because they can be artificially low if the database is very small. The E value is

generated according to the equation:

E=Kmn e™S

Where m = the size of the database, n = the length of the query sequence, S = the sum of
the matrix score and gap penalty scores. K and lambda (A) are parameters related to the
maximum value position and to the width of the distribution and depend on the scoring
matrices. A describes how steep is the decay from a high frequency of similar sequences

with low S scores and a low frequency of sequences with high S score.

The E value then, is the number of random hits that can be expected to have the
score S. It can be seen that the E-value will increase as the database gets bigger and
decrease as the database gets smaller.

S is generally normalised:
S’ = AS-InK

In2

This gives the “bit score’ S’ or E=mn 2 (both are resulted). E is used as a cut off in
the MVP study but neither score is considered for the argonautes (see chapter five for

discussion).

1.3.2. Protein Annotation and Prediction

The Genomes OnLine Database (JGI Gold) (Reddy et al., 2014) lists almost 74,000
genome projects as of January 2016. In order to annotate the resultant gene sequences
computer aided assignment of protein function has become indispensable. While
computational methods offer a fast alternative to expensive experimental studies,
automated preliminary pipeline data cannot always be trusted to be correct and the

number of ‘uncharacterised’ proteins is growing.



There are many excellent servers and algorithms that deal with sequenced data
that work at a genome wide scale to predict protein function. These approaches are well
suited for rapid processing of the large amount of uncharacterised sequences, but they
are also limited in their specific description of protein function. For instance a similar
(or even identical) sequence does not always result in the same structure or function.
Most commonly known would be the aberrant folding of the prion protein (Prusiner et
al., 1998) but there are also protein homologs with different functions (Kosloff and
Kolodny, 2008) that would be grouped in the same family by an automated pipeline. So
protein function can evolve separately from sequence or, rapid evolution of both
sequence and function could follow once a protein is released from functional constraint
by duplication (Ortiz-Rivas et al., 2012).

Pivotal to the body of work are the algorithms that predict structure from
primary sequence data. | have mainly used I-TASSER (Yang et al., 2015) and Phyre2
(Kelley et al., 2015). I-TASSER additionally suggests function from sequence and
structure via a recent addition of COACH (a function annotation program). These severs
are described throughout the work and are listed in the glossary. Structural prediction
cannot replace experimental structural determination but are means available to more
researchers and fulfil the criteria of readily available, stable, simple to use, and free.
Additional evidence to support the determination of relatedness must also be considered.

1.3.3. Tree Calculations

The initial trees are phylograms, in that the branch lengths reflect the number of residue
changes (noted on the branches), but only if the trees are rooted by an outgroup. The
confidence with which the branches are determined (bootstrap values) are additionally
marked as a percentage. Of course relating species by one protein would be foolish,
however the trees do generally make ‘sense’ from the view of what would be
reasonably anticipated e.g. by comparison to a tree calculated from 18S rRNA. Where a
placement has not ‘made sense’ it can usually be attributed to contamination as

described in chapters 2b and 4a.

This led to the decision whether to use rooted or un-rooted trees. Choosing an
outgroup as a root for the tree made changes to the apparent relatedness of species.
Mostly these were minor but chapter 4a describes that in some instances identical MSA
produces trees that change radically due to the root. This problem is dealt with on an
individual basis. To give a general indication of relationships between sequences and to
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provide extra data particularly in terms of numbers of residue changes per site, the
initial trees are rooted by an outgroup. However so that only the sequences that truly
belong to a particular group or ‘clade’ are included in the calculations for ancestral

sequence reconstruction (ASR) the trees need to be unrooted.

1.3.4. Ancestral Sequence Reconstruction (ASR)

One of the limitations of BLAST is that the search becomes swamped with known
sequences and remotely related sequences are harder to find simply because they are
outside the maximum number of hits that can be acquired in a single search. This
particularly affects the argonaute study and is a fast growing issue due the increasing
rate that new sequences are being deposited. The management of large trees and
disparate sequences is improved by building ancestors that represent ‘batches’ of
protein sequences, whether by species (as in the MVP monomer), or across species (as

in the argonautes).

For this reason | use sequences that | am certain are bona fide members of a
common group or ‘clade’ of sequences (regardless of species) to calculate ancestral
sequences via free servers (PAML4, FastML and Mega5). These are therefore
sequences that do not appear in any sequence databases and are more remote than the
known homologs. These can be used as queries to find sequences that fall outside of the
thousand hit maximum. This has already been used successfully to find an RNAseP
homolog (Collins et al., 2003b) and was trialled in the search for MVVP homologs and
proved essential for finding argonautes. The ancestral sequences also represent a much

larger number of sequences thus reducing the complexity of the resultant trees.

1.4. Major Vault Protein (MVP)

MVP represented an ideal case for the purposes of demonstrating the utility of three-
dimensional studies as a means of enhancing the search for functional sequence
homologs. The oligomeric vault structure is very large and so each monomer represents
a genuine challenge in terms of structural prediction. The monomers are also capable of
independent self-assembly (Stephen et al., 2001) which means that a further check is to
see if the monomers will also dock with another in virtual space. Furthermore the
monomeric MVP tertiary structure (and hence the sequence) is presumably under strong
selective pressure to retain a conformation that forms not only the appropriate monomer

structure, but also, the appropriate interface interactions with its neighbours for vault



quaternary structure assembly (Qian et al., 2011). The remaining residues can be

substituted many times. This is shown most convincingly in fig 9 of chapter 2b.

In most cases of MVP the sequences are orthologs, i.e. they are sequences that
are related by a speciation event and so had a common origin. An exception are the
MVPs found in the mycetazoa Dictyostelium and Polysphondylium where MVP
monomers appear to have duplicated and vault particles are chimeric made from o and
B MVP. In fact the D. discoideum has three version of the MVP gene, the third copy,
annotated as an o/p hydrolase (which has some similarity with the C terminal of MVP
and has been described as MVPc) can make ovoid vaults in MVPo” / MVPB™ cells.
These vaults appear similar to those made by either MVVPa or MVP@ alone (Vasu and
Rome, 1995). There is no evidence of other species requiring two versions to make the

vault.

Vault particles appear to be associated with many pathways but essential to none
(yet identified), any underlying basic function has remained elusive (described later in

this chapter).

1.4.1. MVP Form and Function

Vault function is not described elsewhere in this thesis and so a summary is provided
here. Vaults are ribonucleoprotein particles with a hollow structure, likened to a barrel
with cathedral style end caps (see fig. 1.2A for the structure of half a vault (Daly et al.,
2013a)). Each half will form spontaneously from 39 Major Vault Protein (MVP)
monomers (in rat). Vaults also contain Telomerase Associated Protein 1 (TEP1)
(Kickhoefer et al., 1999b) and Vault Associated Poly ADP-Ribosylating Protein
(VPARP) (Kickhoefer et al., 1999a), as well as a number of copies of vault RNA
(VTRNA) (Kickhoefer et al., 1993; Stadler et al., 2009b), these are not normally
essential for vault formation (Stephen et al., 2001), and additionally are found outside
of vaults and have other vault independent functions as well (Persson et al., 2009;
Amort et al., 2015; Helbo et al., 2015).



Cap-ring

9 N-ter

Fig. 1.2 Vault ribonucleoprotein structure

A. Rat MVP quaternary structure showing half a vault coloured by monomer (PDB:2ZUO, 2ZV4 and
2ZV/5 now superseded by PDB:4V60). A full vault will have at the lower left, a two fold symmetric
second half of the upper half vault. B. Three rat MVP monomers coloured by secondary structure. This
figure highlights the extensive lateral association required to dock into the vault quaternary structure.
Missing from the crystal structure is the very highly conserved C terminal which forms the cap-ring.

Since the article that forms chapter 2 was published there has been a refinement
to the vault structure (Casafas et al., 2013). Most of the structure remains the same as
the 3.5 A structure of 2009 (Tanaka et al., 2009) but repeats 1 and 2 of the N terminal of
the monomers are observed to have an alternate structure thought to reflect the opening
of the vault at the waist where the two halves join (fig. 1.3A). Additionally the later
refinement reveals that not all the 39 monomers are physically capable of fitting in the
cap-ring space and it is predicted that one in every thirteen subunits (MVP monomer)
has a conformation that sits outside of the vault (fig. 1.3 B). Engineered structures with
C terminal extensions have shown that tags added to the C terminal are found outside of
the vault (Kickhoefer et al., 2009).
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A ﬁ@,fﬁ'\is\{ Ck\i«m B Cap end view of 4HL8 showing 39

\q_o- Q“L N _{ monomers at the site of the cap-ring but
" D only a maximum of 36 can fit into the
27U0%b 4HLS space (~25 A radius).

Fig. 1.2 Refinement of the vault structure (2013).

A. Comparison of the N terminal repeats of the original 3.5 A model (2ZUO*b i.e. the b strand of the
particle) with the same region of PDB:4HL8 which has some extra §§ sheet in R1 and R2 but otherwise
the difference is minimal. B. A half vault viewed from the C terminal where the exact structure of the
cap-ring remains unsolved but it is believed that all 39 monomers will not fit into the ring.

Vaults particles are widespread amongst eukaryotes and can be directly
observed by negative silver stain and cryo-electronmicroscopy or be detected by
immuno-blotting with anti-MVP antibodies in diverse species such as sea urchins
(Hamill and Suprenant, 1997), cellular slime mould (Vasu et al., 1993), electric ray
(Herrmann et al., 1997), and mammals (Kedersha and Rome, 1986). This research finds
structural homologs in other eukaryote kingdoms and also in bacteria though they do
appear absent from insects (though they have recently been sequenced from chelicerae
and myriapoda so the vault particle is found for the ecdysozoa generally) and most
likely lost in plants.

1.5. Vault Function
In 1999, Kong et al., wrote

“We suspect that the vault has one underlying basic function that may lead to

different functional phenotypes in various specialised cells” (Kong et al., 1999).

In contrast to this, as this review chapter will show, vaults do not appear to have an

underlying essential task that befits their magnificent and highly conserved structure.
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The MVP promoter contains binding sites for a number of transcription factors; STAT,
p53, Spl, E-box, GATA, MyoD and Y-box (Lange et al., 2000). This implies that the
vault is involved in many pathways as a particle since the vault self assembles as it is
translated via polyribosome templating (Mrazek et al., 2014) and MVP is almost all
found in the multimeric form. However, tagged monomer produces a less stable vault
particle that is also insoluble. Additionally, free tagged monomer is indistinguishable
from whole tagged vault particles if they break apart. The problem can be solved by
using pFastBac a dual expression system for the baculovirus that makes tagged and wild
type monomer at the same time and results in chimeric vaults with an average of 6-8
copies of the tagged monomer per vault particle. Despite difficulties in making stable
tagged vaults they have been used for targeted delivery of cargo within cells
(Kickhoefer et al., 2009).

1.5.1. Cellular Location

Vault particles have been shown to move along axons in response to trauma, e.g. crush
injury (Li et al., 1999), the movement seems too fast and the particles too large to move
via diffusion (Luby-Phelps, 2000) and they have been found attached to microtubules
(Eichenmiller et al., 2003).

It has been suggested that vaults could be an integral component of the nuclear
pore complex (Dickenson et al., 2007), but only 5% of vaults are found in the nucleus.
27% are found to be ‘pore associates’, i.e. found within 200 nm of the centre of a
nuclear pore on the cytoplasmic rim, and 12% on the nucleoplasmic rim (Paspalas et al.,
2009). Nuclear pore plugs are similar in size and shape to vault particle, both (Chugani
et al., 1993), and (Suprenant, 2002), have suggested that they could displace them.

Pores will form when the pore-free Xenopus egg extract membrane is incubated
with either His-tagged MVP or purified MVP, so it is suggested that vaults are involved
in the assembly of nuclear pore complexes (Vollmar et al., 2009). There are tryptophan
residues at the vault surface that could be involved in membrane binding and bending,

but a precise mechanism has yet to be described (Anderson et al., 2007).

Some MVP monomer is also found in the nucleus, and are especially enriched in
the nucleus of sea urchins (Stewart et al., 2005) where the distribution of cellular MVP
in zygotes is mostly cytoplasmic but becomes predominantly nuclear in adults. This

transition occurs following embryogenesis as the sea urchin moves from the
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mesenchyme blastular stage to the larval stage, and appears to be specific to sea urchins
(Hamill and Suprenant, 1997).

If vaults are unlikely to move by diffusion due to their size (Luby-Phelps, 2000),
then how can they reach the nucleus? We could ascribe a targeting capacity to the vault
contents or to VTRNA, but Stewart et al., (2005) suggest that sumoylation (Small
Ubiquitin-like Modifier or SUMO sites (residues 308-311), very highly conserved
among almost all species and residues 707-710 less well conserved), could be involved
in nuclear localisation because RanGAP1 in the nuclear pore complex is a sumoylation
substrate, modification of this protein leads to its trafficking from the cytosol to the

nuclear pore complex (Matunis et al., 1996).

1.5.2. Vault Cargo

The structure of the vault lends itself to carrying cargo, and all manner of cargo has
been suggested. The debate revolves around how the cargo can enter the vault. It is
certain that it does, because vaults containing cargo have been micrographed and
determined by western blot, (Stewart et al., 2005). An SDS-Page comparison of sea
urchin and rat vaults purified using an identical method, shows that either sea urchin
vaults are considerably more complex than vault particles from the rat, or have complex
cargo (Stewart et al., 2005). Paspalas et al., (2009) identified MRNA as possible cargo
and observed that the cargo itself could target the vault particle to specific destinations.

VPARP has been shown to enter vaults that don't already have VPARP (Poderycki
et al., 2006) and VPARP has a region known as ‘INT’ that will bind to a protein to
guide it into the vault lumen. That the vault must open was shown by anionic polymers
(a semi-conducting fluorescent polymer), that would enter vaults that had the capacity
to open but not enter a particle with cross-linked monomers unable to open (Ng et al.,
2008).

1.5.3. Developmental / Scavenging Roles

Vaults are also enriched in macrophages and amoeboid and ramified (resting) microglia
(macrophage-like cells of the brain and spinal cord) (Chugani et al., 1991). The
commonality between macrophages and amoeboid microglia is their scavenging ability
and plasticity. Using rat brains Chugani et al., (1991) observed the migration of
microglia and, serendipitously found that these were enriched with vaults. During

embryonic development ramified microglia cross into the rat brain from blood vessels
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from embryonic day 15 and subside up to 14 days postnatally. Amoeboid microglia
flood into the brain during the first week after birth, a stage where development leaves
cellular debris to be cleaned up by phagocytosis. Microglia cannot easily be replaced
on a regular basis like macrophages, so amoeboid microglia differentiate into ramified
microglia during the two weeks after birth. These constitute a silent pool of microglia
able to detect infection via long branching processes and can be activated in times of

need.

Amoeboid and ramified microglia remained enriched for vaults above
background brain cell levels in the weeks following birth, and although amoeboid
microglia become less numerous compared to ramified microglia, their vault
immunoreactivity remains higher. MVP also promotes apoptosis in macrophages via
SR-A-mediated TNF-a synthesis (Ben et al., 2013) and in knockout mouse peritoneal
macrophages TNF-a synthesis is severely reduced, i.e. affecting the immune system. It
must be noted that the murine MVP promoter region lacks some elements so may not be

useful as a human model (Mossink et al., 2002b).

Vaults can be developmentally differentially expressed, but haven’t been found
to take any defined role in any kind of degradation mechanism by the microglia. Stewart
et al., (2005) suggest that macromolecules are being imported to the nucleus during
development, but again, there is no evidence that vaults have a direct role in nuclear
trafficking.

1.5.4. Association with lipid rafts

MVP is highly expressed in human lung and intestinal epithelial cells. Lung epithelial
cells expressing either wild type or mutant (AF508) CF transmembrane conductance
regulator (CFTR) have comparable numbers of vaults. Wild type cells infected with P.
aeruginosa recruit 10 — 15% of cellular MVP to lipid rafts, but AF508 mutants recruit
only ~4% so are less efficient in this aspect. The infection produces an immune
response that generates lipid rafts. Epithelial cells associated with the raft then take up
the bacteria. This ends with epithelial cell apoptosis and clearance of the bacteria. The
failure of the AF508 mutants to recruit MVP to the raft, and subsequent poor clearance
of infection, can be induced by knocking out MVP using siRNA. Bacterial uptake is
then reduced by ~50%, but in this instance MVP knockdown does not appear to have

any direct effect on the immune response (Kowalski et al., 2007).

14



The authors suggest that the vault particle contributes to resistance to lung
infection by stabilisation of the lipid raft, perhaps recruiting other proteins to the raft.
Tanaka et al., (2009) identified the shoulder section of the MVP monomer as having
homology with the stomatin core. The SPFH (Stomatin, Prohibitin, Flotillin and
HfIK/C) domain is known to associate with lipid rafts, it could be that this conserved

shoulder domain is involved with recruitment to the raft.

1.5.5. Detoxification roles

Aggregates of vaults termed ‘vaultosomes’ form in response to tellurite (TeOs*) and
other oxyanions, even at low concentrations (Suprenant et al., 2007), but not as the
result of heat shock or UV, indicating that vaultosome formation is not a general stress
response. In Mediterranean mussels, MVP was found up-regulated in gill tissue in
response to nickel stress and was concluded to be part of a multi-xenobiotic resistance
pathway (Franzellitti et al., 2011). The ability to encapsulate and eject toxins from cells
via the vault particle would be an advantage worthy of the retention, however although

implicated in many pathways.

1.5.6. Multi Drug Resistance (MDR)

MVP has several roles associated with cancer treatment; lung resistance protein (LRP)
was identified in treatment resistant lung cancer and linked with the multidrug resistant
(MDR) phenotype over two decades ago. However, LRP is MVP and levels are elevated
in treatment resistant cancers and refractory epilepsy (Lazarowski and Czornyj, 2011).

Relatively curable cancers e.g., metastatic testicular cancer, childhood acute
myelogenous leukaemia have low levels of expression of MVP (Zurita et al., 2003),
whereas high levels are seen in metastic colon, renal and pancreatic carcinoma that
generally have a poor outcome (lzquierdo et al., 1996). Although MVP cannot be
assigned an unequivocal role it can be a reliable predictive prognostic marker for
treatment in some cancers; bladder (Diestra et al., 2003), melanoma (Schadendorf et al.,
1995), testicular tumour (Mandoky et al., 2004) and glioblastomas (Tews et al., 2000),
but is of contestable value in others. It also appears to have use as a predictable marker

for outcomes of radiotherapy (Lara et al., 2011).

In MDR, the membrane permeable anticancer drug doxorubicin is sequestered
into low pH compartments (thought to be lysosomes) and eventually removed from the
cell rather than accumulating in the nucleus and killing the cell. Herlevsen et al., (2007)

used human bladder cancer cells and siRNA to knockdown MVP and thus vault number.
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This leads to greater sensitivity of the cells to doxorubicin but does not reduce the
concentration in the cells (Herlevsen et al., 2007). Overexpression of MVP engineered
so that the siRNA cannot bind, rescues, and in fact increases vault numbers above
normal, but does not increase doxorubicin resistance. Microscopy showed that in MVP
knockdown cells, the doxorubicin is still removed from the nucleus to the lysosomes. In
normal cells lysosomes containing the drug can be found around the nucleus, but when
MVP is knocked down, the lysosomes are scattered throughout the cell rather than by
the nucleus. It was postulated that the vaults are disrupting the microtubules required by
both vaults and lysosomes. So low levels of MVP appear to cause disruption of
lysosomal distribution (by unknown means) rather than facilitate transfer of doxorubicin
from the nucleus to the lysosome. Comparing the movement of vault particles and
daunorubicin (an anthracycline used to treat leukaemia) in drug-sensitive and drug-
resistant non-small lung cancer cells and did not find any relocation of vaults as the
drug moved (van Zon et al., 2004). One group found that overexpression of MVP in
colon carcinoma cells does confer resistance to doxorubicin (Kitazono et al., 1999).
This was specifically refuted in a repeat experiment where overexpression of MVP did
not confer drug resistance in tumour cells (Scheffer et al., 2000) (Huffman and Corey,
2005). Knocking out MVP does make cells more susceptible to chemotherapy (Hu et al.,
2010).

It has been found however, that hypoxia increases MVP expression,
angiogenesis, and prevents many drugs from working as they cannot generate free
radicals and this is linked with radiation resistance of tumour cells (Lara et al., 2009).
Whether the hypoxia or increased levels of MVP is responsible is difficult to untangle

but an increased number of vault particles doesn’t predict a good outcome.

MVP™" mouse mutants did not show altered efflux when GFP-tagged MVP was
added to the cells. In fact in the MVP™" mice cancer cell lines, the treatments were no
better or worse than cells from wild type mice, and the mice appeared perfectly healthy
(Mossink et al., 2002a), although as we have already seen, mice may not be
representative of the way that vaults behave in primates. Some anti cancer agents,
ethidium bromide and ultraviolet light can also induce transcription via the MVP

promoter (Shimamoto et al., 2006).

It could be argued that perhaps low levels of vaults means that free VPARP and
TEP1 are more available. Both are involved with DNA and chromosome health, but
16



reduction in MVP also constrains the levels of free VPARP and TEP1 (Wiemer et al.,
2004). Conversely if the levels of MVP are raised, and VPARP and TEP1 levels are
raised in concert, it does not appear to have the protective outcome that may be

anticipated.

1.5.7. Cell signalling

Vaults have been suggested as a mechanism for transporting the phosphatase and tensin
homologue (PTEN) into the nucleus. PTEN is a tumour suppressor that causes cell
cycle arrest and apoptosis and mutations in PTEN are implicated in many cancers.
PTEN is a target of the highly conserved onco-miR (miR-21), a mammalian microRNA
encoded by the MIR21 gene (Lagos-Quintana et al., 2001) and may demonstrate a link
between inflammation and cancer (Musilova and Mraz, 2015). PTEN has been
described as having four ‘nuclear-localisation-like’ sequences, two of which are
necessary (but not sufficient) for nuclear localisation. The suggestion is that the vault
particle, via the formation of a vault tube, penetrates the nuclear membrane and is the
mechanism for PTEN nuclear localisation. However vault tubes have only been found
to form at low temperatures (about 21°Celsius) so are perhaps unlikely to be relevant in

vivo (van Zon et al., 2003).

MVP has been linked to the regulation of a number of intracellular
phosphorylation cascades all implicated in cancer. MVP / PTEN is linked to the
phosphoinositide 3-kinase/Akt signalling pathway which has functions related to cell
growth, proliferation, differentiation, motility, survival and intracellular trafficking and
is also involved in many cancers (Zhenbao et al., 2002). The MVP promoter region also
has a consensus sequences for a gamma-activated site (GAS), which binds STAT1
homodimers that up-regulate MVP expression. Constitutive activation of STATL is seen
in many forms of malignant transformation by oncogenes, cytokines and tumour viruses
and may be responsible for the raised levels of vaults found in some cancers (Steiner et
al., 2006). MVP forms a substrate complex with SHP-2 (Src homology 2 - a domain
containing a tyrosine phosphatase) resulting in the tyrosyl phosphorylation of the MVP.
This modulates the ability of MVP to associate with other signalling molecules (Kolli et
al., 2004). Phosphorylated MVP has also been shown to complex with Erk2
(extracellular-regulated kinase 2), both SHP-2 and Erk2 are stimulated by epidermal
growth factor (EGF) which also stimulates basal MVP phosphorylation (Kolli et al.,

2004). However in fucoidan-treated macrophages, MVP is necessary for the activation
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of p38 and JNK kinases but not Erk (Ben et al., 2013). This may reflect a species
difference due to the variations in the mouse MVP promoter but regardless it
demonstrates that the vault particle has diversified depending on the environment that it
isin.

Mammalian COP1 (constitutively photomorphogenic 1) is over-expressed in
some cancers (Dornan et al., 2004; Yi et al., 2005). In plants, COP1 (constitutively
photomorphogenic 1) functions to suppress the constitutively active light-signalling
cascade during periods of darkness (Deng et al., 1991) using E3 ubiquitin ligase to
repress light signalling by targeting photoreceptors and downstream transcription
factors for ubiquitinylation and degradation. In animals COP1 and MVP interact and
negatively regulate c-Jun and AP-1 (activator protein 1) under normal cellular
conditions. Under times of cell stress however, such as UV radiation, this interaction is
inhibited, so AP-1 and c-Jun are both elevated. MVP™ cells also result in increased
levels of AP-1 and c-Jun, a phenotype that can be rescued with the introduction of MVP
(Yi et al., 2005). It is intriguing that a protein so important in plants associates with
vaults in animals. Searches have been made for MVP in plants, particularly following
the annotation of MVP in the barley genome (see discussion regarding barley in chapter
3b). Some proteins in plants that could be broken down MVP homologs (e.g., Petunia
integrifolia UniProtkKB:A9XLF3, Arabidopsis lyrata UniProtKB:D7MVK4, Zea mays
UniProtKB:B8AOP4) have been found but not a convincing plant homolog.

1.5.8. Possible future biotechnological use of the vault particle

Some researchers can see a utility in the vault structure which could be harnessed for
function in a number of fields (Rome and Kickhoefer, 2013). As vaults are recognised
as ‘self” by the immune system, and their shape lends them to carriers of cargo, they
have been put to use as vectors. Tags can be applied to the C terminal of MVP to direct
them to specific locations (Goldsmith et al., 2009). Vaults have been used as carriers of
antigens to induce an immune response (Champion et al., 2009), and to courier drugs
(Buehler et al., 2011; Kar et al., 2011) toxins and genes (Lai et al., 2009), and proteins
(Kickhoefer et al., 2005). Additionally thermally responsive ‘smart’ vaults have been
engineered (vault-poly-N-isopropylacrylamide conjugate) (Matsumoto et al., 2013)
which could, in theory, be used in vivo for mopping up toxins, or as environmental
bioreactors containing detoxification enzymes for environmental remediation (Wang et
al., 2015).
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1.6. VTRNA

It is questionable whether the vault ribonucleoprotein is truly a remnant of the RNA
world. Although in chapter 2b the vault protein is shown to most likely have been
already present at least in the Last Eukaryotic Common Ancestor (LECA), it seems less
likely that it had any RNA component at that time because vault particles can form
without any RNA component and VTRNA has not been found in some species that do

have vault particles (Franzén et al., 2011).

VTRNAS are transcribed by RNA pol 11l polymerase and are generally in the
range of ~80-140 nucleotides in length (Kickhoefer et al., 1993). RNA pol Il also
synthesises other small RNAs (tRNAs, rRNA 5S, U6, 7SL and also miRNAs) found in
the nucleus and cytosol. VTRNASs are similar to Y RNAs in that they have maintained a
stable position on the genome although Y RNAs are found as a single cluster of clear
paralogs and VTRNASs are either single copy genes or form a cluster of similar
sequences which seem more like tandem duplication, either very young, or subject to

concerted evolution (i.e. have evolved together within the species, ‘in concert’).

Initial interest in the vault particle was due to the associated RNA — but it is not
clear if vault particles in all species have an RNA component. For sea urchin vaults the
VTRNA is structural as the vault collapses without it (Stewart et al., 2005) but in most
metazoa >90% of the VTRNA is found outside of the vault particle and most vault
particles will form without it. VTRNA is present in most deuterostomes (Stadler et al.,
2009a) but hasn’t been found in the trematodes Schistosoma mansoni and Schistosoma
japonicum (Copeland et al., 2009) even though S. mansoni does have a vault particle
(Reis et al., 2014). S. japonicum has an almost complete sequence in pieces, which may
be an artefact of sequencing rather than lack of MVP because the sequence fragments

remain highly conserved.

The RNA component of the vault ribonucleoprotein is abundant in the
cytoplasm of most mammalian cell types and is particularly enriched in the spleen,
intestine, heart and kidney. In humans there are four functional genes for the non-coding
vault RNA on chromosome 5, three are located adjacent to the protocadherin o (pcdh)
locus (VTRNAL) and one a short distance away adjacent to the SMADS5 locus
(VTRNA2) plus two pseudogenes on chromosome 2 and on the X chromosome
(VTRNA3) (Van Zon et al., 2001).
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1.6.1. Vault RNA nomenclature

In order to clarify the nomenclature and differentiate vault RNA from viral RNA
(VRNA) the HUGO Gene Nomenclature Committee (HGNC) renamed vault RNA
VTRNA in 2009. Table 2.1 shows the current nomenclature and that previously used by

some authors; the current HGNC nomenclature will be used throughout this discussion.

Table 1.1 vault RNA nomenclature

Ag;nl;%\(/)eld Approved Name Previous Symbols Synonyms Chromosome
VtRNA1-1, hvg-1,
VTRNAL-1 vault RNA 1-1 VAULTRC1 HVGL, VRNA, VR1 5031.3
VtRNA1-2, hvg-2,
VTRNAL-2 vault RNA 1-2 VAULTRC2 HVG2, VR2 5031.3
VtRNA1-3, hvg-3,
VTRNAL-3 vault RNA 1-3 VAULTRC3 HVG3, VR3 5031.3
MIR886, MIRN886, | ViRNA2, hvg-5, CBL-3,
VTRNA2-1 vault RNA 2-1 VTRNA? hsa-miR886. nc8s6 5031.1
VTRNAZ22p | VAUILRNA 2:2, 2p14
pseudogene
vault RNA 3-1, VAULTRCH4, VtRNA3P, hvg-4,
VTRNA3-1P pseudogene VTRNA3P HVG4 Xpll22

Peter Stadler’s group in Germany have found VTRNA in species where vaults
have not yet been described (Stadler et al., 2009b). Some VTRNA from VTRNAZ2-1 has
been misidentified as microRNA (miR-886) (Landgraf et al., 2007) according to Stadler
who has listed it as a ‘dead miRNA’ in miRBase (http://www.mirbase.org/cgi-
bin/mirna_entry.pl?acc=MI10005527), yet it has been shown that VTRNA can be both
(Persson et al., 2009) so this assertion may be premature.

The analysis of VTRNA is complicated by the nature of miRNA processing.
The uncapitalised ‘mir’ refers to the pre-miRNA, which is processed from longer
unstable hairpin pri-miRNA (primary RNA) while a capitalised ‘miR’ refers to the
mature form (20-30 nt in length) (though this nomenclature is inconsistently used in the
literature). Fragments of mir-886 have been found (miR-886-5p and miR-886-3p) that
could be genuine microRNAs, but they are barely detectable in the cell. An active
component influencing the RNA dependant kinase-protein (PKR) is mir-866 (~100 nt
in length - slightly longer than most pre-miRNA) (Lee et al., 2011). The study found
that mir-866 was neither a canonical pre-microRNA, nor a VTRNA and appears to have
avoided the usual Drosha processing characteristic of pri-miRNA. It is also too short to
be included amongst the group of long non-coding RNAs (IncRNASs) (Quinn and Chang,
2016). Additionally Lee’s group did not find that VTRNA2-1 (or mir-886) was vault
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associated. In fact there are a plethora of papers detailing the function of mir-886 in
cancer (Treppendahl et al., 2012; Kunkeaw et al., 2013; Lee et al., 2014; Yu et al.,
2014; Kong et al., 2015) so it would seem that the incompletely processed miRNA is

biologically active.

In most circumstances only one VTRNA is transcribed even if there are
functional genes at the pcdh and SMADDS loci. Humans and chimps though, have a clear
distinction of the 3 functional VTRNAL genes transcribed at the pcdh locus, and the
VTRNAZ2-1 gene from the SMAD-5 locus, and all four VTRNASs can be transcribed at
the same time. The promoters are different at each locus and the resulting expression
pattern of VTRNAS appears linked in some way to multi-drug-resistance (Stadler et al.,
2009a)

Small RNAs derived from VTRNAL-1 are observed by Persson et al., (2009).
Termed ‘svVRNAS’, a name not covered by the HGNC nomenclature (‘sv’ is also used
for “‘small viral’ RNAs). The svRNAs are not processed in the nucleus via Drosher but
are dependant on Dicer processing in the cytoplasm, thereafter they enter the argonaute
RISC complex in the same manner as any other miRNA and have the theoretical
capability of interfering with more than a hundred targets. Persson et al., (2009)
specifically investigated the interaction with CYP3A4 as it encodes a cytochrome P450
enzyme important in drug metabolism. They found that svRNAb knockdown results in
stepwise elevation of CYP3A4.

The Stadler group dismissed functional VTRNA derived from pseudogenes yet
there is evidence that some pseudogenes are still able to influence translation of mMRNA
via small RNAs for example, transposons in mouse oocytes have been shown to be
regulated by endo-siRNA from pseudogenes (Tam et al., 2008).

In primates different versions of VTRNA can inhabit the same vault, and can be
found free, or in association with TEP1 or the La RNA binding protein, or outside of the
vault (Kickhoefer et al., 1998). In fact TEP1 is required for VTRNA to be stably
included in the vault (Kickhoefer et al., 2001). Production of MVP and VTRNA are
somehow linked because down-regulation of one also affects the other. In MVP” mice,
TEP1, VPARP and VTRNA are severely decreased (Wiemer et al., 2004), although
SVRNA biogenesis appears independent of VTRNA levels (Persson et al., 2009).
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1.6.2. VTRNA function

VTRNAI1-1 is the RNA most likely associated with vault RNPs but the level of
expression from all of the loci deviates from normal (up and down-regulated) in
different cancer cell lines (Stadler et al., 2009b). This is complicated by increasing
evidence that VTRNA has functions outside of the vault particle (Treppendahl et al.,
2012; Amort et al., 2015). EBV infection in Burkitt lymphoma (BL) cell lines were
found to have VTRNA1-1 (usually associated with the vault particle) expression
induced by latent membrane protein 1 (LMP1) resulting in lower levels of apoptosis
facilitating the infection. The same is true of HeLa and breast cancer cell lines. BL
MVP™ cells demonstrate that the VTRNA1L-1 acts outside of the vault particle and
knockdown of VTRNAZL-1 results in increased apoptosis (Amort et al., 2015). Another
host non-coding RNA (mir-21) is also known to be manipulated by LMP1 following
EBV infection to reduce apoptosis in nasopharyngeal cancer cells (Yang et al., 2013) so

this appears to be a general method of EBV warfare.

The VTRNA genes are regulated by DNA methylation; in blood cells from
healthy donors VTRNAL-1 is unmethylated, VTRNA 1-2 is heavily methylated in
CD34+ cells and methylated at one allele only in lymphocytes and granulocytes. The
same pattern appears in the human leukaemia cell line (HL60), however the methylation
pattern for VTRNA1-3 is unmethylated in the healthy cells but heavily methylated in
the HL60 cells. This indicates that reduced expression of VTRNAL-3 is associated with
a poorer outcome in patients with myelodysplastic syndrome, but evident only in
patients that score as a lower risk in the International Prognostic Scoring System (IPSS)
in terms of survival and risk of leukemic transformation. This suggests that a function
of VTRNAL-3 could be as a tumour suppressor (Helbo et al., 2015) and this is a

common theme for much cancer research.

The most varied of the VTRNA expression lies with the VTRNA from the
VTRNAZ2-1 locus (the one closest to the SMADDS locus also described as MIR-886 or
mir-886). VTRNAZ2-1 transcripts are not usually vault associated (hence the debate
regarding whether this is VTRNA2-1 or mir886), but in the case of infection with the
DNA double stranded Epstein-Barr virus (EBV) VTRNAZ2-1 was found to be both up-
regulated and vault associated (Nandy et al., 2009). If VTRNA2-1 was vault associated
and additionally protected by TEP1, rather than easily accessible to RNA extraction
from the cytosol the VTRNA would be more difficult to extract. Peter Stadler’s group
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found that the VTRNAZ2-1 transcript was severely down-regulated in androgen
insensitive prostate cancer cell line Dul45 (Stadler et al., 2009a), it is not clear if these

had become vault associated and required a more exhaustive extraction process.

It is most likely that the expression does vary as VTRNAZ2-1 is down-regulated
by the single stranded parvovirus (other VTRNA expression is unchanged) (Nandy et
al., 2009). VTRNAZ2-1 expression in acute myeloid leukaemia (AML) was also found to
be regulated by methylation of the methylation promoter and when shut down by

methylation was prognostic for a poor outcome in AML (Treppendahl et al., 2012).

It is not only viral interference and methylation that affects expression of the
VTRNA genes there is also evidence of down-regulation of all host VTRNA in M2
macrophages in response to infection by the parasitic protozoan kinetoplast Leishmania,
that causes leishmaniasis, a disease that is often fatal (Farrow et al., 2011). Kinetoplasts
(Leishmania and the related Trypanosomes) are interesting in their own right because
the various species have four or five copies of MVP compared to one copy in most other
species. It is not known if any of the kinetoplasts also has a VTRNA homolog, however
Leishmania has the capacity to control the host VTRNA expression generally via a
necessary pol Il transcription factor which also results in Leishmania controlled down-
regulation of small RNAs from type 2 and type 4 pol Ill promoters i.e. miRNA, tRNA
and 7SL.

Trypanosome cruzi uses fragments of tRNAs as miRNA, accentuated under
nutritional stress (Garcia-Silva et al., 2010) so it is possible that processed tRNAs could
be used in vaults. It could be argued that Leishmania control of the transcription factor
is part of a miRNA war undertaken by parasite and host directed at miRNAs generally
and that VTRNA is collateral damage. As VTRNA is variously described to be up
regulated and down regulated in response to viral infection (Nandy et al., 2009), cancer
(Stadler et al., 2009b), and parasites (Farrow et al., 2011), it may just be that
Leishmania does what is good for its survival. Leishmania can down-regulate three
types of host RNA that are known to take part in defence in what has to be one of the
most unlikely places, the phagolysosome of a macrophage, the very place that the

parasite should meet its doom.

It would be very desirable to see whether VTRNA can be identified from the

next-gen sequencing data available for some Excavate groups, such as Giardia and
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Trichomonas, Leishmania, Trypanosomes; and try and decipher VTRNA function. It

seems unlikely that it solely exists for whatever purpose a vault serves.

The main point here is that the MVP is a very widespread gene, and VTRNA is
rapidly being seen as a key switch in a number of pathways. The two next papers
describe work from the start of the project, and it is necessary to give an update in what
the protein really does. Vaults are both highly ornate structurally and expensive for cells
to produce, so this investment in resources and their widespread distribution implies a
biological importance to their roles. A defining function for vault particles remains
elusive. It is these factors which drive the interest and analysis here in investigating

their evolutionary history.

1.7. Summary

The papers presented in this thesis represent a journey to find freely available software
that can be used without specialist computational knowledge, and with sequences of
limited primary homology in order to perform structure-based evolutionary analysis of
proteins. Each paper is a step toward understanding the limitations of the software as
well as looking at the evolution of the proteins in question. The intention is to use
simple computing techniques to understand the evolution of quite different types of
protein using a method that can be adapted to other proteins.

Understanding the evolutionary processes of protein families gives an insight
into the development of new protein function. Automatic approaches for function
prediction are usually based on sequence information; | seek to extract more
information than is usual from the primary sequence. Using these methods | found
issues in the assignment of protein annotation, which I have raised for both proteins.

This approach can be likened to trying to determine how our grandparents may
have looked by examining the facial features of all of our cousins. If we include cousins
that are not blood relatives (by reasons of infidelity or adoption) we will have

introduced error into the construction of our grandparent’s features.

The way to minimise this risk in terms of reconstructing ancestral sequences
(ASR) is to be certain that we have only included bona fide family members. In terms
of protein sequences we make use of structural prediction via computational analysis

but also any additional evidence that we can. Computing time is costly (if we pay for it),
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and slow if we don’t. However computing time is amenable to a greater number of

researchers than bench time.

In chapter 2a we lay down the criteria required for a protein sequence to be
included in the family ‘MVP’. However by chapter 2b it was becoming apparent that in
some cases the criteria could not be applied ruthlessly where there was additional
evidence that resulted in reconsideration of individual cases. | have erred on the side of
caution but in some cases the evidence from some sources was more compelling than
the failure to meet a cut off point in another area. The criterion for sequence inclusion

for ancestral reconstruction is redrawn in the preface to chapter four.

Many studies compare the virtues or otherwise of each algorithm (Hall, 2005;
Williams et al., 2006; Hanson-Smith et al., 2010; Thompson et al., 2011). Ultimately
those that have merit for ease of use and perceived accuracy survive and those that do
not will wither and die and so evolution of computer algorithms will occur by
preferential selection. We have specifically used servers that provide a free service and

excel in terms of their biologist friendly (rather than geek friendly) interface.

Almost exclusively the sequences have come from UniProtKB (Consortium,
2015) or NCBI. UniProt accession numbers have been used to identify sequences
wherever possible. In some instances sequences have been given new accession
numbers since this work was started, on occasion prompted by an email pointing out
anomalies e.g. in the chimpanzee briefly mentioned in chapter 2b. Sequences found in
NCBI can often be found later in UniProt. Where this is the case, the accession number

has been updated to the UniProt number for consistency.

Our main point is that when we are looking at the evolution of single genes at
deep times we cannot rely on any one source of information but must look at proteins
and their evolution holistically, that is we must use all the information available and

come to a ‘most probable’ conclusion.
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Chapter Two: The Evolution of the Vault
Particle

2. a: Beyond BLASTIng
‘Beyond BLASTIing: Tertiary and quaternary structure analysis helps identify Major

Vault Proteins” was written to lay the foundations of a method of three-dimensional
structural prediction that would allow for identification of vault particle monomers
(MVP) where the primary homology was low. The solved rat monomer (PDB:2ZUO
oligomer b) is known to form a vault particle with the other identical monomers. By
comparing structural predictions made by I-TASSER and alignment with the known
structure (2ZUO*Db) via FATCAT, I could then use RosettaDock (now renamed ROSIE)
to see if sequences with structural similarity with 2ZUO*b would also dock side-by-side
with a low energy score as they would in vivo. Supplementary material for this article is

available at:

http://gbe.oxfordjournals.org/content/5/1/217/suppl/DC1

2. b: In silico resurrection

‘In silico resurrection of the Major Vault Protein suggests it is ancestral in modern
eukaryotes’ describes how the method established in ‘Beyond BLASTing’ could be
used to identify MVP in other kingdoms and to establish whether MVP was in the Last
Common Eukaryotic Ancestor (LECA).

We additionally used Ensembl (Kersey et al., 2015) which found sequences
from some extra species that were added to the study and highlighted inconsistencies
with regard to the other databases, for example an MVP sequence with one accession
for the excavate Trypanosoma cruzi in Ensembl (and NCBI), but two different
accession numbers in UniProt for the identical sequence. These were from the same

gene and have now been amalgamated.

Ensembl was also used to identify and to link gene position, copy number and

alternative splice variants in order to provide additional evidence to support the analysis.
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Ensembl proved particularly useful in the effort to untangle the complexities of the

primate genomes and proteins, (see chapter 2b).

Some alignments weren’t identified, or were aligned poorly, by either of the
MSA algorithms associated with the databases (UniProt or NCBI), particularly in the
case of fragment alignments. In these cases fragments from a variety of databases could
be manually added together in “TextWrangler 5.0.2°
(http://www.barebones.com/products/textwrangler/) and resubmitted for BLASTing, or

aligned using Geneious Pro 8.0.4 (Kearse et al., 2012).

In the case of the MVP, where there is usually only one copy of the gene, it
seems more likely that the identified fragments are artefacts of the sequencing process
rather than the highly conserved gene broken into bits? An example of this issue is
within  the trematodes (parasitic  flukes) where  Schistosoma mansoni
(UniProtkB:G4V9U9 (previously C4PYV7) (Berriman et al., 2009) aligns with a
fragmented copy of MVP from Schistosoma japonicum that appears to have the highly
conserved shoulder region missing (UniProtKB:Q5DBU4, Q5C1V0, and Q5BSGY7).
MVP in S. mansoni seems to assist in stabilisation of the infection (Reis et al., 2014)
and MVP is also found in the Clonorchis sinensis (Chinese liver fluke)
(UniProtKB:H2KSHS).

In order to find more remote sequences in the sequence databases ancestors were
reconstructed from multiple sequence alignments (MSA) of proteins where the
confidence was high that the protein was grouped appropriately. The recreated ancestral
sequences were used as BLAST queries, in order to find more remote sequences. Some
free and simple to use ancestral reconstruction algorithms are described and compared.

2.1. Sequence similarity identifiers
Some alignments were originally directly downloaded from UniProt in CLUSTALW

format. The sequence similarity identifiers are as follows:

"*" = |dentical residue, ":" = conserved substitutions, (i.e. in terms of hydrophobicity
etc), "." = a semi conserved substitution (in terms of size), or a blank space for no
similarity.

This does not always give a feel for the percentage of similarity between
multiple alignments. An alignment can easily look less significant than it is due to lack
of identifiers, which may simply be the result of one sequence being different, having
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gaps, or being short. Geneious Pro uses a more complex system that can cope with the
problems encountered in the CLUSTAL alignments. All of the alignments are shown

with the Geneious sequence similarity colouring described below.

Columns rendered black (100% similar) must have a [l M 100% similar
I N &0 to 100% similar

; ; [ [A]60 to 80% similar
score that when compared with all other sites must, ] - ([

(according to the specified score matrix), equal or exceed a Sﬁjgafﬁé Geneious alignment
specified threshold. The score is dependent on the matrix

used, in this case Blosum62, which has a score matrix with a threshold of 1. For
instance, Blosum62 has a value of 2 for K (lysine), vs. R (arginine), so a column that
contained lysine or arginine residues at that site will be counted as the same and the
column will be coloured entirely black. The threshold can be raised so that lysine and
arginine would no longer be considered to be the same. In this case, if more than 80% of
the column was lysine, then the column would be dark grey, and the arginine would be

uncoloured. Figure 7 of “In silico’ resurrection (chapter 2b) gives a good example.

If 60% — 80% of the column were lysine, and BLOSUMG62 considered the other
residues dissimilar to lysine, then the column is coloured light grey, (the lettering is now
black), and the dissimilar residues are uncoloured. As this gives a superior visual impact
of similarity the Geneious colouring has been used throughout. The matrix web address
is http://www.ncbi.nIm.nih.gov/Class/FieldGuide/BLOSUMG62.txt.

I also wish to rephrase the comment that ‘“Markov models lose information at
deep times’ (referencing Mossel and Steel 2004 and 2005). It is not the models that lose
information rather that the recurrent mutations in aligned sites obscures the relationships
and thus the trees are unreliable.

There is necessarily some repetition between these journal articles particularly
within the ‘methods’ section. They are printed as they appear in press, which is a
requirement of the Genome Biology and Evolution reprint permission. Supplementary

material for this article is available at:

http://gbe.oxfordjournals.org/content/5/8/1567/suppl/DC1
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Abstract

We examine the advantages of going beyond sequence similarity and use both protein three-dimensional (3D) structure prediction
and then quaternary structure (docking) of inferred 3D structures to help evaluate whether comparable sequences can fold into
homologous structures with sufficient lateral associations for quaternary structure formation. Our test case is the major vault protein
(MVP) that oligomerizes in multiple copies to form barrel-like vault particles and is relatively widespread among eukaryotes. We used
the iterative threading assembly refinement server (I-TASSER) to predict whether putative MVP sequences identified by BLASTp and
PSI Basic Local Alignment Search Tool are structurally similar to the experimentally determined rodent MVP tertiary structures. Then
two identical predicted quaternary structures from I-TASSER are analyzed by RosettaDock to test whether a pair-wise association
occurs, and hence whether the oligomeric vault complex is likely to form for a given MVP sequence. Positive controls for the method
are the experimentally determined rat (Rattus norvegicus) vault X-ray crystal structure and the purple sea urchin (Strongylocentrotus
purpuratus) MVP sequence that forms experimentally observed vaults. These and two kinetoplast MVP structural homologs were
predicted with high confidence value, and RosettaDock predicted that these MVP sequences would dock laterally and therefore could
form oligomeric vaults. As the negative control, I-TASSER did not predict an MVP-like structure from a randomized rat MVP sequence,
even when constrained to the rat MVP crystal structure (PDB:2ZU0), thus further validating the method. The protocol identified six
putative homologous MVP sequences in the heterobolosean Naegleria gruberi within the excavate kingdom. Two of these sequences
are predicted to be structurally similar to rat MVP, despite being in excess of 300 residues shorter. The method can be used generally to
help test predictions of homology via structural analysis.

Key words: homology modeling, BLAST, I-TASSER, RosettaDock, Naegleria gruberi.

Introduction times? We need to be able to include structural information
to test predictions made solely on linear (sequence) informa-
tion. We first discuss the vaults, then the need for tertiary and
quaternary protein structures to help the search for homology.

Vaults can be directly observed by electron microscopy or
be detected by immunoblotting with anti-major vault protein
(MVP) antibodies, in diverse species such as sea urchins (Hamill
and Suprenant 1997), cellular slime mold (Vasu et al. 1993),

Our interest has included identifying features, proteins, and
nontranslated RNAs that may date back at least to the Last
Eukaryotic Common Ancestor (LECA). It is increasingly appear-
ing that LECA already had quite a complex cellular and
molecular structure (Kurland et al. 2006; Koonin 2010;
Neumann et al. 2010). Of particular interest are the smaller
untranslated RNAs found in ribonucleoproteins, including the

spliceosome (Collins and Penny 2005) and eukaryotic ribo- electric ray (Herrmann et al. 1997), and mammals (Kedersha
some (Steitz and Moore 2003), where RNA plays a critical and Rome 19%6). The rat vault RNP structure has been deter-
catalytic role. Vaults are large oligomeric ribonucleoproteins mined to 3.5A (Tanaka et al. 2009) defining both the MVP
conserved among a variety of species, many of which contain monomeric conformation and how 78 monomers assemble
small untranslated RNAs (vault RNA [vtRNA]) (Stadler et al. to form a complete vault (a half vault is shown in fig. 14). The
2009). Could the vault RNP date back to similarly early rat MVP monomer consists of four regions: multiple

© The Author(s) 2012. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
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Fic. 1.—Vault ribonucleoprotein structure. (4) Rat MVP quaternary
structure showing half a vault colored by monomer (PDB: 2ZUO, 2ZU4,
and 2ZV5). A full vault will have at the lower left a copy of the upper half
vault related by a 2-fold rotation axis. (B) Three rat MVVP monomers colored
by secondary structure (PDB 2ZUO stripped down to three monomers).
This figure highlights the extensive lateral association required to dock into
the vault quaternary structure.

N-terminal repeat domains, a shoulder domain, and the cap-
helices (fig. 1B); additionally, there is a fourth domain, the cap-
ring that is not sufficiently ordered to be observed in the
crystal structure and so is not visible in figure 1. The rat mono-
mer begins with nine repeat domains from the N-terminus—
these repeats form a "stave-like" structure along the side of
the vault barrel. The repeat domains are followed by the
shoulder domain that then connects to a 42 turn a-helical
domain known as the cap-helix. The cap-helix represents
the top of the vault at a lower diameter than the N-terminal
repeats (fig. 1A and B). Interactions between monomers of
the long helical cap-helix are key for vault stabilization (Tanaka
et al. 2009) and are essential for self-assembly (van Zon et al.
2002).

The equilibrium of monomer to oligomeric vault appears to
strongly favor vault formation. For example, in rat liver cell
lysate, ultracentrifugation of purified MVP shows 95% of
the population as a high molecular weight form (Kedersha
et al. 1991); and antibodies fractionate with intact vaults
rather than with individual monomers in rat neural cells
(Paspalas et al. 2009). Vaults are stable to a wide pH range
(4-11), as well as in 1% Triton X-100 and 2 M urea (Kedersha
etal. 1991). Extension at the N or C terminal does not prevent
vault formation as fusion tagged MVP still assembles into
vaults (Kickhoefer et al. 2009). Although vaults have other
components, VtRNA, vault poly ADP-ribosylating protein
(VPARP), and telomerase associated protein 1 (TEP1), these

are not normally essential for vault formation (Stephen et al.
2001). TEP1 is also found in the telomerase complex; addition-
ally, VPARP and vtRNA are found outside of vaults and so may
have other functions as well. Although vault RNPs are linked to
many processes (Berger et al. 2009; Vollmar et al. 2009; Lara
etal. 2011; Liu etal. 2011) as yet they have no known intrinsic
function.

The general issue of homology arises because proteins
annotated as MVP via sequence homology, rather than by
experimental determination, have been reported in the
genome of many species including trypanosomes and para-
mecium. Considering that MVP sequences are apparently rea-
sonably widespread, numerous and relatively conserved, it is
surprising that convincing homologs (sequences or structures)
appear to be missing from nematodes, flies, and fungi. A plant
homolog recently reported in domestic barley (Hordeum vul-
gare) (Matsumoto et al. 2011) (UniProtKB: F2E078) has yet to
be ascribed to the barley genome, thus could be the result of
contamination—an example of contamination has been re-
ported in mosses (Stevens et al. 2007). Thus, we require struc-
tural prediction information to help confirm (or not) the
presence of vaults in a wider range of eukaryotes.

Traditionally, linear protein sequences have been used to
determine homology, with subsequent annotation extrapo-
lated to similar sequences based on a small subset of experi-
mentally characterized proteins. Protein structure may
sometimes be minimally affected by amino acid substitutions,
and sequences with limited similarity may retain homologous
folding patterns (Murzin et al. 1995; Orengo et al. 1997). In
addition to sequence comparison, modeling studies have
been used to identify members of protein superfamilies with
low sequence homology (Holm and Sander 1997) and can
also be used to predict function (Watson et al. 2005).
Structural prediction studies are especially important for evalu-
ation of the deepest sequence similarities because the Markov
models we use for sequence evolution are expected to satur-
ate, and lose information, at the most ancient divergences
(Mossel and Steel 2004). Another way of testing structural
and functional predictions is to synthesize the inferred ances-
tral sequences and measure their properties (Finnigan et al.
2012).

To extend one-dimensional sequence homology analysis,
we have used a computational approach to help identify pu-
tative MVP sequences and to determine whether they are
likely to form intact vaults. MVP represents an ideal case for
the purposes of demonstrating the utility of three-dimensional
(3D) studies as a means of enhancing the search for functional
sequence homologs because the oligomeric vault structure is
capable of independent self-assembly (Stephen et al. 2001).
Furthermore, the monomeric MVP tertiary structure (and
hence the sequence) is presumably under strong selective
pressure to retain a conformation that forms not only the
appropriate monomer structure but also the appropriate inter-
face interactions with its neighbors for vault quaternary
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structure/assembly (Qian et al. 2011). Here, we examine pre-
viously uncharacterized putative MVP sequences against these
structural criteria, enabling us to predict with improved cer-
tainty whether the mvp gene, or relics of it, is likely to be
present in a given species and whether intact vault particles
are likely to form. Controls (both positive and negative) are
essential to help determine the reliability of the inferred ter-
tiary and quaternary models. It is essential to use tertiary and
quaternary information to test homologies suggested in linear
(one dimensional) information, and we have used many
standard programs that are outlined later.

Electron microscopy of vault particles from a variety of spe-
cies indicates that the intact vault structure is strikingly con-
served. The rat MVP structure (PDB:2ZUO*b) was chosen as
the standard by which we compare the folding of all other
models because the whole oligomeric vault is resolved to 3.5 A
(Tanaka et al. 2009). Other structures in the Protein Data Bank
(PDB) are fragments limited to the repeat sections of the MVP
monomer only: mouse (Querol-Audi et al. 2009) and human
(Kozlov et al. 2006), both virtually identical to the rat structure.
The rat MVP structure is not necessarily an ideal template for
the structure of distantly related MVP sequences, and the
amoebozoa Dictyostelium discoidium forms a vault from a
chimera of two structurally similar MVP paralogs (Vasu and
Rome 1995). However, because it is the only full-length oligo-
meric vault structure, all comparisons have been made to the
rat sequence and structure.

Materials and Methods

Basic Local Alignment Search Tool Searches

Initial Basic Local Alignment Search Tool (BLAST) searches
were undertaken with the rat MVP accession Q62667 and
Universal Protein Resource (UniProtkB) using the default
BLOSUME2 matrix. All accession numbers refer to UniProt.
Later searches used the less stringent BLOSUMA45 to identify
more remote sequences. "Expect values" (E) greater than
0.15 routinely produced BLAST matches that corresponded
only to the cap-helix region of MVP (residues 647-802).
Similarly, most PSI-BLASTs of the NCBI database identify
false positives following the first iteration that align only
with the coiled coil and no other MVP region. A PSI-BLAST
search should not unduly weight the cap-helix region; how-
ever, it appears that there are a limited number of positional
homologs involving the repeat areas and an abundance of
proteins with the common coiled-coil motif. A search of con-
served domains (National Center for Biotechnology
Information) shows a very large overlap of conserved domains
within the MVP cap-helix region—so the PSI-BLAST search
was repeated without the inclusion of the cap-helix and
using the kinetoplast sequence from Leishmania major.
However, the cap-helix was restored following the first iter-
ation as the 1,000 sequences retrieved (default is 500) are

aligned, and a positional matrix is formed and used as the
query for the second iteration. Similar searches were also
undertaken using ancestral sequences reconstructed from
14 leishmania sequences and 14 trypanosome sequences,
but no further sequences were found.

[terative Threading Assembly Refinement Server

lterative threading assembly refinement server (I-TASSER)
inputs a query sequence and generates 3D structural models
from multiple threading alignments using LOMETS (LOcal
MEta Threading Server), a combination of eight threading
programs (FUGUE, HHsearch, MUSTER, PROSPECT2, PPA,
SP3, SAM-T02, and SPARKS) (Zhang 2008). The submitted
sequence initially undergoes a PS-BLAST search to identify
possible evolutionary relatives. |-TASSER then uses this
BLAST result to generate a position-specific scoring matrix
(PSSM or profile) using sequences with an E value lower
than the threshold (0.005 is the default). The server uses this
information to generate a PSI-BLAST using the PSSM as the
query. It continues in this manner until no new sequences are
added. Still within I-TASSER, the resultant profile is submitted
to the PSIPRED server for secondary structure prediction, and
both are then submitted to LOMETS. The final structure is
presented by MODELLER (Sali and Blundell 1993) using a pro-
gram that creates a probability density function using geomet-
ric criteria that satisfies spatial restraints within the query
sequence in comparison to solved structures. It additionally
has some ability to predict the shape of the loop structures,
which, in the case of the vault, is useful for coverage of the
sections missing from the experimentally determined structure
(fig. 2A).

I-TASSER is benchmarked by Critical Assessment of
Techniques for Protein Structure Prediction (CASP) (Moult
et al. 1995), a biannual experiment in which servers are
tested on their ability to identify correct folds from protein
sequences whose structures have been previously determined
but held back from publication by the PDB for the experiment.
[-TASSER has scored highly since its inception competing as
"Zhang Lab, " winning best structure prediction and best func-
tion prediction in the most recent test in 2010 (Xu et al. 2011).

The most relevant score for the models predicted by
[-TASSER is the C score with range —5 to +2. This is the con-
fidence score for the estimated quality of the models calcu-
lated from the structural threading and refinement. A C score
>—1.5is considered to be a correct fold (Roy et al. 2010). The
template modeling (TM) score quantifies structural similarity
between two superimposed protein structures analogous to
the traditional root mean-squared difference (RMSD). A T™M
score >0.5 indicates high confidence that the topology of two
models, in this case predicted and native, is the same, and a
TM score <0.17 indicates that the comparison is between
random structures. The C score is correlated to the TM score
(correlation coefficient 0.91) (Zhang 2008). TM weighs small
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Fic. 2—MVP monomer comparison. (A) I-TASSER-modeled structure for the full-length rat MVP sequence (Q62667). Residues not observed in the
crystal structure (PDB:2ZUO*b) are circled (shown by arrows). (B) -TASSER-modeled structure for the sea urchin MVP monomer (Q5EAJ7).
(C) I-TASSER-modeled structure for the kinetoplasts Trypanosome cruzi (Q4CUM2) and (D) Leishmania major (Q4QJJ7) MVPs.

distance differences greater than large ones and has a length-
dependent normalization scale. In contrast, RMSD weighs the
pair-wise differences between residues equally meaning that a
local difference can have a large impact on the RMSD score,
particularly if the protein is large. Because MVP is approxi-
mately 850 residues, the RMSD is likely to be of less value.
The final control for model quality before submission to
RosettaDock was visual comparison to the rat structure, be-
cause the "I-TASSER best model" was not necessarily the one
that looked most closely like a vault monomer.

Although we considered each output from I-TASSER on a
case-by-case basis, some general criteria were applied. For
example, to choose a model visually rather than because it is
the result with the highest Cscore, the Cscores of the models
concerned must be similar. If the C scores are similar, as may
occur for targets described by LOMETS as "hard," the first
model presented by I-TASSER is not necessarily the best (Roy
et al. 2011). Additionally, the C score information lists the

number of decoys and cluster density for each output. If
these are also similar for the models being compared, then
the model is chosen that is visually closest to the known
structure.

If the target is described as "easy," then the first model
generally has a significantly higher C score than the rest.
LOMETS produced a variety of structures from the Naegleria
gruberi MVP sequences found via the PSI-BLASTs described as
"medium" targets. Visually they were all different, none
looked like MVP, and although LOMETS alone does not give
a score for confidence, the probability that the models
showed the correct folds was described as "medium." They
were then submitted to I-TASSER using the rat crystal structure
(2ZUO*Db) as a constraint. When a constraint is used, it can be
applied with or without a specified alignment. If an alignment
is not specified, then the MUSTER (MUlti-Source ThreadER)
algorithm is used (Wu and Zhang 2008). The initial full-length
rat MVP sequence shown in figure 2A could have been used
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as a constraint that would have resulted in greater uniformity,
particularly with respect to the C terminal and amorphous
loop on repeat eight. However, by using 2ZUO*b, it means
that I-TASSER has repeatedly modeled the missing residues ab
initio. In fact, the amorphous loop makes a shelf on the inside
of the vault that is consistently modeled by RosettaDock.
Because the most C-terminal region was not visible in the
crystal structure, yet is very highly conserved, future evaluation
of the models should highlight any consensus folds in this
area. We additionally confirmed the predicted folds using
Phyre?.

Phyre?

Phyre? is an upgrade to the original Protein Homology/
analogY Recognition Engine (Phyre) (Kelley and Sternberg
2009). Phyre takes a sequence, builds a profile using PSI-
BLASTs, and compares it to templates deposited in the
Structural Classification of Proteins database and PDB. Phyre
uses three secondary structure prediction programs: PSIPRED,
SSPro, and JNet. Each program gives a confidence value for
each of three structures: alpha helix, beta sheet, and coil. The
confidence values are averaged, and a final, consensus pre-
diction is displayed for each individual prediction. This is com-
putationally less expensive than the multiple alignments used
by I-TASSER generating much quicker results and has the ad-
vantage that multiple, or even "batch," submissions can be
made. Additionally, 20 results can be displayed in full and
many more suggested, which means that individual folds
can be identified. Phyre and Phyre? have been similarly suc-
cessful in the CASP experiments.

Flexible Structure Alignment by Chaining Aligned
Fragment Pairs Allowing Twists

Flexible structure AlignmenT by Chaining Aligned fragment
pairs allowing Twists (FATCAT) (Ye and Godzik 2003) gives a
measure of similarity of one structure to another. Structural
models predicted by I-TASSER from query sequences were
compared with the rat MVP monomer. FATCAT breaks the
proteins to be aligned into fragments eight residues long
(aligned fragment pairs [AFPs]). These AFPs can be matched,
and a twist, gap, or extension can be introduced to match the
next AFP if it results in a substantially better superposition.
Extensions, gaps, and twists are all scored using a dynamic
programming algorithm, so that long AFPs are rewarded and
large RMSDs are penalized. This gives the lowest possible
chaining score at each juncture. The total chaining score is
then combined with the probability of obtaining a greater
score, the RMSD of the final superposition, the number of
equivalent positions, and the number of twists (with a max-
imum of five), to give a measure of the structure’s signifi-
cance. This is displayed both as a P value and as a raw
score. When comparing MVP models, the P value is most
often reported as "zero," so the raw score gives a sense of

"more" or "less" similar to the rat structure—a high raw score
indicates greater similarity to the rat crystal structure that it is
being compared with (data not shown).

In this instance, FATCAT was used to space the MVP mono-
mer models for RosettaDock analysis by aligning the query
structures with 2ZUO*b and with 2ZUO*d (i.e., one monomer
width apart) of the rat crystal structure. In some cases, FATCAT
will introduce chain breaks to undo twists in the aligned
models making them unsuitable for docking analysis; FATCAT
can be forced to run a “rigid” alignment that will prevent
breaks, and this is a simple and almost instantaneous way
of suitably spacing the monomers. Another approach used
was to manually position the molecules a monomer width
apart in PyMOL (The PyMOL Molecular Graphics System,
Version 1, Delano scientific LLC, 2008), although the ad-
vantage of using FATCAT was that the RMSD could be
predicted and thus help identify possible docked models
where scores were similar across the majority of the
models.

RosettaDock

For vault formation, the MVP monomers dock laterally along
the length of both sides to make the barrel shape.
RosettaDock is a server that uses a low-resolution Monte
Carlo search and backbone optimization algorithm to position
the submitted chain pair, followed by a refinement to relax the
backbone and accommodate the side chains (Gray et al.
2003).

RosettaDock has very specific requirements; two mono-
mers, side by side, are submitted to see whether they will
dock laterally. If the pair of monomers input for docking are
initially placed too far apart, then the first local docking search
performed may fail to locate them. However, if they are
placed too close together (<5A), the file is rejected.
Additionally, the RosettaDock file cannot total more than
600 residues for submission to the online server as such cal-
culations are computationally too expensive. RosettaDock can
be downloaded as a package and thereby the number of
residues can be increased. For the online server, the MVP
monomers were docked in three sections. The cap-ring
domain (C terminal ~60 residues) has not been submitted
to RosettaDock because, although it is highly conserved,
there is no suitable experimentally determined control struc-
ture. As a final complication, in some instances, RosettaDock
docks MVP monomers with a large energy score skewed by
internal residues that are not involved with the oligomerization
interface.

To benchmark RosettaDock, other servers have been tried;
ClusPro (Kozakov et al. 2006) is unable to take such large
regions of MVP due to a 24-h job limit. GrammX
(Tovchigrechko and Vakser 2006) is considerably quicker
than Rosetta, but in some instances, it docked the N terminal
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of the vault proteins in an antiparallel orientation, which is not sequences of unknown structure (fig. 2A). FATCAT structural
consistent with the oligomeric vault crystal structure. alignment showed generally that the predicted model is very
close to the experimental crystal structure regardless of

Results whether the I-TASSER input sequence was constrained to
the known rat structure.
Positive Control Study for Method Optimization: Tertiary As an additional control, the MVP sequence from the
Structure purple sea urchin (an echinoderm), Strongylocentrotus purpur-
The first control used the rat MVP sequence (Q62667)  atus (QSEAJ7) was analyzed. This urchin MVP has 64% se-
(Kickhoefer and Rome 1994) to model the MVP monomer quence identity with the rat, and intact vaults have been seen
structure via the I-TASSER server (Roy et al. 2010), initially via cryo-electron microscopy (Stewart et al. 2005), but the
unconstrained, then constrained by the rat crystal structure urchin MVP does not have a crystal structure determined.

(PDB:2ZUO*b) (Tanaka et al. 2009). This confirmed that The urchin MVP sequence was submitted to I-TASSER without
I-TASSER identified correctly the crystal structure from the 27UO*b constraint, and the resulting fold (fig. 25) is very simi-

full-length rat sequence. The rat MVP crystal structure lar to that of the rat (fig. 24). MVP sequences from the kin-
shows only 812 residues of the total 861 amino acid se- etoplasts Trypanosome cruzi (Q4CUM2) (fig. 2C) and L. major
quence. Three regions not observed in the crystal structure (Q4QlJ7) (fig. 2D) were also analyzed (unconstrained) to
are residues 429-448 (a presumed disordered loop on model the structure that could be anticipated for excavate
repeat 8), 608-620 (part of the shoulder domain), and MVPs. Results are reported in table 1.
amino acids 846-861 (the very C terminus, beyond that All sequences were also submitted to I-TASSER using
described as the cap-ring domain). Nevertheless, the 2ZU0*b (from the rat crystal structure) as a constraint to de-
I-TASSER prediction for these regions is important because termine the influence a structural constraint has on the mod-
I-TASSER will be modeling full-length homologous MVP eling. The use of this constraint has no discernable effect on
Table 1
I-TASSER and RosettaDock Results for Positive and Negative Controls
UniProtKB Organism Length % Identical I-TASSER I-TASSER RosettaDock RosettaDock
Accession Number Sites versus C Score  TM Score Score for Score for Shoulder
Q62667 Cap-Helix and Cap-Helix
Positive controls, unconstrained
2ZUO*b Rattus norvegicus 812 —261 —435
Q62667 R. norvegicus 861 100 042 0.77+0.10 -280 —254
Q5EAJ7 Strongylocentrotus purpuratus 857 64 112 0.87+0.07 —291 —503
Q4CUM2 Trypanosome cruzi 838 48 1 0.87+0.07 —304 —498
Q4QJ)7 Leishmania major 833 48 1.91 0.99+0.04 —302 —504
Positive controls, constrained by 2ZUO*b
Q62667 R. norvegicus 861 100 1.02  0.85+0.08 -292 —508
Q5EA)7 S. purpuratus 857 64 1.07 0.86+0.07 —255 —492
Q4CUM2 T. cruzi 838 48 118 0.88+0.07 —247 None docked
Q4Ql7 L. major 833 48 133  0.90+0.06 —266 None docked
Negative controls, unconstrained
Randomized rat MVP R. norvegicus 861 16 —1.76  0.50x0.15 No cap-helix —
Q62774 R. norvegicus (myosin 1A) 842 16 096 0.84+0.08 —258 No shoulder
P35240 Homo sapiens (merlin) 595 17 —-0.76  0.62+0.14 No cap-helix —
Negative controls, constrained by 2ZUO*b
Randomized rat MVP R. norvegicus 861 16 —-293 0.38+0.13 No cap-helix —
Q62774 R. norvegicus (myosin 1A) 842 16 0.62 0.80+0.09 —191 No shoulder
P35240 H. sapiens (merlin) 595 17 —1.33  0.55+0.15 Helix does not dock

Note.—The I-TASSER confidence (C) score (>—1.5 is considered a correct fold, range —5 to +2, higher is better). The RosettaDock energy score is lower for the shoulder
and cap-helix combined, indicating that the shoulder improves docking. It should be noted that the lateral docking capacity of the cap-helix in the rat MVP was reduced in
comparison to the other positive control sequences (fig. 3). This was improved by using the 2ZZUO*b constraint for the I-TASSER rat MVP prediction. In general, using the
constraint during I-TASSER modeling reduced the likelihood that RosettaDock would successfully dock the modeled monomers. The other positive control MVP sequences
were also submitted to I-TASSER constrained by the rat crystal structure 2ZUO*b. With the exception of rat and L. major, this made very little difference to the I-TASSER
score, but it did reduce the possibility of finding docked monomers in the excavates. In the case of the rat, both I-TASSER and RosettaDock scores are considerably improved
by using the 2ZUO*b constraint. The score for L. major is reduced by the 2ZUO*b constraint but still well above the threshold of confidence that the model is correct. (B)
Comparison between negative control I-TASSER models with and without the 2ZUO*b constraint shows that the constraint does not make I-TASSER any more likely to find
that the structure matches the rat crystal structure template but does lower the confidence that LOMETS has in the resulted structure. The high C score for the rat myosin
(shaded) reflects the myosin V (PDB 2DFS) database structure identified by I-TASSER as most similar. The low score for the randomized rat MVP sequence reflects little
similarity to any of the structures in the PDB.
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Fic. 3.—Structural effect of the 2ZUO*b constraint. (A) Structural
comparison of the shoulder and cap-helix region of two rat MVP
models either constrained by 2ZUO*b (red) or unconstrained (blue). The
kink in the unconstrained cap-helix modeled by I-TASSER results in poor
docking in RosettaDock. The rat MVP sequence constrained by 2ZUO*b
(red) entirely aligns with 2ZUO*b (obscured), and this model docks readily
in RosettaDock. (B) Urchin MVP shoulder and cap-helix region structural
comparison between models either constrained by 2ZUO*b (red) or un-
constrained (blue) relative to 2ZUO*b (green). In this case, the uncon-
strained urchin MVP model docks more readily than the constrained
model.

the rat, sea urchin, and kinetoplasts sequences in terms of the
repeat and shoulder domains. However, the cap-helix struc-
tures were altered by the constraint, which had a subsequent
effect on the docking performance of the structures (fig. 3
and table 1). All sequences were additionally submitted to the
Phyre? protein fold recognition server. Phyre? confirmed the
I-TASSER results with 100% confidence (data not shown).

Positive Control Study for Method Optimization:
Quaternary Structure

As a further control to determining whether the putative MVP
sequences fold in a similar manner to the characterized rat
monomer structure, we need to ascertain whether sequences
with high structural homology to the MVP monomer are likely
to dock with each other and form a vault. As a control, we
analyzed rat MVP monomer structures with RosettaDock,
with either MVP monomers taken directly from the crystal
structure or the full-length rat monomeric MVP structure pre-
dicted by I-TASSER. RosettaDock predicts an oligomeric vault
structure similar to that of the crystal structure, which can
form with good low energy scores (table 1). The MVP
C-terminal long a-helix has been shown to be essential for
self-assembly of monomers into oligomeric vaults (van Zon
et al. 2002). Therefore, the cap-helix regions (@amino acids
647-802) of two separated rat MVP monomers from the crys-
tal structure (PDB:2ZUO*b and 2ZUO*d) were submitted to
RosettaDock to test how well it would reassemble the lateral
associations of docked MVP pairs required for vault assembly.

In most animal species, vaults are homo-oligomeric complexes
constructed from identical MVP monomers, so the inter-
actions between monomers are all the same. This means
that the docking of one monomer pair can be used to infer
vault formation if the appropriate lateral association forms.
RosettaDock considers 1,000 structures and searches for the
lowest energy conformations of which 10 are output. Each
docking solution has an overall energy score (RosettaDock
energy score, y axis) that is plotted against the RMSD (x axis)
from the starting positions (A) of the monomers. Score graphs
showing a characteristic "funnel" suggest that the 1,000 pairs
are clustered in conformation, giving a higher confidence in
the lowest energy docked pairs resulted (Lyskov and Gray
2008). A score graph showing the energy scores versus
RMSD for residues 647-802 from monomers of the rat crystal
structure is shown in figure 4A, together with a cartoon
(fig. 4B) and a surface rendered (fig. 4C) representation of
the lowest energy docked pair of MVP monomers. Docked
monomer surface and MVP ribbon representations were ren-
dered with PyMOL.

A lower energy score can be found when the shoulder
region (502-646) is included, indicating that the shoulder
area probably contributes to the proper alignment and
docking of the monomers (supplementary material ST,
Supplementary Material online) consistent with the rat MVP
crystal structure. Using the rat shoulder alone indicates a high
probability that the shoulders will interact (fig. 5).
Oligomerization of a domain homologous to the MVP shoul-
der has been experimentally demonstrated (Kuwahara et al.
2009).

Using the MVP domains separately, we show that the
monomers are likely to dock along their entire length, even
when missing the stabilizing effect of the coiled coil (supple-
mentary material S1, Supplementary Material online) again
consistent with the interdomain contacts identified from the
MVP crystal structure. In each case, the energy score is low
and negative, and the RMSD shows that the distance from the
starting structure is well clustered. Because the monomers
submitted to RosettaDock have been spaced by FATCAT one
monomer width apart, the starting distance between the mol-
ecules is approximately 15-20 A and the resulting RMSD for
successful docking can be predicted. Thus, we test both that
the modeled monomer MVP 3D tertiary structures are consist-
ent with the rat MVP monomer structure and that those mod-
eled monomers are likely to assemble into vaults.

Within the vault, MVP monomers contact their adjacent
monomers laterally, but vaults are also able to open in a
petal-like fashion from their equator (Kedersha et al. 1991;
Yang et al. 2010), potentially complicating the docking ana-
lysis. Indeed, less than a third of the lateral noncovalent inter-
actions between MVP monomers in the vault occur between
the N-terminus and the shoulder domain (residues 1-519)
with oligomerization dominated by interactions between
the C-terminal cap-helix regions (van Zon et al. 2002;
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Fic. 4—RosettaDock results from the crystal structure cap-helix. (A) Score graph depicting RosettaDock energy score versus RMSD (A) of the docked
monomers compared with their starting positions. The funnel shape of the score graph indicates a high confidence in the structure of the models with lowest
energy score. (B) Cartoon of the lowest energy model (energy score —264) shaded by monomer. (C) Surface rendering of the lowest energy model.

Tanaka et al. 2009). This is demonstrated for the rat crystal
structure MVP monomer by less favorable RosettaDock
energy scores for the docking of the N-terminal sections of
the monomer compared with the C-terminal shoulder and
cap-helix consistent. In the case of 2ZUO*b, all 10 top
models were docked along the length of the monomer. The
RosettaDock output files list the pair energies across the inter-
face; one of the 2ZUO*b cap-helix models showed residues
paired as described for the crystal structure (Tanaka et al.
2009). However, the other RosettaDock output models,
even those that included the shoulder—which could be ex-
pected to align the helix in position, showed various pairings.

This indicates either some redundancy in the docking arrange-
ments between the monomers in the shoulder and cap-helix
or a lack of fine resolution in the RosettaDock prediction—
given that the residues that interact across the oligomerization
interface (identified in the crystal structure) are well conserved
(see MVP sequence alignment marked with known inter-
actions, supplementary material S2, Supplementary Material
online). The remaining MVP positive control sequences were
analyzed in the same way (table 1 and supplementary material
S1, Supplementary Material online), predicting the formation
of vault particles. For the other positive controls, including
full-length I-TASSER-modeled rat MVP, the RosettaDock
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Fia. 5.—RosettaDock results from the rat MVP shoulder region. (A) Score graph representing the RosettaDock energy scores versus RMSD (A) for the
1,000 models generated by RosettaDock for the shoulder region of MVP (residues 520-646). The energy score for the shoulder region docking is higher than
for the cap-helix (table 1). (B) Cartoon of the shoulder domain from the lowest energy model of the two docked monomers (energy score —12) shaded by

chain. (Q) Surface rendering of the lowest energy docked monomers.

energy score for the repeat sections was significantly lower,
that is, more favorable than the shoulder/cap-helix regions
(table 1). Thus, the results are consistent with I-TASSER and
RosettaDock being able to detect genuine vaults.

Negative Controls

As a negative control, the full-length rat MVP sequence was
randomized in three fragments: repeat domains, shoulder
domain, and cap-helix. Randomization was confined within
each fragment to determine whether the cap-helix was having
an undue influence regarding the I-TASSER modeling, be-
cause this region strongly influenced the BLAST results
(mentioned earlier). Two remote sequences found in BLAST
searches were used as additional negative controls: rat myosin
1A (a similar sized protein to MVP) (Q62774) that does not

have an experimentally determined structure and human
merlin, (P35240) a neurofibromatosis-2 tumor suppressor
that has the structure of its FERM domain determined (PDB
3U82). All sequences were subject to the same protocol and
submitted to I-TASSER with and without constraints to the rat
crystal structure 2ZUO*b.

As expected, the randomized rat MVP sequence could not
be modeled on any existing structural template with confi-
dence. The top scoring models, based on human importin
(PDB 1QGR), were of low confidence (table 1; C score —1.76
and constraint by 2ZUO*b reduced this to —2.93) and so not
considered a "correct fold" by I-TASSER. The rat myosin 1A
sequence was identified as most structurally similar to the in-
hibited state of myosin V (PDB 2DFS) with reasonable confi-
dence regardless of the 2ZUO*b constraint (C score 0.96, and
0.62 with constraint) (table 1 and fig. 6B). Additionally, Phyre?
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could not report a model for the randomized rat sequence
and also identified myosin V as the most similar template for
the myosin 1A sequence.

However, using the 2ZUO*b constraint did influence the
structural prediction for the merlin protein sequence (fig. 6C
unconstrained, and fig. 6D constrained, by 2ZUO*b).
Although there is a crystal structure for the FERM domain,
I-TASSER predicted the unconstrained sequence to be more
similar to the merlin homolog in the armyworm caterpillar
(PDB 2ILKA) presumably because this is full length rather
than the 300 residues of the FERM domain. The shoulder
domain in the 2ZUO*b constrained prediction does look
very similar to the MVP shoulder, which was identified as
similar to the stomatin core of Pyrococcus horikoshii (Tanaka

et al. 2009) (see fig. 6 insert). Phyre? identified the merlin
sequence specifically as moesin (the fourth part of the FERM
domain) from the armyworm (PDB 2ILJA) as their first rated
sequence, although the human merlin FERM domain was
identified with 100% confidence and 100% coverage but
presumably not given the top rating because the sequence
was significantly longer than the PDB structure.

Because I-TASSER did not predict that a coil, similar in any
way to the cap-helix, would form with the randomized rat
MVP sequence, RosettaDock modeling was not carried out.
However, the rat myosin 1A was predicted to form a coil
structure similar to MVP, so this modeled structure was
aligned via FATCAT to monomer positions b and d of the
vault complex and submitted to RosettaDock. In this case,

Fic. 6.—I-TASSER modeling results for the negative control sequences. (A) Randomized rat MVP. (B) Rat myosin TA. (C) Human merlin unconstrained.
(D) Human merlin constrained by 2ZUO*b. Insert is the stomatin core from Pyrococcus horikoshii.
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the lowest energy model did dock along the length of the
coiled coil, residues 675-815 (supplementary material S3,
Supplementary Material online). The myosin motor domain
was submitted to RosettaDock, and this also docked along
its length, though with much higher (and positive!) energy
scores (lowest energy score +1,020). The putative cap-helix
for the 2ZUO*b constrained human merlin model only par-
tially docked, due to an interruption in the coiled structure
(residues 476-513). The shoulder area and truncated cap-helix
(residues 315-475) were resubmitted and docked with an
energy score of —113. Residues 1-407 representing a com-
bination of the shoulder and the relatively unstructured se-
quence (in comparison with the repeated B sheets of MVP)
were also predicted to dock laterally along its entire length
though with a high energy score of +573 (see supplementary
material S4, Supplementary Material online). This demon-
strates that not all proteins with some homology with MVP
(as they were retrieved using BLAST) will be predicted to fold
similar to MV/P even using the known rat crystal structure as a
constraint. In the case of the merlin protein, where the rat
constraint did influence the structures output by I-TASSER, it
was then very difficult to dock identical monomers in
RosettaDock. Thus, it is important that a suite of approaches
is used to test structural homology.

Investigation of MVP Sequences from N. gruberi

Next we used the protocol to find MVP sequences in other
genera. Initial BLASTp searches resulted in hundreds of puta-
tive MVP sequences, which were reduced to a data set of
those with E value reported as "zero" and of a similar
length (~850 residues) to the complete rat MVP sequence.
No sequences matching these criteria were found from the
ecdysozoa, or from fungi, but some were from kinetoplasts

paramecium (an alveolate). With the criteria relaxed to include
sequences with an E value up to 10, and any length, then the
most remote (compared with rat) excavate sequence that has
any kind of MVP annotation was found in N. gruberi, an ex-
cavate of the clade Heterolobosea, thought to be a very an-
ciently diverged free-living protist. Naegleria gruberi has two
putative MVP-like protein sequences with an initial PfamA
(Finn et al. 2010) annotation of an "MVP shoulder domain"
(UniProtkB:D2V5B9, which may not be complete, and
D2W0Z79, which is described as "complete"). These two se-
quences are considerably shorter, 559 and 530 residues, re-
spectively, and contain 17% (148/861) and 19% (166/861)
identical sites compared with rat MVP. The size difference is
mainly in the body of the vault with N. gruberi having fewer
repeats domains, suggesting that either repeats have been
gained in metazoa since their ancestors diverged from
Heterolobosea or that N. gruberi has lost a region of the
gene within the repeat section compared with the longer
characterized MVP sequences. The sequence similarity be-
tween these two N. gruberi proteins is 35%, indicating that
they have been evolving independently for a long time. If the
rat MVP repeat region sequence is truncated in an equivalent
manner, the percentage of identical sites rises to 25% in both
cases (148/588).

The free living N. gruberi is often considered to be a rep-
resentative genome present at a very early stage of eukaryote
evolution (Fritz-Laylin et al. 2010). It is predicted to have
15,727 protein coding genes, 3,784 of these are found in at
least three other eukaryotic supergroups and a further 349 are
found in at least one other supergroup. In contrast, parasitic
protists have a reduced genome, relative to their ancestors,
owing to their lifestyle. I-TASSER modeled the N. gruberi pu-
tative MVP sequences into MVP folds with high TM and C
scores both unconstrained and constrained by the 2ZUO*b

(excavates), some oomycetes  (stramenopiles), and template (table 2 and fig. 7). In both instances, the models
Table 2
I-TASSER and RosettaDock Results for the Naegleria gruberi Sequences
UniProtkB Length % Identical Sites I-TASSER I-TASSER Rosettadock Score RosettaDock
Accession Number versus Q62667 C Score TM Score For Cap-Helix Score for Shoulder
and Cap-Helix
Sequences submitted to I-TASSER without constraint
D2V5B9 559 17 —0.74 0.62+0.14 —227 —441
D2W0z9 530 19 0.07 0.70+0.12 —226 -113
Sequences submitted to I-TASSER constrained by 2ZUO*b rat crystal structure
D2V5B9? 559 17 0.98 0.85+0.08 —209 —438
D2W0z79 530 19 —0.26 0.68+0.12 —287 -113
D2UZF7 845 13 -1.29 0.55+0.15 No cap-helix —
D2VSY6 833 13 —2.03 0.56+0.15 None dock None dock
D2Vv(C38 694 16 —0.24 0.72+0.11 —-197 None dock
D2VH38 418 13 -3.15 0.36+0.12 —165 None dock

Note.—For D2V5B9? constrained by 2ZUO*b, the lowest 10 energy score models did not dock. Docked models were identified from the expected RMSD and were 47th
and 45th lowest energy, respectively. In both cases, the energy scores were all very similar, and there was no compelling consensus model (see supplementary material S5,
Supplementary Material online). The highlighted gray cells are scores for I-TASSER predictions that do not resemble the MVP fold being structurally similar to human

importin .
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(fig. 7A and B) clearly resembled the MVP structures from
figure 2.

Because trypanosomes and leishmania have multiple copies
of MVP homolog, it was hypothesized that N. gruberi may also
have sequences not found by BLASTp, so a PSI-BLAST was
conducted (Altschul et al. 1997) (Schaffer et al. 2001) using
the first 625 residues of the L. major control sequence Q4QJJ7
as the query (see Materials and Methods). Four more
N. gruberi sequences were retrieved with limited similarity
(maximum 16%) to either rat or L. major MVP (table 2). All
these were first submitted to LOMETS rather than I-TASSER in
the interests of speed, but none of the resulting models

predicted a structure that resembled MVP. As a further test,
the sequences were submitted to I-TASSER constrained by
2ZU0*b (fig. 7C=F).

Of these additional sequences, only D2VC38 (694 residues;
fig. 7E) is modeled by I-TASSER to resemble MVP with a C
score indicating confidence in the model. Although this is the
second-"best" model from I-TASSER, the Cscore is equivalent
to the first model, and the cluster density is similar for both
models with a similar number of decoys, meaning that the
distinction between the two structurally dissimilar models is
not certain (detailed in Materials and Methods). Although the
model resembles MVP, there are clearly B sheets absent from

Fic. 7.—Naegleria gruberi MVP I-TASSER structural modeling. (A) D2V5B9, 559 residues. (B) D2W0Z9, 530 residues both identified from a BLASTp
search of the UniProtKB database and submitted to I-TASSER without constraint. (C—F) Models derived from sequences retrieved via a PSI-BLAST of the
National Center for Biotechnology Information (NCBI) database and submitted to I-TASSER constrained by the rat crystal structure 2ZUO*b. (C) DZUF7, 845
residues. (D) D2VSY6, 833 residues. (£) D2VC38, 694 residues. (F) D2VH38, 418 residues. UniProt accession numbers are provided for consistency. See also

table 2.
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the repeat domains. Sequence D2VSY6 (833 residues; fig. 7D)
was also modeled resembling MVP. However, in this instance,
the Cscores of all the models are considerably lower and with
a greater difference between the first and second models. The
cluster density between these two models is also lower indi-
cating that this prediction is probably no more likely than a
random prediction. It could be that the extra C-terminal resi-
dues have contributed to the poor C score, even though ex-
perimentally a vault can still form with additional C-terminal
residues. Interestingly, Phyre? identified the shortest sequence
(D2VH38) as the bacterial transmembrane protein colicin la. A
sequence identified as a "colicin uptake transmembrane pro-
tein" found in cyanobacteria Lyngbya majuscula (FAY3B4) has
54% sequence homology with rat MVP and is predicted to
fold identically to MVP by I-TASSER and Phyre?. FAY3B4 is
annotated by family and domain databases Pfam, InterPro,
and PROSITE as MVP (see Discussion).

Quaternary Structure Prediction for N. gruberi Sequences

The N. gruberi sequences were submitted to RosettaDock in
two fragments. Although it is possible that putative N. gruberi
vaults are hetero-oligomeric, as found for dictyostelids, the
RosettaDock modeling indicates that the shorter D2W0Z9
monomers dock along their entire length more readily than
do either D2V5B9 or combinations of both (table 2, combin-
ation data not shown). Although the energy score graphs do
not demonstrate a clear funnel, and therefore less consensus
among the models generated by RosettaDock, the energy
scores of the docked models are similar to those of the positive
control models.

Constraining the N. gruberi sequences (D2V5B9 and
D2WO0Z9) in I-TASSER by 2ZUO*b reduced the models pro-
pensity to dock in RosettaDock. Constrained D2V5B9 models
were identified by their RMSD—which could be predicted as
we knew their starting distance apart, rather than by their
energy score, as the energy scores were very similar and the
consensus poor. We know from the control studies that the
constraint can adversely affect the monomer docking depend-
ing on the sequence divergence between the query and con-
straint structure. It may be that if a constraint needs to be used
for very remote sequences such as those found via PSI-BLAST,
it would be an improvement to use a high confidence
I-TASSER output model from a more closely related species
as a constraint in preference over a structure from the PDB.
The poorer docking of the more remote N. gruberi putative
MVP sequences is likely due to the greater divergence of
sequence and structure resulting in inaccuracies in monomer
modeling. For example, in D2VSY6 (fig. 7D), the interruption
to the helical structure within the cap-helix section is hindering
docking (table 2 and fig. 7). The failure of the rat constraint to
improve modeling also reflects this divergence from mamma-
lian MVP sequences.

Given all these results, we propose that N. gruberi is cap-
able of making a vault complex with either D2V5B9 or
D2W0Z9, both genes have recently been provisionally (and
independently of ourselves) reannotated as mvp (05/16/12)
with the repeat areas additionally annotated as such, thus
supporting our results. When used as the query sequence in
a UniProt:KB BLAST at default settings, these sequences iden-
tify all known MVP sequences. The I-TASSER C scores indicate
high confidence that the modeled MVP folds are correct and
the predicted structures dock along their entire length in
RosettaDock. The more remote sequences from N. gruberi
(DZUF7, D2VSY6, D2VC38, and D2VH38) appear unlikely to
be genuine MVP homologs or have diverged significantly from
an ancestral MVP sequence. None of DZUF7, D2VSY6,
D2V(C38, and D2VH38 retrieves any MVP sequences when
used as the query sequence in a BLAST at default settings,
and although there is some evidence of lateral docking be-
tween monomers, this is most likely due to a natural tendency
for coils to interact, and the docking does not extend over the
entire length as is required for vault formation.

Excavate databases were searched using PSI-BLASTs inde-
pendently to retrieve sequences with even the slightest resem-
blance to MVP. Putative MVP sequences from the parasites
Giardia intestinalis (UniProtKB:C6LY21) and Trichomonas vagi-
nalis (UniProtKB:A2FTW3) were also retrieved, but I-TASSER
did not identify any kind of convincing MVP structural homo-
log (data not shown). Interestingly though, a BLAST search
with the G. intestinalis putative MVP sequence retrieves
MVP from both rat and cow within default parameters
(E values: 9.3 and 4.2, respectively). Additionally, excavate
genome databases were searched using the gene se-
quences from L. major and T. cruzi without resulting in any
hits other than in trypanosomes and leishmanias where in
excess of 50 sequences were retrieved. It has been suggested
that the trypanosomes evolved from within the bodonids
(euglenozoa) (Deschamps et al. 2011). The Bodo saltans an-
notation is incomplete, but if an MVP homolog exists, we
should have expected to retrieve something of it. The lack
of any readily identifiable putative MVP homolog in any
other excavate, based on currently available sequences, is
very intriguing. We therefore conclude that even though
some protein sequence homology exists within other exca-
vates, our 3D studies indicate that there is no current evidence
that other sequenced excavates are capable of forming a vault
particle.

Discussion

Three-Dimensional Methodology

The approach described here, using protein structure model-
ing and docking algorithms, was developed to help answer
the question as to the extent that tertiary and quaternary
structures will aid the identification of homologous proteins.
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The particular application is the question in which species do
we find genuine MVP, and if we do, will the MVP monomers
form a vault? In this case, BLASTing provides valuable data on
the presence of MVP homologs but does not inform directly
on the likelihood of any identified MVP monomers assembling
into vaults. In general, we need to use more comprehensive
methods to demonstrate that limited sequence identity does
not preclude vault formation. Here, we show that both tertiary
and quaternary structures can be used in addition to informa-
tion from primary sequences.

It could be argued that the sequence similarity is sufficient
for protein prediction servers to be biased toward presenting a
structure that is more similar to MVP because there are insuf-
ficient alternative templates. However, there are a number of
solved structures that could reasonably be ascribed to these
sequences, for example, TolA, the stomatin core, band 7 pro-
teins, flotillin, and the colicin membrane spanning protein
identified by Phyre?. These may hint at possible ancestry for
MVP though all are bacterial proteins. Searching for vault spe-
cific domains, for example, shoulder or repeats in Pfam (Finn
et al. 2010) results in far fewer putative homologs than the
BLAST searches. This is undoubtedly because annotation lags
far behind sequencing.

It may also be argued that once the structure of the protein
is predicted to be MVP-like, then RosettaDock is more likely to
find that it does dock. In fact, coiled-coil motifs are likely to
dock though usually through twisted supercoiling (Burkhard
et al. 2001) rather than lateral association. The I-TASSER-
predicted myosin1A coil motifs are docked by RosettaDock,
although this example is oversimplified by the absence of the
light chains normally present in vivo. However, we have
shown for the newly identified MVPs that the lateral docking
extends to the shoulder and repeat sections with energy score
not dissimilar to the rat and sea urchin where vaults have been
observed to form. In the repeat areas in particular, MVP se-
guence homology is less than 20% versus rat, and our argu-
ment is that only those residues that are essential to maintain
the shape and lateral docking have been retained.

Although sequence homology of more than 50% is often
predictive of structural homology (Clark et al. 2009; Sawyer
et al. 2009), there are instances when structure can be dis-
similar even with high sequence homology, for example, the
prion protein (Pan et al. 1993) and engineered examples
(Gronenborn et al. 1991). In this study, we are looking toward
the opposite end of the similarity scale, how slim the sequence
homology can be and yet structural similarity "sufficient for
function" be retained (Holm and Sander 1997). We use MVP
as an example to show that structural prediction analysis can
extend sequence homology searches. The principles estab-
lished here could apply to any protein structure. It is more
time consuming to check proposed homologies using struc-
tural forms but is readily attainable. An important point is that
we should not specify too narrow an assumption of the
expected structure of a protein. For example, using the rat

tertiary MVP structure as a constraint appears to hinder the
detection of related structures in the very distantly related
excavates and can disrupt docking by RosettaDock.

Seeking traditional homologous sequences through BLAST
searches takes just a matter of minutes, with PSI-BLAST a little
longer. This is partly why the simple BLAST solution is so at-
tractive. However, methods that test whether sequence hom-
ology implies similarity of function, using structural approaches
that can detect more distantly related homologs, are more
computationally expensive. In general, a protein the length
of MVP (~860 residues) is estimated by I-TASSER to take
50h and is limited to one job per IP address. Both LOMETS
and Phyre? are very much quicker taking a matter of hours but
do not give quantitative results such as the Cscore. LOMETS is
limited to one job, but Phyre? will accept batch jobs. FATCAT is
almost instantaneous, but the RosettaDock server also takes
up to 50h for the 600-residue MVP sections depending on
server load. In summary, this is a much slower method than
simply BLASTing, but as annotation lags far behind sequen-
cing, we need to go beyond BLASTing and be much more
rigorous in our determination of protein homology.

Informing Evolutionary Studies

The evolutionary history of the vault MVP should help identify
possible past functions and illuminate current thoughts on
function. The big picture questions are these: are vaults an-
cestral, having been retained in some species, but fallen into
disrepair or lost beyond all recognition in others, or alterna-
tively have they been comprised parts that had other functions
and have come together in a fairly remote eukaryote and
vaults formed thereafter? If we could be confident which spe-
cies have functional vaults, and which do not appear to have
need for them, or possibly maintain the MVP monomer for
another purpose, we should be able to clarify their role. We
can suggest that this exquisite example of form, with no
known fundamental function, was in LECA and as putative
MVP has also been reported in bacterial genomes (H6L4P8
provisional annotation MVP) could conceivably have been pre-
sent in the last universal common ancestor LUCA. It seems
unlikely that vaults would be present in some very diverse
groups (such as kinetoplasts, alveolates, amoebozoa, and
metazoans) but not be present in others. Finding a link be-
tween species that do not appear to have a need to maintain
the vault and whether vtRNA is associated with it might illu-
minate an underlying basic function. Equipped with a personal
computer, an internet connection, and a means of viewing
pdb files, anyone can extend sequence homology analysis to
investigation in three dimensions, and we suggest that in silico
analysis should routinely be used to check for presumptive
structure relationships between potentially ancestrally related
proteins. However, that is the work for the future. In all these
studies, we require the power from tertiary and quaternary
studies to combine with the power of purely sequence-based
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studies to enrich the techniques available for molecular
evolution.

Supplementary Material

Supplementary materials S1-S5 are available at Genome
Biology and Evolution online (http:/Avww.gbe.oxfordjour
nals.org/).
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Abstract

Vaults are very large oligomeric ribonucleoproteins conserved among a variety of species. The rat vault 3D structure shows an ovoid
oligomeric particle, consisting of 78 major vault protein monomers, each of approximately 861 amino acids. Vaults are probably the
largest ribonucleoprotein structures in eukaryote cells, being approximately 70 nm in length with a diameter of 40 nm—the size of
three ribosomes and with a lumen capacity of 50 million A>. We use both protein sequences and inferred ancestral sequences for in
silico virtual resurrection of tertiary and quaternary structures to search for vaults in a wide variety of eukaryotes. We find that the
vault's phylogenetic distribution is widespread in eukaryotes, but is apparently absent in some notable model organisms. Our
conclusion from the distribution of vaults is that they were present in the last eukaryote common ancestor but they have apparently
been lost from a number of groups including fungi, insects, and probably plants. Our approach of inferring ancestral 3D and
quaternary structures is expected to be useful generally.

Key words: vault ribonucleoprotein, ancestral reconstruction (ASR), BLAST, I-TASSER, RosettaDock, last eukaryotic common
ancestor.

In addition, we have used quaternary structural information,
estimating the extent that the tertiary models will assemble
into the expected quaternary vault structure. Our approach
here is to combine the three methods: searching for proteins
that are widespread in eukaryotes by BLAST searches; using
I-TASSER to test that the sequences found by BLAST searches
(or their inferred ancestral sequences) will really fold into the
expected tertiary structures; and using RosettaDock to infer
quaternary structure.

In addition, the search for proteins widespread in eukary-
otes has recently been extended to allow for some losses in
specific lineages (Tabach et al. 2013). These authors reported
a loss of some proteins, particularly a loss of homologs to the
ciliated sensory ending component (BBS-1) in plants and fungi.
However, this loss did not affect the conclusion that BBS-1
proteins were ancestral in eukaryotes. Our primary contribu-
tion here is to consider tertiary and quaternary structure in the
search for ancestral eukaryote proteins, especially the vaults.

Introduction

Phylogenetic reconstruction of the last eukaryotic common
ancestor (LECA) and ultimately the path of life itself is a goal
of evolutionary biologists. Molecular phylogenetics has sped
up this search and has shown that LECA had many more
properties than simply a nucleus and mitochondria. For exam-
ple, LECA had linear genetic material, essential for meiosis and
the advantages that sex and recombination bring (Ishikawa
and Naito 1999), but it does lead to the issue of terminal
erosion of chromosomes. Although there are a number of
fixes, the telomerase complex is the standard caretaker of
eukaryote telomeres (Nosek et al. 2006) and is also ancestral.
LECA already had introns and a complex spliccosome to
process them (Collins and Penny 2005). LECA could synthesize
sterols, essential for phagocytosis and cell signaling (Desmond
and Gribaldo 2009). If the vault particle were also in LECA,
what possible role could it have?

Our interest has been in using in silico methods for inferring

3D structure of proteins (Daly et al. 2013) from tertiary struc-
tures determined by standard X-ray crystallography methods.
These do not require strict adherence to known 3D structures,
they do allow variation, but still based on known structures.

Allowing loss of a few ancestral proteins from specific groups
is an important advance.

Currently, we do not know the full details of deeper
eukaryote phylogeny, probably because the ability of
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Markov models to reconstruct sequences (or the tree) falls off
exponentially at deeper times (Mossel and Steel 2005). This
means that the definite relationship of the main groups of
eukaryotes is not yet known. There had been hints that the
root could be within the excavates in 2007 (Rodriguez-
Ezpeleta et al. 2007). More recently, Cavalier-Smith (2010)
proposed that the root of the eukaryotic ancestor lay between
euglenozoa and the rest of the eukaryotes, that is, within the
excavates, breaking euglenozoa away from excavata.
However, with equal confidence, he had previously favored
the root between the opisthokonts (animals plus fun-
gi="fungamals) and all other eukaryotes (Stechmann and
Cavalier-Smith 2003).

Regardless of the placement of the root, the accepted
approach is to find features that are in all the major groups
of eukaryotes, for example, those defined by Keeling et al.
(2005). These are considered to be 1) Opisthokonts (fungi and
animals) and the amoebozoa (arguably a supergroup of their
own); 2) Plants (Plantae); 3) Excavates (such as Naegleria,
Trichomonas, Giardia, and also including Euglenoids); 4)
Stramenopiles and  Alveolates, together known as
chromalveolates; and 5) Rhizaria, these include Radiolarians
and Foraminfera. More recently, the chromalveolates have
been grouped with Rhizaria forming a supergroup known as
SAR (Stramenopile, Alevolate, Rhizaria) (Burki et al. 2007; Elias
et al. 2009). Our strategy is to identify vaults in as many of
these groups as possible, especially because vaults appear to
have been lost in several significant groups of eukaryotes (see
later).

With the publication of the Naegleria gruberi genome
(Fritz-Laylin et al. 2010), the number of genes in the putative
LECA increased by 700 additional genes to over 4,000, sum-
marized by Koonin (2010). This is likely to be a conservative
estimate, as it does not account for gene loss in a few lineages.
Using our in silico protocol of searching for remote sequence
homologs of the major vault protein (MVP) monomer, and
assessing their putative tertiary and quaternary structure, we
found that there were at least two plausible candidate genes
in N. gruberi encoding proteins predicted to fold as MVP
(UniProtkB:D2V5B9 and D2W0Z9) and we predicted that
they would ultimately form a vault particle (Daly et al. 2013).

If we are to propose that a particle such as the vault were
present in LECA, we would anticipate that many signals from
sequence homology would have been largely erased by suc-
cessive substitutions. We expect that the tertiary and quater-
nary structural information would persist longer even where
other primary sequence becomes randomized (Mossel and
Steel 2005). The distribution of amino acid substitution is
not random because some residues are essential for tertiary
and quaternary structure, so consequently we expect them to
be more highly conserved than residues of lesser structural
import.

The primary (initial) function of vaults is not known.
Extant vaults are associated with signaling pathways (Berger

et al. 2009) they are known to be upregulated in treatment
resistant cancers (Herlevsen et al. 2007) and epilepsy (Liu et al.
2011), but these clearly were not their original role in protists.
Vaults are enriched in tissue types that are involved with scav-
enging such as in macrophages (Chugani et al. 1991) and in
lipid rafts (Kowalski et al. 2007). They have been observed
containing cargo (suggested to be mRNA [Paspalas et al.
2009]), and sea urchin vaults appear to contain many proteins
(Stewart et al. 2005). Researchers are now using vaults to
deliver cargo such as vaccines (Champion et al. 2009) and
drugs (Buehler et al. 2011) to targeted cells. Again, carrying
vaccines is clearly not their original function, nevertheless, ev-
erything we can learn about their distribution and functions
will help understand their original role.

As mentioned earlier, we use a 3-fold protocol for inferring
structure using BLASTp, I-TASSER, and RosettaDock. First, a
BLASTp search of the UniProt and NCBI protein sequence
databases is used to find potential MVP homologs. Second,
the tertiary structure of these sequences is predicted by
I-TASSER (iterative threading assembly refinement server)
(Zhang 2008). This program uses a combination of protein
structure prediction techniques to produce potential models
of secondary and tertiary structures for a given sequence,
based on a structural template. If there is structural similarity
to an MVP monomer, we anticipate that I-TASSER will predict
the greatest similarity to the rat MVP, as it is the only 3D
crystallographic structure in the Protein Data Bank that is
almost full-length. For this reason, we have used the rat
sequence (UniProtkB:Q62667) as the standard against
which others are measured. Third, the output structures
from I-TASSER are then submitted to RosettaDock (Lyskov
and Gray 2008) to determine whether the predicted mono-
meric MVP structures are expected to assemble into vaults.
Because of this potential for some groups to lose vaults, it is
important to test the predicted tertiary and quaternary struc-
ture of vault sequences to see that they really do fold and dock
in the expected manner (Daly et al. 2013).

Sequences that meet the three criteria of being more or less
complete at the primary sequence level, structurally creditable
as MVP monomers similar to the rat structure (Tanaka et al.
2009; the only complete crystal structure in the protein data
bank), and are predicted by RosettaDock to dock laterally,
were grouped phylogenetically and used to infer ancestral
MVP sequences using PAML4 (Phylogenetic Analysis by
Maximum Likelihood) (Yang 2007) and FastML (Ashkenazy
et al. 2012). When we reconstructed the putative ancestor
of all eukaryotes, we added Mega5 (Tamura et al. 2011) to
try to limit bias shown by both PAML4 and FastML described
later. There are more sequences potentially available than
have ultimately been used because it is often difficult to
decide whether a sequence annotated as complete really is,
when there are apparent gaps. There is also the issue of or-
phan sequences, where there is a cDNA or mRNA sequence
that is not ascribed to a gene. In some cases, these are placed
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on a branch on a phylogenetic tree consistent with established
taxonomy increasing the likelihood of being correct. In other
instances, the position on a tree seems so unlikely that RNA
contamination must be suspected, instances of these prob-
lems are described later.

Because some groups of eukaryotes may lack vaults, we
make an additional test and infer ancestral sequences for a
broader group, for example, invertebrates—(though insects
appear to lack vaults). We then undertake the same tertiary
and quaternary structure predictions of the inferred ancestral
sequences. Ancestral reconstruction (ASR) takes a multiple
sequence alignment (MSA) (nucleotides or proteins), together
with a tree representing the sequences in the MSA and cal-
culates the most likely ancestral sequence at each node of the
tree. For example, ASR has been used to calculate a putative
ancestral RNAse P sequence to submit as a BLAST query in the
search for evolutionarily distant protein homologs (Collins
et al. 2003). Usually, the ASRs retrieved known sequences
for proteins associated with RNAse P with a higher E value
than by BLASTing with known sequences; in one instance a
protein homolog was found in Giardia lamblia using the
reconstruction that could not be retrieved using any of the
known sequences. Ancestral proteins have also been experi-
mentally resurrected (that is, synthesized) from sequences de-
termined by ASR (Chang et al. 2002; Gullberg et al. 2010).
However, here we only resurrect MVP in silico, with a combi-
nation of two protocols, first by reconstructing the ancestral
sequence for each group (using PAML4 and FastML), and
second by inferring the structures using I-TASSER. Explicitly,
our test is—will the inferred ancestral MVP sequences be as
capable of forming vault particles using our modeling proto-
col, as the extant MVP?

ASR can use a variety of methods, perhaps the most reliable
uses posterior probabilities from known trees in their recon-
structions (maximum likelihood [ML] and empirical Bayes).
Empirical Bayes may overlook the best guess in terms of
most likely substitution resulting in slightly less accurate se-
quence reconstruction but may better preserve structural
and functional properties (Williams et al. 2006). An additional
form of ASR involving topological empirical Bayes, which
weights the trees differently to other methods, has not been
found to alter the resultant sequence (Hanson-Smith et al.
2010). We have found that a combination of two ASR algo-
rithms (PAML4 and FastML) combined with human interven-
tion results in a suitable ancestral sequence to put forward for
ancestral protein structural prediction, or in silico resurrection.

Materials and Methods

Full-length MVP sequences were found by BLASTp and PSI
BLASTing of the NCBI and UniProtKB databases using the
rat MVP sequence (UniProtkKB:Q62667) as the query. Using
our established protocol of tertiary and quaternary structural
modeling (Daly et al. 2013), we retrieved 116 eukaryote and

10 bacterial protein sequences that fulfilled the criteria of struc-
tural homology with sufficient lateral docking capacity for vault
particle formation. Much of the available sequence data had
not been subject to detailed analysis, with only few sequences
ascribed to a chromosomal position even if they are from ge-
nomic DNA. Some MVP sequences are derived from mRNA, for
example, cat (Felis catus; UniProtKB:Q18PA2), diamondback
rattlesnake (Crotalus adamanteus; UniProtKB:J3RZY3), and
barley (Hordeum wulgare; UniProtKB:F2E078). A tree con-
structed from all protein sequences used in the ancestor of
all eukaryotes is available online (supplementary material
S1b, Supplementary Material online).

Each MSA used for ASR was generated by MUSCLE (Edgar
2004). Trees were also calculated for each MSA using
MrBayes (Huelsenbeck and Ronquist 2001) with both algo-
rithms run via the Geneious platform (Geneious Pro 5.5.7
Biomatters available from http:/Avww.geneious.com/, last
accessed August 2, 2013). Most ASR algorithms require a
tree formed from the MSA under scrutiny. FastML will calcu-
late a tree from the MSA but we found that MrBayes trees
produced the most plausible and reliable trees for submission
to both PAML and FastML, although computationally the
most expensive. At least four sequences are required for
MrBayes tree, which means that any groups with less than
four representative sequences could not be used for ASR.
Although we do not expect that a tree built from a single
gene would necessarily be the same as a tree built using com-
bined gene sequences (Philippe et al. 2011), we have used the
method that produces the same tree for MVP for a given
species set each time it is calculated to limit systematic error.
We also tried calculating the tree using different roots to be
certain that the ASR algorithms were being provided with the
best initial data. Sequences are continually being added to the
databases and the ancestral MVP sequences can be refined.
Both PAML4 and FastML ASR methods use ML analysis (em-
pirical Bayes) to estimate the ancestral sequence. However,
there are unfortunately significant differences between meth-
ods in their handling of sites with missing data. PAML deletes
sites in the ancestral sequence where any one sequence con-
tains a gap in the MSA, whereas FastML uses a binary matrix
to reconstruct indels and adds them back into regions of more
highly conserved sequence. This means that the PAML
sequences are shorter, and the FastML sequences much
longer. One standard fix with PAML is to use “X" in the po-
sition of gaps; this stops the automatic deletion of sites with
gaps (PAML FAQ; http://abacus.gene.ucl.ac.uk/software/
paml.html, last accessed July 2, 2013).

Limitations of MVP Ancestral Sequence Reconstruction

PAML and FastML generally give identical ancestral sequence
for the same input MSA and where there are no gaps.
Because gaps result in ambiguity, sequences were checked
carefully for completeness to limit the inclusion of sequences
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that would adversely affect ASR. For instance, the Naegleria 2013) and is full length. Pika MVP was included in the ASR

MVP sequences are significantly short (~530 residues rather because this region of exon 9 was the only missing se-
than ~880), but do appear to be complete (Daly et al. 2013). quence and is more likely to be due to sequencing problems
In other instances, the sequences are within the anticipated rather than the absence of this conserved region. However,
range of length but have region(s) missing. The pika MVP this issue highlighted a limitation of using PAML; figure 1
sequence has 23 residues missing from exon 9 (residues shows how PAML and FastML (mis)treat the missing sequence
523-545 compared with the rat sequence), these residues region.

were also missing in the 2012 version of the chimp MVP se- FastML includes insertions in the ancestral sequence even if
quence. Because this region is essential for correct tertiary it is representative of only one species, and so the FastML
structure, is highly conserved, and because rhesus macaques ancestral sequences are longer. Deleting insertions in the
are known to have vault particles (Paspalas et al. 2009), this MSA where they are represented in only a single species
missing sequence region seemed likely to be an artifact in the solved this ambiguity. It is more parsimonious that an insertion
database. Subsequently, an updated chimp MVP sequence has occurred in a single species, than the alternative where
has been deposited in the UniProt database (January 9, deletions have occurred in all other species.
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Wild boar DFFTDVITIETADSMMHARLQLOLAYNWEHE E
Elephant DEFTDVITIETADEEEHARLOLOLAYNWRHF El
Horse DFFTDVITIETADBESSHART OLOLAYNWEHF E]
Mouse DEFTDVITIETADEREHARL OLOLAYNWRHF El
Rat [DFFTDVITIETADEREHART.OLOLAYNWEHF E]
Hampster DFFTDVITIETADEBESHARLOLOLAYNWEHF E]
Guineapig [DFFTDVITIETADEREHARLOLOLAYNWEHE E
Pika - e e e —— — T
Rabbit [DFFTDVITIETADEREHART.OLOLAYNWEHF E
Opossum DFFTDVITI ETADEREHART.OLOLAYNWEHE E
Tasmanian devil DFFTDVITIETADEEEHARL OLOLAYNWEHF E]
Platypus DF[TDVITTI ETADEREHART.OLOLAYNWRHF E]
Chimp DFFTDVITIETADEEEHARLQLOLAYNWEHF E]
Human [DFFTDVITI ETADEREHART.OLOLAYNWEHF E
Gorilla DEFTDVITIETADEEEHARL OLOLAYNWEHF E]
Orangutan [DFFTDVITIETADEREHART.OLOLAYNWRHFE O]
Crab eating macaque DEFTDVITIETADEEREHART OLOLAYNWEHF E]
Rhesus macaque [DFFTDVITIETADEREHART.OLOLAYNWRHF E
Bolivian squirrel monkey DFFTDVITI ETADEREHART.OLOLAYNWRHF E
Marmoset DFFTDVITIETADEEEHARLOLOLAYNWEHF E]
Galago DFFTDVITI ETADEREHART.OLOLAYNWRHF E]
Dog DEFTDVITIETADEREHARLOLOLAYNWEHF El
Panda [DFFTDVITI ETADEREHART.OLOLAYNWRHF E
Cat DEFTDVITIETADEEEHARLOLOLAYNWRHF E
Cow [DFFTDVITIETADEREHART.OLOLAYNWEHF E]
Yak [DEFTDVITIETADEEREHART OLOLAYNWEHF El
Sheep DFFTDVITIETADPESHARL.QLOLAYNWEHE E
Dolphin DFFTDVITI ETADEREHARTL.OLOLAYNWEHE E
Black flying fox (Pteropus) [DFFTDVITIETADEREHART.OLOLAYNWEHF E]
Greater flying fox (Pteropus) DFFTDVITI ETADMSSEART,OLQLAYNWEH F E]
Vampire bat (Desmodus) DFFTDVITIETADEEEHARLOLOLAYNWEHF E]
David's myotis [DFFTDVITI ETADEEEHARLOLOLAYNWEHF E]
Little brown bat (myotis) Vil s RTEEAPEOEG GVR VP CEGERG VEIR EialA
Tree shrew [DFFTDVITI ETADEREHART.OLOLAYNWRHF E]
Olive baboon [DEFFTDVITIETADEEEHART OLOLAYNWEHF E]
— FastML ancestor [DFFTDVITIETADESEGYHARLOLOLAYNWINHE E]
—— PAML ancestor D R ittt | | I |

FiG. 1.—Problems with FastML and PAML. MUSCLE alignment of mammal MVP sequences at the 3" exon 9 boundary, a region which is responsible for
shoulder domain formation (shaded by similarity). The FastML algorithm has included the little brown bat sequence to its calculated ancestral sequence even
though it is an outlier with respect to the consensus MSA. PAML4 omitted the 23 extremely well-conserved residues from the ancestral sequence unless “X"
was put in place of the gaps in the pika sequence.
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The PAML mammal MVP ancestral sequence, derived from
an alignment of 35 mammal MVP sequences, was 740 resi-
dues in length while the FastML ancestor from the same MSA
had 965 residues. In contrast, the average length of extant
MVP sequences is approximately 880 residues. However,
replacing missing residues with XXs does not work with
large numbers of MVP sequences, or for more diverse
sequences such as for invertebrates, as there are gaps in the
ASR due to sequence divergence, rather than there being a
single sequence region missing.

We took this observation to the extreme in testing how
different the PAML and FastML ancestors would be, using
119 MVP sequences to calculate an MVP ancestor of every-
thing. The resulting PAML sequence is 185 residues long in
contrast to the FastML ancestral sequence of 1,382 residues in
length! It is unrealistic to think that ancestral sequences were
generally either significantly shorter or longer. A simpler ex-
planation is that the PAML algorithm has a bias toward recon-
structing shorter sequences and FastML to reconstructing
longer sequences the more ancient the ancestor becomes.
At this point, we added Mega5 (Tamura et al. 2011) to our
repertoire of ASR algorithms. Mega5 allows control over the
percentage of residues from the MSA that must be consid-
ered. When set at use all sites—Mega5 resulted sequences
shorter than the total length of the MSA where FastML would
have given a results that was as long as the total of the MSA,
that is, it was selecting which residue was most likely and not
necessarily including residues when they appeared to be re-
stricted to just a few sequences, or deleting all residues where
there was a gap in one or few sequences as PAML4 would.
This meant that the resultant sequence was a more realistic
length. However, it did have a bias of its own, in that it
removed some highly conserved sequence that was not pre-
sent in what could be argued to be more ancient species
(discussed later).

FastML additionally has the option of marginal reconstruc-
tion (where the residue replaced is based on the posterior
probability of the next step at that position from the tree),
or joint reconstruction (where the probability is the product
of the next two steps, that is, the next most likely substitution
is based on two steps rather than one). There were very minor
differences at the local level, that is, mammal, invertebrate,
and so forth, but the sequence of the ancestor of all eukary-
otes then had 17% sequence difference depending on
whether marginal or joint reconstruction was used. In practice,
the method of reconstruction made little difference to either I-
TASSER or RosettaDock. Ultimately, PAML and FastML se-
guences were combined to generate the final ancestral
sequence for each group (described later) for submission to
[-TASSER. Inserts unique to just one genus were removed
when reconstructing the ancestor of all eukaryotic MVPs—
resulting in a more realistic range of ancestor of 678
(PAML)—892 (FastML) residues. A comparison was made

between various methods for reconstructing the overall an-
cestor (discussed later).

Determination of Vault Particle Formation

The completed ASR MVP sequences were analyzed by
I-TASSER without constraint (described in Daly et al. 2013)
to test that they would be predicted to fold similarly to the
rat MVP. Briefly, I-TASSER uses a suite of threading programs
known collectively as LOMETS (Wu and Zhang 2007) and out-
puts up to five structural predictions scored by the confidence
in the topology of the model; known as the C score (range is
from —5 to +2). We have used a C score cut off of greater
than —1.5, which is indicative of a correct fold (Roy et al.
2010). There is an additional score calculated by I-TASSER
the template modeling (TM) score that quantifies structural
similarity between two superimposed protein structures
analogous to the traditional root mean squared difference.
A TM score of greater than 0.5 indicates high confidence
that the topology of two models, in this case predicted and
native (rat) MVP are the same. We have therefore additionally
used a TM score of 0.5 or higher as a cut off for inclusion in
our analysis.

Then two identical copies of the shoulder and coil domains
of each I-TASSER output of ancestral MVP models were sub-
mitted to RosettaDock (Gray et al. 2003). For oligomeric vault
formation, the crystal structure shows that MVP monomers
dock laterally along the length of both sides to make the dis-
tinctive barrel shape (Tanaka et al. 2009). RosettaDock uses a
low resolution Monte Carlo search and backbone optimiza-
tion algorithm to optimally position a submitted monomer
pair, followed by a refinement to relax the backbone and
accommodate the side chains (Gray et al. 2003). Bona fide
vault monomers would dock along their entire length with a
negative RosettaDock energy score.

Docking a pair of full-length MVP monomers cannot be
done via the RosettaDock web server because of a 600 residue
limit. It has previously been demonstrated that the coiled coil
region is essential for vault formation (van Zon et al. 2002), but
we have found that improved in silico docking usually includes
the MVP shoulder region as well (Daly et al. 2013). Our test
requires that MVP shoulder and coiled coil (known as the cap-
helix) would be predicted to dock laterally with an identical
monomer, indicating vault particle formation (fig. 2).

Explicitly then, our determination of an MVP monomer is
that it will form a vault particle by meeting both our two
I-TASSER cut off criteria and then docking with both a nega-
tive RosettaDock energy score and the majority of the 1,000
models produced by RosettaDock clustering around this struc-
ture. In general, we would expect that such a docked pair of
monomers would be in the lowest 10 energy models. All se-
quences used for the MSAs fulfilled this criteria, as did the
ancestors produced by the ASR algorithms (table 1).
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Fic. 2.—Vault ribonucleoprotein structure. (A) Rat MVP quaternary structure showing half a vault colored by monomer (PDB: 2ZUO, 2ZU4, and 2ZV5).
A full vault will have an opposing copy of the upper half vault associated at the N terminii. (B) Three rat MVP monomers (PDB 2ZUO stripped down to three
monomers). This figure highlights the extensive lateral association required to dock into the vault quaternary structure. All ribbon diagrams are rendered in

PyMol version 1.3.

Results
Reconstructing Eukaryote Ancestral MVP Sequences

In the cases of metazoa (63 sequences), amoebozoa (9 se-
guences), and kinetoplast MVP (29 sequences), complete pro-
tein sequences with high homology to the rat crystal structure
could be found by simple BLASTp searches using default pa-
rameters. There are additionally many more sequences that
are fragments of MVP. But in the case of the stramenopiles
(e.g., diatoms and oomycetes), there were only just enough
sequences from different species to create an ancestor
(5 sequences), and although there were five alveolate se-
quences they came from just two ciliate species:
Paramecium tetraurelia (3 sequences) and Oxytricha trifallax
(2 sequences). Sequences that fulfilled the I-TASSER criteria
for inclusion (I-TASSER C score of >—1.5 and TM score of
>0.5) and with a negative RosettaDock energy score (lower
is more favorable), but had insufficient representation for ASR,
were used as individual sequences. The inferred 3D structures
of all of the ancestors are shown later in figure 8 and in the
supplementary material S3a (Supplementary Material online).

Metazoa

MSAs were calculated to optimize various phylogenetic
groupings. Eventually metazoa were split into; mammals,
other sarcopterygii (coelacanth, Xenopus laevis, X. tropicalis,
the Carolina anole, diamondback rattlesnake, chicken, and
turkey), fish, and invertebrates (supplementary material
S2a-d [Supplementary Material online] for these four trees).
In the invertebrates, we have representative sequences from
sponges (where there are 20 sequences though few are com-
plete), cnidarians, bivalves, annelids, nematodes, and echino-
derms. However, we have not found sequences from any
arthropods. Although there are a few sequences with limited
homology that will fold to resemble parts of MVP, we suggest
that the whole vault particle has been lost and the mvp gene

degraded beyond recognition in this group. Because the
lancelet (an isolated lineage) was difficult to place, it was ini-
tially omitted from all of the groups and only added to the
final tree of all opisthokonts (supplementary material S1a,
Supplementary Material online).

Other Opisthokonts

Opisthokonts comprise all metazoa, fungi, plus choanoflagel-
lates, and capsaspora (the latter two are neither animal nor
fungi but are closely related and share many gene homologs)
(Sebe-Pedros et al. 2011). There were too few MVP sequences
to calculate an ancestral sequence for capsaspora or the choa-
noflagellata. Capsaspora owczarzaki is a single cell eukaryote
that is neither an animal nor a choanoflagellate but closely
related to both and is a symbiont of the freshwater snail
Biomphlaria glabrata. There are three putative Cap. owczar-
zaki MVP homologs—an insufficient number to infer an
ancestor. The choanoflagellates are represented by two spe-
cies: Salpingoeca rosetta and Monosiga brevicollis. A single
capsaspora MVP sequence and the two choanoflagellate se-
quences were added to metazoan MVP sequences in the
reconstruction of the opisthokont ancestor (supplementary
material S1a, Supplementary Material online). The tree of
opisthokonts placed the capsaspora and choanoflagellates
within the invertebrates. This is probably a reflection of the
increased evolutionary rate of the sponge, Amphimedon
queenslandica, the parasitic nematodes; Clonorchis sinensis
and Schistosoma mansoni (Tsai et al. 2013), and the tunicate
Oikopleura dioica (Denoeud et al. 2010). The placement of
Cap. owczarzaki with hydra is more surprising.

Included within the grouping opisthokont are the fungi.
There are proteins that will fold similarly to MVP but these
require the constraint of the rat structure when submitted to
I-TASSER and do not score within our cut off criteria. Some of
these models have been submitted to RosettaDock and show
that they will dock although the score is poor in comparison
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with metazoa. Additionally, vaults have not been found in
fungi and are generally described as missing (Suprenant
2002). The few sequences that we have retrieved are unlikely
to form vault particles and we speculate that they may have
derived originally from the mvp gene and are now significantly
diverged, they are annotated as uncharacterized proteins.

Amoebozoa

An amoebozoan MVP MSA was constructed for MVPa and
MVPB separately to reconstruct the ancestor of each MVP

form. The dictyostelids form chimeric vaults with proteins
from both o and B genes (Vasu and Rome 1995). Both MVP
sequences from  Polysphondylium  pallidum  (UniProtkKB:
P34118 and D3BM96) are annotated MVP; this is clearly a
mis-annotation because P34118 is phylogenetically positioned
within the MVPa sequences (fig. 3; supplementary material
S2e, Supplementary Material online). An ancestral MVP
sequence was also reconstructed from an MSA of MVP o
and B sequences combined and it is interesting to note that
this ancestor docked readily in RosettaDock, indicating that
the product from a single original gene could have made a

1.88 Chlamydomonas reinhardtii
0.122 .
D. fasciculatum MVPb (F4QCUO0)
0.033
1
0.103 .
P. pallidum MVPb (D3BM96)
0.188
1
£.08 D. discoideum MVPb (P54659)
0.061
1
0.069
D. purpureum MVPb (FOZAW1)
0.157 Cyanobacteria (O. acuminata)
0.234 L
0.097 Cyanobacteria (Lyngbya majuscula)
0.065
1
0.102 Cyanobacteria (Microcoleus)
0.087 £.296 Barley
0.82
0.056 L
0.27 Acanthamoeba castellanii
0.056
0-134 Rice from cDNA
0.049
0.99 0.085
- D. fasciculatum MVPa (F4QCT9)
0.056
0.095 P. pallidum MVPb (D3BF00)
0.137
1
£U=5 D. discoideum MVPa (P34118)
0.072
0.066

D. purpureum MVPa (FOZXL6)

Fic. 3.—MrBayes tree showing the unlikely position of the barley, rice, and, cyanobacteria MVP sequences grouped within the cellular amoebozoa.
Because the plant sequences have yet to be attributed to genomic DNA, it seems more likely that they are cDNAs derived from contaminants. The tree shown
is rooted by Chlamydomonas reinhardtii but other root choices produce the same results. The number by the node represents posterior probability, the
number on the branches represents the number of replacements per residue—of course the same residue may have been replaced multiple times. Note that
Polysphondylium pallidum D3BFO0 has been mis-annotated, both Pol. pallidum sequences are designated as MVPB but D3BFOO has greater sequence

similarity with the MVPa. sequences of the other amoebozoa.
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vault in this group (table 1). In Dictyostelium discoideum,
knocking out expression of either of MVPa or MVPR interferes
with vault structure in that the vaults are abnormally ovoid
though vaults still form (Vasu and Rome 1995).

Excavates

There are currently in excess of 30 gene sequences with ho-
mology to MVP within the leishmania and trypanosomes
(which are grouped within euglenozoa) that fulfill our criteria
for vault particle formation and 29 of them are complete.
However, neither gene nor protein sequences have been
found in any other excavates with the exception of the het-
erolobosea N. gruberi. The situation with excavates has
become more complicated in that Cavalier-Smith (2010) has
redefined them to be on both sides of his proposed rooting of
modern eukaryotes. Our general approach has been to search
for MVPs in all major groups of eukaryotes. Nevertheless, we
have considered both options, the root being within the tra-
ditional excavates, or not. Consequently one of the Naegleria
sequences has been included in the final tree as an individual
but has not contributed to an ancestor other than the all
eukaryotic MVP ancestor.

Kinetoplasts fall within euglenozoa and were treated either
as two groups, (leishmania and trypanosomes), or as one MSA
(and tree) to reconstruct a general kinetoplast ancestor. This
was because there is a complex history of gene duplication
and the sequences between groups clearly indicate a greater
relationship across species in tiers rather than within any indi-
vidual species (supplementary material S2f, Supplementary
Material online). If the root of the eukaryotic ancestor requires
that euglenozoa are removed from the excavates (Cavalier-
Smith 2010), the main point is that the vault particle still ap-
pears on both sides of the proposed root, even though it may
have been lost in a number of lineages.

Plants

The first land plant sequence identified as an MVP homolog
was deposited in databases in March 2011 (Matsumoto et al.
2011) from mRNA of H. wulgare (domesticated barley;
GenBank:BAK00750 UniProt:F2E078). This was unexpected
because up to then no plant had then been shown to have
either whole vaults or MVP monomers. Furthermore, the
barley MVP sequence has a surprisingly high level of homology
(55% identical residues) with rat (UniProtKB:Q62667). A
BLAST search of the NCBI plant genomic database using the
barley <DNA sequence (NIASHv2093C22) (GenBank:
AK369549) resulted in a match to a cDNA sequence in the
rice database (Oryza sativa) (GenBank:CT836653) with 60%
homology to barley, a value considerably lower than expected
since both taxa are members of the grass family (Gramineae).
However, further BLASTing failed to retrieve either rice geno-
mic DNA or protein sequence. A BLAST of the recently re-
leased barley genome (Klaus 2012), using stretches of cDNA

described as MVP from the original find (NIASHv2093C22),
has also failed to retrieve any hits.

This could be the result of incomplete genomic sequencing
(though to affect the same protein in two species—barley and
rice—seems unlikely), or that in both cases the mRNA anno-
tated as MVP, was a contaminant. For example, a DNA extract
made from an Antarctic moss using RAPDs (random amplified
polymorphic DNA) appeared to be very diverse (Skotnicki et al.
2004); however, it turned out that the DNA of the moss
extract came from a mixture of three sources (moss, fungi,
and protozoa), and so contamination had occurred from
animals living in the clumps of moss (Stevens et al. 2007).
Reciprocal BLASTp using the barley MVP protein sequence
as the query identifies MVP homologs in UniProt and
NCBI with greatest similarity to the cellular slime mold Pol.
pallidum (UniProtKB:D3BF00), and D. discoideum MVPx
(UniProtKB:P34118); 60% identical residues shared with
each. The translated rice MVP ¢cDNA sequence showed ho-
mology to D. discoideum MVPa with 68% identical amino
acids. I-TASSER predicts that the barley and rice sequences
fold into the canonical MVP structure with a greater confi-
dence score than even that of the rat sequence
(UniProtkB:Q62667). Additionally, RosettaDock docks identi-
cal monomers with a superior (lower) energy score to rat
(table 1). So if the barley and rice sequences are truly ex-
pressed from the plant genomes, then they are compelling
MVP sequences, via linear sequence homology, as well as
structure and docking analysis and a functional vault is pre-
dicted in both species. However, if they are genuine grass
(Graminae) MVPs, their phylogenetic placement within amoe-
bozoa seems unlikely.

Within the amoebozoan tree (fig. 3), three species of
Cyanobacteria:  Lyngbya majuscula  (UniProtKB:F4Y3B4),
Oscillatoria acuminata (UniProtKB: K9TKX8), and Microcoleus
sp. PCC 7113 (UniProtkB: K9WB38), have homologous se-
quences described as colicin uptake transmembrane protein
that are predicted to fold as MVP. The Lyngbya sequence
FAY3B4 is annotated as MVP by InterPro (@ membership of
11 protein family databases) (Hunter et al. 2012). The cyano-
bacterium MVP homologs are more similar in sequence ho-
mology to each other (~74%) than to the cellular slime molds
(~56%). However, it would not be anticipated that plant or
bacterial sequences would group with the amoebozoa. When
trees are made of all the individual sequences used in the
study, the position of the plant and cyanobacteria sequences
remain with the amoebozoa grouping with Acanthamoeba
castelinnii (UniProtKB:L8GQUS), a free living soil protozoa
and occasional human pathogen (supplementary material
S1b, Supplementary Material online). In the case of the cya-
nobacteria, it is possible that horizontal gene transfer (HGT)
could be responsible, possibly once from a eukaryote, and
then shared between cyanobacteria. Although HGT from eu-
karyote to prokaryote is rare, there are incidences that have
been described (Desmond and Gribaldo 2009; Schénknecht
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F. litoralis... M. Marina... O.acumin... Microcoleu... L. majuscu... S. grandis... P. pacifica... P. pacifica... C. coralloi... H. auranti...
F. litoralis (Bacteroidet... 15.4% ‘ 15.6% ‘ 16.3% 21.7% 18.1% 10.7%
M. Marina (Bacteroidet... 16.4% 15.9% 16.2% 21.2% 19.0% 10.2%
0. acuminata (Cyanob... ‘ 16.8% 31.0% 12.9%
Microcoleus (Cyanoba... ‘ 81.4% 16.1% 31.9% 13.4%
L. majuscula (cyanoba... 81.4% ‘ 16.5% 31.1% 13.3%

S. grandis (Bacteroidet...

21.1% 17.8% 11.3%

P. pacifica2 (Deltaprot...

23.3% 18.8% 11.3%

P. pacifica (Deltaprote...

23.3%

C. coralloides (Deltapr... 18.1% 19.0% 31.0% 31.9%

31.1% 17.8% 18.8% 18.4%

H. aurantiacus (Chloro... 10.7% 10.2% 12.9% 13.4%

13.3% 11.3% 11.3% 10.6%

Fic. 4.—A table produced from an alignment of putative bacterial MVP homologs shaded by the distances as a percentage of identical residues between

each pair.

et al. 2013). Clearly, it is necessary to be very careful when
attributing a total mRNA extract to just a single species. We
suspect that the barley and rice homologs are contaminating
sequences from unsequenced amoebozoa. This is our hypoth-
esis until further notice.

We cannot totally discount MVP in land plants, even
though the barley and rice sequences appear unlikely. Our
prediction is that as additional amoebozoa are sequenced,
we will find that one of them has an MVP that is closer to,
for example, the barley or the rice sequence. There are a few
remote candidate plant MVP sequences: Petunia integrifolia
(UniProtKB:A9XLF3), Arabidopsis lyrata (UniProtKB:D7MVK4),
Zea mays (UniProtKB:B8AOP4), but all fall far short of our cri-
teria for inclusion as MVP. The only MVP sequence from the
super group Plantae that falls within our criteria of folding
without constraint in I-TASSER with a C score greater than
—1.5 and a TM score greater than 0.5, other than rice and
barley is a sequence from the single-celled green algae
Chlamydomonas reinhardtii (UniProtKB:A8JEL9). Owing to
the uncertainty around, and low number of, plant MVP
sequences barley, rice, and Chl. reinhardtii sequences have
been included as individual sequences, but not assigned par-
ticularly to plants and were used only in the reconstruction
ancestor of all eukaryotic MVP (supplementary material S1b,
Supplementary Material online).

Although the validity of the cyanobacterium MVP se-
quences are uncertain, there are a number of putative MVP
homologs found in a variety of bacteria with approximately
16% sequence identity with the cyanobacteria putative MVP,
but approximately 25% with all other eukaryotic MVP. These
bacterial sequences include the following: Corallococcus cor-
alloides  (UniProtkB:H8MNI3),  Plesiocystis pacifica SIR-1
(UniProtKB:A6FXM1), and (UniProtKB:A6FXE2), Microscilla
marina ATCC 23134 (UniProtKB:A1ZGE7), Saprospira grandis
(UniProtkB:H6L4P8), Flexibacter litoralis (UniProtKB:l4AHY9),
and Herpetosiphon aurantiacus (UniProtkKB:A9AUD4). All se-
quences are predicted to fold into the shape of MVP according
to our I-TASSER criteria and are able to dock in accordance
with our RosettaDock criteria. Additionally, Sap. grandis has
been provisionally annotated as MVP and Fle. litoralis as MVP

shoulder domain containing. The matrix (fig. 4) shows the
relationship between the bacterial sequences.

Plesiocystis pacifica is a fruiting gliding bacterium that has a
sterol synthesis pathway related to eukaryotes and the genes
are likely to have been acquired by HGT (Desmond and
Gribaldo 2009). We now find that it also has two copies
of a putative MVP homolog. It is a member of the deltapro-
teobacteria suggested to be a symbiont with a methanogenic
archaea, at the root of eukaryotes (Lopez-Garcia and Moreira
1999) suggesting a possible source of ancestral MVP, though
the MVP could also have been acquired from a eukaryote
by HGT. We did not include bacterial sequences other
than the three cyanobacteria in any ancestral MVP sequence
reconstruction.

Alveolates

Alveolates fall within the super-group of chromalveolates, or
SAR, a group reasoned to be the result of a single endosym-
biosis process between a bikont (a protist with two flagella)
and a red alga containing a plastid (bestowing the capability of
photosynthesis) (Keeling 2004). Although there have been
many challenges to the membership of this group; the alveo-
lates and stramenopiles remain core members even though
many of the alveolates can no longer photosynthesize (Keeling
2009). So are vault particles also found within the alveolates?
Paramecium tetraurelia is a well-researched alveolate ciliate
that feeds on bacteria, algae, and yeast and has a protein
sequence (UniProtKB:AOCI16) containing a domain annotated
as MVP shoulder, and is predicted by I-TASSER to adopt the
MVP fold with a very high C score of +1.13, RosettaDock
confirms that it is likely to oligomerize, with an energy score
of —402 (both scores are more favorable than that of the rat).
There are three homologous sequences in P. tetraurelia, insuf-
ficient to calculate an ancestral sequence; however, sequences
added October 31, 2012, from the ciliate O. trifallax
(UniProtkKB:J9IML7 and UniProtKB: JOHVS2) are also predicted
to fold as MVP. An ancestral MVP sequence was recon-
structed from two O. trifallax and three paramecium
sequences. Two of the paramecium sequences appear to be
fairly recent duplications (UniProtKB:AOCI16 and AODWW7)
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with 95% amino acid identity but the third (UniProtKB:
AOEGV?2) shows only 42% identity with the other two (sup-
plementary material S2g, Supplementary Material online).

Stramenopiles

The other main group of the chromoalveolates (SAR) are the
stramenopiles, with their ancestral sequence reconstructed
from five sequences, four from oomycetes: Phytophthora
infestans (potato blight—annotated as MVP; UniProtKB:
DON745), Phytophthora sorgae (soybean stem and root rot;
UniProtkKB:G4Z1M3), and Phytophthora ramorum (sudden oak
death; UniProtkB:H3G9I8), Pythium ultimum (a plant patho-
gen of many food crops and grasses; UniProtKB:K3X224),
and Aureococcus anophagefferens (UniProtKB:FOYA32), a
harmful algal bloom (supplementary material S2g, Supple-
mentary Material online). The Aur. anophagefferens sequence
is clearly different to the other stramenopiles, it has approxi-
mately 16% similarity with the other stramenopile sequences;
however, the fold predicted by I-TASSER is very similar.

The highest scoring I-TASSER model for the complete Aur.
anophagefferens sequence had a C score of —1.55, that is,
just outside our cut off score of —1.5. However, one of the
reasons for a lower than anticipated C score is the extension of
the sequence either at the C or N terminal beyond the rat MVP
crystal structure template. Extensions to the core MVP
sequence do not necessarily prevent vault formation because
vault particles form with Green Fluorescent Protein (GFP)
fused to the N terminus of MVP (van Zon et al. 2003), and
tags, for example, epidermal growth factor (EGF), added to
the C terminal to direct the particle to particular cells
(Kickhoefer et al. 2009). Indeed, when the sequence of such
an engineered protein (GFP:MVP.y:EGF) was submitted to |-
TASSER the C score was much lower than our cut off score of
—1.5, and the highest C score model predicted did not look
convincingly like an MVP. Even when constrained by the rat
crystal structure the C score was only —1.54, still low com-
pared with 0.42 for the rat sequence (Q62667) alone (fig. 5A).
When the Aur. anophagefferens sequence was resubmitted
with the N terminal non MV/P-like domain truncated it resulted
in a score of —0.70, well above our threshold score (fig. 58
and Q).

There are three points to be made here: first, that the C
score is affected by the extended sequence presumably be-
cause it lacks a template for modeling. Second, the extra
sequence may interfere with in silico docking if not predicted
to fold correctly. We have confined docking between two
monomers to the shoulder and coiled coil regions, as the
coil was found to be critical to the vault formation in a yeast
two-hybrid system (van Zon et al. 2002) and our previous
work shows that pairs of the repeat domain region, in general,
will readily dock along their length (Daly et al. 2013). Finally,
the Aur. anophagefferens sequence has greater homology
with the green algal MVP sequence used to root the alveolate

A -
e
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; »-r;mm,f
e A
T
GFP:MVP,,;EGF constrained by the rat crystal structure. C score -1.54
B
]
P 1
Full length A. anophagefferens. C score -1.55
C A
k

72

A. anophagefferens with 250 N terminal residues removed. C score -0.70

FiG. 5.—(A) GFP:MVP(.:EGF (1,152 residues and constrained by the
rat crystal structure 2ZUO*b). The C score was —1.54 low compared with
+0.42 for the rat sequence (UniProtkKB:Q62667) alone. (B) Aureococcus
anophagefferens (UniProtkKB:FOYA32) complete sequence 962 residues
submitted to I-TASSER without constraint and resulted with a C score of
—1.55. (C) The same sequence with the N terminal 250 residues removed
- resulted with a C score of —0.70.

and stramenopile tree (supplementary material S2g,
Supplementary Material online) (26% full length, 35% with
the N terminal removed) than with any of the stramenopile or
alveolate sequences, full length or truncated. However, struc-
turally I-TASSER predicts Aur. anophagefferens MVP to fold
more similarly to the other chromalveolate MVPs. The strame-
nopile ancestral MVP structure is unaffected by the inclusion
of the algal bloom sequence with minimal primary sequence
homology (fig. 6).

The inclusion of rhizaria as part of the super-group with
chromalveolates (known as SAR) is becoming more compel-
ling (Burki et al. 2010; Parfrey et al. 2010). Rhizaria are difficult
to culture and consequently underrepresented in sequence
databases (Sierra et al. 2013), BLASTing the few genomes
sequenced thus far has not retrieved any sequences that re-
semble MVP.

Finally, a tree was made from both the ancestors (where
possible) and the individuals that represented poorly covered
families (supplementary material S3a, Supplementary Material
online). Initially, the ancestor was comprised of all our eukary-
ote data set plus the three cyanobacteria—which we had
identified as either contamination or gained from eukaryote
via HGT. This fulfilled all of our criteria but it could be argued
that the number of kinetoplast sequences that were included
influenced the resultant ancestral sequence. We therefore lim-
ited the number of sequences to one per species.
Additionally—because of the issues that affected the output
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Fic. 6.—Although Aureococcus anophagefferens has greater se-
quence similarity with the green algae, Chlamydomonas, I-TASSER predicts
that structurally it is more similar to either the ciliate paramecium or to the
oomycete Phytophthora infestans. The stramenopile ancestor is unaffected
structurally by the inclusion of A. anophagefferens even though it has very
low primary sequence homology with the oomycetes sequences.

from each of the ASR algorithms that we used, making them
either unrealistically long (FastML) or unrealistically short
(PAML4)—we made ancestors by removing from MSAs, in-
serts that were present in only one ancestor (columns 2-5), or
by deleting inserts represented by just one genus in the MSA
of the individuals (columns 6-9). This resulted in sequences
that were of a more likely length (number of residues shown)
because this removed most of the gaps that the various algo-
rithms dealt with in different ways.

1. Sequences derived from an MSA of the ancestors for the
five major groups; amoebozoa, opisthokonts, kinetoplasts,
alveolates, and stramenopiles—FastML joint (856 residues)
columns 2 and FastML marginal (856 residues) column 3 in
figure 7A, Mega5 (853 residues) column 4, PAML (819
residues) column 5. Rat is included in column 1 for
comparison.

2. Ancestral sequences reconstructed from individual species
using an MSA limited to one sequence per species, with
inserts unique to a single genus removed—resulting in
FastML joint (892 residues) and marginal (892 residues)
sequences columns 6 and 7, Mega5 (770 residues)
column 8, and PAML (679 residues) column 9.

Our main point is that regardless of how the ancestor is recon-
structed, whether from ancestral sequences from each major

group or from sequences from individual species used all to-
gether to make an ancestor, the resultant protein sequence
folds and docks within the constraints of our original criteria.

Although the sequences had reduced overall similarity,
there were blocks of highly conserved sequence (alignment
supplementary material S3b, Supplementary Material online).
Particularly highly conserved is a sequence region close to the
C terminus (fig. 7C). The crystal structure for this region has
not been resolved but ab initio modeling by MODELLER (Sali
and Blundell 1993), part of the I-TASSER suite of programs,
consistently predicts the structure depicted in figure 7D. This
fold was also found by Phyre? (Kelley and Sternberg 2009),
which also retrieved known MVP structures.

A BLASTp using just these conserved sequences resulted
in hits only from known MVP sequences no matter how
loose the parameters were. A structural search with the
Dali server (Holm and Rosenstréom 2010) also failed to re-
trieve any other models with similar folds. This indicates that
this sequence is found only in MVP. Could this define MVP?
It could be essential for sealing the cap, or to hook the
vaults onto cellular structures, vaults have been shown to
bind to microtubules via their caps (Eichenmdiller et al.
2003). This addition could have expanded the function of
the vault from sequestration of ions or molecules to
transportation.

This gives us an interesting dilemma. Even though the
PAML4 individual ancestor is the shortest, it is Mega5 that
has left out the very most highly conserved region of the
alignment when asked to include 100% of the MSA. This is
because the sequences from the branches (Chl. reinhardtii,
N. gruberi, and Aur. anophagefferens) do not have the C ter-
minal folds that appear to be specific to vaults. This could be
correct and the extra sequence has arisen more recently.
However, this is at odds with Cavalier-Smiths’ latest version
of the root of eukaryotes because extant vault MVP, from
both sides of the proposed root, has this structure. It is unlikely
to have arisen twice because the primary sequence is so highly
conserved across all domains.

A summary of our results is shown in figure 8 based on a
eukaryote tree (Keeling et al. 2005).

The Consurf representation (fig. 9A and B) (Ashkenazy
et al. 2010) shows the nonconserved residues (blue), and
the highly conserved residues (red) from an MSA of MVP se-
quences from all species discussed. The nonconserved resi-
dues are generally either solvent exposed on the exterior
surface of the vault or line the interior, but are not those in-
volved with inter molecular contacts docking monomers for
vault formation. The conserved residues cluster around the
shoulder of the vault, and also along the length of each mono-
mer within the lateral contacts.

In general, the docking is relatively poorer amongst the
ancestors (table 1) than docking in the individual sequences
that made up the original ASR input. This is to be anticipated;
a core MVP fold is conserved with sequence variation existing
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Fic. 7.—(A) Table produced from MSA of ancestral sequences of the super-groups identified in the text and from the alignment of the ancestors made
by individuals (one per species). Rat has been included for comparison. (B) The I-TASSER structural prediction for the reconstruction of the ancestor from 89
individual sequences, this cartoon depicts the FastML reconstruction that bears least sequence similarity with either the rat or with the other ancestors. (C) The
MSA close to the C terminal identifying an area of very high conservation. (D) Cartoon diagram of this region modeled by I-TASSER utilizing the ab initio
modeling capacity of MODELLER as this area has not been resolved in the crystal structure.

amongst groups that still allows interface docking, possibly
through covariance of sites between monomers within partic-
ular species. Our RosettaDock analysis with the known rat
structure (2ZUO monomers) indicates redundancy in docking
possibilities, that is, the docked rat monomer pairs were not all
utilizing the same residues as those found in the solved crystal
structure (Daly et al. 2013). If, as expected, the mutation rate
was equivalent at all positions within the MVP sequence po-
sitions, then the docking of one MVP monomer for another
would quickly deteriorate so there must be selective pressure
to maintain the residues important for docking even if the
vault structure was ancestrally rather simpler.

Discussion

From our general approach of reconstructing tertiary struc-
tures, and inferring quaternary formations, the MVP gene ap-
pears to be ancestral to eukaryotes and it is likely that vault
particles were present in LECA. MVP is retained in most eu-
karyote super-groups; opisthokonts (fungi plus animals),
amoebozoa, chromalveolates (though we are not so sure
about rhizaria that have been latterly included with the chro-
malveolates in the SAR supergroup), and excavates distributed
in groups both sides of the proposed initial divergence of the
last common eukaryote ancestor (Cavalier-Smith 2010).
Plantae is rather more controversial, although Chl. reinhardltii
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Fic. 8. —Structural diagrams of I-TASSER predictions from individual extant sequences (black type face) and from reconstructed sequences, derived from
a combination of PAML4 and FastML ASR (blue type face).

Fic. 9.—Consurf diagrams of the structural back bone of oligomerized rat MVP (PDB:2ZUO) showing one chain with spheres depicting the similarity
score of the MSA for all sequences. Thirteen monomers (of a total 39) of a half rat vault are shown for clarity. (A) Nonconserved residues are shown as blue
spheres. These nonconserved residues stick out from the surface of the vault (outward or inward), but are not involved in docking. (B) Shows completely
conserved residues (red) and highly conserved residues (pink). The most conserved residues are found in the shoulder region and along the length of the
monomer within the lateral contacts. The extreme C terminal is also highly conserved but unresolved in the crystal structure (2ZUQ), those residues show as

black points.

Genome Biol. Evol. 5(8):1567-1583.  doi:10.1093/gbe/evt113  Advance Access publication July 25, 2013 1579

57



Daly et al.

GBE

Table 1

I-TASSER and RosettaDock Results for Individuals from Poorly Represented Groups and from ASRs

Accession Number Organism Length % Residues |-Tasser I-Tasser C RosettaDock
Identical to Rat  TM Score,” Score® Energy Score®
Max Is 1.0 (Range —5 +2)

Q62667¢ R. norvegicus (Rat) 861 100 0.77+010 0.42 —254

Extant sequences used individually
A9V809 Monosiga brevicollis (Choanoflagellate) 861 59 0.90+0.06 134 —515
F2UN76 Salpingocea (Choanoflagellate) 853 59 0.86 +0.07 1.07 —474
E9CE06 Capsaspora owczarzaki (Capsaspora) 860 63 0.82+0.09 0.77 —199
F2E078 Hordeum vulgare (Barley) 843 55 0.86+0.07 1.06 —496
CT836653 Oryza sativa from cDNA (Rice) 831 60 0.90 +0.06 137 —-511
F4Y3B4 Lyngbya majuscula (Cyanobacteria) 879 54 0.77+0.10 0.43 —440
D2V5B9 N. gruberi (Heterolobosea) 559 17 0.62+0.14 -0.74 —441
ABJEL9 Chlamydomonas reinhardtii (Chlorophyte) 529 17 0.62+0.14 —0.86 -17

Ancestors created from combined PAML and FastML ASR
ASR All Eukaryotes® 892 32 0.79+0.09 0.56 —156
ASR Stramenopiles 912 45 0.74+0.11 0.2 —208
ASR Alveolate 871 45 0.88+0.0 1.18 —161
ASR Leishmania 995 34 0.58+0.14 —1.06 —180
ASR Trypanosome 916 38 0.81£0.09 0.69 —205
ASR Kinetoplast 1,025 34 0.53£0.15 —1.46 —148
ASR Amoebozoa 859 55 0.80+0.09 0.67 —248
ASR Opisthokont 913 65 0.96+4.6 —0.38 —-174
ASR Invertebrate 853 67 0.90£0.06 134 —261
ASR Fish 887 67 0.88+0.07 1.24 -519
ASR Sarcopterygii 857 72 0.87£0.07 1.1 —226
ASR Mammal 945 79 0.78+£0.10 0.51 —238

Note—The rat is given at the beginning for comparison; it is the only vault for which its 3D structure is known.

-TASSER TM score higher is better—cut off is —1.5.
PI-TASSER C score higher is better—cut off is 0.5.
“RosettaDock energy score lower is better.

9Q62667 is included for comparison. Rat MVP is the only complete MVP 3D X-ray crystallographic structure in the Protein Data Bank.
°All Eukaryotes. These figures refer to the joint ancestor of all individuals (one sequence per species), all final ancestors, scored within our criteria.

seems to be a bona fide inclusion, the grasses look more like
contamination. Additionally, Chl. reinhardftii, Aur. anophagef-
ferens, and N. gruberi do not have the highly conserved helices
and loop at the C terminal. Although we have concentrated,
for obvious reasons, on the MVPs, we see prediction of 3D
structure as a general approach that could be used much
more frequently for understanding earlier phases of molecular
evolution.

MVP is under selective pressure to maintain structure and
appropriate residues for docking. In general, the docking
scores for the putative ancestors are lower than for the
extant sequences though our prediction would still be that
these sequences would be capable of self-assembling into a
vault particle as they are known to do in metazoa.

Is there any evidence that could support this assertion? If
we consider the proteins that are known to associate with
vaults there are differences even within extant species. Vault
poly ADP-ribose polymerase from the PARP protein family
(VPARP) is found only in metazoa and amoebozoa, and there-
fore seems like a more recent adaptation (Citarelli et al. 2010).
These authors found six clades of PARP protein and suggest

that LECA already had at least proteins from clades 1 and 6.
The only MVP sequence that we have used that comes from a
species where no PARP family member has been found is Aur.
anophagefferens; although vaults can form without PARP
(Stephen et al. 2001).

Similarly, TEP1 (telomerase-associated protein-1) is a
component of vault particles in metazoa and amoebozoa.
TEP1 contains a TROVE domain (Telomerase, Ro, and Vault),
that binds vault associated RNA (vtRNA) (Poderycki et al.
2005). TEP1 is ubiquitous but vaults form without it and with-
out VtRNA. In metazoa, the only characterized group, approx-
imately 80% of the vtRNA is found outside of the vault
(Kickhoefer et al. 1998). The sequence homology of
VtRNA—even within metazoa, is slim (Stadler et al. 2009). It
is a pol lll transcribed RNA and outside of the A and B box
regions, structural homology would be the best search
method to find it in other groups.

If vault particles were formed in LECA—with or without
any other association—what functional role could they have
played? Extant vault particles open at low pH (Goldsmith et al.
2009) and anions can enter, possibly attracted by positively
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charged amino acids facing the vault interior (Ng et al. 2008).
Vaults have been associated with detoxification processes
(Suprenant et al. 2007), though they have never been
proven to be vital (Herlevsen et al. 2007). Some kind of
early encapsulation of substances toxic to the cell would
be a desirable trait. One possible function could be
protection from harmful bacteria that are engulfed by
eukaryotes.

Vault particles are probably missing from plants, have not
been found in insects and although traces of MVP monomer
sequences appear in some fungi, they fall short of having vault
forming capability using our criteria (not shown). The loss of
vault particles in plants and fungi might be explained because
they do not normally consume bacteria? Again, their loss in
insects might be explained by their hosting of complex com-
munities of bacterial, fungal and viral symbionts when feeding
on plants hosting pathogens and producing toxic chemicals
(Frago et al. 2012) that would be protective without the need
for vault particles.

Protein compartments that encapsulate and compartmen-
talize contents are ubiquitous, although a variety of designs
are utilized. In many ways vaults are reminiscent of virus par-
ticles; they are large assemblies that have a protein shell com-
posed of multiple copies of a single protein and have a large
central cavity. However, the geometry of viruses can be clas-
sified as; icosahedral, helical or complex (the classification
given to the pox virus), but none have the radially symmetrical
halves joined together like the vault particle.

Prokaryotes also form compartments, both larger and smal-
ler than the vault (Heinhorst and Cannon 2008) that concen-
trate linked functional mechanisms; however, these are
mostly icosahedral, for example, carboxysomes. Although
vault particles were originally thought to be absent from pro-
karyotes, there are a number of convincing homologs which
could have been acquired by HGT from eukaryotes. However,
there are other proteins, ubiquitous in prokaryotes that have
sequence and structural similarities with MVP in whole or in
part. BLASTs with the rat MVP sequence repeatedly result in
TolA and band 7 protein homologs being identified within
default parameters. In fact, the cyanobacterial MVP homologs
have been annotated colicin uptake transmembrane protein,
which is a pathway that utilizes TolA. The mechanism for co-
licin uptake has been mostly studied in Escherichia coli and
comprises the Tol/Pal system. The function of TolA is not fully
understood, it is involved in the structural integrity of E. coli
and related bacterial cell membranes. It is also involved in
active transport across the membrane but can be parasitized
by colicins produced by other E. coli resulting in the death of
the cell (Li et al. 2012). The Tol system also allows uptake of
phage DNA, although generally deleterious imported DNA
may contain genes that could give the cell an advantage. It
seems unlikely that the Tol/Pal system would be retained spe-
cifically for the uptake of pathogens, but conservation of an

active, if promiscuous transport system, might have been
essential to the early eukaryote.

One of the bacterial sequences, Her. aurantiacus
(UniProtkB:A9AUDA4), that folds as MVP within our criteria is
annotated as a band 7 protein. These band 7 sequences are
ubiquitous proteins that include stomatins, prohibitin, flotillin
HIfK/C, and podicin, known collectively as SPFH domain-con-
taining proteins. Tanaka et al. (2009) identified the shoulder
domain of MVP as homologous to the stomatin core from
Pyroccoccus horikoshii. Band 7 proteins have been found to
form ring-like oligomeric structures, for example, membrane-
bound prohibitin rings in mitochondria (Tatsuta et al. 2005),
and free ring structures in cyanobacteria (Boehm et al. 2009).
SPFH domain proteins are often linked with lipid rafts
(Browman et al. 2007). Extant vault particles are also found
in association with lipid rafts (Kowalski et al. 2007). Vault
particles are capable of detoxification of anions (Suprenant
et al. 2007), and are linked with multi drug resistance in
both cancer and epilepsy (Herlevsen et al. 2007; Liu, Mao,
et al. 2011). The capacity for sequestration or even ejection
of toxins from the early eukaryote would be a reason for the
high level of conservation.

Conclusion

MVP has been identified by our Ancestral Sequence
Reconstruction methods in; opisthokonts, amoebozoa, exca-
vates (including euglenids), chromalveolates, bacteria, and
possibly plants. We additionally predict that these MVP mono-
mers could dock to form complex oligomeric vaults as they are
known to do in opisthokonts and amoebozoa. We propose
that vaults in LECA could have functioned in membrane trans-
port, the sequestering of cell toxins, or provide protection
from engulfing pathogenic bacteria, but have now diversified
into the multitude of roles seen today, to the point where they
are being harnessed and utilized for drug and vaccine delivery
and possible future bioremediation.

Supplementary Material

Supplementary materials S1-S3 are available at Genome
Biology and Evolution online (http:/Avww.gbe.oxfordjour-
nals.org/).
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Chapter Three: Introduction to the
Argonaute Family

3. The defence of the Dark Arts

‘How old are RNA networks?” was written as the final chapter in a book ‘RNA
Infrastructure and Networks (Collins, 2011) and also published as a stand-alone journal
article (Daly et al., 2011). The work introduces the ‘Argonaute’ family of proteins as
well as describing some other proteins that also use RNA in their ‘defence of the Dark
Arts’. This phrase comes from J.K. Rowling of Harry Potter fame, but is a perfect term
for the arms race that likely exists within every cell (from all domains of life) against
every shred of parasitic nucleic acid (collectively termed ‘the Dark Arts’) and evolution
within the Dark Arts that can outwit the latest cellular defence tactic. | am indebted to

David Penny for thinking of such an apt title.

Some of the ideas in this manuscript have since been enlarged upon and the
genesis of small RNAs becomes more varied and complex with each publication. There
are many pathways in addition to those described in figure 2. A description of the
genesis of microRNA (miRNA) was left out completely as miRNA is principally
utilised in the control of endogenous transcripts to fine tune gene expression rather than
controlling parasitic nucleic acid, which was the main focus of the chapter. There are
also a myriad of ways in which transcripts can avoid Dicer processing e.g., where
dsRNA is formed naturally described in figure 1 and PIWI-associating RNA (piRNA)
in figure 2 forms via the ping-pong amplification loop thus avoiding Dicer processing.
Additionally PIWI family proteins are not confined to germ-line cells as supposed at the
time of writing (Rajasethupathy et al., 2012).

Animal small RNAs outside of piRNA additionally require Drosha processing in
the nucleus but this too can be avoided. Three classes of mirtron can form even in
mammals via a lariate debranching enzyme (Ladewig et al.,, 2012) and processed
VTRNA described in chapter one known to downregulate CYP3A4 (Persson et al.,

2009) avoids Drosha processing. Of particular interest (mentioned in chapter four (4c)
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and explored further in chapter five) is the possibility that processed tRNA and rRNA

can be used to supply guide RNA to argonautes.

I am specifically responsible for the sections entitled ‘Regulatory networks of
small RNAs’, ‘RNA regulations and defence against the Dark Arts’ and for table 1 and
figures 1 — 4 as well as contributing generally to the manuscript. Although
chronologically this chapter is out of order, it is placed here in order to introduce the

argonautes.
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CHAPTER 17

HOW OLD ARE RNA NETWORKS?

Toni Daly,' X. Sylvia Chen? and David Penny*:!

"The Allan Wilson Centre, Institute of Molecular BioSciences, Massey University, Palmerston North, New Zealand;
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Abstract: Some major classes of RNAs (such as mRNA, rRNA, tRNA and RNase P) are
ubiquitous in all living systems so are inferred to have arisen early during the origin
of life. However, the situation is not so clear for the system of RNA regulatory
networks that continue to be uncovered, especially in eukaryotes. It is increasingly
being recognised that networks of small RNAs are important for regulation in all
cells, but it is not certain whether the origin of these networks are as old as rRNAs
and tRNA. Another group of ncRNAs, including snoRNAs, occurs mainly in
archaea and eukaryotes and their ultimate origin is less certain, although perhaps
the simplest hypothesis is that they were present in earlier stages of life and were
lost from bacteria. Some RNA networks may trace back to an early stage when
there was just RNA and proteins, the RNP-world; before DNA.

INTRODUCTION

With new classes of RNA continuing to be discovered, it appears as if many classes
of RNA are likely to occur in eukaryotes, bacteria and archaea—but what about the actual
RNA-protein networks in which they are involved. For example, small RNA regulation of
gene expression has been seen in both eukaryotes and prokaryotes and even viruses use
small RNAs. Although the basic mechanism oftargetrecognition and cleavage is similarin
all these groups, the proteins and interactions differ. This chapter considers some ideas for
the time of origin of some key classes of RNA and their associated networks. We readily
accept the idea that some RNA-protein interactions are very old but when we get down
to the elaborate pathways of RNA-based regulation there was an early assumption that
such regulation only evolved when organisms became more complex (e.g., multicellular).
Now we see that the networks of RNA-protein interaction are more general; but can we

RNA Infrastructure and Networks, edited by Lesley J. Collins.
©2011 Landes Bioscience and Springer Science+Business Media.
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256 RNA INFRASTRUCTURE AND NETWORKS

infer the presence of particular RNA functions in Ida (Initial Darwinian Ancestor), or in
the later Luca (the Last Universal Common Ancestor), or in the even later Fred (Fairly
Remote Eukaryotic Daddy)."?

When it comes to understanding the main roles of RNA in modern cell biology there
is apotential problem of the ‘alphabet soup’ formed from so many classes of small RNAs.
Defining these subgroups is important for identifying subclasses that are reasonably closely
related—they have well-defined homologies and clearly related functions as collated
and updated in the RNA database Rfam.> However, our interest here is at the other end
of the spectrum—once we have these many classes and networks of small RNAs, can
we put them into higher level evolutionary groups with more general functions. As an
example, Boria et al* identified sSbRNAs (stem bulge RNAs) in nematodes as evolutionary
homologues of the more widespread Y-RNAs. Y-RNAs are involved with the protein
R, in a network of interactions that both assist misfolded RNAs but are also involved
with DNA transcription. This equivalence of R, and sbRNAs reinforces the message that
RNA networks evolve and as we understand more about how RNA and its associated
proteins evolve we can begin to surmise how such regulation could have evolved much
earlier in the beginning of life.

REGULATORY NETWORKS OF SMALL RNAs

Networks involving small RNAs can regulate translation with some proteins also
used in defence networks. Small (~20-30 nt) RNAs have many functions including,
fine-tuning expression of temporal and tissue specific mRNA, destruction of aberrant
mRNAs via cleavage, repression, up-regulation and also translational control via DNA
methylation and maintenance of histone architecture.

Three basic regulatory classes of ncRNA networks are recognized in eukaryotes,
determined by their biogenesis and mode of operation’ (siRNA-based, miRNA-based and
piRNA-based). miRNA sequences are usually found in intergenic and intronic regions
of eukaryotes and in some viruses. They have their own promoters and regulatory units.
RNA Pol IItranscribes long unstable primary RN As that form hairpin loops (pri-miRNA).
Some miRNA genes are found in the UTR regions of coding sequences (indicating that
the transcript can be processed as either a miRNA or an mRNA) and some are even
found in exons. A complex cellular milieu of miRNAs allows tuning of thousands
of genes through combinatorial interactions within 3’ untranslated regions and could
account for cell specificity and/or temporal control.®* miRNAs were once thought to be
cell-specific but recent work has shown that in plants at least, niRNAs move extensively
between cells and can control protein levels in remote tissue.” In a viral example, the
herpes virus (dsDNA) produces a range of pri-miRNA transcripts which are processed
to pre-miRNAs in the host nucleus. They utilise the endogenous miRNA network using
the host RNAse I1I endonuclease (Drosha) and a dSRNA binding protein (Pasha). These
are then exported via the same pathway as endogenous miRNAs. These viral miRNAs
can extend the lytic phase of the cell, by suppression of apoptosis. Other DNA viruses
seem to produce just one or two miRNAs.* miRNAs have an obligate nuclear processing
phase, so viruses that enter the nucleus are more likely to encode them. HIV is an RNA
retrovirus that encodes at least three miRNAs.>!? Similarly with bacteria, the success of
the plant bacterium Agrobacterium tumefaciens is enhanced by knocking out the siRNA
pathway, but still requires an intact plant miRNA pathway.'!
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In animals, the network of miRNA-based reactions involves exportin-5 mediating
nuclear export of pre-miRNAs, a cytoplasmic RN Ase Il endonuclease Dicer, together with
the dsRBP Logqs, (Drosophila) and trans-activator binding protein (TRBP) (in humans),
transforms the pre-miRNA into the mature transcript. Plants lack a Drosha and Pasha
homologue and instead use a nuclear Dicer-like endonuclease (DCL1), which makes
similar cuts, but they also require a dSRBP (HYL1) to accurately process the miRNA
precursors.'? Such changes over tine are what we expect from an evolutionary process
and this makes it likely that the plant/animal ancestor had a comparable system.

Animal miRNAs often have limited complementarity, either as a duplex
(miRNA:miRNA*) or with the target mRNA. Usually the strand with the lower 5’ end
stability enters the Argonaute domain of the RISC complex (RNA induced silencing
complex). Argonautes are an ancient protein family known as ‘slicers’. Plant and animal
miRNAs usually load into Agol although miRNAs have been found in all four human
Agos. It was believed that the miRNA* strand is degraded, but recent work in Drosophila
indicates that the miRNA* strand can be modified by 2’-O-methylation at the 3’ end
then loaded into Ago2 in the RISC complex, the domain usually occupied by siRNA."

In animals, introns can be linearized by the lariat debranching enzyme and the
resulting RNA folds to a pre-miRNA structure. These spliced lariats are processed by
Dicer and have been termed mirtrons. They have the same action as a miRNA, but do
not require the cleavage capabilities of Drosha. Initially discovered in D. melanogaster
and C. elegans, mirtrons have now been found in mammals, including primate specific
sets.'* Additionally the HIV virus encodes amiRNA; hivl-miR-TAR that uses the cellular
mirtron pathway.’ Ithas been suggested' that this pathway could predate Drosha mediated
cleavage. An alternate would be that they have evolved independently three times in
different lineages and that viruses have taken advantage of both pathways. Most animal
Agos now lack cleavage ability'" and suppress mRNA translation by physical impedance,
or by suppression of transcription via heterochromatin and DNA methylation.'

Animal miRNAs usually suppress translation by binding to the target mRNA, but
the exact mechanism remains under debate. Three models!” for preventing initiation are;
miRNA:RISC complexes compete for ribosome binding, compete for cap binding, or
preventcircularization of the mRNA by inducing de-adenylation (circularization enhances
mRNA translation). The latter two strategies could also promote the degradation of
mRNA unprotected by cap or polyA tail. Another suggestion is that even if translation
has begun, the miRNA:RISC complex could cause ribosomes to drop off prematurely.
However, miRNAs can also up-regulate translation (particularly when the cell is under
stress).!® Binding position is relevant—an example being if the interaction of mammalian
miR10a:RISC is within the 3'UTR of ribosomal proteins then miR10a suppresses
translation, but in the 5’"UTR it could activate it.! Thus there is a wide diversity of miRNA
processing and the existence of small RNA networks appears universal in eukaryotes.

Recently small RNAs derived from tRNA were discovered.”” These load preferentially
into Ago3 and Ago4 where one of the classes of tRNA derived small RNAs (tsRNA)
has a moderate capability to down-regulate mRNA. Ago3 and Ago4 may act as a buffer
by loading unstructured small RNAs preventing Ago2 from becoming overloaded.?!
Intriguingly they are confined to the cytoplasm, though their processing signature
indicates that they are processed in the nucleus. Cellular localisation also plays a part in
the standard miRNA-processing network. The miRNA:RISC complex in the cytoplasm
often relocates to P bodies enriched in mRNA degradation proteins.” Smaller complexes
composed of just siRNA or miRNA and Ago2 can also be found in the nucleus. Possibly,
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a small proportion of the cytoplasmic Ago2:RISC complex is stripped of Dicer and
TRBP prior to, or during translocation to the nucleus. In the case of siRNA or perfectly
complementary miRNAs, the target is cleaved and the Ago2 is released and exported to
the cytoplasm. In C. elegans,” NRDE3 (an Ago) together with siRNA is necessary and
sufficient for location to the nucleus and silencing of nuclear mRNAs. Although there
are 27 Agos in nematodes, there appear to be little redundancy in that mutants lacking
this protein (nrde3- nematodes) are defective for all nuclear mRNA silencing.

miRNA-mediated cleavage appears similar to the RNA interference mechanism
mediated by siRNAs (see later). However, there are subtle differences in their requirement
for complementarity; siRNA and plant miRNAs have perfect complementarity to their
target, but the animal miRNA:miRNA* duplex contains mismatches bulges and GU
wobble pairs. Their biogenesis is more strikingly different; most siRNAs silence their
encoded targets and are processed from complementary dsRNA transcripts from invasive
nucleic acid during infection (exo-siRNA) and so processing is often in the cytoplasm. In
contrast, miRNA sequences are encoded in the organism’s genome and so the first steps
in the processing pathway occur in the nucleus and requires export. In plants and worms,
each siRNA precursor gives rise to many siRNA duplexes, but only one miRNA:miRNA*
is generated from each pre-miRNA. Additionally miRNAs are nearly always conserved
in related organisms but exo-siRNAs are rarely conserved.*

Endogenous-siRNA (endo-siRNA)is involved in a pathway that could evolutionarily
link the nuclear and cytoplasmic processing. This process offers protection from
genomically integrated parasitic DNA so its transcripts are derived from the genome and
processed in the nucleus. The aim is the suppression of parasitic DNA either by guiding
histone modification and DNA methylation, or cleavage of mRNA. The endo-siRNA
pathway shares some of the miRNA proteins. For instance, Drosophila uses the
double stranded RNA binding protein (dsRBP) Loquacious (Logs) and Dicer 2 for the
endo-siRNA pathway and another isoform of Logs is used for the miRNA pathway in
partnership with Dicer 1. The commonality is the endogenous root of the RNA, but the
need to quell exogenous transcripts would likely have arisen before silencing one’s own.

Piwi interacting RNAs (piRNAs) were originally detected in Drosophila germline
cells and they are slightly larger (~24-31 nt) RNAs with the 2’ O-methyl 3’ ending
reminiscent of siRNAs. They are particularly known for the suppression of transposons
and repeat sequences (see later), but flies and vertebrates have an additional type of
piRNA expressed in germline cells during the pachytene and prepachytene stages of
meiosis (known as primary piRNA). They are derived from the 3'UTR of cellular
transcripts involved in diverse cellular processes. They do not exhibit the ‘ping-pong’
type amplification where secondary piRNAs are produced via an Aub/Ago3 dependent
loop as seen in the suppression of transposons (see later) and they are depleted for repeat
elements. The mechanism of primary piRNA production is poorly understood but it is
thought that they are generated at the same time as the mRNA is being translated in the
cytoplasm* and may be derived directly from mRNAs selected for piRNA production.
There is some crossover of pathways here because in Drosophila at least, primary
piRNAs that are involved with the suppression of transposable elements have been
found in the somatic cells surrounding germ cells. These cells lack Aub and Ago3 and
appear to come from one cluster (flamenco) and target one class of transposon (gypsy
elements). Gypsy elements mobilise initially by being copied into RNA, but are then
processed into virus-like particles in the cytoplasm.?’2* It is intriguing that the siRNA,
pathway which specialises in dealing with viral RNA, appears to have neglected gypsy
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elements and that in flies at least, a variant of the piRNA pathway has developed to
deal with them. The important conclusion is again that there are many variations in details
within eukaryotes, but the same basic mechanism seems to re-occur.

RNA REGULATION AND DEFENCE AGAINST THE DARK ARTS

All cells and even viruses, are subject to de novo invasion by both exogenous and
endogenous nucleic acids including transposons, viruses, pseudogenes—essentially what
has been called ‘selfish DNA’. We refer to this potential invasion of DNA as the ‘Dark
Arts’ and (withacknowledgement to JK Rowling) ‘Defence against the Dark Arts” heavily
involves RNA networks.?” Exogenous nucleic acid can occasionally be advantageous for
an organism, but in most cases it will be deleterious and possibly lethal.

We first discuss the small RNAs involved in RNA interference (RNA1) pathways
in eukaryotes and viruses and the following section the clustered, regularly interspaced,
short palindromic repeats (CRISPR arrays) found in bacteria and archaea. We expect that
at all stages during the origin of life, the same basic biological principles apply,* and that
parasites would always have been present.’! Viruses have also evolved small-RNA based
mechanisms which use the conserved RNAi machinery of the host.® The co-evolution of
these mechanisms is important for understanding molecular epidemiology ‘in action’.

We consider two forms of siRNA networks as described earlier; exogenous siRNAs
(ex0-siRNA) from invasive transcripts and short RNAs produced from endogenous
transcripts (endo-siRNA). Exo-siRNAs are processed from long double stranded RNAs
(dsRNA), often transcribed from viral or plasmid sources during infection in animals,
fungi, protists and plants. It forms a basis for antiviral defence and requires at least three
key proteins, the RNaselll endonuclease—Dicer, an RNA dependant RNA polymerase
(RdRP) and a member of the Argonaute (Ago) family.

There are 3 clades of Argonaute; ‘Argonaute-like’, ‘Piwi-like’ (both found in
prokaryotes) and ‘group 3 Argonautes’ found in C. elegans.’> The Ago proteins are
found in all three domains, but are quite diverse in sequence. They possibly originated
as a structural support for catalytic RNA and eventually took on the catalytic role leaving
the RNA as a guide? There is large variation between eukaryotes in their complement
of these proteins (see Table 1) but our main question here is whether there are basic
mechanisms across all eukaryotes. To be more precise, did the last common ancestor of
eukaryotes (Fred) have this defence mechanism, which has subsequently been modified
in the different eukaryote lineages? It has been unclear whether mammals use the exo-siR
system given the complex immune system available to them. There is some evidence
that mammalian viruses encode RNAi suppressors and that implies that they could use
ex0-siR,* and more recently virally encoded siRNAs have been found in mammalian
cells. For example, the abundance of virally encoded siRNAs increases in cells defective
for the interferon pathway (IFN o/f) (initially thought to preclude the possibility of
ex0-siRNA in mammals).*

Exo0-siRNA deals with invading RNA, but eukaryote genomes are largely comprised
of selfish DNA that has accumulated over time and a variant of the siRNA system
(endo-siRNA) deals with this. In plants RDR2 copies transcripts from silent loci, principally
transposons, thought to be produced by RNA pol IV. This produces long dSRNA which is
cleaved to make sets of cis-acting siRNA (casiRNA) that affect the transcripts of the gene
loci that produced them. RDR6 can copy miRNAs from the 745 locus, which then enters
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Table 1. Some of the key enzymes in the RN A1 pathways and variation between species
RNase 111 RNA Dependent RNA

Species Endonuclease Polymerase Argonaute-Like  Piwi-Like
S. pombe DCRI1 RDRPI1 Agol
A. thaliensis DCLI1-4 RDR1, RDR2, RDR6 Agol-10
D. melongaster DCRI1-2, A subunit of RNA pol IT  Agol-2 Piwi, Aub,
Drosha has RARP capability Ago3
C. elegans DCRI1, Rrf-1, Rrf-3 Algl-2, PRGI1-2,
Drosha T22B3.2, ERGOI
T23D8.7, Plus at least
ZK757.3 18 group 3
Argonautes
H. sapiens DCRI, RdARP composed of Agol-4 HILI, HIWI,
Drosha hTERT in complex HIWI2
with RMRPY PIWIL3

the RNAIi pathway and is trans-acting (tasiRNA); i.e., produced from a discrete locus.
Plants also have a third method of producing siRNA via RDR6 by copying overlapping
transcripts, one produced constitutively and one produced in times of biotic stress. These
are natural antisense transcript-derived siRNAs (natsiRNA).** This continued evolution
of RNA-protein networks makes it harder to recognise specific networks, but does not
obscure the general mechanisms of defensive RNA networks.

Classical RARP homologs have notbeen found in mammals, yet endo-siRNAs appear
ubiquitous in eukaryotes. This defence is important in flies and an elongation subunit
of RNA pol II has been found to have RdRP capability and is involved in the RNAi
pathway.*® Analternate RARP is also available to mammals; an RARP composed of hTERT
in complex with RMRP has been shown to produce siRNAs in humans.?” Endogenous
dsRNA can also derive from DNA transcripts that would result in RNA prone to forming
duplexes (Fig. 1A),*® e.g., bi-directional transcription of a single gene, trans-interaction
between transcripts from a founder gene and pseudogene, or overlapping transcription
across two genes (convergent transcription). Long single stranded RNA transcripts that
fold back on themselves could form from long transcripts of transposons in inverted
orientation, or from duplicated inverted pseudogenes, or from structured loci. All of
these could result in hairpin duplex structures that can be processed using the siRNA
pathway with the addition of a double stranded RNA binding protein (dsRBP) (Fig. 1B).

In relation to the Dark Arts, exo-siRNA defends against exogenous viral and plasmid
nucleic acid infection and endo-siRNAs against RNA from endogenous repeating units,
transposons, integrated viral sequences and pseudogenes. This defence can occur in any
cell, but is especially important in organisms (such as animals) where there is a division
into somatic and germ-line cells. The matched endogenous repeat sequences were
originally termed repeat associated small interfering RN As (rasiRNA). This term has been
retained for plant endo-siRNAs that target repeat sequences. However, piRNAs aren’t
simply longer siRNAs—their biogenesis is different, because they are independent of
Drosher and Dicer endonucleases and they interact with a specific clade of Ago proteins
known as Piwi, AUB (Aubergine) and Ago3 in Drosophila (MILI1, MIWI and MIWI2
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Figure 1. A) Transcription of endogenous DNA that gives rise to dsSRNA. Bidirectional transcription
resulting in dsSRNA can arise when sense and antisense promoters are found in the 5S’UTR. Parent and
pseudogene transcripts can form endo-siRNAs that regulate the parent gene. Pseudogenes are essentially
unsuccesful duplications, ‘faulty’ in some way, yet many are retained and don’t appear to accumulate
as many mutations as would be expected. siRNAs can also derive from overlapping transcripts, this
occurs naturally in plants giving rise to natsiRNAs produced at times of stress. Convergent transcription
in the geminivirus gives rise to a very short overlap but is sufficient to produce the dsRNA needed for
exo-siRNA. B) Transcripts prone to forming hairpin loops form from the ‘read through’ of transposons
or pseudogenes that have duplicated and inverted.

in mice, HILI, HIWI1, HIWI2 and HIWI3 in humans). The evolution of RNA networks
continues; it is not a ‘once and for all’ setup.

Transposons make up the bulk of most eukaryote DNA and are classed as either Type
I transposons (that have an RNA intermediate and can be thought of as ‘copy and paste’),
or Type II elements (where the segment of DNA can move, ‘cut and paste’). piRNAs are
processed from long endogenous predominantly antisense transposon or repeat sequence
transcripts often found concentrated in hotspots on the genome.** Their biogenesis is
different from the other pathways made possible because the Piwi clade of Argonautes
have retained their catalytic capability. Although precursor piRNAs are mostly antisense,
a small number of sense piRNAs are produced. These load into Ago3 and cleave antisense
retrotransposon transcripts or the antisense precursor piRNA leaving a 5" antisense product
or secondary piRNA. These load preferentially into Piwi or Aub and bind and cleave
transposon mRNA forming a 5’ sense piRNA that loads into Ago3 and guides cleavage of
an antisense mMRNA or the antisense precursor. This is known as a ‘forward feed’ or ‘ping
pong’ amplification loop and can generate large numbers of piRNAs without the need for
Dicer processing. Plants and worms have also amplification steps in their siRNA pathways,
generating secondary siRNAs though the mechanisms are quite different. Silencing is
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achieved principally by DNA methylation via the RITS (RNA-induced Initiation of
Transcriptional Gene Silencing) complex containing Piwi and AUB. In mammals this
epigenetic regulatory role is heritable through maternal transmission.** A comparison of
some features of RNAi defence networks is shown in Figure 2.

Some genomic regions give rise to both endo-siRNA and piRNA and target the same
transcripts, indicating cooperation/interaction between networks. Indeed, integration
across the entire RNAIi networks seems necessary, otherwise a viral infection might
overwhelm the machinery required to suppress transposons to the mutual benefit of virus
and transposon. Alternatively, there could be some redundancy among the molecular
machinery that keeps all pathways working. For instance, it is known that the plant
DCL2 can take over the functions of DCLA4. Is this redundancy driven by fortuitous gene
duplication, or in response to the plant dependence on the RNAi networks?
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Figure 2. A comparison of RNAi networks involved with the defence of the Dark Arts. Current
invasions can be quashed by exo-siRNAs utilising the RNA derived from the invader, either conveniently
provided, for example by the geminivirus, or formed into double stranded RNA by RARP. Endogenous
invasive DNA is dealt with by the endo-siRNA pathway, sharing many proteins with the exo-siRNA and
also the miRNA networks. The piRNA pathway is also adapted to prevent expression of endogenous
invasive DNA, usually by modification of DNA architecture and specifically in the germline. Although
the piRNA pathway is independent of Dicer it utilises a variant of the Argonaut protein confined to
germline cells (see Table 1).
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Viral particles evolve rapidly and even miRNA genes within related viruses may
have little homology though they maintain sequence similarity with their mRNA targets
for host mRNAs and with some cellular miRNAs. Viruses can suppress host miRNA
and siRNA pathways via RNA silencing suppressors (RSS) at many steps. Some DNA
viruses score ‘own goals’ by producing dsRNA, an example being the cassava mosaic
virus, a geminivirus that produces dsRNA via convergent transcription from opposite
promoters. The plant cytoplasmic DCL4 slices these into siRNAs that suppress the viral
transcripts. However, the Dark Arts are never idle; viruses have evolved RSS to turn
off the host defence, by inactivating DCL4. Nevertheless, the plant can retaliate and
use DCL2 as a substitute for DCL4.*! The geminiviruses that give rise to convergent
transcripts can inhibit the RARP needed for the miRNA and siRNA pathways in plants,*
and prevent RNA-directed DNA methylation (Fig. 3). Plants have counter-evolved a
method of methylating and silencing gemenivirus minichromosomes using RNA-directed
methylation via Ago4.* Geminivirus counteracts by suppressing methylation globally. A
similar arms race occurs wherever viral nucleic acid is found, that is, everywhere. From
an evolutionary perspective the RNAi networks must be very old. Not only because
RNAI is ubiquitous, but because it makes use of ancient proteins and is involved with

Agos 4 and 6 methylate the
viral genome to shut it down.

Ago4/6 \ Viral L2 interferes to
& suppress methylation

‘ CH;  globally
DCL3

i \
RDR2 e _/ SN—

DCL 4 ol
DCL2 I
ﬂ;;s and SGS3 % Viral V2 can interfere
Agol with SGS3, a
A suppressor of gene

Ago1 slices viral transcripts and these can be used ~ Silencing and prevent
in an amplification step generating secondary siRNAs RDR6 copying

Figure 3. Geminiviruses are ssDNA viruses that replicate via rolling replication forming dsDNA without
a dsRNA stage. Transcription is bidirectional and the transcript overlaps resultin a dsSRNA of a small
segment of the ACI gene, which is indispensable for replication. DCL4 preferentially dices this into
small (22nt) virus-derived RNAs (exo-siRNA) which load into Agol and slice mRNA transcripts arising
from the ACI gene. The cleaved mRNA can be converted by plant RDR6 into secondary siRNAs in
an amplification step, which also converts other viral ss transcripts into siRNAs. An alternate fate of
the viral overlapping transcript is to be extended by RDR2 and diced by DCL3 in the nucleus, where
it enters Agos 4 or 6 and shuts down viral replication. However, the viruses can interfere with this
shutdown at different stages.
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the maintenance of other very old proteins such as the highly conserved histones which
serve to enhance copying fidelity.

So what of bacteria and archaea, how does their arsenal stack up against parasitic
nucleic acids? “Clustered, regularly interspaced, short palindromic repeats” (CRISPRs)*
occur extensively in bacteria and archaea as a defence against phages, plasmids and
transposons, using small RNAs to interfere with invasion. CRISPRS appear ubiquitous
in archaea and the apparent lower incidence (~40%) in bacteria may be an artefact of lab
maintained strains. However, an alternate explanation is that some pathogenic bacteria,
reliant on plasmids for antibiotic resistance or virulence factors, have mechanisms to avoid
the acquisition of CRISPR systems. Some E. coli strains have CRISPR arrays containing
spacer sequences derived from cas genes termed ‘antiCRISPRs’ that can destroy the
DNA of invading CRISPR/cas systems.* These species lack endogenous cas genes yet
the antiCRISPR is selectively retained presumably to permit horizontal gene transfer,
or for an as yet unidentified function. The CRISPR system is dynamic and evolutionary
and an outline is given in Figure 4.

Spacers between the CRISPR repeats are usually from sources external to the organism
(e.g., from the phage) and possession of a spacer sequence matching a challenging
phage gives resistance to that phage.*® A suite of conserved proteins involved in DNA

_,-".T'}»/j::firal infection

/] viral DNA
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Cas complex assisted
recognition of spacer

Novel spacer ' sequence

sequence

crRNA/Cas complex
disintegration of viral D m Gohiligation &
DNA === ‘

J WL Transcription O L U

* _ Plasmid DNA
-
\ <

Cas assisted cleavage
and release of crRNAs

Figure 4. The CRISPR system is a combined exo and endo-siRNA that results in a dynamic, heritable
immune system. crRNAs are produced from an endogenous transcript akin to endo-siRNA and diced
using Cas proteins, these are analogous but not homologous to the Dicing proteins of the siRNA
system. The spacer sequence is acquired from a current infection (top and right), though it isn’t clear
how rapidly this can be utilised, it would seem that it would be slower than eukaryote exo-siRNA
due to the integration step. A major difference between the prokaryote and eukaryote defence against
the Dark Arts is that evidence thus far would indicate that cleavage is directed against invading DNA
(left), rather than mRNA.
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transactions was identified as typically occurring close to the CRISPR locus and called
cas genes—(CRISPR associated). They have functional domains typical of nucleases,
polymerases, helicases and nucleotide binding proteins*’ and are required for the acquisition
of the spacer sequences. Although the mechanism is speculative, studies have shown
that the core cas genes Casl and Cas2 occur at all CRISPR loci and are involved with
acquisition of the spacer sequences. Disruption to these genes results in loss of ability to
acquire new spacer sequences, but does not prevent the function of existing ones. Entire
CRISPR/cas systems can also be found in plasmids,*® and the same subset can be found
indistantly related organisms. This indicates that they can be acquired from plasmids—by
the very mechanism that they normally prevent.

Constitutive transcription of the entire repeat/spacer array gives long precursors
which are processed into short crRNAs. Each crRNA corresponds to one spacer sequence
flanked by two partial repeats.”’” The significance of the flanking sequences is that the
resulting crRNAs can recognise ‘self” DNA because the ends of the crRNAs will be able
to attach by Watson-Crick pairing along their entire length, whereas predatory DNA will
result in the crRNA being free at both ends.* Disruption of invading target DNA with a
self-splicing intron that restores the mRNA, results in loss of resistance in Staphylococcus
epidermidis, despite having the correct spacer sequence. This indicates that mRNA is not
the target.® Bidirectional processing was found in the archaeon Sulfolobus, suggesting
the possibility that RNA duplexes could form and given that archaea contain Argonautes,
could this possibly represent a form of siRNA pathway akin to eukaryotes.

RNA cleavage has been demonstrated in vitro in another archaecon Pyrococcus via
an RNP complex comprised of crRNA and Cas proteins (Cmr1-Cmr6) encoded from a
Cas associated module known as RAMP (repeat associated mysterious protein, mainly
found in thermophilic archaea).” RAMP proteins can be located distally from the CRISPR
and do not appear to move with the CRISPR array. DNA cleavage wasn’t detected in
P. furiosus, this may mean that the Pyrococcus CRISPR system is directed at mRNA,
or directed at the genome of an RNA phage. The spacer sequences in P. furiosus have
not been identified. If they are aimed at RNA phage, this is not surprising given that so
few RNA phage have been sequenced and spacer sequences matching any RNA phage
have not (yet) been found. It is possible that species with RAMP encoded Cas proteins
have an alternate mechanism of silencing invasive nucleic acid.

For prokaryotes, with both a single center for DNA replication (Ori) and a short life
span, it is vital that the genome is small so that replication can be carried out quickly.>
It would be costly to allow CRISPR arrays to grow unchecked and there is evidence of
spacer deletion at the 3" end of the array.*’ This would allow historic invasions to be
forgotten if the cost of maintaining the surveillance was high. There are also higher levels
of expression of mature crRNA from the leader end of the transcript (from more recently
acquired spacers) and lower levels of distal sequences.*’ Such a strategy ensures protection
against current threats, whilst keeping a low level of surveillance for the re-emergence of
an old foe. The Dark Arts cannot be so easily subdued. Mutations in a 3-5 proto-spacer
adjacent motif (PAM) can prevent proto-spacer sequence recognition, or target sequence
mutation can evade crRNA target recognition, phage from Leptospirillum can reshuftle
25 nt blocks> confounding the slightly larger spacer sequences of the crRNA. And so
it goes on. For the convenience of molecular evolutionists, CRISPRs give a historical
insight into past host and pathogen encounters!

Thus it seems that all living cells can use some type of small RNA to defend
themselves. Furthermore, we expect that there always would have been viruses, so the
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simplest hypothesis at present is that small RNAs have always been used in Defence
Againstthe Dark Arts. Eukaryotes, bacteria and archaea have all evolved slightly different
methods of dealing with parasitic DNA, but the use of RNA is a common thread. The
diversity in mechanisms shows evolution has continued, but reinforces that the whole
network system is very old.

OTHER REGULATORY RNAs

Our knowledge of noncoding RNA regulated pathways has expanded markedly in
the past decade.’**® The roles of networks of regulatory and catalytic ribonucleoprotein
particles (RNPs) in eukaryotes have been well studied, including classical examples
such as the small-nuclear RNPs (snRNPs) in mRNA splicing,’”** small-nucleolar RNPs
(snoRNPs) in rRNA processing—either the 2’ hydroxyl of ribose is to be methylated,
or a uracil converted to pseudouracil,’® and the RNase P in tRNA processing.®” Genome
wide expression studies of eukaryotic model organisms have shown that over 90% of the
genome is transcribed, which suggests that the richness of noncoding regulatory elements
extends well beyond what is currently known.¢!

The conserved infrastructural network of RNP-mediated networks in eukaryotic
cells indicates a pre-eukaryotic origin for many RNP functions.®> Both experimental
and computational genome-wide mining of noncoding RNAs have revealed that many
regulatory RNAs have highly flexible expression patterns.®*% An example of such
RNAs are snoRNAs that have been found in all eukaryotes and form one of the largest
families of noncoding RNAs.* They are not restricted to rRNA biogenesis, snoRNAs in
the Cajal body (“small Cajal body RNAs”—scaRNAs)® modify snRNAs that function
in the spliceosome. They have been identified as precursor for smaller RNAs;* a human
HBII-52 snoRNA (SNORD 115) is processed into smaller RNAs, which regulate
alternative splicing of the serotonin-receptor gene,®” and alternative splicing itself appears
very ancient in eukaryotes.®® Similarly, a C/D box snoRNA from the Epstein-Barr virus
is processed into smaller RNAs.® Many snoRNAs in modern genomes appear to arise
by duplications.”®’”! Large numbers of new snoRNAs are continuously being identified
through experimental and bioinformatic screens.” All these findings, together with the
existence of many orphan snoRNAs without known targets’ suggest additional network
interactions. Identification of snoRNA-derived small RNAs from such a wide range
of organisms also implies that some alternative regulatory roles of snoRNAs have an
ancient origin. In some eukaryotic lineages with smaller genomes (such as diplomonads
and microsporidia) and in archaea, there are fewer annotated snoRNAs, but those that
are there appear functional.”

Cis-regulatory RNAs have been identified in both eukaryotes and prokaryotes,® and
classic examples include riboswitches in bacteria and plants,” iron-response elements
(IREs),’ and the eukaryotic histone 3'UTR stem-loop.”” Cis-regulatory RNAs are usually
located in the untranslated regions (UTRs) in mRNAs, though some are in coding regions.”
In association with RNA-binding proteins they regulate translation, splicing, stability and
localization. For proteins, there are hundreds of identified RNA-binding protein domains,”
but the identification of complementary protein-binding motifs in RNA is still at an early
stage. Animportantrole of cis-regulatory RNA elements ismRNA localization in eukaryotes.
Expression of many eukaryotic RNAs involves packaging of mRNA-protein complexes into
transport particles, trafficking of the particles within the cytoplasm and finally translated at
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their target destination. A few examples are localization of budding yeast ASHI mRNA to
the bud tip,* localization of B-actin mRNA to the leading edge of migrating fibroblasts,®!
localization of Nonos mRNA to the posterior end ofthe Drosophila embryo,*? and localization
of human Vimentin mRNA to the perinuclear region of the cytoplasm.** The noncoding
motifs on the 3'-UTRs of the above mRNAs function to bind specific proteins for the
transport of the mRNAs. Existence of these RNAs in all three kingdoms of life also hints
at this network arising prior to the universal common ancestor (Luca).

HOW OLD ARE THE DIFFERENT INTERACTIONS OF RNA?

In general a good case can be made for many of the general classes of RN A networks
to arise relatively early in evolution,’** but we need to outline the options carefully.
Current approaches attribute importance to several overlapping earlier stages®® during the
origin of life (see Fig. 5). We start with the familiar world of DNA, proteins and RNA
and work backwards to earlier stages. The biological world that we are familiar with
has DNA as the main coding molecule and this allows several steps of error checking
(against the complementary strand as just one example). The replication accuracy of
DNA-based system is much higher than for RNA-coding systems and as far as we can

A DNA-world ’@Bo m modern world
I

B RNP-world q”l “ 00 earlier life
25
oldest life

%0 V pre-life

Figure 5. Working backwards through four stages for the origin of life. (A) Our modern world has
DNA as the main information storage molecule and its double-stranded structure allows a higher
replication accuracy. The standard model suggests an earlier RNA-protein (RNP) world (B) where
RNA was the main molecule for genetic information and proteins had the main catalytic role. Many
regulatory networks may date back to this time. At a still earlier stage (C), the standard model is an
RNA-word where both catalysis and information storage was carried out by RNA—presumably aided
by short (noncoded) peptides. The error rate is assumed to be relatively high and thus only relatively
short RNAs could be coded. Earlier still there must have been a chemical stage (D) where perhaps
autocatalytic cycles were important. It is not specified when membranes (allowing protocells) first arose.
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tell, the size of even the larger eukaryote genomes is no longer limited by the accuracy
of replication of DNA.

Our modern world (Fig. 5A) has the three familiar groups of macromolecules—
proteins, RNA and DNA. On any evolutionary scenario there will have been earlier and
simpler worlds and under the standard theory it is predicted that our modern world was
preceded (Fig. 5B) by a ribonuclear protein world (RNP) with RNA having the coding
roles and proteins doing most of the catalysis. Part of the evidence that DNA evolves
last comes from the necessity for protein enzymes (ribonucleotide reductases) that use
free radical mechanisms to reduce an OH of ribose (in a ribonucleotide RNA precursor)
to a deoxy-ribonucleotide.®” As far as we know, only proteins (not RNA) can catalyse
such complex free radical reactions. In the proposed ribonucleoprotein-world (RNP of
Fig. 5B) protein is doing most catalysis (especially of small molecules), leaving RNA
with the main coding function and RNA-protein networks would probably have had
many regulatory roles.

From our knowledge of modern biochemistry, protein enzymes copying single-stranded
RNA are much less accurate and have higher error rates than copying the double stranded
DNA molecule. This lower accuracy means that RNA genomes would be much shorter
than DNA-based organisms. Indeed, we see today that RNA viruses have much shorter
genomes than double-stranded DNA viruses.*® Effectively there is a positive feedback
cycle of increasing fidelity of replication allowing longer coding sequences, which allows
a further increase in replication fidelity—we call this the Darwin-Eigen cycle.* But the
important point here is that from this stage we will have many RNA-protein interactions
and so, in principle, some of the RNA-protein networks could have been established at
this stage. Or were they lost in Luca and then later re-established—but only in eukaryotes?
Losing them and later re-establishing them, seems a less likely hypothesis.

At this point (ribonucleic acids and proteins) we are still on reasonably firm ground;
but what comes earlier? Currently the best hypothesis for the earlier stage (Fig. 4C) is
that RNA is the first polymer that had the ability to reproduce itself (either directly, or
indirectly through a cycle and with or without assistance of short noncoded peptides). It
has long been considered” that enzyme cofactors with a ribodinucleotide structure (such
as NAD, FAD, NADP) were remnants of an early RNA-world. The evidence for this
hypothesis of the early role of RNA is increasing.”’ In this proposed RNA-world, RNA
would have had coding, catalytic and regulatory roles. An interesting point is that some
RNAs and their interactions, appear to date from this proposed RNA-world. RNA is not
as an effective catalyst as proteins®® (probably because proteins form more specific and
stable 3D structures) and so this leaves space for improved protein catalysts in going
from the second to the third stage of Figure 5. There had to be earlier stages before
organised polymers formed (whether RNA, protein, or DNA) and we summarize these
stages as ‘biochemical beginnings’ (Fig. SD).! Basically by definition, we do not expect
any macromolecules to have persisted from this stage.

Some classes of functional and regulatory RNA are so widespread thatthey are accepted
as ‘universal’ and are inferred to have been present in the last common ancestor, Luca.
These include rRNA, tRNA, mRNA, RNase P, SRP RNA. A striking discovery was that
the catalytic core of the ribosome (forming the amino-acyl bonds linking amino acids into
proteins) was composed of RNA. In other words, the ribosome was aribozyme.?? Thus the
three core aspects of protein synthesis—the messenger, transfer RNA and ribosome—are
all RNA molecules that have a network of interactions. Evolutionarily this makes sense
if an RNA-world preceded an RNP-world. However there are few convincing theories
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for the origin of protein synthesis because we need these three classes of RNA before
proteins can be synthesized. In an evolutionary context, we cannot evolve something
‘because it will be useful in the distant future’—it must have a function ‘here and now’.
Certainly rRNA, tRNA and mRNA must date back to an RNA-world (before proteins).
Sometimes we can define useful subquestions—such as whether the intron/exon structure,
with its associated RNAs involved in splicing, is ancestral to all modern eukaryotes.*
Some RNAs and their interactions may yield progress relatively easily; others will be
more difficult for now.

Arecentdiscovery isthattRNAs are part of the proof-reading that increases accuracy,
the tRNA(Leu) has catalytic activity in removing a mischarged tRNA(Leu), even though
protein does help stabilise some of the intermediates along the catalytic pathway. This
means that we need to consider that tRNAs are not passive in amino acid recognition;
they are also part of the regulatory network. Although not so well known as the RNAs
involved in protein synthesis, the signal recognition particle, 7S in eukaryotes,” also
appears to occur in all living systems, so this RNA-protein network also appears ancient.

Were these RNA interactions all present in Luca? We will not follow this question
here, but have written on it* under the names introns ‘first’, ‘early’ or ‘late’. Because
the position of the root of the eukaryote tree is not certain,” our strategy® has been to
search for RNAs that occur in all of the five (or six) deepest lineages of eukaryotes.
For example, the intron/exon structure of eukaryote genomes, with its requirement for
splicing, appears universal in all modern eukaryotes, so it is expected to have been in the
last common eukaryote ancestor (Fred). But that only puts the problem back further. For
example, did snRNAs arise before, or after, another milestone—the endosymbiotic event
that led to the origin of mitochondria? Details on the relative ages of classes will depend
on the models of genome reduction.”” There are plenty of interesting and fundamental
questions for the next decade.

CONCLUSION

Every eukaryote group appears to have networks that handle small RNAs a little
differently. However, this is likely a normal evolutionary process creating variants
arising from an early ancestral system in Fred. Perhaps it is still premature to decide
how the ancestral eukaryote functioned in this respect, but the discovery of different
forms of RNA networks in so many groups of eukaryotes has turned the focus back
to earlier stages.

Parasitic RNA would have been present in the RNA and RNP-worlds; that is the nature
of biology. Thus we expect that at least from the time of Luca there would have been
mechanisms to protect the early genome from parasites of various kinds—whether viral
or transposon-like. We expect that the Defence Against the Dark Arts idea would have
always been a problem for cells since they all require some type of defence mechanism.
Although the machinery differs, prokaryotes and eukaryotes have networks with roughly
the same function using small RNAs to keep the Dark Arts at bay. It seems likely that
the siRNA system was present in Luca as the Argonautes are in all three domains and
are almost universally conserved, indicating their age and importance. The endo and
piRNA pathways may have evolved to suppress parasitic nucleic acid that escaped or
overrun the exo-siRNA pathway.
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Increasingly, more RNAs seem to be universal. Bacteria and viruses have many
cis-regulatory elements which bind proteins or metabolites (riboswitches), plants and
fungi have riboswitches and now it looks like that cis-regulatory elements (in 5'- and
3'-UTRs) are very common in eukaryotes too. Large scale transcription studies in human
and mouse at least have uncovered many UTR-derived RNAs, many of which are likely
to contain cis-regulatory elements and they may work in a similar way as those in bacteria
and virus (binding to specific proteins and having regulatory roles in transcription).

At present we must keep an open mind about how old the RNA and proteins systems
are that form the RNA networks. At present, we favour the simplest hypothesis that the
RNA networks are, in their basic form, very old. But we must keep testing this hypothesis,
looking for small RNA networks involved in regulation in as wide a range of groups as
possible. It is a stimulating time for research on RNA networks.
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Chapter Four: The Evolution of the
Argonautes

4. An investigation into Argonaute evolution using 3-D

structural prediction

To determine how useful the method is more generally, and in line with the preference
for ribonucleoproteins, the argonaute family was chosen. In order to show that the
principle of using three-dimensional structural prediction plus additional evidence of
relatedness at the level of protein folds is flexible, the chosen protein is quite different.
Although argonaute domains are well described, argonautes are not constrained by the
very precise shape and docking requirements of the vault protein, but are under a
functional constraint. The argonaute family of proteins have literally thousands of
sequences in the databases and number of publications describing new functions has

reached dizzying heights.

Argonautes are a family of proteins and may be inferred to have the same (or
very similar functions) as new species have evolved, but they are also complicated by
the huge number of paralogous sequences arising from intra-genome duplications.
Following the intra-genomic duplication process, the redundant gene is freed from
selective pressure and can acquire new functions or change its expression pattern or
specificity. In addition to this there are literally hundreds of splice variants in some
species adding another layer of complexity.

There is also a veritable alphabet soup of small non-coding RNAs that guide
them to their target sequence. That argonautes are very old is not in dispute and the
nucleic acid component (bacteria and archaea can use DNA as well as RNA) is likely to
have been crucial then as it is now. The argonautes are similar in length to the Major
Vault Protein but the structure could not be more different and different kinds of
evidence are required before they can be assigned to a group to create an ancestor. This
story tells of problems with trees and alignments as well as unexpected but useful

observations.
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The workflow has been adapted for the argonaute study as shown in the figure
below. A list of criteria for the inclusion of a sequence in the reconstruction of an
ancestor is listed in the table. The criteria cannot be stringently applied because well-
characterised argonautes are shown to fall outside of the I-TASSER C score (> —1.5) for
confidence that the fold is correct (described in detail in chapter 4a). Some sequences
fail on a number of counts and can be rejected quite simply. Conversely most sequences
pass through the pipeline quite quickly as many are clear homologs and require little

consideration.

Homology ——> MSA — Structural prediction =————> MSA —> Tree calculation
search eious  align Phyre2 (~7 hours) MUSCLE MrBayes
BLASTp
Argonaute not predicted by Phyre2
i i Structural prediction Structural alignment
Fail to align =3
’ I-TASSER (~ 50 hours]. FATCAT
— > 0.8 residue
changes on branch
Successful label
Break into clades and
ancestor refine MSA
Node 1 sequence MUSCLE
t ASR ¢ Tree calculation ¢ Alignment cleaning
FastML MrBayes Wasabi
F\ /

Fig. 4.1 Workflow for chapter four.

The MSA and tree building are carried out on a mini Mac (2.7 GHz Intel core i7). The passage of time for
each process will vary considerably according to complexity. Of the servers; the I-TASSER time of ~ 50
hours is computing time, actual time will vary depending on queue length. FATCAT and Wasabi are
quite reliably less than three minutes with FastML being more variable. Following the structural
prediction step(s) the structures are scanned for the catalytic tetrad and C terminal sequence (described in
chapter 4a) as these can add evidence particularly if the C (confidence) score for the structural prediction
is poor.

The argonaute story has been split into three parts, chapter 4a metazoa, chapter
4b fungi and chapter 4c the remaining eukaryotes. Metazoa (4a) and fungi (4b) have
both been submitted for publishing and 4c (the remainder of the eukaryotes) is still in
process. There is then necessarily some repetition as each part of the tale is designed to
stand alone as an article. As these have not yet been published there is no requirement to
keep to a particular formatting style so these are presented with numbered headings and
the referencing as part of the total referencing section for the thesis. Essential
supplementary material is supplied in the appendix with exceptions as described where
trees for instance are too large to be read even at A3 size and can be found in
wikispaces. Posterior probability logos for all of the ancestral reconstructions can also

be found in wikispaces.
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Table: Cut off criteria used for the search for distant argonaute sequences

BLASTp If the bulk of the length of the query is covered a sequence will be
considered regardless of a poor E or bit score. Additionally because the size

of the search space will vary between searches the numerical values are not

comparable.
MSA Geneious alignments are stringent and if a sequence will not align with the
Geneious majority of the sequences then it is flagged for I-TASSER structural

prediction. The sequences that will align are checked via Phyre2

Phyre 2 Phyre 2 will result a structure that is matched to folds found in the PDB but
will miss out stretches of sequence that are not matched. A level of
confidence is displayed as a percentage and also the percentage of residues
resulted in the matched folds. If this is matched to a known argonaute with
>90% coverage then the sequence will proceed to a MUSCLE alignment, if
not it will be sent to I-TASSER.

I-TASSER I-TASSER has the capacity for ab initio modeling as well as fold matching
and results a maximum of five models. A confidence score greater than —1.5
is indicative of a correct fold (scoring is from =5 to +2). However many well
documented argonautes (AGO and PIWI) score less than —1.5 due to inserts
that are modelled well away from the catalytic area. The practical difference
between the utility of Phyre2 and I-TASSER is described in chapter five.

Catalytic tetrad From the I-TASSER predicted structure the catalytic residues (DEDH) in the
anticipated positions, or known alternatives (e.g. DEDD/R/K) adds

additional evidence when considering a poor C score.

C terminal signature The C terminal last four residues tuck inside the argonaute close to the 5'
RNA binding pocket. Met (two aromatic residues) and a final more variable
hydrophobic residue makes it most likely to be an AGO-L argonaute and
Leu (two aromatic residues) and usually Leu make this more likely to be a
PIWI-L argonaute. The C terminal signature is taken into consideration to
support other structural evidence.

FATCAT If in excess of 70% of residues are in equivalent spacial positions, the P
score is zero and the raw score is greater than 1500, then this increases the

evidence for structural homology.

MrBayes tree The branch label describes the number of residue changes per site in the
initial trees. If this is greater than 0.8 then the sequences is flagged for I-

TASSER prediction if it hasn't already been assessed.

Literature search Supporting literature may provide added evidence where only some of the

above criteria are met.
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Chapter 4a: The evolutionary history of Argonaute and PIWI in

metazoa by ancestral protein inference and structure prediction

4.1. Abstract

Traditionally, molecular evolution studies analyse the primary structure of genes and
proteins. However, with more three-dimensional structures of proteins being determined,
or predicted, and because evolutionary divergences lose information at very old times
when analysed via Markov models, it is important to include 3-D (three dimensional)
structural information for deeper evolutionary analysis. Our test data set uses argonaute
proteins, both AGO-like and PIWI-like. BLAST searches may identify superficially
similar sequences that are not predicted to fold consistent with being a functional PIWI
domain, and may also miss some sequences with limited similarity that are predicted to
fold to resemble AGO/PIWI structures. In addition, multiple sequence alignments
(MSA) do not always correctly reflect the position of the residues when sequences are
analysed by structural prediction. We also investigate how the sequence at the root can
affect our trees by demonstrating the effect of ten different root sequences on otherwise
identical trees.

We investigate the ancestry of metazoan argonautes, demonstrating that our
analysis methodology uses more information than is available directly from primary
sequences alone. Our approach models the 3-D structure of proteins and their putative
homologs with over 180 protein structures predicted. We use Ancestral Sequence
Reconstruction (ASR) and tertiary structure analysis to clarify the evolutionary history
of both the AGO and PIWI proteins. We find that there is conservation of catalytic
residues in the PIWI domain (common to both AGO-like and PIWI-like proteins), and
conservation of C terminal residues that differ between AGO-like and PIWI-like
proteins. These methods and observations can be used generally to understand more

about protein evolution.

4.2. Introduction

There is a potential problem for the annotation of proteins as whole genome sequencing
becomes more routine, and the difficulty arises from several sources. Firstly there is the

problem arising from the ability of proteins to evolve into new structures (Alva et al.,
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2015). Secondly there is the difficulty from the use of Markov models because it has
been shown mathematically that recurrent mutations in aligned sites will obscure deeper
divergences (Mossel and Steel, 2004). Thirdly there are some problems with existing
annotations formulated before the full data was available. As more 3-D protein
structures are determined, and as the prediction of 3-D structures improves, it is
important to use the full range of techniques to maximise the evolutionary information

obtained from sequence data.

We do not infer phylogeny on the basis of one gene, rather we use the argonautes
to demonstrate methodology issues that are already known; we study poorly-supported
trees, incorrect annotation and alignment errors. However, there are several reasons for
optimism, we use proven software that is freely available and simple to use in order to
improve confidence and reveal anomalies that can then be assessed. We apply both
ancestral sequence reconstruction (ASR) (Ashkenazy et al., 2012) and the prediction of
tertiary structure, to the argonaute family of proteins in metazoa to demonstrate the
wealth of information attainable from primary sequence but usually not considered. Our
interest in the argonaute family of proteins is because of the unusual pattern of loss and

duplication of the argonaute genes across all eukaryotes.

4.2.1. Argonaute proteins

The metazoan argonaute family is divided into three main sub-families: 1, argonautes
‘AGO-like’ (that are ubiquitous in metazoa), 2, ‘PIWI-like’ (they are often though to be
gonad specific in metazoa) and 3, WAGO (Worm AGO) or ‘group 3 argonautes’ (found
in Caenorhabditis elegans) (Vastenhouw et al., 2003). This latter group 3 appears to
have been the result of a burst of gene duplication specific to nematodes (Yigit et al.,
2006; Farazi et al., 2008), and retained in some Caenorhabditis species (Dalzell et al.,
2011) but lost in parasitic nematodes. Trichinella species appear to have some unusually
long sequences annotated as argonautes in addition to one ordinary AGO-like protein,
but this looks like a recent occurrence. Group 3 argonautes are not considered ancestral

to metazoa and for this reason we have not included them in this study.

AGO and PIWI sub-families are important regulatory proteins in the metazoan
cell, and are related by their use of small RNAs to guide them to RNA or DNA to
regulate gene expression. There are other proteins involved in the pathways that create
these small RNAs (most notably the Dicer endonuclease), and the RNAs differ by their

size and genesis. Endogenous genes can be regulated through post-transcriptional
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silencing via microRNAs (miRNAs) produced from longer dsRNA (and processed via
Dicer). Similarly, parasitic nucleic acids such as viruses can be targeted via RNA
interference (RNAI) using RNA copied from the parasitic sequence via RNA dependent
RNA Polymerase (RdRP).

Less well described are the PIWI interacting RNAs (piRNA - those that interact
with the PIWI-type argonaute including repeat associated RNA). Metazoa have two
classes of PIWI-like proteins that partner up in the so-called ‘ping-pong’ amplification
of secondary piRNAs (Czech and Hannon, 2016), large numbers of piRNAs can be
copied from existing piRNAs rather than via longer genomic transcripts, thus avoiding
Dicer processing. These piRNAs typically target transposon and repeat sequences. This
mechanism has been well described in Drosophila germline cells (Brennecke et al.,
2007) and has also been reported in Hydra (Lim et al., 2014). However piRNAs, with
the hallmarks of the ping-pong facility, are found in the sponge (Amphimedon
queenslandica) and the sea anemone (Nematostella vectensis) even though they do not
have specific germline cells (Grimson et al., 2008). The retention of the two types of
PIWI protein suggests that this facility is widespread in metazoa at least. piRNAs are
also found in plants and some yeast that do not have PIWI type proteins (Aravin and
Tuschl, 2005). Indeed a large majority of the piRNAs in mammals derive from non-
transposon, gene-rich areas of the genome, and are processed by Dicer and act outside
of the germline cells (Ross et al., 2014). So PIWI and piRNAs are more general than

just in germline cells.

Importantly, although PIWI are often thought to be more recent than AGO
proteins from an evolutionary point of view (because of their role in the germline), our
results show that they appear to be much older than the development of specific
germline cells. This is supported by an in depth review of the PIWI protein (Juliano et
al., 2011) that links the PIWI protein with the capacity of stem cells to generate copies

of themselves; this would have been essential long before specialised germlines.

AGO and PIWI-type proteins also regulate gene expression via mechanisms other
than RNA cleavage. For example, argonautes with bound guide-RNA and associated
proteins (known as the RISC complex) can sterically impede translation by binding to
the mRNA 3" UTR, first observed in C. elegans (Olsen and Ambros, 1999). In addition
MIRNA:RISC complexes can compete for binding to ribosomes, or to RNA 7-

methylguanosine caps, or prevent circularisation of the mRNA by inducing de-
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adenylation (circularisation enhances mMRNA translation, and is reviewed in (Fabian et
al., 2010)). These latter two strategies would also promote the degradation of mRNA
unprotected by cap or polyA tail structures. Alternatively, even if translation has begun
the MmIRNA:RISC complex causes ribosomal subunits to either fail to associate
competently, or to release the mRNA prematurely by recruiting ribosome anti-
association factor elF6 (Chendrimada et al., 2007). Linearising the mRNA, or
interfering with the cap and tail structures, is likely to result in its hydrolysis by
nucleases - we term this ‘secondary degradation’ because it doesn’t require a slicing

competent argonaute to result in mRNA degradation by other nucleases.

Argonautes (AGO and PIWI) retain a catalytic nuclease tetrad (Nowotny et al.,
2005), although most vertebrate AGOs lack oligonucleotide cleavage ability (Zamore
and Haley, 2005) and suppress mRNA translation by steric impedance, or by
suppression of transcription via argonaute guided heterochromatin and DNA
methylation guided by small RNAs. These alternate mechanisms of regulating gene

expression impose less functional restraint on the conservation of the catalytic residues.

The machinery required for the biogenesis of the small RNAs that functionally
combine with AGO and PIWI does vary, and not all proteins have been found in all
species. It is sufficient for our analysis to infer that if an argonaute-like protein is
retained it is because of some functional utility. To describe a typical argonaute we take
the structure of Homo sapiens AGO2, bound to a cleaved RNA (Schirle et al., 2014),
which possesses a functional enzymatic RNA slicing capability. The HSAGO2 structure
is representative of the four domains: the N terminal domain, the PAZ domain, PIWI
and MID domains, (thus there are both PIWI proteins and PIWI domains) common to
metazoan argonautes generally. The PAZ and MID domains form the binding pockets
for the guide RNA and the catalytic residues are found in the PIWI domain (fig. 4a.1).
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Fig. 4a.1 The human AGO2 crystal structure PDB:4W5N.

N terminal and MID domains (pale grey), PAZ domain (dark grey) and PIWI domain (pink) are shown
together with a cleaved RNA. The RNA binding pockets are circled in red. The positions of canonical
catalytic residues (Asp-Glu-Asp-His DEDH sequentially in the primary sequence) are shown in blue and
labelled in the enlargement. Phe (F) is labelled in pale blue on the coil adjacent to the catalytic site where
it forms hydrophobic interactions (Nakanishi et al., 2013) and is conserved in AGO-like but not generally
PIWI-like argonautes. All ribbon diagrams are rendered in PyMol version 1.3.

The PIWI domain contains a ribonuclease H-like domain which is also
conserved in other proteins including some involved in processing the guide RNAs
(Majorek et al., 2014). So AGO or PIWI BLAST searches may identify domains other
than those in the AGO and PIWI proteins. Important to our assessment is the presence
of the canonical catalytic residues in any potential AGO/PIWI sequence. Sequentially
these residues (abbreviated DEDH) are Asp (D597), Glu (E637), Asp (D669) and His
(H807) (numbering from HsAGO2) (Nowotny et al., 2005). Asp and His bind divalent
cations Mg?* or Mn®*. Phe (F676) is also considered to be important and forms strong
hydrophobic interactions with the PIWI domain (Nakanishi et al., 2013). However these
residues are not strictly conserved even in characterised functional argonautes e.g. Arg
may substitute for Asp or His, and Tyr is often found in place of the Phe (which is
generally conserved in AGOs but not usually in PIWI proteins). Nuclease activity is
sensitive to substitution of the catalytic residues e.g. H807R abolishes HSAGO2 activity
and F676Y impairs it (neither substitution impairs RNA binding) (Faehnle et al., 2013).
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Even where the catalytic tetrad is conserved, other regions of the structure may prevent
the catalytic residues from cleaving the RNA target (Schirmann et al., 2013) but do not

prevent RNA binding which directs the argonaute to its target.

4.2.2. In silico analysis

Biologists know that recurrent mutations at aligned sites will obscure deep relationships
in phylogenetic tress (Mossel and Steel, 2004) but build them anyway. These authors
showed that the Markov models we use do lose information exponentially at the deepest
divergences, even though additional sequences do help in a linear manner. So we have a
linear increase in information against an exponential loss of information at deeper
divergences! In order to bring more rigour to our tree building we have turned to
predicted structural analysis using mainly I-TASSER (Iterative Threading Assembly
Refinement Server) suite (Roy et al., 2010; Yang et al., 2015). This is currently the best
available set of programmes for predicting 3-D (tertiary structure) structure, being a
consistent winner in the CASP (Critical Assessment of protein Structure Prediction)
competition (Roy et al., 2010). We also use Phyre2 (Kelley et al., 2015) for fast
analysis and FATCAT (Flexible structure AlignmenT by Chaining Aligned fragment
pairs allowing Twists) (Ye and Godzik, 2003) to align structures with known functional

argonautes so that we can assess if large inserts appear likely to affect functionality.

Ancestral sequences have been recombinantly expressed e.g. capsid proteins of
the coxsackievirus (Gullberg et al., 2010) and the LeuB enzyme from the putative
ancestor of the thermophilic bacteria Bacillus (Hobbs et al., 2012). ASR in silico is
relatively easily achieved through free servers and in the past we have used a number of
different systems (Daly et al., 2013a; Daly et al., 2013b). Our reconstruction is to test if
we can look back in time to the ancestor of the metazoa, rather than to recreate putative
ancestral functionality. This requires more sequences and therefore much less primary
homology in both the MSA that is used to recreate the ancestor, and also between
ancestors themselves than would usually be found where the physical protein was
recreated. We developed a pipeline to assist with our search for argonaute family
proteins where primary sequence similarity is so low that they may not be found by
BLASTIng alone. Our pipeline brings increased confidence to the BLAST result by
using the evidence provided by structural prediction, retention of catalytic sites, and
additional features that we found during our investigation to support or refute the

inclusion of protein sequences into MSA.
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To this end we report the 3-D structural analysis of ~180 argonaute proteins, and
their relatives to understand the evolutionary history of the AGO-like and PIWI-like
proteins in metazoa. During this process we find that a small number of argonautes (in
this case) have been misidentified/misclassified, and we hope to clarify such issues. We
have additionally found that AGO-like and PIWI-like proteins can be differentiated
from one another on the basis of the last four residues of the primary sequence and this
holds for almost all PIWI-like proteins across all eukaryote kingdoms as well as the vast

majority of AGO-like proteins

4.3. Methods
BLASTp and PSI BLASTIing (BLOSUMA45) of the NCBI and UniProtKB databases

was carried out using argonaute sequences from taxa with well described
experimentally determined argonaute crystal structures. More remote sequences thus
found were then used as further BLAST seeds. Ancestral sequences reconstructed by
FastML (Ashkenazy et al., 2012) from MSA were used as further queries. The number
of BLAST *hits’ exceeded the thousand maximum parameter in UniProt even when the
database was constrained to groups such as ‘vertebrates’ or ‘fungi’. This meant that
there were a number of potential argonaute sequences not identified this way.
Anticipated sequences could be found via NCBI where there is the provision for
searching specific groups of taxa or even species but still some sequences could be
missed. The resulting overabundance of sequences meant that further BLAST analysis
with the ancestral sequence was also likely to retrieve sequences containing a PIWI
domain, OB fold (oligonucleotide/oligosaccharide binding fold) or RNaseH-like folds,
common to all domains of life and found in other proteins associated with the argonaute
processing pathway e.g. Dicer, and so further structural analysis was required. Pfam
(Finn et al., 2010) is a protein families database and has the advantage of being able to
search for complete domains, i.e. PIWI which can help to narrow down the search. To
include the sequence in our phylogenetic analysis the PIWI domain needs to be
recognisable, and so it is likely that Pfam will find all proteins containing that domain.
Pfam currently (April 2016) lists 1,207 PIWI domain-containing sequences in metazoa.
The problem is then an easier one of discarding sequences that are incomplete,

duplicated submissions or PIWI domains alone.

The three dimensional structural predictions were carried out by the I-TASSER

suite (Zhang, 2008) of algorithms where Phyre2 was inconclusive (including our
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inferred reconstructed ancestral proteins). Each sequence submitted for structural
prediction takes a minimum of 50 hours to complete (multiple sequences cannot be
submitted) so it is important to prioritise the sequences that add most to the knowledge
base. To assist in prioritizing sequences for I-TASSER, and in order to exclude non-
AGO/PIWI proteins, we calculated MSAs using Geneious (Geneious Pro 8.0.4
http://www.geneious.com/). Non-aligned sequences from Geneious alert us to minimal
primary homology that can then be checked via structural prediction prior to inclusion
in MSA calculated by MUSCLE (Edgar, 2004b) which will align sequences rejected by
the Geneious algorithm. We then created large trees using MrBayes (Huelsenbeck and

Ronquist, 2001) all algorithms run via the Geneious platform.

Trees were initially unrooted but then a root could be selected, permitting both the
posterior probability and number of amino acid changes per site to be displayed. We
were alerted when the number of predicted changes per site was noticeably large (i.e. in
excess of 0.8 changes per site), given our argument that primary sequence homology
can be at the noise level, yet structural homology retained we were expecting this
number to be high. We also noted when the posterior probability was particularly low.
If the sequence of a particular species seemed phylogenetically ‘not sensible’ (e.g. the
‘barley’ sequence UniProtKB:F2DNY®6 (coloured green in all our trees) grouping with
rotifers) then we would put those sequences through I-TASSER as a priority to test if
this was a biologically interesting outlier, or a sequence misidentification — the latter is
much more likely in the supposed barley case. In our previous work (Daly et al., 2013b)
we used the I-TASSER confidence score (C score) for fold recognition of Major Vault
Proteins (MVP). In the present case with AGO and PIWI proteins, I-TASSER routinely
resulted in poorer C scores for sequences that grouped amongst known PIWI-like
proteins, even those that we knew to be properly identified and had been functionally
characterized. A C score of >-1.5 (where scores range from -5 to +2) is indicative of a
correct fold (Roy et al., 2010) but human PIWIL2 (a positive control PIWI sequence
with a determined crystal structure for part of the protein (residues 386-533 PDB:3QIR)
resulted in a score of —-1.84, so we needed an additional method of identifying putative
PIWI proteins. As a test for model quality we considered the retention of the DEDH
catalytic tetrad in the 3-D structures. Although possession of the catalytic tetrad does

not guarantee catalytic ability, having those residues spatially arranged in a manner
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similar to experimentally-determined structures, plus an overall recognizable

AGO/PIWI fold determines the protein’s ancestry, if not its functionality.

For our ancestral reconstructions we made MSA using sequences confidently
predicted as genuine AGO or PIWI-like proteins by protein sub-family rather than by
phylogeny. ASR calculations are dependent on accurate MSA and tree calculation
(Hanson-Smith et al., 2010). We used FastML (Ashkenazy et al., 2012) for ASR which
uses maximum likelihood analysis (empirical Bayes) to estimate the ancestral sequence.
This method serves to minimise noise resulting from MSA that have some uncertainty.
Previously we compared a number of reconstruction methods and found that as long as
we removed as many gaps as possible, FastML would produce sequences of a
reasonable length (Daly et al., 2013b). Excessive gaps left in the MSA resulted in
unreasonably long ancestral sequences. For this reason our MUSCLE (Edgar, 2004b)
alignments were visually checked and where gaps in the vast majority of sequences
introduced by inserts present in only one species (or even a few species in MSA with a
large number of sequences), those inserts were removed. We manually removed gaps
where less than 10% of sequences displayed residues. Wasabi (web-based and free to
use) will do the same thing automatically (Léytynoja and Goldman, 2010; Veidenberg
etal., 2015).

We calculated trees from the MSAs before and after gap removal to control that
we do not affect the tree by the removal of these inserts. We could anticipate that the
number of substitutions per site would be altered but the basic tree structure needed to
remain the same. Supplementary material (S1 Fig.) is shown in appendix | and gives an
example of a tree calculated before and after gap removal. There was no difference
between the tree structure prior to gap removal and that following either manual or
Wasabi removal thus validating our method. Sequences included in the BLAST results
that are not AGO/PIWI had now been eliminated otherwise they could introduce noise
into the reconstruction. FastML will create trees from this MSA but in order to maintain
consistency we submitted our own trees calculated by MrBayes for all of the ancestral

calculations.

FastML results in a putative ancestral sequence for each node, but we
concentrated on the sequence predicted for the deepest node of each of our groups. The

inferred ancestral sequences produced by FastML were submitted to I-TASSER for
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structural prediction and were also used as BLAST queries to search for more remote

sequences in the UniProt and NCBI databases (Collins et al., 2003a).

In summary we created a pipeline for the sequence of methods that would result in
an ancestral reconstruction calculation. We start with a BLASTp search of the UniProt
and NCBI databases, but the basis of the work is the 3-D structural prediction. For the
argonaute protein family we added an additional analysis module, i.e. checking for the
retention of catalytic residues. We used I-TASSER for structural prediction, FATCAT
for structural alignment, MUSCLE for multiple sequence alignment, MrBayes for tree
building, and FastML for ancestral sequence reconstruction (ASR). We have adapted
the work-flow for different proteins in the past by adding modules e.g. docking
algorithms for oligomeric proteins, it can be changed to incorporate newer or more

accessible servers as needed.

4.4. Results

Most vertebrates have three or four genes for AGOs and a similar number for PIWI.
The number of transcripts may be much larger because of many splice variants. For
such reasons there was potential ambiguity about precisely which sequence to include in
an ancestral sequence. We have therefore erred on the side of caution and included only

sequences that we were convinced were the result of different genes.

From over 500 metazoan sequences we made a representative sample of 184
proteins that we were confident would fold correctly as either AGO-like or PIWI-like
proteins. In our preliminary trees we had noticed that in some cases the posterior
probability was quite poor and some of the Platyhelminthes sequences regularly
swapped between being AGO-like or PIWI-like in the PIWI/AGO tree, highlighting the
limitations of tree building of deep divergences (Mossel and Steel, 2004). Sequences
affected were the parasitic fluke (Schistosoma mansoni) AGO2C UniProtKB:C4QPDO,
C4QPD1 (and C4QPD2 virtually identical to C4QPD1 — and which was left out of
subsequent trees), the free living triclad planarian Schmidtea mediterranea PIWIL-1
and PIWIL-2 (UniProtKB:Q2Q5Y9 and Q2Q5Y8 and not found in Pfam) plus the
nematode C. elegans ERGO1 (UniProtKB:061931). We investigated the effect of the
outgroup used to root the trees by calculating 10 trees using an identical MSA of 184
sequences and changing the root sequence. This meant that the MSA with roots from
outside metazoa had 185 sequences and the final four trees were from identical MSAs

of 184 sequences, each calculated with a different outgroup from within metazoa.
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The results of the tree construction exercise demonstrates tree variability when
just one sequence is changed in each tree given identical MSAs (except for the
outgroup). We need to confidently determine phylogenetic relationships as they form
the basis for subset MSA used for ASR. We found that we cannot rely on an outgroup
that is too close to metazoa and we have used the ten trees to form a consensus for our
groupings. The similarities between the trees show that all of the vertebrate AGOs are
from one duplication. The individual trees are too large to show within the thesis
(available in wikispaces) a summary is given in table S2 in appendix |. Vertebrate
PIWI2 plus representatives of all lower species and ecdysozoa AGO3 (an insect PIWI
confusingly annotated as AGO3) are in the same “clade’ in all trees, implying that they
all originate from the same ancestor. The insect AUB-PIWI ‘clade’ is isolated in all
trees (AUB is also an insect PIWI-like protein). In insects AUB and AGO3 are partners
in the ping-pong amplification of piRNAs, however vertebrates partner PIWI2 (in the
same ‘clade’ as insect AGO3) with PIWI1. We find no evidence that PIWI1 evolved
from AUB and it appears more likely that PIWI1 evolved from a duplication of PIWI2
(the animal version of insect AGO3).

Of the sequences that “flip” between AGO-like or PIWI-like, those of the parasitic
fluke S. mansoni (UniProtKB:C4QPDO0, C4QPD1 and C4QPD2) are considered to
represent a different argonaute subfamily described as ‘cluster 1’ argonautes (Zheng,
2013) and later renamed group IV argonautes (Skinner et al., 2014). Zheng (2013) also
identified the PIWI-like sequences from the free living planarian S. mediterranea
(UniProtkKB:Q2Q5Y9 and Q2Q5Y8) as a subfamily named ‘cluster 2°. We looked at the
differences and similarities between the structural predictions of examples of the cluster
1 and 2 argonautes (fig. 4a.2), and although there are differences between S. mansoni
and HSAGO?2 they are outside of the protein core and we could find no structural
difference between the S. mediterranea cluster 2 structural predictions and HSAGO2.
However, the cluster 2 PIWI are different from the S. mediterranea canonical PIWI
UniProtKB:B2Z3-D6 (which groups with the insect AGO3 in our trees — one of the
PIWI proteins involved in the ping-pong copying). UniProtKB:B2Z3-D6 (the canonical
PIWI) and UniProtKB:Q2Q5Y8 (one of the cluster 2 PIWI) are essential for stem cell
function (Palakodeti et al., 2008) so it is likely that the cluster 2 PIWI are functioning in
a similar manner to AUB (insects) or PIWI1 (vertebrates) as the other partner for the

ping-pong system and are genuinely derived from PIWI - as described in Zheng (2013).
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S. mansoni UniProtKB:C4QPD1 a ‘cluster Side view of the alignment in B showing the
1" or group IV argonaute modelled by I- the PAZ domain (circled blue) when aligned with HSAGO2 inserted sequence in S. mansoni circled in
S . o

(green).

S. mediterranea UniProtKB:Q2Q5Y8 said to be S. mediterranea Q2Q5Y8 (yellow) shows a high level S. mediterranea Q2Q5Y8 (yellow) with D.
a ‘cluster 2’ argonaute. of similarity (90% equivalent residues) with HSAGO2 melanogaster AGO3 (PIWI) (aqua) 91% residues
(green). are equivalent , missing residues are circled in blue.
A

G H ¢ I X A

S. mediterranea UniProtkB:B2Z3D6 a canonical PIWI S. mediterranea B2Z3D6 (blue) with the N S. mediterranea Q2Q5Y8 (yellow) and the PIWI

with N terminal residues that are absent in the cluster terminal additional sequences (157 residues) B2Z3D6, truncated as in H, (blue). The extra coil

2 argonaute (above) shown in purple and an extra coil removed and the remainder aligned with D. (grey) remains leaving the only differences

(grey). melanogaster AGO3 (PIWI) (aqua) extra coil highlighted in purple (B2Z3D6) and hot pink
(grey ) circled in blue. (Q2Q5Y8).

Fig. 4a.2 Similarities and differences in predicted structure between the difficult-to-resolve
flatworm sequences.

A, D and G show the difficult to resolve flatworms coloured by structure. We have used HSAGO2
(PDB:40OLA) a solved crystal structure in B, C and E (shown in green) and the predicted structure for D.
melanogaster AGO3 (a well described insect PIWI-like argonaute) in F and H (shown in aqua). A. The
predicted structure of S. mansoni (UniProtKB:C4QPD1), a ‘cluster 1’ argonaute. B 87% of residues in
C4QPD1 (shown in tan) are in equivalent positions, (i.e. 87% of the residues of Q4QPD1 have the same
geometric position as a residue in the solved structure) when aligned with HSAGO2. There are minor
differences in structure, e.g. some loss of B sheet, circled. C. Side view of the same alignment showing
the inserted sequence away from the core of the argonaute. D. The predicted structure for one of the S.
mediterranea ‘cluster 2’ argonautes (UniProtKB:Q2Q5Y8). E. The S. mediterranea sequence (yellow)
shows little difference when compared with HSAGO2, 90% of residues are in equivalent positions. F.
Since the atypical argonaute ultimately fell on the PIWI side of our tree we aligned it with the I-TASSER
predicted structure for D. melanogaster AGO3 (PIWI). The difference is circled but the equivalent
residues were still very high at 91%. G. The predicted structure for the canonical S. mediterranea PIWI
protein (UniProtkKB:B2Z3-D6). This groups with the PIWI proteins that include the insect AGO3 (PIWI)
and PIWI2. The difference between B2Z3-D6 and the ‘cluster 2’ argonaute Q2Q5Y8 is mostly in the N
terminal insertion shown in purple with an additional coil that is a structural difference shown in grey. H.
B273-D6 with the N terminal 157 residues removed (dark blue) and aligned with D. melanogaster AGO3.
96% of the truncated canonical PIWI residues are in equivalent positions to the well-studied Drosophila
protein. FATCAT moves the grey helix not shared by the two S. mediterranea sequences (circled). I. S.
mediterranea cluster 2 argonaute (Q2Q5Y8) (yellow) aligned with the truncated S. mediterranea PIWI
protein (B2Z3-D6) (dark blue). The equivalent residues are 95%, the grey helix is still a structural
difference and the only other minor differences are highlighted in hot pink for Q2Q5Y8 and purple for
B2Z3-D6. All sequences have the conserved catalytic tetrad Asp-Glu-Asp-His (DEDH). All structural
alignments are by FATCAT (Ye and Godzik, 2003).
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It is interesting is that the parasitic flatworms including flukes and tapeworms do
appear to have lost genuine PIWI-like proteins. UniProtkKB:C4QPDO is necessary for
germline maintenance (Wang et al., 2013) so it seems that the AGO-like cluster 1 (or
group IV argonautes) are acting in place of PIWI-like proteins. Our results support this
given these proteins from S. mansoni do flip from side to side of our trees i.e. they are
not clearly AGO-like. Zheng (2013) depicts the cluster 1 argonautes as duplications of
classical AGO-like proteins but Skinner et al (2014) shows them as a duplication of the
canonical PIWI proteins. Although we cannot show this conclusively, we find nothing
to suggest that the group IV argonautes have evolved from PIWI rather that they have
evolved from AGO-like proteins (possibly due to the loss of PIWI). The main point is
that there is limited primary homology between any of these proteins (20-25% in all
cases), yet the structural predictions are very similar. In the FATCAT structural
alignments with well-described argonautes the percentage of equivalently positioned
residues is very high, with differences outside the core centre of the protein. In terms of
the “cluster 2’ argonautes described by Zheng (2013), we find that the inserted sequence
at the N terminal gives rise to almost all of the structural difference and if that is
removed the first residue is methionine which is often the sequence start. However
removing 157 amino acid residues from the N terminal of the canonical S. mediterranea
PIWI protein (UniProtKB:B2Z3-D6) and placing them at the N terminal of the cluster 2
S. mediterranea (UniProtKB:Q2Q5Y8) AGO and recalculating the tree of all metazoa
does not make any difference to the position of either protein. This indicates that the

differences between them are not as simple as just the N terminal residues.

By checking anomalies, similarities and differences in this way we were able to
identify argonaute sub-family sequences that were more similar across species than
either PIWI-like or AGO-like proteins are from within a single species. In some
instances it was clear that the sub-family groups had all duplicated from an original
ancestor. Where enough information could be found this could often be interpreted
mechanistically, e.g. human AGOs 1, 3 and 4 are all very closely located on
chromosome one (1p34.35, 1p34.3, 1p34) and all vertebrate AGOs 1, 3 and 4 grouped
in the same clades on the tree indicating that this duplication occurred prior to
vertebrate evolution. Additionally there are more recent duplications within some

species. Some of these were left out of the ancestral reconstructions because they are
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recent rather than ancestral and do not add information about distant evolutionary

relationships, an important point for our analysis of protein structures.

PIWI-like sequences tend to have a longer N terminal (which is predicted to form
a disordered region by I-TASSER) and also generally have a poorer C score (Zhang,
2008; Roy et al., 2010; Yang et al., 2015) compared with AGO. This region is
sometimes annotated as DUF (domain of unknown function) but is not found only in
PIWI proteins. Many sequences have extra residues in this area including those known
to be functional. It has previously been reported that disordered regions are likely to
acquire more inserts over time (Light et al., 2013). In contrast AGO-like sequences
have a longer C terminal (resulting in a similar overall length to the PIWI-like proteins)
and a higher C score which is most likely because the full-length solved structures in the
Protein Data Base are mostly AGO-like proteins, however we have used I-TASSER
specifically because it has some ab initio protein folding capability and is not totally
reliant on simply aligning sequence to known protein structure (Table 4a.1.).
Table 4a.1 I-TASSER results — a correct fold is considered > —1.5 (range is —5 to +2)

Accession number | Organism Annotation Catalytic site | I-TASSER C score
Q9UL18 H. sapiens AGO1 DEDR 1.67
Q9UKV8E H. sapiens AGO2 DEDH 1.14
Q9HIG7 H. sapiens AGO3 DEDH 1.90
Q9HCK5 H. sapiens AGO4 DEGR 1.94
Q96J94 H. sapiens PIWIL1 DEDH -0.82
Q8TC59 H. sapiens PIWIL2 DEDH -1.84°%
Q72373 H. sapiens PIWIL3 DEDH -1.26
Q72324 H. sapiens PIWIL4 DDAH -0.98
F6P5N5 X. tropicalis (toad) AGO1 DEDR 1.55
F7CWAS8 X. tropicalis AGO2 DEDH 0.70
F7D3A7 X. tropicalis AGO3 DEDH 1.24
F7ALP3 X. tropicalis AGO DEGR 1.05
ABKBF3/F6UQEY” | X. tropicalis PIWIL2 DEDH -1.47
FeVZI1 X. tropicalis PIWIL3 DEGH® -1.18
F7BXD6 X. tropicalis PIWIL4 NDDH 0.83
Q7KY08 D. melanogaster AGO1 DEDH -0.63
Q9VUQ5 D. melanogaster AGO2 DEDH -1.79°
Q7PLKO D. melanogaster AGO3(PIWI) DEDH -0.95
076922 D. melanogaster AUB (PIWI) DEDH -0.91
Q9VKM1 D. melanogaster PIWI1 DDDK -0.59
B3VCG6 S. purpuratus (sea urchin) AGO1 DEDH -0.96
W4YU94 S. purpuratus AGO DEDH -0.89
17BC22 S. purpuratus AGO1B DEDH -0.57
Q9GPAS8 S. purpuratus Seawi (PIWI) DEDH -0.31
BOFLQ9 S. purpuratus Seali (PIWI) DEDH -2.04%
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® A correct fold is considered > —1.5 (range is —5 to +2) so this score alone would have resulted in
exclusion from consideration in our previous work. However they are known to be functional proteins
and are described further in fig. 4a.3.

® These are two accession numbers for sequences with one residue difference (427 V/1).

°The sequence alignment shows Ser (DESH) at the catalytic site rather than Gly which is the residue at
the catalytic site in the structural model in fig. 4a.4.

Sequences with poor confidence score for their predicted structure (table 1) are H.
sapiens  PIWIL2  (UniProtKB:Q8TC59), Drosophila melanogaster AGO2
(UniProtkKB:Q9VUQ5) and S. purpuratus ‘Seali’ (purple sea urchin PIWI
UniProtKB:BOFLQ9) that groups with basal metazoan and insect AGO3 type PIWI.
There are insertions in these sequences that explain the poor scores. The human and
Drosophila sequences have large inserts not found in any of the solved argonaute
structures. The mouse PIWI2 homolog (UniProtKB:Q8CDG1) has the same insert and
is known to be functional (Itou et al., 2015), as is the Drosophila sequence (Abramov
et al., 2016) (see fig. 4a.3). The Drosophila AGO2 sequence has a long glutamine-rich
N terminal insertion also found in honeybee (UniprotKB:AOA088AHH6 — replacing
HOKEG2) and carpenter ant (UniProtKB:E2ACD7 which is annotated PIWI-L but
groups with AGO-like proteins). This N terminal insert is neither conserved nor
widespread throughout ecdysozoa, so doesn’t appear to be ancestral. The general
observation though is that PIWI proteins often have poorer C scores than AGO type

proteins.

A Although the overall length of the
human AGO2 and human
PIWIL2 sequences is similar,
there is sequence in the PIWI N
terminal that does not align with
Hs AGO2 resulting in a poorly
structured loop.

There is an extensive insert in the S. purpuratus purple sea urchin
N terminal of the Drosophila Seali (one of the PIWI proteins)
AGO2 sequence, but again this has excess sequence in the N
does not appear to affect function terminal modelled differently.
and is away from the core of the

protein.

Fig. 4a.3 The human AGO2 crystal structure aligned with the low scoring predicted structures
identified in table 1.

In each case the human AGO2 crystal structure (PDB:4OLA 859 residues) is shown in green, and in each
case the low scoring I-TASSER predictions identified in table 1 are shown in orange. A. HSAGO2 is
aligned with human PIWIL2 (861 residues). The majority of the two proteins overlap (88% of residues
are equivalently placed) but the extension of the PIWIL2 N terminus is clear. This is balanced by extra
sequence in the C terminus of HSAGO2. B. Shows a similar situation for the low scoring Drosophila
AGO2 (1214 residues) aligned with HSAGO2, in this case 67% of the residues are equivalently placed
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and the excess N terminal is modelled as a long loop but outside of the core of the protein. C. The purple
sea urchin Seali (PIWI 960 residues) also has extra sequence in the N terminal. None of the sequence
with disordered structure has any similarity between the sequences and is likely the result of disordered
sequence acquiring further inserts (Light et al., 2013).

Our work has already alerted us to a simple problem that could easily be missed
with alignments of multiple sequences; the catalytic residues predicted by the MSA do
not always match those found in the 3-D predicted structure. Of the catalytic tetrad
(DEDH), Glu (E), appears under less selective restraint probably because it is on a loop
in the structure and it seems likely that a Glu close enough to contribute to catalysis
would do and so does not need to be conserved in an identical position in a homologous
sequence. The sequentially first Asp lies structurally adjacent to the final residue of the
tetrad, His, the remaining Asp is usually found at the tip of the adjacent { strand (as
shown in the enlargement in fig. 4a.1). In the case of the toad (X. tropicalis) PIWI3
(UniProtkKB:F6VZI1) the residue in the third position (sequentially), anticipated to be
Asp (equivalent to HSAGO2 D669), is Gly in the predicted structure. The alignment
predicts Ser but the predicted structure places Ser quite some distance away from the
catalytic area (see fig. 4a.4). This looks to be a consequence of a unique five-residue
insertion, compared to the rest of the MSA, and then a five-residue deletion the other
side of this region. We tried the same alignment with MUSCLE, CLUSTALW, MAFFT,
and Geneious with varying alignment parameters, but none of them modelled Gly as
being in the catalytic site found in the 3-D predicted structure. CLUSTALW and
Geneious differed in that the adjacent Thr was predicted. The predicted structure has a
score that infers a correct fold -1.18. Gly is predicted in this position in other
argonautes (table 4a.1) and by functional analysis (HSAGO4) (Schirmann et al., 2013),
so we must consider all the evidence to determine that the 3-D structural prediction is,
on balance, more likely to be correct than is the MSA. This example illustrates the
importance of relying on additional evidence, rather than just BLASTIing and
subsequent MSA and is not an isolated incidence of this occurring. Ultimately it will be

important to test the protein activity based on the suggestions made here.
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1. Human PIWI1 Q96J94 YRS RERRNSIENG — - — — —
2. Human PIWI2 Q8TC59  ClIHE NEANSEEIENSS — - — — —
3. Human PIWI3 Q7Z3Z3 @V [ Ep——
4. Human PIWI4 Q7Z3Z4 R Y (5 ¢ ———
5. X. tropicalis PIWIL2 A8KBF3 SIS RGRANENIENYS - — - - —
6. X. tropicalis PIWIL3 F6VZI1
7. X. tropicalis PIWIL4 F7BXD6 GV ¢ ——
8. Sea urchin Seawi Q9GPA8 RITIIFRDGV ¢ p—m—"
9. Sea urchin Seali BOFLQ9 DGV e
10. D. melanogaster AUB 076922 RT LJGF R D GV e .
11. D. melanogaster PIWI Q9VKM1 KIS SR FVEsgeless — — — — —
12. D. melanogaster AGO3 Q7PLKO K IHET NiguiENgsesicigG — — — — —

Fig. 4a.4 The difference between alignment and predicted structure in X. tropicalis PIWI3.

The MSA (truncated) shows Ser (S) is aligned where Asp (D) would be anticipated for X. tropicalis
PIWI3 (UniProtKB:F6VZI1) (column outlined in blue). However the structural prediction of the
sequence (showing only the catalytic region), places Gly at the tip of the B strand where Asp would be
anticipated (grey shading, yellow text). Ser is some distance from the catalytic site, lower on the same
strand (marked in purple). Our point is that if we relied on the MSA alone, we would not recognise that
Gly was predicted to be at the catalytic site.

4.5. Ancestral reconstruction

When we looked at the ancestral sequences we found that the simplest way to
differentiate AGO-like and PIWI-like proteins (at least in metazoa), is that PIWI have a
highly conserved C terminal signature of two aromatic residues (Phe or Tyr), between
two Leu residues; namely LFFL (occasionally LFYL or LYFL). In contrast, AGO-like
argonautes have a moderately conserved C terminal four residue signature of the same
aromatic amino acids between Met and Ala/Val e.g. (MYFA). In fact, we found this is

increasingly useful for classifying sequences in all species and in all kingdoms.

The PIWI side of the unrooted tree (S3 Fig.) shown in appendix | has three clear
branches. The first group (i) (S3) that we looked at included the insect PIWI (annotated
AGO3), and the vertebrate PIWI2, (vertebrate PIWI are annotated as either PIWI 1, 2 or
3 or PIWIL 1, 2 or 3 in different vertebrates). We named this ancestor AGO3_PIWI2
(Box 1, fig. 4a.5). The ancestor retains LFFL at the C-terminus, as well as an intact
catalytic DEDH tetrad. AGO3_PIWI2 is the ancestor of the partner of the ping-pong
partnership that predominantly binds sense piRNAs, generating antisense piRNAs to be
picked up by PIWI or AUB (in Drosophila) (Brennecke et al., 2007), or can be used to

silence their target.

103



Box 1. AGO3_PIWI2

Box 2. PIWI_AUB

Box 3. ‘Other’ PIWI

-

PIWI of this type are
annotated as AGO3 within the
insects, but this group
comprises of all metazoa
including vertebrates
(PIWI12). These are an

Insects and basal metazoa but
not vertebrates (or
deuterostomes other than the
sea squirt) have a pair of
similar proteins: it seems that
either one can partake in the

Comprises of all groups other
than ecdysozoa and includes
vertebrate PIWI1, which is
the other ping-pong partner
with PIWI2 in vertebrates.
Vertebrate PIWI1 tends to

essential partner of the ping- LYYL at the C terminal.

pong system.

‘ping-pong’ autocopy of
piRNAs. AGO3 is the other
member of the pair.

Fig. 4a.5. The C terminal signature in PIWI-like ASR.

Sequence logo of the last four C-terminal residues of the ancestral sequences reconstructed for node 1 (in
each case) for each group visually representing (by size) the relative probabilities of each residue based
on the final trees (S3 Fig.) of all PIWI-like amino acid sequences from the group ‘metazoa’.

The next branch (ii) (S3 Fig.) is comprised of sequences from the PIWI_AUB like
proteins but these are not specific to insects (or even to ecdysozoa) because homologs
of the PIWI_AUB pairs are found in comb jellyfish, leech, planaria and trematoda as
well as the deuterostome Ciona savignyi (sea squirt). This branch does not contain any
vertebrate sequences, and was probably the result of a duplication either in the earliest
metazoa or prior to the common ancestor of metazoa. Either one of these pairs can
provide the antisense piRNA binding partner for the ping-pong ‘autocopy’ activity
together with AGO3, and so are functioning akin to vertebrate ping-pong partner PIWI1.

The ancestor of the PIWI_AUB group (Box 2 of fig. 4a.5) has the C terminal
signature of LY'YL. These two branches of the metazoan PIWI-like protein tree contain
sequences from all of our groups implying that there were already two PIWI proteins in
the earliest metazoa. It could be argued that the ping-pong mechanism of making
piRNAs could pre-date the more usual Dicer processing pathway for piRNAs. However
Dicer is found in basal metazoa, as well as in insects and so two different pathways for

the genesis of piRNAs appear to have been already in operation at the dawn of metazoa.

The “other’ PIWI group (Box 3, (iii) in S3 Fig.) consists of the vertebrate specific
PIWI (PIWIL1, 3 and 4) and representatives of all species apart from ecdysozoa. PIWI1
appears to function as the vertebrate ping-pong partner for PIWI2 (found in the clade

that includes the unfortunately annotated AGO3). PIWI4 would seem to be the more
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obvious partner for a system known to be old at least in terms of metazoa because
PIWI4 specifically groups with basal metazoa, however it may be that vertebrate PIWI1
has become best adapted to the task. The ancestors in Boxes 2 and 3 (PIWI_AUB and
‘Other’) could have derived from one protein supporting the hypothesis of two different
PIWI at the base of metazoa. Unexpectedly high posterior probability scores for the
residues in each of the ancestors demonstrate a high level of conservation. The ancestral
sequence predictions were submitted to I-TASSER, all of the ancestors retain the

DEDH tetrad structurally located as anticipated and marked in dark blue in fig. 4a.6.

(i) AGO3_PIWI2 (i) PIWI_AUB includes PIWI (iii) ‘Other’ PIWI includes

includes proteins from all pairs in insects and other PIWIs 1, 3 and 4 and
groups (AGO3 is the basal metazoa but not proteins from all groups
annotation for most vertebrates other than ecdysozoa.
insect PIWI).

Fig. 4a.6 Metazoan predicted structure for PIWI ancestors.

(i) AGO3_PIWI2 the common substitution Tyr appears in the ancestor where Phe is often observed in
AGO-like sequences (marked in pale blue). Note that we have used the nomenclature generally given for
insect PIWI (AGO3), this is most definitely a regular PIWI protein and the nomenclature is confusing, (ii)
PIWI_AUB. (iii) ‘Other’ PIWI. It is most likely that ancestor (ii) named PIWI_AUB and ‘other’ PIWI
(iii) are derived from the same original (duplicated) gene. The intact catalytic tetrad Asp-Glu-Asp-His
(DEDH) is retained in each ancestor and marked in dark blue.

In some cases Arg-Gly (RG) repeats were found at the N terminal of individual
PIWI proteins (and also occasionally AGO sequences) and were shown as a conserved
feature in all of the ancestral sequence PIWI. RG/RA (Arg-Gly/Arg-Ala) repeats were
noticeable in the ‘other’ PIWI ancestor as well as the RG motif. Conserved RG/RA
motifs have been documented in PIWI proteins recognised by the Tudor domains (a
protein motif that specifically recognises dimethylated arginines), one of many proteins
that interact most notably with PIWI1 (Vagin et al., 2009; Liu et al., 2010).

Of the sequences that would flip from the AGO-like side to the PIWI-like side of

the tree until the root was far enough removed S. mediterranea PIWIL-1
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(UniProtKB:Q2Q5Y9) and PIWIL-2 (UniProtkKB:Q2Q5Y8, both described as cluster 2
argonautes), had a PIWI-like signature and ultimately rested on the PIWI side of the tree.
The high level of conservation seen in the C terminal signature is not applied over the
whole of the PIWI-like ASR sequences but the PIWI ASR are strikingly more
conserved than the AGO-like ASR sequences. Ultimately our investigation infers that

PIWI-like argonautes of at least two types are found in basal metazoa.

The final metazoan tree of all AGO-like proteins is shown in appendix I (S4 Fig.).
This reveals that one branch has only ecdysozoa and basal metazoan sequences (i) (S4
Fig.). We named this group ecdysozoa_basal AGO2, (Box 1 of fig. 4a.7). The second
branch we named AGO1_‘other’ both following the AGO1 nomenclature observed for
insect AGO proteins (S4 Fig. (ii)). This group included lophotrochozoa and ecdysozoa
but not any clear representatives of deuterostomes (Box 2 of fig. 4a.7). The
nomenclature follows the insect annotation (that is not strictly adhered to) but doesn’t
equate to a vertebrate homolog of the same annotation. The vertebrate branch is
ancestral almost exclusively to vertebrates (Box 3 of fig. 4a.7 (iii) (S4 Fig.)). It is most
likely that all of the four vertebrate AGO-like proteins originated from one ancestor
(AGOL1_‘other’ Box 2) and that vertebrates have lost one basal AGO-like protein, with

basal metazoa and ecdysozoa having retained two distinct AGO-like proteins.

Box 1.

Box 2.
AGOs

Ecdysozoa_basal AGOL1 ‘other’ | Box 3. Mainly vertebrate

AGOs

e =
e

Composed of ecdysozoan
AGO2 and basal metazoa, the
majority of sequences that
went into this ancestor did
retain a recognizable AGO
signature (including the
sponge) but clearly the
posterior probability is much
lower than for the other
ancestors.

This group is almost entirely
ecdysozoa (AGO1) and
lophotrochozoa, there are no
vertebrate sequences.

This group is almost entirely
vertebrate AGOs, this is
apparently a duplication of
‘other’ AGOs.
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Fig. 4a.7. The C terminal signature in AGO-like ASR.

Sequence logo of the last four C-terminal residues of the ancestral sequences reconstructed for node 1 (in
each case) for each group visually representing (by size) the relative probabilities of each residue based
on the final trees (S4 Fig.) of all AGO-like amino acid sequences from the group ‘metazoa’.

We initially treated vertebrate AGO?2 separately in terms of generating an ancestor
because in our original vertebrate trees it was different at the sequence level from other
AGOs, as well as being the only cleavage competent argonaute. However, from our
analysis vertebrate AGO2 appears to be the original AGO-like argonaute that was
retained into the bilaterians with the other AGO-like argonaute being lost. Vertebrate
AGO3 is then a duplication of AGO2, with vertebrate AGOs 1 and 4 arising later from a
separate duplication of AGO2. In our reconstruction the catalytic residues of the
putative ancestor of AGO 1, 3 and 4 were calculated as DEDR, so although Asp
(replaced by Gly in AGO4) was retained, H—R appeared to predate the duplications.
The ancestor of all of the vertebrate AGOs (and indeed of all metazoan AGOs) retains
the DEDH catalytic tetrad as anticipated. This means that AGO3 (which has H as the
final residue of the catalytic tetrad) would have to have reverted to His following the
duplication. We checked the FastML reconstruction with ancestral sequences calculated
by PAML4 (Yang, 2007) and MEGA6 (Tamura et al., 2013) and the results were
concordant with FastML. Ultimately we added the vertebrate AGO sequences (Box 3)
and the AGO1 of ecdysozoa and lophotrochozoa (Box 2) to make a single ancestor with
only very minor differences from ‘other’ AGOs (structural prediction of combined

ancestor not shown).

Apart from the catalytic tetrad and the C terminal signature the posterior
probability of most of the residues, but especially those in the N domain was extremely
low. This supports our conclusion that residues can be remarkably varied and yet
structural homology remains (fig. 4a.8). Posterior probability logos of all of the

ancestors are available in wikispaces.
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(i) Ecdysozoa AGO2 and (ii) ‘Other’ AGOs, Ecdysozoa and (iii) Mainly vertebrate AGOSs plus
some basal metazoa. Lophotrochozoa. sponge and urchin sequences.

Fig. 4a.8 Metazoan predicted structure for AGO ancestors.

Left (i) Box 1 AGO ancestor from the ancestral sequence reconstruction from MSA of ecdysozoan AGO2
and basal metazoan AGO-like sequences. (ii) ‘Other AGOs’ from Box 2, which did not have any
vertebrate sequences but comprised mainly of ecdysozoa and lophotrochozoa. (iii) Box 3, mainly
vertebrate AGOs but includes sponge and sea urchin sequences. The vertebrate duplications are likely to
have arisen from one protein, we did combine (ii) and (iii) with very little impact. The catalytic tetrad is
marked in dark blue in each structural prediction, all retain the intact catalytic tetrad Asp-Glu-Asp-His
(DEDH).

Of the ambiguous cluster 1 or group IV S. mansoni argonautes, AGO2C
(UniProtkB:C4QPDO0 and C4QPD1), plus C. elegans ERGO1 (UniProtKB:061931),
retain Met at the fourth from last position. This is conserved in AGO-like proteins from
all plants, stramenopiles and fungi (except microsporidia) and ultimately these
argonaute variants group on the AGO-like side of the tree. The simplest way to
distinguish between PIWI-like and AGO-like proteins is to examine the last four

residues.

4.6. Evolution

Basal metazoa; lophotrochozoans, cnidaria and sponges in general have three
argonautes, one AGO-like and two PIWI-like. It could be that there were originally two
distinct AGO-like proteins in metazoa and one has been lost in different species because
there are two distinct AGO-like forms in ecdysozoa, plus two different forms in the
Queensland sponge (Amphimedon queenslandica). It could be that over time the sponge
argonautes have become so diverged from one another that they could have arisen from
the same protein, however pairwise sequence alignment between UniProtKB:I11FXQ6
(A. queenslandica) and mouse AGO2 (UniProtkKB:QBCJGO0) has 60% sequence identity
but A. queenslandica (UniProtKB:11GIS7) aligned with the same mouse AGO2
sequence has just 39% sequence identity. This suggests that the vertebrate AGO-like

proteins (AGO1-4) derive from only one of two original proteins. The loss of one of the
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AGO-like argonautes appears to have happened quite early in metazoa because
Strongylocentrotus purpuratus, as well all of the lophotrochozoans has lost one of the
proteins and the sequences that they have retained are more similar to the vertebrate
sequences. This is consistent with the proposal that all vertebrate AGOs derive from the

same ancestral AGO; the only one retained in the lophotrochozoa.

There is some debate regarding the earliest member of the metazoan family
(Jekely et al., 2015). We have found evidence for three AGO-like proteins in the comb
jellyfish Pleurobrachia bachei (one full length) and three in Mnemiopsis leidyi (two full
length) and three full-length PIWI type proteins in P. bachei. Should the debate fall
back to the sponges at the root of the metazoan tree we find two full-length PIWI-like
proteins and one AGO-like protein in the freshwater sponge Ephydatia fluviatilis and
one PIWI-like plus the two AGO-like proteins in the Queensland sponge A.

queenslandica mentioned above.

The placazoan Trichoplax adhaerens has one AGO-like argonaute and we have
found no trace of a PIWI-like protein. The Trichoplax AGO (UniProtKB:B3SEP3)
(Srivastava et al., 2008) appears structurally consistent with orthologues containing the
anticipated catalytic residues. Although this organism appears to reproduce asexually
there are markers for sexual reproduction and they certainly have the capacity to
exchange genetic material between cells; though there doesn’t appear to be any
differentiation between cells that could be described as male (Signorovitch et al., 2005).
T. adhaerens also seems to be depleted in terms of small RNAs other than those known
to be associated with ribosomes, RNaseP and snoRNAs. The loss of PIWI in the
parasitic platyhelminthes (fluke and tapeworm) could have been rescued by an
adaptation of an AGO-like protein to function in the maintenance of the germline or the
capacity for stem cell generation. Trichoplax doesn’t appear to have taken this route. In
other work we look at plants and fungi that have also lost the PIWI-like argonautes and

are still extremely successful.

Salpingoeca rosetta is a model choanoflagellate which is a sister group to metazoa.
We submitted all of our ancestors (from unikonts, plants, chromalveolates,
trypanosomes as well as some chosen individual sequences) as query sequences
BLASTIng just the S. rosetta species held in the NCBI database. Of the retrieved
sequences there were only two putative argonaute sequences (UniProtkKB:F2UA73 and
F2UR29) but when submitted to I-TASSER it became clear that although there were
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some hallmarks of the argonaute family, the predicted protein folds were not similar

enough to the known fold of the domains required for a functional argonaute (fig. 4a.9).

D where you would T ¢
expect H

UniProtkKB:F2UR29

Fig. 4a.9 Predicted structure for the putative sequences identified by BLAST in S. rosetta.

A. Catalytic residues can be roughly positioned from the alignment for F2UR29 - this serves only to
show that BLAST and alignment are insufficient to predict any kind of functional capability. B. By
primary sequence alignment we see Gly (marked in pale blue) where we would anticipate the second Asp.
This is not an unusual substitution, see fig. 4a.4, but these sequences have limited credibility even as
AGO-like relics.

No proteins of the small RNA processing pathways were found in the
choanoflagellate Monosiga brevicollis (Grimson et al., 2008). We did our own search
and the metazoan AGO ancestor retrieved one sequence via BLAST but none of the
predicted folds resembled any of the argonaute domains and so it is likely that the entire
system was long ago lost in choanoflagellates. An extensive search using all of the
ancestors in the metazoan sister Capsaspora owczarzaki also failed to find any

sequences resembling argonautes.

So it seems that retention and expansion of both AGO and PIWI proteins is
specific to metazoa and both have been, or are in the process of being lost in close
relatives. We do know that fungi have lost PIWI-like proteins and that there are some
budding yeasts that have lost AGO-like proteins as well (Drinnenberg et al., 2011).
Given the extensive and ever expanding repertoire of functions in metazoa it is very
interesting that even the closest relatives to metazoa have no apparent need for them (or

that the genes are lost for good reason).
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4.7. Discussion

4.7.1. Annotation issues

Annotation is going to be an important task as more genomes are available, and where
previously we had less information to be able to classify all proteins correctly. Work
such as this argonaute study can contribute to more confident annotation. The
exponentially expanding databases of gene sequences and the lag between sequencing

and annotation can lead to potential confusion.

One of the problems that we had was determining between different splice
variants and different gene copies that complicates homologue identification. There are
reports that different argonaute isoforms via splice variation have arisen in response to
viral mechanisms to suppress the argonaute defence system (Huang and Zhang, 2012).
In the refined trees (S3-4 Fig.) it can be seen that in some cases we have allowed two
copies of a sequence identically annotated, e.g. the stickleback (Gasterosteus aculeatus)
has two copies annotated as AGO3 with different accession numbers. They both fall
within the AGO3 “clade’ but they are on different chromosomes and so are genuinely
different genes that translate into an AGO3 type isoform (91% identical residues) and so
they look to have arisen from a relatively recent duplication event. It is possible that
AGO3 has recently duplicated in some vertebrates, but in many cases the extra
transcripts overlap and could also be splice variants. Where we found that the sequences
were splice variants, or we could not prove that they were separate genes (different
accession numbers but overlapping transcripts) we removed the extra copies from our
analysis. In the case of the stickleback AGOS3 is clearly annotated by a separate
accession number and (1 of 2, 2 of 2) and identified as resulting from two different
genes. Additionally the stickleback (G. aculeatus) PIWI1 is more likely to be PIWI3
which is from a different duplication, and the king cobra (Ophiophagus hanna) AGO1
(UniProtKB:V8NK59) should be annotated as AGO3. The annotation of insect PIWI2

as AGO3 is also confusing and inconsistent even between insects.

In some cases sequences were clearly incorrectly annotated; the barley sequence
(UniProtKB:F2DNY®6) (Matsumoto et al., 2011) is annotated as ‘PIWI-like’, which
would be the first PIWI protein found in a plant. However it groups convincingly within
metazoan PIWI-like proteins, closest to rotifers. A BLAST search with this sequence
does not bring up another plant sequence within a thousand ‘hits’. We have suggested

contamination within the barley sequences before where the major vault protein barley
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(Hordeum vulgare) sequence (UniProtkKB:F2E078) grouped with MVP sequences from
slime moulds (Daly et al., 2013b). In both cases the sequences derive from mRNA and
contamination from other species is likely more common than anticipated. Certainly,

annotation issues are going to be ongoing.

4.7.2. General

Our study highlights the use of three-dimensional structural analysis, together with
further evidence (in this case retention of the catalytic residues and also the C terminal
signature residues) in order to support our BLAST results. One of the issues is that
many of our results are not ‘reproducible’ because the ever-increasing number of
deposited sequences quickly puts the more remote sequences out of the thousand hit

maximum for UniProtKB.

An extreme example of the need for 3-D structural analysis is the similarity
between the following three experimental structures: The human argonaute (HSAGO2
PDB:40OLA, UniProtkKB:Q9UKYV8) has 14% pairwise sequence identity with the rat
MVP monomer (PDB:4V60, UniProtKB:Q62667), and 14% identity with the argonaute
from Pyrococcus furiosus (PDB:1Z25, UniProtKB:Q8U3-D2). There is 13% pairwise
identity between the rat MVP and the P. furiosus argonaute. Most of the identical
residues are maintained across all three sequences when all are aligned. Because of the
limitation of *1000° hits, none of them would be found by using any one of the other
two as query sequence. Even BLASTIng just the archaea database with HSAGO2 does
not retrieve the Pyrococcus sequence.

However HSAGO?2 and rat MVP are clearly not homologs of one another (fig.
4a.10). The predicted structure of the archaean P. furiosus AGO (identical to the solved
crystal structure) and retention of the catalytic sites (marked in blue and circled) are
extra evidence of homology between the two argonautes. The crucial point is that
structural homology is not always predictable from BLAST results, 3-D structural

analysis can be essential.
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Rat MVP (Major Vault Protein
monomer) PDB:2ZUO

Human argonaute protein
HsAGO2 PDB:40OLA

Archaea P. furiosus AGO PDB:1Z25

Fig. 4a.10 An example where BLAST searches are ambiguous.

There is 14% primary sequence identity between the human AGO protein compared to both the rat MVP
and P. furiosus AGO sequences. These are all experimentally-determined crystal structures with obvious
structural homology between the AGO proteins contrasting with a very different fold for MVP.

Using the archaea sequence (UniProtKB:Q8U3-D2) as a query sequence for a
BLAST search of the human database does retrieve human PIWI-like protein 1
(UniProtkB:Q96J94) with an E value of 900 (a usual acceptable E value is 1x10™).
There are in excess of 600 more similar hits within the human database than PIWI-L1.
P. furiosus retains the C terminal signature of PIWI type proteins so it would be
anticipated that if we could find a sequence in the human database then it would be
PIWI-like. A reciprocal BLAST of the archaea database using the human PIWIL-1

protein still fails to find the archaea argonaute.

Almost certainly we are going to have to consider the 3-D structure of proteins
(which demonstrates relatedness where primary sequence homology is ambiguous), in
order to fully understand the mechanisms of deeper protein evolution. No longer is it
sufficient to simply use BLAST results and sequence alignment as evidence for the
deepest homologies, we have seen that alignment algorithms do not always predict
where a particular residue will likely be found in 3-D space compared with even a very
similar sequence, and that trees cannot be relied upon either at deeper divergences
because some of our sequences flipped from AGO-like to PIWI-like and back again

with every tree.
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Some of our initial trees had poor posterior probability. Trees of all metazoan
argonautes rooted with basal metazoa skewed the tree because whatever we chose was
either a PIWI-like or an AGO-like sequence, which gave the erroneous indication that
either there was a single source of argonautes that had duplicated into all PIWI and
AGO type of proteins, or moved the sequences that “flipped’ from one side of the tree to
the other. We found that trees rooted by the trypanosome T. brucei (either PIWI-like or
AGO-like) separated the other sequences more clearly into either AGO-like or PIWI-

like ‘clades’ than closer outgroups were able to.

There are also some branches showing the number of changes in residue per site
as greater than one. This implies that more than 100% of the residues have changed, but
each site can have a residue change on more than one occasion, so in these cases we
need to look at the supporting evidence as a whole. Had we looked at each process and
applied a ‘value’ of confidence as a ‘cut off’, e.g., E values, C score, posterior
probability, an unlikely number of residue changes, we would have deleted well
described and functional argonautes. We have decided not to publish the I-TASSER
confidence score for all of our sequences because we have shown in table 1 and fig.
4a.3 that it can be misleading. Similarly posterior probabilities in terms of tree nodes
and also of ancestral reconstruction should alert us to possible sources of error that we
can check, rather than an arbitrary line resulting in rejection. Our determinations rely on
the sum of the evidence which is why we reject the notion that one source alone can be
used to determine relationships. This is not an automated process, rather it is a process
that can be completed cheaply with a modest computer but with more rigour than an
automated pipeline.

Experimental determination of protein structure remains essential for the success
of the algorithms used for structural prediction. Once there is a structure determined of
your favourite protein then it becomes amenable to structural prediction, as do more
distant homologs. This can be used to aid annotation at deeper divergences. This also
enhances hypotheses regarding whether or not an apparent homolog could feasibly be a
functional protein. For example where we have found that the sequence in S. rosetta
could be identified by BLAST, and has some structural resemblance to an argonaute, we
could not claim that it was a functional argonaute without experimental analysis. Our

results imply that it is not an argonaute.

The number of sequenced species is increasing rapidly (though it barely
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scratches the surface of the number of species) and this provides great opportunities for
evolutionary biologists, but there needs to be caution too. We have shown how easily it
is to manipulate trees to support a story and so we need to understand the limitations of
the technology that we have. Using structural prediction to turn 1D sequence
information into a 3-D structure reveals additional evidence of homology, and by
reconstructing ancestral sequence we have been able to see patterns that we could have
missed otherwise. From these analyses we have shown that we can extract a much
greater value from each sequence which will inform bioinformatics and annotation more

cheaply and rapidly than current procedures.
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Chapter 4b: Argonaute gain and loss during fungal evolution.

4h.1. Abstract

Here we use three dimensional structure prediction of proteins and reconstructed
ancestral argonaute sequences of yeast, fungi, and microsporidia to help infer their
evolutionary history and their relationship to metazoan sequences. Most phyla retain
multiple copies of an AGO-like or PIWI-like protein (or both) but fungi typically retain
only two AGO-like argonaute proteins and microsporidia have just one, but it is
dissimilar to either of the fungal proteins. Independent loss of AGO appears scattered
across diverse fungal species, leaving some species without any argonautes at all. In
addition there is a remarkable expansion of argonaute proteins found in the
glomeromycotan fungus Rhizophagus irregularis, we find that we can predict that 17 of
the sequences are likely to form functional argonautes and that these have duplicated

from two different early AGO-like proteins.

Prediction of tertiary structures is becoming increasingly essential for studying
deeper evolutionary divergences and more information can be obtained from the
primary protein sequence to add support to tree calculations. With the increase of
genomic information it is easier to determine whether an argonaute-like protein is
genuinely missing for a given group or species, or has not yet been identified. This is
part of a larger study using ancestral sequence reconstruction (ASR) and tertiary
structure analysis to clarify the evolutionary history of the argonaute and PIWI proteins

in eukaryotes.

4b.2. Introduction

Biologists regularly use the three-fold approach of BLAST searches, multiple sequence
alignments (MSA) and tree building (of gene and/or protein primary sequences) to infer
evolutionary relationships. These can additionally be used to aid gene annotation which
struggles to keep up with the exponentially increasing data banks of sequenced genomes.
It has long been known that this is not totally satisfactory and that recurrent mutations in
aligned sites will obscure deep relationships (Mossel and Steel, 2004). Our aim here is
to increase the amount of information obtained from one dimensional primary

sequences retrieved by BLAST, with the use of in silico prediction of tertiary structure,
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together with ancestral sequence reconstruction (ASR), in order to reduce the
information loss at deeper divergences. We will not infer just a single gene phylogeny,

but accept the current phylogeny based on multiple sequences.

First we will outline some properties of the argonaute proteins in the fungi, and
consider those yeast that do not have argonautes. We then investigate the major
expansion of argonautes in the glomeromycote (arbuscular) fungi and the next step
considers microsporidia. Finally we analyse the placement of the reconstructed fungal
ancestors compared with ancestral sequences from metazoa. The evolution of the

different families of argonaute proteins has been very dynamic.

Argonaute proteins are important regulatory proteins with significant roles in
unicellular eukaryotes as well as in multicellular plants and animals. They have a
number of sub-families; firstly AGO-like which are the only type found in plants
(Bohmert et al., 1998), fungi (Aravin and Tuschl, 2005) and stramenopiles (Fahlgren et
al., 2013). Plants and stramenopiles frequently retain multiple copies of AGO-like
argonautes. These are also found in metazoa and excavates together with the second
subfamily of PIWI-like proteins (Cox et al., 1998). Metazoa retain as many as four
AGO-like proteins plus four PIWI-like argonautes. Ciliates retain multiple AGO/PIWI-
like proteins that group closely with other PIWI-like proteins and load principally
scnRNAs that control replication rather than gene expression (Mochizuki and
Gorovsky, 2004). The third recognised form of argonaute are found in Caenorhabditis
elegans (Vastenhouw et al., 2003). This species has five AGO-like proteins (Algl and
2, T22B3.2, T23-D8.7, ZK757.3), three that are PIWI-like (PRG1 and 2, plus ERGO1
although the latter annotation is less clear) plus at least 18 WAGO (‘worm’ nematode
argonautes) or type 3 argonautes. Some of these duplications are also conserved in other
Caenorhabditis species but lost in parasitic nematodes (Dalzell et al., 2011). Other
variants have been described in Platyhelminthes (Skinner et al., 2014) (Zheng, 2013),

but they are all clearly related by structure.

AGO-like argonautes are guided by small RNAs to control the expression of
endogenous and exogenous RNA via cleavage or steric impediment, mostly in the
cytoplasm. PIWI-like proteins (guided by PIWI-interacting RNA, piRNA) are capable
of suppression (and less commonly up-regulation) of transcription via heterochromatin
changes and DNA methylation (Rajasethupathy et al., 2012). They are largely

responsible for suppression of transposons in germ-line cells, but are also found in
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somatic cells (Ross et al., 2014). Many of the fungal sequences are annotated as
eukaryote initiation factor (elF) or transcription initiation factor (TIF) proteins. Some
are annotated QDE which refers to the original RNA-induced silencing complex (RISC)
posttranscriptional gene-silencing pathway known in fungi as ‘quelling’. There is
additionally an RNA-induced transcriptional silencing (RITS) complex responsible for a
chromatin-based silencing pathway which reversibly silences unpaired genes and any
homologs during meiosis. The latter function being more similar to that of the metazoan

PIWI type argonaute.

Some plants have large numbers of argonautes from whole genome duplications
but the expansions of one (or just a few genes) in C. elegans (and now in R. irregularis)
may be different. Study has been carried out on the worm (nematode) expansion (Yigit
et al., 2006) which suggests that the duplications have evolved to fulfill different
functions. Here we use bioinformatics to confirm that the R. irregularis argonautes are

likely to be functional.

AGO-like and PIWI-like proteins both consist of four domains; the N terminal
domain, the PAZ domain, the PIWI and the MID domains. (Note that there are both
PIWI domains, and PIWI proteins on this classification). The PAZ and MID domains
form binding pockets for RNA, and the catalytic residues Asp-Glu-Asp-His (DEDH)
are found in the PIWI domain (Nowotny et al., 2005). Here we use the presence of the
catalytic tetrad of the PIWI domain as additional evidence to support structural
homology. While we were reconstructing metazoan ancestors we noticed that in
addition to the catalytic residues the PIWI-like proteins had retained a signature tetrad
of residues at the C terminal that was remarkably conserved across PIWI-like proteins
from all of the groups that had not lost the PIWI-like protein. Marginally less well
conserved, but still remarkably useful, was the retention of the C terminal residues in
the AGO-like proteins that showed the fourth from last residue at the C terminal being
Met. So we are looking for two additional pieces of evidence to support the structural
prediction; retention of the catalytic tetrad of residues (DEDH), and retention of a
typical AGO-like C terminal signature of ‘Met and two aromatic residues followed by a
non-polar hydrophobic residue’ given that PIWI-like proteins have reportedly been lost
in fungi. We refer to this as the AGO ‘signature’ to avoid confusion with the ‘catalytic
tetrad’.
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Figure 4b.1A shows the complete crystal structure of the ascomycetes AGO-like
protein (PDB:4F1N 1046 residues) (Berman et al., 2000) from Kluyveromyces
polysporus which has 1251 amino acid residues in the primary sequence. It has a
catalytic tetrad of Asp-Glu-Asp-Asp (DEDD), common in Basidiomycota but unusual
in Ascomycota. The fungal sequences are typically (though not always) longer than
those found in metazoa. Fungal-AGO is shown together with the human AGO2

structure (PDB:40OLA 859 residues, fig. 4b.1B) as a comparison.

3’ RNA binding pocket in
the PAZ domain 7

5’ RNA binding pocket between
the MID and the PIWI domain g

Ascomycota Kluyveromyces polysporus
argonaute protein PDB:4F1N. 4W5N.

C

An enlargement of the catalytic tetrad of K. polysporus AGO PDB:4F1N . Also included is
Phe (F shaded grey) which is generally conserved in AGO-like proteins.

Fig. 4b.1 Solved structures of the argonaute family

A. The solved structure of the fungal AGO-like protein from K. polysporus with one half of a cleaved
RNA bound (purple). B. Human AGO-like argonaute AGO2 with full-length cleaved RNA bound.
HsAGO?2 is the only human AGO that retains slicing capability. Both cartoons have the catalytic residues
marked in dark blue (within the black square), RNA biding pockets are circled in aqua. C. The catalytic
site of K. polysporus is shown in the enlargement. Most argonautes (AGO-like and PIWI-like) retain
Asp-Glu-Asp-His (sequentially in the primary sequence DEDH). K. polysporus has at its catalytic core
Asp-Glu-Asp-Asp (DEDD) but is otherwise identical. DEDD is frequently found at the catalytic site in
Basidiomycota but is unusual in Ascomycota. Phenylalanine (F) is also marked in grey, this is usually
conserved in AGO-like proteins and appears not essential for catalysis but replacement of this residue can
impair or abolish catalysis. All ribbon diagrams are rendered in PyMol version 1.3.

We need to give a phylogeny of the fungamals (fungi and animals) as currently
understood (fig. 4b.2). This is much simplified and does not account for timing of
divergences but is given in order that the reader may visualise the scheme and the

placement of fungi and microsporidia within the group (Capella-Gutiérrez et al., 2012).

119



Metazoa
Animals

Choanoflagellata
e.g. S. rosetta

Chytridomycota
Common Frog skin disease
ancestor

Zygomycota
Bread mold

Glomeromycota
e.g. R. irregularis

Basidiomycota
Crown Mushrooms
group —f
fungi Ascomycota
~— Yeasts and molds

Microsporidia
Anoxic parasite

Fig. 4b.2 A simplified Unikont tree showing the proposed relationship between the various phyla
that contributed to the work.

Fungi are shaded and microsporidia are shown as a sister group. The timing of divergences is not
indicated.

Arbuscular mycorrhizal fungus (AMF) of the phylum Glomeromycota, are
obligate symbionts with coenocytic hyphae, that is, the cells contain multiple nuclei. R.
irregularis is described as containing 26 AGO-like proteins in its genome (Tisserant et
al., 2013). Differences between the genomes in the multiple nuclei are only 0.43 single
nucleotide polymorphisms per kb (Tisserant et al., 2013), which is far less than between
different strains of the same species. Gene synteny also suggests that the genomes in
each nuclei are uniform, so heterokaryosis is not the reason for the multiple gene copies

of the argonaute proteins.

AMF have an intricate symbiosis with most vascular plants; the arbuscles are
branched structures that facilitate the exchange of nutrients. At this time R. irregularis
is the only sequenced Glomeromycota fungus, and until recently these organisms have
been difficult to culture in the lab. This means that we don’t have any other species to
compare them with to test if this expansion is specific to R. irregularis, or is general to
Glomeromycota. We have used other early branching fungal sequences from
Chitridomycota and the Zygomycota to build trees that set a background to demonstrate

the diversity of the R. irregularis sequences.

We also studied the evolution of the argonaute proteins generally and have

created ancestors from representative fungal and microsporidian sequences (which
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appear to have evolved from different duplications). By using structural information
rather than sequence alone we can infer a single ancestral sequence to represent a group
of sequences and calculate trees with far fewer branches as long as we know that each
ancestor is truly representative of that group. We can then add the fungi and
microsporidia ancestral sequences to metazoan ancestors that we have already inferred

to help unravel the evolutionary story of both groups.

4b.3. Methods
A BLAST search with human AGO2 as a query sequence against the UniProtKB

eukaryote database resulted in 1,000 hits that comprised mostly of plant and metazoan
argonaute sequences. Additionally we used the ancestors of the metazoan sequences
(unpublished) that we had created as query sequences and searched specifically the
UniProt fungal database. This retrieved sequences from R. irregularis and other early
branching fungi. There are 76 putative AGO sequences for R. irregularis but many of
these are duplicated database entries from different strains of the same species. We
checked NCBI and added a few more sequences from early branching fungi and used
these sequences in a MSA using MUSCLE (Edgar, 2004b) to create an early fungal tree
using MrBayes (Huelsenbeck and Ronquist, 2001), both run in the Geneious platform

(Geneious R8 Biomatters available from http://www.geneious.com/, last accessed 9™

August 2015). Because there are so many fungal argonautes we confined our trees to
selected representatives but undertook extensive searches for argonautes where they

were reported as absent.

The I-TASSER (iterative threading assembly refinement server) suite of
algorithms (Zhang, 2008; Roy et al., 2010; Yang et al., 2015) was used to predict the
three-dimensional (tertiary) structures of proteins from their primary sequence to
analyse their likely functions. I-TASSER is benchmarked by CASP (Critical
Assessment of Techniques for Protein Structure Prediction) (Moult et al., 1995) a
biannual experiment in which servers are tested on their ability to identify correct folds
from protein sequences whose structures have been previously-determined but held
back from publication by the PDB for the experiment. I-TASSER has scored highly
since its inception competing as ‘Zhang Lab’ (Xu et al., 2011). I-TASSER was run via
the NeSI high-performance computing facility at the University of Auckland (New
Zealand). Reasons for prioritising a sequence for analysis could be because they group

unusually, for example the microsporidian Mitosporidium daphniae sequence
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(UniProtkB:AOA098VRC6) groups with fungi away from other microsporidia. In this
case this is consistent with other observations (Haag et al., 2014). Another factor would
be a very high number of residue changes per site or a very low posterior probability at

a node.

Our previous work with the Major Vault Protein (Daly et al., 2013b; Daly et al.,
2013a) used the I-TASSER confidence (C score) score in aiding our analysis where a
score of greater than -1.5 (out of a range -5 to +2) predicts a homologous fold.
However we found that even where the annotation is correct, and there is a solved
crystal structure, the score could be very low due to sequence inserts that most likely do
not affect overall AGO structure and function. For example, we have previously found
large inserts in both human PIWI2 protein (UniProtKB:Q8TC59) and Drosophila
AGO2 (UniProtkKB:Q9VUQ5), sequences which give both a low I-TASSER C score
and a high score in terms of sequence changes per site and yet these are verified as

functional proteins (Itou et al., 2015; Abramov et al., 2016).

We have previously found that we could ‘improve’ the C score by removing
some or all of the inserts (Daly et al., 2013b). By checking the I-TASSER prediction,
compared to a known argonaute structure such as the human AGO2 (PDB:40LA) using
FATCAT (Ye and Godzik, 2003) we can align the proteins and get a value of how
similar they are in terms of equivalent residue positions revealing where inserted
sequences in the 3-D structure prediction lie. Removing sequence insertions additionally
lowers the magnitude of the residue changes per site on the tree branch which we

needed to do for ancestral sequence reconstruction (ASR).

Once we could be confident that the sequences that we had were bona fide
argonautes we could use them for ASR. We have investigated a variety of algorithms
for doing this (Daly et al., 2013b) and are convinced that FastML gives good
reconstructions. In MSAs the alignment algorithms insert gaps to produce the best
alignment. The longer the MSA the greater the ‘noise’ from the gaps which results in
excessively long reconstructed sequences because FastML will simply fill them all in. |-
TASSER then predicts unstructured loops that are artifacts of the process. We therefore
need to remove gaps that occur as the result of insertions in one or a few sequences
(where it is more parsimonious that they are likely to be more recent insertions in a few
species, rather than ancestral loss in the majority). This has been done manually by

removing gaps where less than 10% of the sequences have residues resulting in gaps in
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all the other sequences. This can also be done automatically using Wasabi (Veidenberg
et al., 2015). In practice it doesn’t make any difference to the resultant tree. FastML will
produce an ancestor for each node of the tree. We then check that the ancestor from the
deepest node would be predicted by I-TASSER to fold as an argonaute, and then use

that sequence as a new BLAST query to search for more remote homologs.
4b.4. Results

4b.4.1. Yeast and fungi

The term ‘piRNA’ implies interaction with the PIWI type argonaute, rasiRNAs (repeat
associated small interfering RNAs) are well described in plants, and are now
incorporated as a sub-species within the piRNA family (Klattenhoff and Theurkauf,
2008). rasiRNAs are also found in species such as the fission yeast
Schizosaccharomyces pombe (Sigova et al., 2004) but neither plants nor fungi have
been observed to contain the PIWI type protein. However it is known that siRNAs
found in S. pombe can induce heterochromatin changes and force transcriptional
silencing of the genome in a similar manner to the PIWI-type argonautes of metazoa
(Lippman and Martienssen, 2004). This means that the loss of PIWI has not resulted in

fungi having to rely solely on post-transcriptional silencing.

Although most fungi have two types of AGO-like argonaute protein, some have
none at all. In some cases there appears to be an obvious explanation for gene loss, for
example, some fungi harbour the “killer” virus which appears incompatible with RNAI.
The “killer’ virus confers immunity on cells that maintain it from a killer-associated
toxin-producing satellite. Destroying ‘killer’ makes the fungus vulnerable to the toxin
(Drinnenberg et al.,, 2011). However some yeast species; Candida glabrata,
Saccharomyces kudriavzevii, S. kluyveri, Kluveromyces waltii, K. lactis, Ashbya
gossypii and Debaryomyces hansenii appear to have neither the capability for RNAI,
nor harbour the “killer’ virus. Do species harbouring “killer” survive in the evolutionary
long term? Fungi that have lost RNAI appear to be relatively recent events so it could be
proposed that fungi which lost RNAI in the past did not survive (Drinnenberg et al.,
2011). What is it that ensures survival of those species with neither RNAI nor ‘killer’?

There are interesting and important questions here.

In our search of novel AGO sequences we found examples where the protein

sequence had diverged from the consensus sequence. This commonly occurs following
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a duplication event that frees the duplicated gene from functional constraint. However
in A. gossypii (a species where RNAI is lost) the sequence found by BLAST
(UniProtKB:M9MXJ8) was submitted to I-TASSER and the resulting models analysed
for evidence of a catalytic site. Although one residue of the conserved catalytic tetrad
was in place, and synonymous substitutions raised the sequence identity from 12% to
27% compared with K. polysporus, we couldn’t be sure if this sequence represents a
relic of a broken down argonaute, or an unrelated protein (fig. 4b.3). We put the
sequence into Phyre2 where 20% or 200 residues were modelled as an SH3-like barrel
from the BAH superfamily but no folds resembled those of the argonaute. So from our
evidence; lack of identifiable domain structure, lack of catalytic residues we can

exclude this sequence from consideration.

Fig. 4b.3 A. gossypii (UniProtKB:M9MXJ8) putative AGO sequence identified by BLAST.

The fungal ancestral sequence poorly conserved compared with other fungal sequences. The predicted
structure shows one Asp residue is in the catalytic position that would be anticipated but there is no
indication for a complete catalytic site.

We explored an alternate possibility; small RNAs deriving from the Ascomycota
Botryotinia fuckeliana (also known as B. cinerea) genome have been found in plant
cells, utilizing plant AGOs (Weiberg et al., 2013) even though B. fuckeliana has two
argonautes of its own. So there is a possibility that a parasitic or symbiont lifestyle
could mean that harbouring the AGO/PIWI machinery is unnecessary when plant, or
potentially other host proteins could be used instead. However the majority of the yeasts
that lack argonautes are not parasitic. We have also found total argonaute loss in the
choanoflagellate, Monosiga brevicollis. M. brevicollis does not harbour any proteins of
the argonaute or small RNA pathways (Grimson et al., 2008) and although BLASTing
retrieved two putative argonaute sequences in a recently sequenced choanoflagellate,

Salpingoeca rosetta, neither were predicted to fold at all like any kind of functional
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argonaute. We were also unable to find any putative sequences in Capsaspora
owczarzaki, a sister group to metazoa, so although argonautes are ubiquitous and

essential to most species, they do not appear to be indispensable.

From our representative sample of species we found greater similarity between
proteins between species than between the argonautes within a single species, so the
simplest explanation is that the duplications occurred earlier in an ancestor. We have
found that since basal metazoa harbour two AGO-like argonautes (as well as PIWI), the
most parsimonious explanation is that AGO- and PIWI-like proteins were both present
prior to the animal / fungal split. Other work supports the idea of two types of argonaute
within Basidiomycota termed ‘group A and B’. Also in agreement with our own work
‘group A’ contains argonautes from Ascomycota as well as Basidiomycota (Hu et al.,
2013). We have termed this group ‘mixed crown fungi’ and inferred a single ancestor
although it is most likely that the “mixed crown fungi’ and ‘group one Basidiomycota’

derive from the same original gene.

We also found five sequences that appear in different ‘clades’ in different trees.
Eventually Cryptococcus gattii (UniProtkKB:E6R522 and E6R506), Pseudozyma aphidis
(UniProtKB:W3VSF6),  Sporsorrium  reilanum  (UniProtKB:E6ZNC3)  and
Trichosporon asahii (UniProtKB:J5TUC3) were left out of any ancestral sequence
calculation. What these sequences have in common is that their C terminal signature
shows Ala-Trp-Phe-Met (AWFM), Gly-Trp-Phe-Met (GWFM), Leu-Trp-Phe-Met
(LWFM), Leu-Trp-Tyr-Met (LWYM), and Ala-Trp-Phe-Met (AWFM) respectively
which are unlike other fungal sequences. However when modelled in I-TASSER these
sequences folded as any other argonaute with an intact catalytic tetrad, so although they

are argonautes, we are unable to assign them to a particular ancestor with confidence.

There are two ancestors from the early branching fungi. The sequences that
made up the early fungal group 2 ancestral sequence are too few for a high quality
ancestor so the high posterior probability of the residues at node 1 was expected
(posterior probability logos for all ancestors are available in wikispaces). The unrooted
tree shows that they are clearly different from the sequences that make up the main
group early fungal ancestor and they have more in common with microsporidia. The
unrooted tree is available as supplementary material in wikispaces. It was already
known that M. daphniae was closer to the cryptospora Rozella allomycis, however it

was surprising that R. allomycis would group closer to the microsporidians than did M.
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daphniae. Fortunately we are not assigning phylogeny on the basis of one protein
sequence, particularly as there was an unexpected resolution for R. allomycis when we
calculated a tree of all fungi (including microsporidia) and animals (fungamals) because

they grouped with metazoan AGO-like sequences! (S3 available in wikispaces).

The posterior probability at the catalytic sites and at the C terminal AGO
signature residues for all of the inferred ancestors is in excess of 0.9 (i.e. 90%
confidence) with the exception of the final residue (~0.5). The N terminal probability of
the four remaining ancestors is generally poor and this is anticipated since prokaryotes
do well without the N terminal at all and this area frequently gains inserts. The
phenomena where inserts are gained and retained in already poorly structured regions
has been previously documented (Light et al., 2013). The PIWI domain has higher
conservation generally than does the remainder of the protein, which was also
anticipated. The resultant inferred ancestors are shown in fig. 4b.4 (an unrooted tree of
all sequences that contributed to the ancestors is available as supplementary material S1

in wikispaces).

Ancestor of Ascomycota group 1 Ancestor of Basidiomycota group 1 Ancestor of ‘mixed crown fungi’

Fig. 4b.4. Structural predictions of the reconstructed ancestors from the tree of representative
fungi species.

Each of the reconstructed ancestors retains a canonical catalytic tetrad (DEDH) with the exception of
ancestor D (Basidiomycota group 1) that retains DEDD.
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There are a number of species with paralogs that have occurred after speciation
in addition to the R. irregularis expansion, e.g. Mortierella verticillata harbours six
copies of the argonaute protein. Four are grouped with the main group but two have
much less similarity; there is ~60% sequence homology within each group, but only
~35% between them. However there were already two different AGO-like argonaute
proteins at the time of the split from metazoa as we had predicted from our work on

metazoan AGO and PIWI evolution.

4b.4.2. The R. irregularis AGO expansion

We investigated the R. irregularis AGO expansion using 3-D structural prediction and
retention of catalytic sites. One comparison is the well-documented C. elegans
(nematode) argonaute expansion (Yigit et al., 2006) in which the C. elegans specific
argonautes (WAGOs) had arisen from a single protein (RDE-1), determined to be close
to the divide between AGO-like and PIWI-like proteins. However, in the case of R.
irregularis it can only be from an AGO-like ancestor. But do all the duplicated proteins
derive from the same original AGO because it appears that there were two AGO-like

proteins at the base of the fungal family?

A BLAST search using an annotated R. irregularis argonaute
(UniProtkB:U9SUD1) returned 36 AGO-like protein sequences from a single strain of
R. irregularis, several of which are short fragments. Short sequences that contain only a
MID and PIWI domain have been characterised from bacteria and archaea (Makarova et
al., 2009). Eukaryote argonautes are most likely to contain a PAZ domain to provide for
RNA binding pockets, although it is possible that this is for protection rather than a
requirement for binding (Hur et al., 2013). It is difficult to distinguish between
fragments deriving from short fragments of coding DNA, fragments due to incomplete
sequencing, and genuinely short argonautes. We additionally checked our findings
against the Pfam database that gives a graphical outline of the domains in sequences
from UniProt and NCBI (Finn et al., 2010). Supplementary material S2 in appendix Il

gives greater detail of the Pfam findings.

An initial tree comprising of early branching fungi and including the R.
irregularis expansion gave an example of the need for ‘post tree’ structural analysis.
Our original BLAST of the fungus R. irregularis included the protein
UniProtKB:U9UV71. The posterior probability at the node was high and the sequence

identity compared to the other sequences in the early branching fungal tree was between
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20-40% (well within the range that we would consider for a putative homolog), but the
sequence had a score showing 1.033 predicted changes in residue per site. In fact a
number of branches in other trees show similarly high substitution rates. Although this
implies that more than 100% of the residues have changed — we can show that this is not
the case. Some residues may have changed several times but there are core residues that
are essential to retain correct structure and catalytic capability. However all sequences
that show in excess of 0.8 predicted changes per site are automatically referred to I-
TASSER for structural prediction. UniProtKB:U9UV71 failed to be modelled with
AGO-like domain structure (although it was superficially similar). Additionally it
lacked any sign of the catalytic tetrad, demonstrating that not all sequences identified by
a BLAST search necessarily have structural homology. Our conclusion is that
UniProtKB:U9UV71 is not currently a functional AGO-like protein, and we do not yet
know what it does. Details of the structural predictions for all of the R. irregularis
sequences and additional information including I-TASSER C scores can be found in

appendix Il (supplementary material S2).

We do need to make a caveat here; although this sequence
(UniProtkB:U9UVT71) failed to fold convincingly as a functional argonaute and we
were alerted to this by the high number of residue changes per site, the ancestors that we
created had similarly high predicted changes in residue per site yet are predicted to fold
as competently structured argonautes. Our point is that the residues at some, or even
most sites, may have changed many times, but the residues essential for structure and
function have much greater constraint and have not been subject to very much change
which is important. It is also important that we point out that without 3-D structural
prediction we would not be able to easily distinguish the difference.

Twenty-seven of the remaining sequences were long enough to represent full-
length proteins rather than fragments and were submitted to I-TASSER. Three
atypically short sequences (but longer than obvious fragments) were also submitted to I-
TASSER since we know that bacteria have a family of short argonautes;
UniProtKB:U9UIX7 (fragment), U9SXZ8 and UQUAG7 (fragment)) of 481, 403 and
544 residues respectively retain the PIWI domain complete with the catalytic tetrad
DEDH (and also a Phe that is semi-conserved, noted in fig. 4b.1C), but lack the RNA
binding pocket found in the PAZ domain which may not preclude binding (Hur et al.,
2013). These are in shaded boxes on the tree in fig. 4b.5 with the caveat that these do

128



resemble bacterial argonautes. UniProtkKB:U9UQ28 is 580 residues but the structural
model is poor and the catalytic residues are also unconvincing (also marked in shaded
boxes on the tree in fig. 4b.5). Supplementary material S2 in appendix Il shows the
predicted structure for all of the R. irregularis sequences including C scores for the I-
TASSER modeling.

Another of the shorter sequences (described as a fragment, UniProtKB:U9T4B0
at 692 residues) does appear to fold with enough structure to possibly be functional (S2
appendix I1). Sequences between 600 and 700 residues tend to lack a complete N
domain but it is not clear that this will prevent the protein from functioning. The N
domain is poorly conserved across all species and may also be dispensable since the
short bacterial argonautes previously described lack the N domain altogether (Makarova
et al., 2009). We know that slicing is impaired in human AGO proteins when the N
domain is compromised but we know that this doesn’t affect RNA binding and
functionality other than cleavage (Faehnle et al., 2013). So, we have accepted that
U9U3P8, U9SW52, and U9T5E9 could function despite a poor N domain but we lack
confidence in two similarly medium length sequences. These are U9SVO2 which lacks
an N domain but additionally has an unlikely catalytic tetrad (SDNR), (though the
absence of a complete catalytic tetrad doesn’t necessarily preclude RNA binding, nor
binding to a target site), so our uncertainty is marked by boxes without shading in fig.
4b.5. U9U974 lacks much of the PIWI domain including some catalytic residues (S2
appendix 1) and so we cannot support a functional argonaute for this structure.

Of the longer sequences UniProtKB:U9STT8 has essential parts of the C
terminal missing and is marked by a shaded box as ‘unlikely to function’ in fig. 4b.5.
Since we undertook this work there has been an update in annotation of the sequences,
which we show in added text ‘re-annotated AGO’. It can be seen that one of the
sequences (UniProtKB:U9STT8) was already annotated as an AGO type argonaute
contrary to our analysis and we have already described our uncertainty over
UniProtKB:U9SV02. Of the sequences that have been ‘upgraded’ we are in agreement,
but UniProtkKB:U9TQS7 and U9SXX2 remain ‘uncharacterised’, the former has some
small loss of a-helix in the 5 RNA binding pocket and the latter has loss of a-helix in
the 3" RNA binding pocket (S2 appendix Il). Whether this is sufficient to preclude RNA
binding we cannot be sure and so these are boxed in fig. 4b.5. Additionally there seems
no justification at all for retaining the PIWI annotation for UniProtkKB:U9U3P8,
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regardless of its functionality the annotation is anomalous as PIWI proteins have not
been found in fungi and the C terminal signature Met-Phe-Phe-Val (MFFV) is typical of
AGO-like proteins. In trees containing both AGO and PIWI proteins this groups with
AGO.

mae PIWI U9U3P8 *DEDH
0.081 0.806
0.388 *
00% | U9UAG7 DEDH
0.274 028 AGO U9sSQwW1 *DEDH
1
0.626 *DPAR
ose [ U9SKFO
0106 | | 042 AGO U9USE1 *DEDH
0068 *DEDH
0434 | 0416 U9uv71 *DE--
0.442 U9TQS7 *DEDH
o —2— y9sxz8 *DEDH
. L0:0% _ yoss)1 DEDH re-annotated AGO
- 1
12— JAGO U95V02 | *SDNR
0.05 0.066 1
! L0125 [G9SXX2 *DEDH
0.088 | 0178 % _
1 AGO U9STT8 | *DGN
Lt Uou974 *RED-
0.092
1
7 B AGO U9T923 DEDH
0.042 0.999
0.067 LOA25 o AGO U9SWS52  *DEDH
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Fig. 4b.5 Fates of the R. irregularis expansion.

Sequences marked in shaded boxes are those that we cannot support as fully functional argonautes, the
boxes without shading show the sequences that we are not certain about. The remainder would appear to
be capable of functioning as argonautes. Protein sequences recently annotated as AGO (previously
‘uncharacterised”) are marked. Sequences referred to in the text are marked with an asterisk* and further
information can be found S2 appendix II.
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UniProtKB:U9SQWL1 is said by Pfam to lack the MID domain. If the MID
domain were missing it would affect the 5" RNA binding pocket. However in this case
the MID domain structure appears intact in the predicted model (S2 appendix I1) so we
aligned this sequence via FATCAT (Ye and Godzik, 2003). The I-TASSER prediction
shows that the MID domain is complete and structurally is no different than the MID
domain of human AGO2 (PDB:40LA) (fig. 4b.6A). Thus it appears that there are some
aspects of Pfam that need to be updated.

Of those remaining, the sequence UniProtKB:U9USE1 was particularly long
(1094 residues) and had a relatively poor C score (-1.53) in I-TASSER. We aligned this
with the characterised human AGO?2 structure (PDB:40OLA) and believe that it would
be functional despite this large insert that is located outside the core AGO structure (fig.
4b.6B). Additionally R. irregularis UniProtKB:U9SKFO is predicted to fold as a
homolog with a catalytic tetrad of Asp-Pro-Ala-Arg (DPAR). However a nearby

glutamate is on a loop in a position where it could extend into the catalytic site.

R. irregularis UniProtKB:U9SQW!1 (blue) HSAGO2
PDB:40LA (green)

R. irregularis UniProtKB:U9USEZ1 (blue) HSAGO2
PDB:40LA (green)

Fig. 4b.6 A comparison of UniProtKB:U9SQW1 with the solved structure of the human argonaute.
A. Pfam failed to find evidence of a MID domain in R. irregularis UniProtKB:U9SQW1. The FATCAT
alignment of HsSAGO2 PDB:4OLA (green) and U9SQW?1 (blue) is tilted to show the MID domain
(circled) and we find that the domains entirely overlap. B. Extra sequence may not impair functionality.
HsAGO?2 (green) is aligned with R. irregularis (UniProtKB:U9USE1) (blue) and the inserted sequence
doesn’t appear to impact the structural integrity of the argonaute. R. irregularis (UniProtKB:U9USE1)
has a greater percentage of equivalent residues with HSAGO?2 than there are between HSAGO2 and
Drosophila AGO?2. Structural alignment is by FATCAT (Ye and Godzik, 2003).

Ultimately we find that 17 of the sequences have a good likelihood of being
functional AGO but they do not seem to have arisen from one protein similar to the
worm expansion (Yigit et al., 2006) but rather from duplications from two different

original sequences, (fig. 4b.5). Removal of the outlier sequences and recalculating the
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tree from the remaining 17 protein sequences doesn’t make any difference to the tree so
it seems that in this case both original genes have duplicated a number of times. We
note that it does not make these sequences any less relevant in terms of the rate of

duplication of the argonaute gene.

So we can confirm that the argonaute expansion in R. irregularis is real but why
has it occurred? This is difficult to answer. Perhaps the expansion of argonaute proteins
is associated with the comparatively large genome (~154.8 £+ 6.2 Mb) (Sedzielewska et
al., 2011), supported by Tisserant et al., (2013), rather than as a result of the lifestyle of
the fungus, or the nature of its nuclei? The genome is bloated by repeat and transposon
DNA and in metazoa it is the PIWI-like protein that is responsible for limiting the
impact of transposons so perhaps the loss of the PIWI-L protein could be responsible
for these oversized genomes. However, if that were the case then a runaway explosion

of transposons should enlarge all fungal genomes!

The powdery mildew Blumeria graminis and the black truffle Tuber
melanosporum (both Ascomycota) also have genomes massively enlarged due to
transposons (Spanu et al., 2010), (Wicker et al., 2013) (Martin et al., 2010) but neither
species demonstrate the expansion of argonaute genes seen in R. irregularis. In fact the
large number of transposons present in the genome, including retrotransposons, would
argue that the argonaute system that is supposed to suppress them is not working well in
B. graminis or in T. melanosporum, and even with the increased number of argonautes
in R. irregularis it could be said that the argonaute suppression system wasn’t working
there either! However Tisserant, et al., (2013) report that transposon families are in
decline so it may be that the expansion has occurred in response to the number of

transposons and is working to repress them.

The occurrence of coenocytic cells is relatively widespread — not just amongst
fungi, e.g., green algae (stoneworts), plasmodial slime moulds (myxogastria), and even
early embryo development in Drosophila has a multinuclear stage yet there is not a
notable expansion of argonaute proteins in Drosophila. We do need to be careful here
that we are not insisting that the only reason to maintain an argonaute-like protein is in
order to have RNAI capability because other functions have been identified (Juliano et
al., 2011) (Wei et al., 2012).

One possibility is that the R. irregularis expansion is the result of a previous

infection of an ancestor with some type of parasitic nucleic acid (possibly viral) that
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was the driver for an escalating number of argonautes to deal with it. A study of the
prawn AGO-like protein AGO1 noted that different isoforms had different functions in
antiviral immunity (Huang and Zhang, 2012), so it may be that a general lower rate of
alternate splicing in fungi consistent with a general lower rate of introns (Irimia et al.,
2007) has meant that gene duplication was an effective option. However the argonaute
sequences in R. irregularis have a surprisingly high number of small introns

(EnsemblFungi http://fungi.ensembl.org/index.html), though each show only one

transcript. In any case the main type of alternate splicing in fungi generally is intron

retention with skipped exons being quite a rare event (Gritzmann et al., 2014).

Tisserant et al., (2013) proposed that ancient whole genome expansion but with
slow loss in some genes, notably the kinases and proteins with MATA-related HMG
domains would also explain the argonaute expansion. The problem with this is that the
sequence similarity between the R. irregularis argonautes is much greater than the
primary homology between the C. elegans argonaute expansion, implying that the
expansion is relatively new compared to the expansion in C. elegans. It was argued that
in nematodes an ancient whole genome duplication had resulted in the expansion seen
in C. elegans and that the retention of the argonaute genes was the result of their gain of
function in this species and less so in other Caenorhabditis species and not at all in
parasitic nematodes (Dalzell et al., 2011). Nematodes are known to be susceptible to
massive gene loss (Aboobaker and Blaxter, 2003) and there is evidence that the
parasitic nematode Pristionchus pacificus does still have 23 relics of the argonaute
gene, yet only one is complete (UniProtKB:H3-DS31) so the possibility of previous
genome duplications and slow loss of some proteins does need to be considered in R.

irregularis as well.

Alternately there could be something in particular about the R. irregularis
argonaute sequence that causes them to duplicate. The RNase H fold in the PIWI
domain is also found in HIV integrase and reverse transcriptase as well as in the Tn5
transposase (Nowotny et al., 2005), so it is possible there is gene sequence that
duplicates and diverges in a functional domain-based mechanism. The argonautes in
general do seem to be able to duplicate quite readily since many species have a number
of paralogs. We do need genome sequences of additional arbuscular fungi to see if this

IS unique to R. irregularis.
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4b.4.3. Microsporidia

Microsporidia were once considered to be protists but in 1999 Weiss et al. placed them
within the fungal clade (Weiss et al., 1999). They have since been reclassified as a sister
group to fungi (Liu et al., 2006) due to evidence of a common ancestor, but outside of
fungi. They are parasites (living in anoxic environments) characterised by the
development of a unique polar tube that facilitates infection (Franzén, 2005) and a loss
of the mitochondrial genome, reducing the mitochondria to a mitosome, requiring then

that ATP is transported into the parasite from the host (Tsaousis et al., 2008).

With the exception of M. daphniae all of the microsporidia argonautes have the
PIWI-like C terminal signature Leu-Phe-Tyr-Val (LFYV) that we have previously
observed only in PIWI-like argonautes. With the exception of M. daphniae, the
microsporidia grouped either as an isolated clade close to the AGO-like sequences or
with the PIWI-like proteins which depended on other sequences in the tree and the tree
root (S3 available in wikispaces). M. daphniae grouped with the AGO-like early
branching fungal sequences and this correlates with recent findings that M. daphniae
represents a link between microsporidia and fungi and retaining features more similar to
fungi (including a mitochondrial genome) but also features unique to microsporidia
(Haag et al., 2014). BLASTIng with the M. daphniae sequence resulted in the closest
sequences identified belonging to R. allomycis and within the top 1,000 hits were plant
and metazoan argonautes but none of the sequences from other microsporidia. For such
reasons the microsporidian ancestor does not include UniProtKB:AOA098VRC6 from

M. daphniae.

The microsporidian ancestor retains the catalytic residues and I-TASSER
resulted only two models (indicative of high confidence) for this ancestor with a high C
score of 1.49 (fig. 4b.7A.). Because microsporidia is a rapidly evolving parasite group
that have undergone extreme genome shrinkage it seems remarkable that this protein
should be so well conserved. We checked it against both the fungal solved AGO
structure (K. polysporus PDB:4F1N) and the human AGO2 structure (PDB:40OLA) to
see which it might be closer to. Surprisingly the structural prediction for the
microsporidian ancestor aligned much more closely with the human argonaute with a
massive 96% of residues in equivalent positions, i.e. of the 836 residues in the
microsporidian ancestor, 802 of them have an equivalent geometric position in the

human AGO2 (fig. 4b.7C). The microsporidian ancestor and human AGO2 primary
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sequences are much closer in length (836 and 859 residues respectively with sequence
identity of 29%) whereas K. polysporus AGO is 1046 residues which will lower the
score (the sequence identity is 21% - also lower due to the extra number of residues),
the difference is that there are many small inserts in the K. polysporus sequence
compared to the microsporidian ancestor. However even if all of these are removed the
sequence identity is still less than that between the microsporidian ancestor and the
human argonaute. It can be seen in fig. 4b.7D that the “fit” is simply slightly poorer all

over.

M. daphniae Atypical microsporidia
UniprotKB:AOA098VRC6.

K. polysporus PDB:4F1N (shown here in yellow) is
aligned with the microsporidian ancestor (blue). Of
836 residues, 754 are in equivalent positions but
additionally two breaks were required to undo
twists to get the two to align.

Human AGO2 PDB4OLA (shown here in
green) is aligned with the microsporidian
ancestor (blue). Of 836 residues, 802 are in
equivalent positions.

Fig. 4b.7. A comparison of the microsporidian ancestor and M. daphniae with solved structures.

A. I-TASSER structural prediction of the ancestor of all microsporidia except M. daphniae. B. M.
daphniae grouped with fungi rather than with microsporidia and so was left out of the MSA that
contributed to the microsporidian ancestor but is shown here for comparison. C. Shows the FATCAT
alignments of the microsporidian ancestor (blue) with Human AGO2 (PDB:40OLA green) where 96% of
the residues in the ancestor find equivalent structural position with the human protein. D. The
microsporidian ancestor (blue) aligned with K. polysporus (PDB:4F1N yellow) where 90% of its residues
have an equivalent position with those of the solved fungal structure. It can be seen that the ancestor of
Microsporidia almost entirely aligns with the human argonaute so well that the two can barely be
separated.
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Because the microsporidian sequences sometimes aligned with the PIWI side of
a tree that included fungi and metazoas sequences and because the microsporidian
ancestor had the C terminal signature of the PIWI-like proteins we tried aligning the
microsporidian ancestor with the human PIWI I-TASSER structural predictions
(because there are currently no complete solved PIWI-like structures in the PDB). The
result was that of all four human PIWI proteins, none aligned any better than the fungal
AGO (K. polysporus PDB:4F1N) with all requiring breaks to allow for two
conformational twists for a FATCAT alignment. In terms of predicted structural
homology the microsporidian ancestor is closer to the canonical human AGO2 than to
the solved fungal structure (K. polysporus PDB:4F1N) or to any of the other ancestors.
Although M. daphniae had been left out of the microsporidian ancestor we tried
aligning the microsporidian ancestor with the predicted structure for R. allomycis (the
closest sequence to M. daphniae). We found that the alignment showed 98% equivalent
positions and when we aligned R. allomycis (UniProtkKB:A0OA074aN09) with HSAGO2
the equivalence was 99% so we are confident that despite the PIWI-like C terminal

signature, microsporidia have genuine AGO-like argonautes.

From the microsporidia species sequenced so far, none have been found with
more than one argonaute. UniProt reports two identical sequences for Nosema ceranae
(UniProtkB:C4Vv9J2 dated 2009 (Corrman et al, 2009), and
UniProtKB:AOAOF9YTR9 dated 2015 (Pelin et al., 2015)) plus one full sequence and
two fragments for Nosema apis (UniProtKB:TOMD46, TOLDO06 and TOLDO8)
annotated as AGO, ‘leaf development protein’ and EIF2c2 respectively (Chen et al.,
2013). However the fragments are identical to the N terminal and C terminal of the full-
length sequence and are likely to be artifacts. However we suggest that there could have
been another subfamily in the lineage that led to microsporidia because of its presence
in M. daphniae. What we can say is that the argonautes found in microsporidia are
surprisingly different from fungi if they arose from the same ancestor. This could imply
that the common ancestor had two argonautes one of which could have been PIWI-like
and was lost in fungi after the split from microsporidia and that microsporidia lost the
AGO-like argonaute. It seems unlikely that the last four residues (the C terminal
signature) would always mutate from (or to) Met / Leu at the fourth from last reside and
the trees cannot be dispersing the sequences based solely on the last four residues so we

tend to reject the idea that PIWI and AGO are derived from the same protein after the
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common ancestor with animals. Clearly though, species can flourish without either one
or the other protein and in some cases with neither so why are AGO-like and PIWI-like

proteins so ubiquitous and conserved if not essential in at least some species?

Figure 4b.8 shows an unrooted tree calculated from the ancestors of the species
that we have reviewed here together with the metazoan ancestors that we have inferred
previously (chapter 4a). There is evidence in metazoa of two PIWI proteins in an early
ancestor which form part of the mechanism of so called ‘ping-pong’ amplification of
piRNAs. AGO3 is an insect PIWI-like protein (despite its confusing annotation) but this
ancestor also includes the vertebrate PIWI2 and this ancestor would be partnered by
either one of the other two PIWI-like ancestors. Likewise there were three clear AGO-
like branches in the metazoan trees but it is likely that ‘AGO1_other AGOs’ and
‘Mainly vertebrate AGOs’ derive from the same gene so we combined them to create a

combined ancestor (‘other’ and ‘vertebrate” AGOs).

Fig. 4b.8. An unrooted tree of fungi and metazoan sequences re-created by ASR.

The ancestral sequences that we have recreated from fungi and microsporidia are merged with metazoan
ancestral sequences that we have previously inferred and displayed as an unrooted tree. M. daphniae is
included as an ‘orphan’. All of the sequences are predicted to fold in the manner of argonaute proteins
with all domains intact. All ancestors have also retained a viable catalytic tetrad (DEDH and DEDD for
Basidiomycota group 1). The C terminal signature is attached to the ancestor names. In each case with the
exception of the metazoan Ecdysozoa_basal AGO2, the posterior probability for the residues at the C
terminal is in excess of 90% probability for all but the final residue.
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This tree clearly shows the microsporidian ancestor closer to the metazoan PIWI
even though the structural comparison has more in common with the metazoan AGO.
M. daphniae is included in the tree as an ‘orphan’ because we could not include it with
any family with confidence. The ancestors all retain a functional catalytic tetrad even
though it is known that it is not necessary for function in terms of suppressing RNA
transcripts. The C terminal signature of each ancestor is added to each label (fig.
4b.8).0ur initial tree (500 sequences) of representative fungamal sequences that we had
considered showed some fungi as well as microsporidia on the PIWI side of the tree.
The posterior probability at many of the nodes was 0.5 or 50:50 likelihood of being
correct and this demonstrates the problem with large trees. This is why we need
additional information (such as the predicted structures) to resolve such ambiguity. A
tree of representative fungal, microsporidian and metazoan sequences is available as
supplementary material S3 in wikispaces. We had previously removed sequences picked
up by BLAST but that are not predicted to fold properly, or have catalytic and C
terminal defects that did not give us sufficient confidence to include them. In this
refined tree (345 sequences — with only representatives of R. irregularis shown for
clarity) we found that M. daphniae grouped within early branching fungi specifically
with the chytrid B.dendrobatidis (UniProtKB:F4PD83) different from the tree
comprising only of early branching fungi.

In the original unrooted tree that included fungi and microsporidia the R.
allomycis sequences (UniProtKB:AOA074aN09 and AO0A074aVNO) grouped with
microsporidia but in the fungamal tree R. allomycis grouped with the metazoan AGO-
like argonautes. This is not completely unexpected given their 99% structural similarity
to HSAGO2 and it indicates that these argonautes are very different from other early
branching fungi.

Of the eleven sequences that registered a score of greater than 0.8 residue
changes per site, three are sequences from C. elegans and these have already been
documented to have gained slightly different specificity in the RNAI pathway (Yigit et
al., 2006). Two other metazoan sequences are Drosophila melanogaster AGO2
(UniProtkB:Q9VUQ5) and the silk  moth  (Bombyx mori) AGO2
(UniProtKB:Q59HV7), both of which are functional argonautes. Six of the sequences
are fungi; two sequences from B. fuckeliana (UniProtKB:G2XU62 and G2XTN8) that,

as we have previously mentioned, can hijack host argonautes, which may provide relief
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from conservation of its own argonautes. Both sequences have inserts (dissimilar) that
are predicted to fold away from the core and should not impede function regardless of a
putative lack of constraint. Leaving B. dendrobatidis (UniProtKB:F4PD83) which
grouped with M. daphniae and has a large N terminal insert which is predicted to be
away from interfering with the core of the argonaute, Schizophyllum commune
(UniProtKB:D8PVS4) which also has a number of small inserts, R. allomycis
(UniProtkKB:A0A074aVNO0) which we have already mentioned groups with metazoa
and Pyrenophora tritici-repentis (UniProtKB:B2WD35) which has the greatest number
of changes in residues per site amongst the fungi at 1.3 but still fulfills all our criteria

for inclusion.

4b.5. Discussion

Our method combines 3-D structural analysis coupled with analysis of phylogenetic
relationships by phylogenetic tree calculations. This furthers our understanding of
protein family evolutionary histories as well as clarifying issues regarding gene
annotation. Where annotation is available the sequences on all trees show the annotation
given by UniProtKB (figures 4b.5, S1 and S3). Those that simply have the accession
number are annotated as ‘hypothetical’ or ‘uncharacterised’ protein (although we can
anticipate changes with each revision), this is the case with many of the fungal proteins
not just those from R. irregularis. Annotation will always lag behind sequencing
because sequencing is increasing so rapidly. One of the R. irregularis AGO sequences
(UniprotKB:U9U3P8) is annotated as PIWI-like but we have shown that it groups with
the other fungi on our trees and also retains the C-terminal AGO-like signature. This is
significant because the PIWI-like subfamily of argonautes are absent from fungi, so
mis-annotation like this example can cause considerable confusion. Additionally we
found inconsistency between the databases, e.g., UniProtKB:AOAOCOIMHT75 from
Mucor ambiguous is annotated as PIWI-Like and the identical sequence in NCBI
(GANO01273.1) is annotated as ‘translation initiation factor’, neither of which are correct

since this too shows all the signatures of an AGO-like protein.

Regarding the R. irregularis sequences that lacked homology as argonautes in
our analysis we must remember that functionality can evolve as the sequence evolves.
We fully expect duplication and rapid evolution of the non-homologous sequence as
well. The nematode expansion in C. elegans has resulted in diversity both of primary

sequence and of function (Yigit et al., 2006). Proteins that have duplicated but lost the
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characteristics of functional argonautes now have the opportunity to evolve novel
function(s) (Ortiz-Rivas et al., 2012). Increased experimental analysis of the argonaute
family reveals further diversity in functional roles in different species. It is likely that
sequences that structurally remain AGO-like have related activities, and those that have
diverged from the archetypal AGO-like structure may be undergoing either some gene

loss or could have adapted novel functions (at least as argonautes).

Our conclusion is that the R. irregularis expansion appears to have arisen from
two original R. irregularis argonaute proteins and although many of the R. irregularis
proteins are structurally capable of function, some appear to be diverging from such
capability. Whether this is from a gain of function or simply falling into disrepair we

cannot say.

In terms of our trees, the tree of the fungamal species that went into
reconstructing the ancestral sequences of metazoa, fungi and microsporidia (and
including some orphans), we found that the posterior probability was frequently low and
that the placement of groups could change significantly. With a greater number of
sequences in our unikont tree we found some unlikely placements. This problem simply
grows as we work through the remainder of the eukaryotic domain and so calculating
ancestral sequences that represent particular groups is a way of simplifying what would
otherwise be visually complex and potentially less reliable. We argue therefore that
ancestral sequence reconstruction and then MSA and tree calculation from those
alignments is more reliable than calculating trees with sequences from a very large

numbers of species.

In summary, this study illustrates the utility of incorporating three dimensional
structural analysis together with further structural and biochemical evidence, in this case
retention of the AGO catalytic residues, and retention of the C terminal PIWI or AGO
signature, in order to support BLAST results. It is no longer sufficient at deepest
divergences to simply use BLAST results and sequence alignment as evidence for
homology. We have found that even with a few highly homologous sequences, the
available sequence alignment algorithms (MUSCLE, CLUSTALW, MAFFT, and
Geneious) do not always concur with structural alignment to a determined structure. We
have found that some putative AGO sequences retrieved by BLAST showed some
structural resemblance to AGO but yet we were not convinced that all of the sequences

were functional.
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The algorithms used for structural prediction are reliant on experimental
structure determination. Once there is a solved structure of a protein or a domain then
more and more sequences become amenable to structural prediction. This could be used
to aid annotation at far lower cost and requiring less specialised expertise than
experimental protein structure and/or functional characterisation. This also informs on
whether or not an apparent homolog could be a functional protein, allowing some
predictive analysis before experimental characterisation. This applies generally to
genome annotation and characterisation, and not only to our investigation of the AGO

and PIWI protein families. We suggest that studies, such as this, will become essential.
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Chapter 4c: Argonautes in eukaryotes

4c.1. Abstract

Protein annotation is frequently based on primary sequence homology, however there is
a rapidly increasing list of uncharacterised proteins. We speculate that tertiary structure
prediction will become essential to identify homologs where primary sequence
homology barely exists. In order to move forward from the limitations of primary
sequence homology and extract more information than is currently the norm we show
how to calculate the tertiary structure of argonaute proteins (both AGO-like and PIWI-
like) and include other supporting information in order to identify structural homologs.
Once identified, we can recreate ancestral sequences in silico. We build on previous
work and further refine our bioinformatics pipeline making this a process that can be
accomplished with minimal resources. We use the reconstructions to assist with our
search for argonaute family proteins where primary sequence similarity is so low that

they would not be found by BLASTIing alone.

Argonaute-like proteins can be found in all domains of life and the argonaute
gene has been duplicated independently many times with large expansions in some
species and yet loss in a few. Here we report only within the domain Eukaryota, mainly
in plants and single celled eukaryotes including the major protozoan parasites. We find
evidence of argonaute proteins, even where typically associated small RNAs haven’t
been identified. We also demonstrate that the PIWI protein, often proposed to be
germline-specific in animals, was most likely an original argonaute, possibly found
together with another more AGO-like protein in the Last Eukaryote Common Ancestor
(LECA). Finally we amalgamate the putative ancestral sequences with those that we
have previously inferred in fungi and metazoa to calculate a simple tree representing

~700 argonaute protein sequences.

4c.2. Introduction

It has been proposed that LECA had sophisticated cellular machinery and had to
contend with parasitic nucleic acid in the form of plasmids, viruses and transposons that
would have been ubiquitous then as they are now. Argonautes are ~850 residue proteins

guided by small RNAs, that function in the nucleus or cytoplasm and can control the
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expression of many endogenous genes. They can mediate gene expression by cleavage
of mRNA, or steric impediment of translation, or by chromatin modification guided by
endogenous small RNAs. They can also control parasitic exogenous RNA such as
viruses (guided by small RNAs copied from the invasive nucleic acid using RNA

dependant polymerases).

There are two main classes of argonaute proteins, AGO-like and PIWI-like
(Daly et al., 2011). They also control expression of endogenous parasitic DNA such as
transposons and repeat sequences via PIWI-like argonautes guided by small RNAs
known as PIWI interacting RNA (piRNA) generated via a mechanism known as ‘ping-
pong’ which requires a pair of PIWI-like argonautes. piRNA generated this way is
known as secondary piRNA. Primary piRNAs generated directly from endogenous
nucleic acid can control gene expression by chromatin modification or DNA
methylation suppressing or upregulating expression of gene expression outside of the
germ line cells that PIWI proteins were thought to be restricted to (Ross et al., 2014).

Small non-coding RNAs guide both sequence specific activities.

Defence would be an important issue for the early cell, and PIWI are often
suggested to be more recent due to their role in the animal germline, however our
results show that PIWI are much older than the development of specific germline cells.
This is supported by an in depth review of the PIWI protein (Juliano et al., 2011) that
links the PIWI protein with the capacity of stem cells to generate copies of themselves
which could have been essential long before a specialised germline. This raises the issue

of the apparent loss of PIWI in some kingdoms.

The eukaryote domain has a chequered history of loss of some (or occasionally
all) of the proteins required for the RNA interference pathways utilising argonautes
(both PIWI-like and AGO-like) and yet their fundamental tasks would appear to be
extremely beneficial. In possibly the oldest eukaryote group, the Excavates, the parasitic
trypanosomids have at least two different types of protein. These are PIWI-like and
AGO-like, the only other kingdom known to retain both types of argonaute are the
metazoa. Although it has been argued that the trypanosomid argonautes are
monophyletic (Garcia Silva et al., 2010b), we argue in favour of more than one original
argonaute with loss of the AGO-like protein in some trypanosome species. There is loss
of either PIWI or AGO in different groups, and evidence of loss of function of all

argonautes within some yeast species (Drinnenberg et al., 2011) (and also appear to be
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absent in choanoflagellates by our own observation), yet massive gain of argonaute

sequence in others (Vastenhouw et al., 2003; Tisserant et al., 2013).

The picture is complicated by a variety of pathways for the genesis of small
RNAs that enter and guide the argonautes, as well as the flexibility of the Dicer proteins
that are usually (but not always) responsible for processing dsRNA to the necessary
length. Small RNAs are generally accepted as RNASs less than 200 nt in length, however
the RNAs that guide argonautes are typically 18-30 nt. In addition to well described
small non-coding RNAs such as microRNAs (miRNA) and PIWI-interacting RNA
(piRNA), there are many small RNAs that are derived from tRNAs (Lee et al., 2009;
Franzén et al., 2011), rRNAs (Wei et al., 2013), and others (Kawaji et al., 2008) that

tend to be excluded from RNA transcriptome screens but are biologically active.

This means that not all the small RNAs that enter the argonaute have the same
processing signatures and not all species harbour all processing proteins. It would seem
that the minimal requirement would be an argonaute protein and a means of genesis of
small RNAs. In the yeast Saccharomyces cerevisiae (which is RNAI deficient), the
introduction of an argonaute, transactivating response RNA-binding protein (TRBP)
and a Dicer was sufficient to enliven the pathway (Suk et al., 2011). However there are
many pathways that avoid Dicer processing (Hansen et al., 2016) so it may be that an

argonaute protein is the only requirement in some species.

Both AGO-like and PIWI-like argonautes comprise of the same four domains, N,
PAZ, MID and PIWI. The PIWI domain comprises of an RNAseH like fold which
contains a catalytic tetrad of residues Asp-Glu-Asp-His (DEDH) (Nakanishi et al.,
2012). The inclusion of Glu at the catalytic site is more recent, and it has been reported
that Asp or Lys could replace the His (Tolia and Joshua-Tor, 2007). These catalytic
residues are surprisingly well conserved because, although essential for cleavage, they
are not necessary for steric impedance of translation - and the majority of argonautes

lack cleavage capability (Chak and Okamura, 2014) (see fig. 4c.1).
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Fig. 4c.1 I-TASSER structural prediction for Trypanosoma brucei.

UniProtKB:Q6T6KO0 — this falls on the AGO-like side of our trees. The cartoon shows the domains
present in most argonautes (AGO and PIWI) and are coloured as follows; N terminal and MID domains
(pale grey and lilac), PAZ domain (dark grey) and PIWI domain (pink). RNA binding pockets are circled
in red and the catalytic region is circled in blue with catalytic residues marked in dark blue. Generally
slicing competent argonautes have catalytic residues (Asp-Glu-Asp-His DEDH sequentially in the
primary sequence) but T. brucei has Asp-Glu-Arg-Ala (DERA). The positions of canonical residues (DE)
are shown in blue. T. brucei (UniProtKB:Q6T6J9 — a PIWI-like argonaute) has the canonical DEDH
catalytic tetrad (shown in fig. 4c.4).

A major difference between AGO-L and PIWI-L argonautes is the size and
genesis of the small RNAs that guide them. However, we have found that AGO and
PIWI proteins harbour different C terminal ‘signatures’. In almost all cases PIWI-L
argonautes have a C terminal signature of Leu-two aromatic residues-Leu as the C
terminal residues whereas AGO-L argonautes retain Met at the 4™ from last residue,
then two aromatic residues and invariably Ala, lle, or Val as the final residue. This has
been used to successfully identify AGO-L and PIWI-L sequences with very limited

primary homology to our query sequences.

There are thousands of argonaute protein sequences in the UniProtkKB and NCBI
databases. If we use traditional criteria for estimating primary homology in the BLAST
search we would miss proteins with structural homology but limited primary sequence
homology. We have found that large deep trees can be easily swayed by the outgroup
chosen to root them, and also by including ambiguous or non-homologous sequences.

For these reasons we need to be able to use a few sequences that represent many more
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in order to simplify the trees and also to use as query sequences to find ever more

remote homologs.

4c.3. Method

Due to the large and increasing number of sequences deposited in NCBI and UniProt it
is not always possible to retrieve sequences within 1,000 hits that are at the extremes of
primary homology. In order to find really remote sequences our query sequences need
to get progressively more remote from well-characterised sequences without losing the
structural and catalytic integrity of an argonaute protein (either AGO or PIWI-like).
Therefore we become less stringent than most researchers in our approach to BLAST
searches over time because we are purposefully looking for sequences with limited

homology.

In order to eliminate ambiguous sequences we use three-dimensional prediction
of tertiary structure. Once we are able to view the predicted structure in three
dimensions we can find additional evidence, for instance the retention of correctly
positioned catalytic residues and the C terminal signature before finally including a
sequence as a relative. We take the sequences that we confidently report as being part of
the same group or “clade’ for ancestral sequence reconstruction (ASR). This results in
sequences that are a good representation of a number of sequences. By reducing the
number of sequences in the multiple sequence alignment (MSA) that informs the final
tree we can reduce the ‘noise’. To do this successfully we must be certain that the
sequences included in the MSA used to recreate the ancestor are bona fide argonautes
and that we have placed them in the correct group (AGO-like or PIWI-like).

In this section of our work we have examined almost all the bona fide argonaute
sequences that we have found. In some cases we have left out strains of species where
sequences are highly similar to one another. This is because the ancestor should
represent a variety of species rather than be swayed by an over representation of similar
sequences. Sometimes it is prudent to take a representative sample where there are so
many sequences that the task would be unmanageable (which we had to do with the
plants, and with metazoa and fungi in an earlier investigation). For example we used 12
representative plant species and the three plant ancestors are calculated from 197
sequences. Where there are few sequenced species, we try to include as many species as
we can find. For instance most of the ciliate ancestors are each calculated from ~20

sequences but the majority of the sequences come from just five species.
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Our pipeline starts by taking a well-described argonaute protein sequence and
using it as a query to BLAST the UniProt and NCBI databases using BLOSUM 45 and
setting the E value at up to 1,000. Where we can, we restrain our searches to a database
narrower than ‘eukaryotes’, but this is not always possible. Our pipeline was designed
to be flexible, we can add different modules as different web servers become available,
or swap modules out for different types of protein. In this case we made greater use of
the Pfam database (Finn et al., 2010) by selecting the domain PIWI (common to AGO
and PIWI like argonautes) which results in a graphical outline of the recognisable
domains from UniProt and NCBI sequences. We have found some sequences that are
not included in Pfam as well as some that we reject where the sequence is not modelled
well enough to fulfil our criteria for inclusion, though we have erred on the side of

caution by not including these sequences where we have low confidence.

From the identified sequences we made a number of multiple sequence
alignments (MSA) using different alignment tools (MUSCLE, CLUSTALW, MAFFT,
and Geneious) to try to get the best alignment that we could and learn more about the
sequences. Geneious global alignment with free ends (Geneious Pro 8.0.4
http://www.geneious.com/) either better aligns the more degenerate N terminal, or
won’t align the sequences at all. In fact this non-alignment is a useful early alert that a
sequence found by BLAST needs to be flagged for 3-D structural prediction. Ultimately
we always end up with a MUSCLE (Edgar, 2004b) alignment because although it
doesn’t necessarily reflect the best alignment, particularly in terms of the N terminal, it
at least forces alignment between disparate sequences where primary homology is more
tenuous. This is consistent with our argument that tertiary structure is retained when

primary homology is virtually lost between distantly related proteins.

The initial trees created by using MrBayes (Huelsenbeck and Ronquist, 2001)
are rooted by the remote outgroup Pyrococcus furiosus (UniProtKB:Q8U3-D2
PDB1Z25) (an archaeon) because we have found that outgroups that are closer affect
the outcome of the tree. At this stage the large and unwieldy tree is enough to
demonstrate the split between AGO-like and PIWI-like proteins and within that split to

demonstrate loose ‘clades’ that we can later refine to create putative ancestral sequences.

Sequences that stand out from these ‘pre-trees’ in terms of a very low posterior
probability at the node or greater than 0.8 changes of residue per site (although it is

consistent with our argument that this number be high) plus those that Geneious cannot
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align are, as a priority, analysed with the 3-dimentional structural prediction suite of
algorithms that make up I-TASSER (iterative threading assembly refinement server)
(Zhang, 2008; Yang et al., 2015).

Computing time for these predictions run at ~50 hours per sequence and only
one can be submitted at a time. There is nothing to be gained from submitting sequences
that are almost certain to fold correctly though we have additionally used LOMETS
(Wu and Zhang, 2007) (part of the I-TASSER suite, again one sequence at a time) and
Phyre2 (Kelley et al., 2015) which is faster (but has the limitation of only reporting the
closest structural matches rather than a prediction of the structure of the submitted

sequence).

Only when we can be sure that the outliers will be predicted to fold with
recognisable argonaute domains complete with a reasonable catalytic tetrad and C
terminal signature will we then put the sequence into the appropriate ancestral clade.
Sequences with large inserts often have very poor confidence scores (C score) as
reported by I-TASSER. We have learnt that this does not necessarily preclude function
as many well-described functional argonautes have low C scores due to inserts that are
modelled away from the core of the protein. We can check this using FATCAT
(Flexible structure AlignmenT by Chaining Aligned fragment pairs allowing Twists),
(Ye and Godzik, 2003) which aligns our predicted sequence with a well described
crystal structure (such as the human argonaute AGO2 PDB:40OLA) and gives the
number of residues in equivalent positions. This gives a visual guide to where the
inserted sequence lies with respect to the catalytic centre, or indeed where structure that
is likely to be essential for function is absent.

We cannot rely on the primary homology alone as the alignments are unreliable
over a great number of sequences. Even with smaller MSA problems can occur that can
compromise the integrity of the ancestor. Sequences included in the MSA that are not
AGO/PIWI need to be eliminated because they introduce noise into the reconstruction.
In some cases the alignment does not reflect the sequence that appears at the equivalent

place in three dimensions for all of the aligned sequences.

Once sequences are placed into an ancestral clade a MSA can be made without
inclusion of an outgroup, this gives us good information for which parts of the sequence
to remove. For example, it is more parsimonious to remove an insert present in less than

10% of the sequences that make up the MSA than to assume that the insert has been lost
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on the remaining 90% of sequences; we can also use Wasabi (Veidenberg et al., 2015)
in an automated way. In practice it makes no difference to the MSA or resultant tree
other than residue changes per site or posterior probability at the nodes. The reason for
outlier insert removal from the MSA is to prevent FastML (Ashkenazy et al., 2012)
from creating unreasonably long ancestors where it includes the inserts in the
calculation. We have used FastML previously having compared a number of ASR
algorithms and are satisfied that as long as we remove the excess inserted sequence and
submit our own trees then a satisfactory ancestor will result for each node of the tree
(Daly et al., 2013b).

All ancestors from the earliest node in each tree are submitted to I-TASSER for
structural prediction and are also used as a BLAST query with the aim of finding more
remote sequences. Due to the rapidly increasing number of sequences stored in the
databases we usually do find new sequences. Some of these would undoubtedly be
found without the use of the ancestral sequence, but some are simply too remote from a
well-described sequence to fall within the 1,000 maximum ‘hits’ where the database of

argonaute proteins is so large.

4c.4. Results

Our pre-trees of all eukaryotes (in excess of 500 sequences) split into two halves;
closest to the root on one side were PIWI-like sequences, with AGO-like sequences on
the other. This initial tree had plants curiously placed on a branch of their own between
the metazoan AGO-L and metazoan PIWI-L sequences. We separated out metazoa and
fungi and have reported on them previously. The remaining sequences were used to
make a smaller tree. Here we found all kinetoplasts, ciliates and amoebozoa on one side,
and plants (plus red and green algae) and stramenopiles on the other. We then
eliminated sequences that we could not confidently support using 3-D structural
prediction as members of either AGO or PIWI families thus refining the trees.

Examples of sequences found by BLAST but highlighted for I-TASSER
submission because of an improbably high number of changes per residue are the
trypanosomid Leishmania mexicana (UniProtkK B:E9B5N9) with 2.5 residue changes per
site, and the green algae Chlorella variabilis (UniProtKB:E1ZH97) with 1.3 residue
changes per site. These did not fulfil our criteria (fig. 4c.2) and were rejected. The
‘expect’ or E value is, in many cases, higher than traditionally acceptable (generally

1x10™), but because we know that structural homology is retained long after primary
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homology has been lost, we will investigate sequences where the E value is much
higher depending on the size of the database. Where there are so many sequences
available it is more likely that we could miss sequences with structural similarity and
limited primary homology. Due to limited primary homology we need more than one
line of evidence to support the inclusion of a sequence within an argonaute family.
There have been much more difficult decisions to make and so in some cases border-
line sequences have been left out, e.g., Stylonychia lemnae annotated as PIWI-L
(UniProtkKB:AOA078AWB?2), but modelled by I-TASSER as lacking p sheet in the
PIWI domain in three of five models. I-TASSER will result up to five models that may
vary in minor details (as in the case of S. lemnae), or where the sequence is truly

ambiguous the resultant folds can be very different and the scores are generally all poor.

L. mexicana E9B5N9 C. variabilis E1ZH97

Fig. 4c.2 I-TASSER 3-D structural prediction of BLAST results with high number of residue
changes per site.

L. mexicana (UniProtKB:E9B5N9) and C. variabilis (UniProtKB:E1ZH97) both retain some catalytic

residues Asp-Glu (marked in blue) in both cases. There is some structural homology in the case of C.
variabilis but minimal for L. mexicana. Neither would be included in the MSA to calculate an ancestral
sequence.

In other examples of a high number of residue changes per site we find an
acceptable argonaute with a divergent function (Twil2 described later) and this may

account for other higher than expected branch numbers.

In other examples of a high number of residue changes per site we find an
acceptable argonaute with a divergent function (Twil2 described later) and this may
account for other higher than expected changes per site. So from large trees we could
allot subgroups of sequences, independently of species, into ‘clades’. Although the

sequences are more similar across species than within, they generally fell within their
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expected phyla (with the exception of the *barley’ sequence that groups with metazoa —

rotifers in particular), we suspect contamination here (Daly et al., 2016).

4c.4.1. SAR (Stramenopile, Alveolate and Rhizaria)

The term SAR covers a supergroup initially comprising of what was known as the
chromalveolates proposed to be the result of symbiosis between a red alga (containing a
plastid although many of this group have lost photosynthetic capability (Keeling, 2009))
and a protist with two flagella (bikont) (Keeling, 2004). Stramenopiles vary from
single-cell glassy diatoms to the large multicellular ‘kelp’. We initially found multiple
sequences of AGO type proteins within the oomycetes (water mould/mildews) mainly
Phytophthora many of which are plant pathogens which is why so many more of these

have been sequenced.

Alveolates include dinoflagellates that can result in toxic red tides,
apicomplexans (which includes the Plasmodium parasite that causes malaria) and the
ciliates, such as Paramecium. Rhizaria have been more recently added to the
supergroup (Burki et al., 2010; Parfrey et al., 2010). They are difficult to grow and
underrepresented in sequence databases (Sierra et al., 2013). There is already an
interesting pattern of loss and gain of argonautes within the SAR group, with some
groups yet to have any species sequenced. Each group is discussed individually in the

following pages.

4c.4.1.1. Stramenopiles

Many of the oomycetes sequences in the databases are from different strains of the same
species so we have been careful to include just one “set’ of argonaute proteins from each
species. As more species have been sequenced the group of argonautes has expanded to
include the microalgae Nannochloropsis gaditana, and the brown algae Ectocarpus
siliculosus, two species of diatom Thalassiosira oceanica and Thalassiosira
pseudonana, plus the animal gut parasite Blastocystis hominis. None of these appear to
have the multiple duplications that have occurred in the oomycetes. All sequences found
retain the Met fourth residue from the C terminal that is characteristic of AGO-like
proteins. It could be argued that we should have taken the oomycetes as a group and left
the remaining algae and diatom sequences as ‘orphans’, or sequences that could not be
included in an ancestor, but in our original large trees the diatoms and algae grouped

within the oomycetes rather than on the fringes. An exception to this was the coccolith
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Emiliania huxleyi which is a single cell photosynthetic phytoplankton — phylum

haptophyta. This could not be assigned to any ancestor and was included as an orphan.

Ultimately we recreated three ancestors from the 38 sequences retrieved; two
reconstructions (stramenopiles group 1 and group 3) have a marked preference for Arg-
Gly-Gly-Gly (RGGG) N terminal repeats similar to those that we also noted in the
ancestral reconstruction of the metazoan PIWI proteins. Conserved Arg-Gly/Arg-Ala
(RG/RA) motifs are known to interact with the Tudor domain of metazoan PIWI1
(\Vagin et al., 2009; Liu et al., 2010), but in the stramenopile AGO-like ancestors Ala
residues were conspicuous by their absence in the N terminal. The ancestor for
stramenopiles group 2 lacks the RGGG repeats, in this respect they are more similar to
the metazoan AGO-like argonautes. Each ancestor retains domain structure
characteristic of the argonaute family, the catalytic tetrad DEDH, and each retains a
variant of the AGO-like C terminal signature (group 1 MYFV, group 2 MYYV and
group 3 MFFI).

4c 4.1.2. Alveolates

Once again most of the original sequences that we found came from just a few ciliates;
Oxytricha trifallax, Paramecium tetraurelia, Stentor coeruleus, Stylonychia lemnae and
Tetrahymena thermophila. Ciliates have a very large macronucleus, which has DNA for
cellular housekeeping requirements (somatic DNA), and a micronucleus containing
germ line DNA (Gao et al., 2015). All of the ciliate argonautes were on the PIWI side
of our tree in two distinct groups. The species mentioned above have ~12 PIWI-like
proteins in each species. The fish white spot Ichthyophthirius multifiliis is an exception,
it has only two full-length sequences that grouped in different clades. We also found
one full-length sequence in Pseudourostyla cristata and Paramecium caudatum all are
PIWI-like. This implies that ciliates have lost the AGO-like form of the protein and
confirms previous work (Cerutti and Casas-Mollano, 2006) and also implies that the
duplications may either not be necessary and have been lost or were not present in the
common ancestor of all ciliates. Although it seems unlikely that one species of
Paramecium would have made extensive use of a great number of argonautes and
another have only one although only one was described in the original paper (Obara et
al., 2000).

We found two photosynthetic species of apicomplexa; Chromera velia and

Vitrella brassicaformis. C. velia contains five argonaute sequences but they were too
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similar and too few to recreate an ancestor and so UniProtKB:AOAOG4FCF4 and
AOAO0G4HQX1 have been included in the final tree as orphans, the former retains a Gly
rich N terminal insert which the latter lacks and both retain a PIWI-like C terminal
signature. V. brassicaformis has just one argonaute sequence with ~500 residue insert at
the N terminal. This ~500 residue insert is modelled by I-TASSER to be well away
from the core of the argonaute protein, which otherwise is predicted to fold
convincingly. We cannot be sure if the insert is an artefact of sequencing or a genuine
insert and so the number of residue changes per site may appear larger than is warranted.
V. brassicaformis (UniProtKB:AOAOG4ETGY) is also included as an orphan, this too
retains a PIWI-like C terminal signature. All of the apicomplexan sequences grouped
outside of the alveolates and so could not be allocated an ancestor with confidence. But

they all appear PIWI-like as well.

The PIWI protein plays an essential part in the life cycle of ciliates. When the
micronucleus undergoes genetic rearrangement prior to conjugation a huge
amplification of genetic material occurs (which results in a new macronucleus) and the
micronuclear DNA, (now interspersed amongst the new macronuclear DNA), needs to
be deleted. To do this different species have utilised piRNA known as small-scan RNA
(scnRNA) in opposite ways for the same purposes. ScnRNA has the 2" O-methylation at
the 3" end typical of piRNA and in Tetrahymena these are generated from the germ line
genome and target germ line DNA in the somatic genome for elimination (Feng and
Guang, 2013). In Oxytrichia the scnRNAs come from the somatic DNA and target
somatic genes for retention. This demonstrates that piRNA/PIWI has the capability to
mark genomic DNA either for destruction or for retention, as well as for switching on
and off transcription (Feng and Guang, 2013).

Tetrahymena thermophila has at least 9 PIWI-like proteins but only one is
known to be essential for growth (Twil2). On our tree of ciliates Twil2 had a branch
label score indicating 1.6 residue changes per site. This automatically flagged the
sequence for structural prediction because this implies that some amino acids have
changed several times. We know that it is divergent and that Twil2 doesn’t have a
canonical catalytic site - (Ser-Glu-Asp-Tyr rather than Asp-Glu-Asp-His) and is not
capable of slicing (Couvillion et al., 2012). The majority of eukaryotic argonautes are
not capable of target slicing even though most of them retain the catalytic tetrad, so

functions other than slicing are common. Twil2 has 15% sequence identity with the
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human AGO2 (which does have slicing capability) and 17% with human PIWI2. The
predicted structural alignment with Hs AGO2 shows 87% structural homology (see fig
4c.3).

A
T. thermophila Twil2 A4ZYY6 Hs AGO2 (green) Vs T. thermophila Twil2 (tan)

Fig. 4c.3 The divergent argonaute Twil2 from T. thermophila.

A. T. thermophila (UniProtkKB:A4ZYY6) as modelled by I-TASSER. B. Although Twil2 shows 1.6
residue changes per site in the tree of ciliates and has 15% primary homology with the human argonaute
AGO?2 protein sequence it aligns structurally (FATCAT) with 87% of its residues in equivalent geometric
position as the solved structure of the human argonaute (PDB:40LA).

Twil2 loads only small RNAs processed from the 3' end of tRNA (tsSRNA also
known as tRFs), but binding of the tsSRNA is essential for nuclear localisation of Twil2
bound to XRN2 (an exonuclease involved in processing 5.8S RNA). XRN2 does not
function unless bound to Twil2, so tSRNA has an essential function in pre-rRNA
processing (Couvillion et al., 2012). It is not only ciliate PIWI-like argonautes that bind
tsRNAs, in Dicer” yeast (Schizosaccharomyces pombe) the single argonaute (AGO-
like), will load processed tRNAs (Kawaji et al., 2008; Halic and Moazed, 2010), and
humans also load tRNA fragments preferentially into AGO3 and AGO4 (slicing
deficient) (Lee et al., 2009). One suggestion for loading processed tRNAs is presumed
to be simply as a block on AGO3 and 4 thus keeping the catalytic argonaute (AGO2)
free for cleavage duties (Lee et al., 2009). Given the importance of tSRNAs to T.
thermophila this seems a rather simplistic explanation. Very recently the role of
processed tRNAs is becoming clearer in animals (Kumar et al., 2014; Telonis et al.,
2015; Venkatesh et al., 2016), plants (Loss-Morais et al., 2013) and in oomycetes
(Asman et al., 2014).
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We made four ancestral reconstructions from the protein ciliate sequences;
‘Ciliates group 1la and 1b’ and ‘Ciliates group 2a and 2b’ because they appear to have
arisen from duplications from two original genes. These ancestors proved more fruitful
than any other in terms of retrieving barely homologous sequences particularly those

from archaea.

The “group 1a’ sequences ancestor C terminal signature is LYFL, group 1b shows LFFI,
group 2a has LYYL, all typical PIWI-like signatures but group 2b has a C terminal
signature of LHFL which is not something that we had seen before; the His residue is
polar and relatively bulky though I-TASSER still models it tucked up inside and close
to the 5 RNA binding pocket. All the predicted ancestral sequences retain a plausible
catalytic tetrad in their predicted structures even though this is not necessary for the
extant function of most argonautes. What is also interesting about group 2b is that the
posterior probabilities for the creation of the ancestral sequence demonstrates very
clearly that the number of residue changes per site doesn’t reflect changes at all sites
equally. A logo of posterior probability for the whole ancestor is shown in appendix 11l
(supplementary material S1).

4c.4.1.3. Rhizaria

Due to the paucity of sequenced rhizaria we can only include the proteins available thus
far as orphans where we are unable to assign them to an ancestor. What is interesting
about the rhizaria is that using any of the sequences (two from Plasmodiophora
brassicae UniProtKB:AOA0G4IM91 and AOAOG4IME3, two from Spongospora
subterranean UniProtKB:AOAOH5QZP3 (fragment) and AOAOH5R3N1) in a BLAST
search finds mostly vertebrate AGO-like sequences as closest hits (~40% sequence
identity). Additionally the pairs look like recent duplications and the full-length
sequences all have the AGO-like C terminal signature.

BLASTIing only within ‘rhizaria’ in the NCBI database uncovered three
sequences from Reticulomyxa filosa annotated as AUB, PIWI-like and ‘hypothetical’
(accession numbers have been changed to UniProt for consistency UniProtKB:X6P008
(fragment), X6M501 and X6M1Z6). This would cause some excitement if it were
correct because, aside from excavates and metazoa, no other group has been found to
harbour both AGO-like and PIWI-like argonautes. Although only one sequence is
marked as a fragment, the two longer proteins are predicted to fold as argonautes but

missing the C terminal. This comprises an essential part of the PIWI domain including
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the last of the catalytic tetrad and the C terminal signature, so we cannot even be sure
that these are functional. However the very ‘clean’ appearance of the structural
predictions (i.e. lack of inserts) and conserved DED of the catalytic tetrad leads us to
believe that the issues are sequencing rather than genetic. We eventually added these
back in as orphans even though they are incomplete because of the placement of one of
the plant ancestors more closely with rhizaria. The R. filosa fragments however grouped
in the PIWI side of the tree, away from other rhizaria. It could be that this is because

they are incomplete so this needs further investigation.

4c.4.2. Amoebozoa

The Amoebozoa fall into two main groups; firstly the free-living slime molds
(Mycetozoa) that have a multicellular capability when food is scarce. The second group
includes the parasitic single-celled entamoeba and (in a tree comprising only of
Amoebozoa), the single-cell soil amoeba Acanthamoeba castellanii. There are too few
genes sequenced to be really helpful in terms of reconstruction of a putative
Amoebozoan ancestor. A. castellanii PIWI (UniProtKB:L8HDC7) appears to have a
very good tertiary structural prediction with a high C score in I-TASSER (0.82) but it
could be compromised as it lacks an entire 3 sheet from the PIWI domain and
consequently the first (sequentially) catalytic Asp is missing. It is described as a
fragment and so this lack could be an artefact of sequencing.

These two groups (Mycetozoa and Entamoeba) are quite different from each
other, except that they are all PIWI-like. The slime molds retain the PIWI-like C
terminal signature (mostly LYFL, A. castellanii retains LYYL) but the Entamoeba
sequences have a longer C terminal and the PIWI signature is not observed but then
neither is the AGO-like signature, in fact the last residues are His-Pro-Pro-Tyr (HPPY).
This extra sequence at the C terminal is predicted to be away from the argonaute core
rather than tucked up inside close to the 5' RNA binding pocket as the canonical PIWI

and AGO C terminal residues are.

Of the three available Entamoeba genomes; Entamoeba nuttalli, E. hystolytica
and E. dispar each have three PIWI-domain containing proteins that are virtually
identical between the three species indicating a recent split. The differences between the
sets of proteins suggest that the duplications arose in their common ancestor. For this
reason we simply used one set as a representative of all of the sequenced Entamoeba,
namely E. dispar. One of the sequences (UniProtKB:BOEIO1) lacks a PAZ domain
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more reminiscent of the short bacterial homologs (Makarova et al., 2009) and so we
have included UniProtKB:BOET3Z and BOENUG6 as orphans. Both of these have
divergent catalytic tetrads and lack any recognisable C terminal signature however
PIWI-like argonautes demonstrating both chromatin modification and the RNA-induced

transcriptional silencing have been described in Entamoeba (Zhang et al., 2011).

The cellular slime moulds have a greater number of residue changes per
sequence between the species than does the parasitic Entamoeba but still an insufficient
number of species for ASR, which requires a minimum of four sequences. So we have
chosen Polysphondylium pallidum as a representative cellular slime mold that harbours
two distinct sequences, UniProtKB:D3B338 and D3BMP8. Both have extra residues at
the N terminal (~500 and ~220 respectively), which I-TASSER predicts to lie away
from the core of the argonaute. E. dispar and P. pallidum are included as orphans in the
final trees. All are grouped on the PIWI side of the tree and so amoebozoa appear to
have lost the AGO-like gene.

4c.4.3. Excavates

The excavates include some major parasitic agents but aside from the trypanosomids
there are few sequenced organisms. Our ancestral calculations for this group are based
mainly on Lieshmania and Trypanosoma although examples from Heterolobosea and
Giardia are examined as orphans.

Some kinetoplasts, e.g., T. brucei and T. congolense, have clearly demonstrated
RNAI capability (Ngb et al., 1998) but some trypanosomes (e.g., T. cruzi) were said to
lack AGOs (El-Sayed et al., 2005) and are RNAI incompetent (DaRocha et al., 2004)
There remains a variety of T. cruzi that retains proteins that fall within the PIWI-like
clade annotated ‘AGO-PIWI-Like’ (fig. 4c.4). These were named PIWI-tryp (Garcia
Silva et al., 2010b) so called because the PAZ domain is divergent and are said to lack
the catalytic sites. RNA binding is not precluded by lack of the PAZ domain, the PAZ
domain is protective of the 3' RNA but not essential (Hur et al., 2013) and catalytic

capability is not required for all of the functions of an argonaute.

We find that there are two clearly different types of argonautes within the
kinetoplasts generally, but that T. cruzi retains only the PIWI-like argonaute that
appears to come from a common ancestor of PIWI-like proteins within the kinetoplasts

and they do have the catalytic residues in the anticipated 3-D structures. There are a
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group of kinetoplast sequences that retain the C terminal signature of AGO-like proteins
and these species have known RNAI capability though many have a divergent catalytic
tetrad. This may be the reason why T. cruzi has been found to be RNAI incompetent
(DaRocha et al., 2004). Given that T. cruzi harbours tsSRNAs even though it does not
appear to generate canonical argonaute guide RNAs (Garcia Silva et al., 2010a; Franzén

et al., 2011), and the fact that the protein is retained, implies a function as yet unknown.

T. brucei Q6T6J9 T. cruzi DYTRU30

Fig. 4c.4 A comparison between the canonical argonaute and PIWI-tryp within Trypanosomes.

T. brucei is known to utilise the RNAI pathway. In contrast T. cruzi lacks RNA interference capability but
retains an argonaute homolog that we predict to be from a PIWI-like ancestral sequence. This figure
shows the PIWI-Like argonaute from T. brucei (UniProtKB:Q6T6J9). The AGO-like sequence from T.
brucei (UniProtKB:Q6T6KO) is shown in fig. 4c.1.

Included in the ancestral reconstruction but not shown in the tree (fig. 4c.5), are
two sequences from the obligate parasite of insect gastrointestinal tracts Angomonas
deanei (UniProtKB:S9U4Q6 and S9VGD5). The sequences are both short, the former is
modelled as comprising of all of the domains while the latter has an N-terminal and mid
domain more reminiscent of prokaryote argonautes. They group within the AGO-like
kinetoplasts and retain an AGO-like C terminal signature. We find that the kinetoplast
sequences cannot be resolved in large eukaryote trees but suggest that this is because
recurrent mutations have obscured the relationships (Mossel and Steel, 2004) rather

than convincingly demonstrating a single ancestor in this group.

If we look at the last four residues of the C terminal we find that the methionine
(conserved at the fourth from last residue in almost all of the AGO-like argonaute
sequences that we have found) is present only in sequences from those species known to
be RNAI competent (an hypothesis that should be tested). Those species have an
additional argonaute that has the PIWI-like C terminal tetrad implicit of PIWI-like
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proteins group separately. It is more parsimonious that kinetoplasts originally had two
(at least) varieties of argonaute, one PIWI-like and one AGO-like and that the AGO-like
argonaute has been lost in some species the same way that it has been lost in ciliates.
We find it difficult to imagine convergent evolution in the Kinetoplasts and metazoa
(and in other species) that retain the fourth from last residue (either Leu or Met). A
simpler explanation is that retention of both AGO and PIWI in kinetoplasts and metazoa
and loss of one or the other (or both) in all other species. There are clearly two groups
of argonaute proteins (fig. 4c.5) although we acknowledge that point remains
unresolved in our final trees.
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Fig. 4c.5 Mr Bayes tree of annotated argonaute proteins in trypanosomid protozoans.

Although the trypanosomid argonaute proteins cannot be resolved in large trees including all eukaryotes
and appear monophyletic, they do fall into two distinct groups. It can be seen that with the exception of C.
fasciculate, the species that are RNAi competent also retain an argonaute with a PIWI-like C terminal
signature. This tree was rooted by the heterolobosea Naegleria gruberi AGO in order that posterior
probability at the nodes could be shown.

The database annotations of some of the sequences are potentially misleading
where they are marked AGO-like when the AGO-like protein sequences fall quite
separately. Leishmania also have sequences annotated as AGO-like that fall within the
PIWI-like clade, as well as sequences that fall within the AGO-like clade. Indeed some

are annotated as AGO-PIWI-like safely covering either. As functionality can evolve and
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has had plenty of time to do so, it seems likely that these variants may not fulfil the

accepted roles that are currently known.

The heterolobosea N. gruberi is a free living excavate considered to be an
ancient representative of early eukaryotes (Fritz-Laylin et al., 2010) and harbours two
different argonautes. N. gruberi UniProtKB:D2VMG4 is annotated as AGO but falls
within the PIWI-like clade and retains a PIWI-like C terminal signature. The second
Naegleria sequence (UniProtKB:D2V7J4) has a hitherto unseen C terminal signature of
Pro-Phe-Phe-Lys (PFFL) and is unresolved and resides on a branch of its own in the
trees. Two sequences are insufficient to make any ancestor and so they are included as

orphans.

Giardia intestinalis is a diplomonad closely related to the kinetoplasts but the
Giardia sequences could not be resolved in any of the large trees. Giardia is a major
animal parasite harbouring possibly five duplications of the argonaute protein. The
sequences found are very similar and so only one; UniProtKB:A8BCKG6 has been
included as an orphan. It has been suggested that antigenic variation in Giardia is
regulated at the posttranscriptional level by RNAI (Prucca et al., 2008), usually the
province of the AGO-like argonautes, but UniProtKB:A8BCKG6 grouped within PIWI-
like proteins in our tree of ancestors and orphans. All of the Giardia sequences retain
the C terminal Pro-Phe-Phe-lle (PFFI) very similar to the unresolved Naegleria

sequence.

4c.4.4. Red and green algae

It would be instructive to find PIWI-like argonautes in the Charophyta grouping closest
to land plants but although mitochondrial and chloroplast genomes have been sequenced
we could not find genomic sequences to search for them.

We had more success with the Chlorophytes; Chlamydomonas reinhardtii has
three full-length copies (UniProtkKB:A8JONO, A8JAGS8, A8J0M9) and Volvox carteri
has one complete sequence (UniProtKB:D8U2I8). These all group with the AGO-like
proteins even though they have a PIWI-like C terminal signature. The cold adapted
green algae Coccomyxa subellipsoidea (UniProtKB:10YVB2) sequence also groups
with the Chlamydomonas, this has an AGO-like C terminal signature. Micromonas
pusilla, (the only member of the genus Micromonas), a pico-eukaryote (tiny),
(UniProtkB:C1DZYO0) also has an AGO-like C terminal and groups with the AGO-like
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sequences. M. pusilla was included as an orphan and was closest to one of our plant

ancestors (chromatin modifiers of the 4, 6, 8, 9 clade).

Chondrus crispus (Red algae) (UniProtKB:R7QFY1, R7QNI5 and R7QGN?7)
are annotated as AGO1, 2 and 3, they also have a PIWI-like C terminal signature but
group with the AGO-like side of the tree when added as orphans with the ancestors. So

it does look as though our identified C terminal signature lacks consensus within algae.

4c.4.5. Land Plants

We included a selection of plant sequences (totalling 220 sequences) in our initial tree.
The plant sequences fell between metazoan PIWI-like and metazoan AGO-like proteins.
It appears most likely (given the red and green algal results) that land plants lost the
PIWI type protein and yet still required the remaining argonautes to provide the same
(or similar) functions, although to fall between the metazoa AGO-like and PIWI-like
argonautes seemed rather unlikely. In our tree of ancestors calculated here (where we
have removed all sequences that we do not confidently classify as argonautes), the
plants remain firmly grouped with the metazoa and fungi AGO-like sequences and
away from the metazoan and ciliate PIWI.

In plants 2’ O-methylation of RNA is common e.g. HEN1 methylates the 3" end
of plant miRNA and siRNA. In metazoa these RNAs have a 2nt overhang produced by
Dicer cleavage. However rasiRNAs (in plants) and piRNAs (in animals) are 2'0
methylated at their 3’ end (Saito et al., 2007). Consequently the RNA binding pocket
structure needs to be wider in PIWI to accommodate this additional chemical group and
this has been confirmed by two independent and alternate approaches (Simon et al.,
2011; Tian et al., 2011a). This means that plant AGO structures must already have the
wider PIWI-like RNA binding pocket. Plants and fungi both lack canonical PIWI-like
argonautes but transcriptional control via chromatin and histone modification has been

shown for both (Lippman and Martienssen, 2004; VVaucheret, 2008).

Most plant species have ten or more AGO-like argonautes. Barley (Hordeum
vulgare var. distichum) has 70 putative argonautes, many of those are fragments (and
some may be contamination as discussed later), goatgrass (Aegilops tauschii) has at
least 21 verified argonautes and rice (Oryza sativa subsp. Japonica) appears to have at
least 34 sequences that look to be both complete and genuine. The grasses however are

known to have undergone a number of genome wide duplications and so we have used
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as our basis for analysis the duplications that have occurred in Arabidopsis resulting in
ten well studied AGOs (Vaucheret, 2008; Carbonell et al., 2012).

The annoations assigned to the plant argonautes seem non-systematic, but an
extensive review by (Kim et al., 2011) showed that for Arabidopsis thaliana the plant
argonautes can be grouped into three functional ‘clades’ (Vaucheret, 2008). Within each
clade are members that are specific to seed development. AGOs 4, 6, 8* and 9 are
chromatin modifiers guided by 24nt RNAs and consistently group at the base of the
phylogenetic trees. AGO8 may be a pseudogene (described in the supplementary
material of (Takeda et al., 2008)), but is expressed at low levels (Zhang et al., 2016) and
is described by Ensemble (Kersey et al., 2015) as ‘known protein coding’. It is full
length and modelled by I-TASSER as a complete argonaute and in evolutionary terms is

still relevant.

AGOs 2, 3 and 7, are grouped as RNA binders guided by 21nt RNA. However
AGO?7 is involved in tasiRNA biogenesis (from the Tas3 locus which target mRNAs
encoding auxin response factors) by binding miR390 which guides AGO?7 to cleave
TAS3a (Adenot et al., 2006), so AGO7 does have cleavage capability. AGO?2 is
involved in antiviral defence (Harvey et al., 2011), and AGO3 has been shown to bind
24nt RNAs (mostly transposon derived) and interact directly in chromatin modification
(Zhang et al., 2016). So, although AGO 2 and 3 are originally duplicated from the same
gene, and fall within the same clade of RNA binders, AGO3 has diverged in terms of
functionality - with the caveat that it may also be involved in the post-transcriptional
modification pathway as AGO3 is found in the cytosol as well as the nucleus. AGOs 1,
5 and 10 form a clade of argonautes whose principle function is (at least in Arabidopsis)
cleavage of RNA. Our point is that although all of the plant sequences do fall neatly into
three clades, we cannot properly ascribe function to them all because some of the
argonautes in other species may also have diverged.

Most plant argonautes haven’t been allocated classification numbers. Of those
that have, proteins from tomato, rice, and goatgrass (A. tauschii) loosely follow the
Arabidopsis numbering in that AGO4 falls within the clade of chromatin modifiers
described for Arabidopsis (AGO4, 6, 8 and 9), however rice appears to have at least 19
annotated argonautes and AGOs11-14, 17, 18 plus AGO1A, B, C and D fall within the
Arabidopsis clade of slicing capable argonautes (AGOL1, 5 and 10) yet no rice sequences

are annotated as AGO5 or 10 - so the numbering appears to need functional relevance.
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Within our calculated trees of just the plant sequences AGOs 4, 6, 8 and 9
appear more ancient and the AGOs with slicing capability (AGO1, 5 and 10), more
recent. Almost all plant AGOs have a complete catalytic tetrad though we know from
studies of human AGO that this may not be sufficient for nuclease activity (Schirmann
et al., 2013). What is clear from our trees is that early branching species such as
Physcomitrella patens and the spike moss Selaginella moellendorffii already had AGO

proteins in each of the three clades.

We have used the three AGO clades that naturally grouped in our trees (that
match those described for Arabidopsis) to construct three ancestral protein sequences to
see how they compare to the ancestors of the other major groups. Sequences from clade
AGO4, 6, 8, and 9 (chromatin modifiers) totalled 47 sequences, clade AGO2, 3 and 7
(RNA binders) totalled 43 sequences and clade AGOL1, 5, and 10 (slicers) was derived
from 107 sequences. What is notable is that pine and spruce in general appear to lack
AGOs. The only convincing argonaute sequences that we found were from the white
spruce Picea glauca, (UniProtKB:Q4PLA9) and the Canary Island pine Pinus
canariensis (UniProtKB:AOHOC4W3U3, previously AJA90779 and not found in Pfam).
However this might simply be that insufficient sequencing has been completed because
the authors of the P. glauca sequence note that there were five gene copies in the
genome for the argonaute protein but this appears to be the only full-length protein
(Tahir et al., 2006). All three plant ancestors retain a catalytic tetrad and an AGO-like C
terminal signature and group on the AGO-like side of the tree as anticipated. So plants
harbour only AGO-like argonautes — the only PIWI-like sequence is barley
(UniProtKB:F2DNY®6), which we are convinced is contamination (most likely with

rotifers) and was left out of any plant ancestor.

4c.5. Ancestral trees

Because trees lose information at deep time we have made ancestors that represent a
larger number of sequences in order to simplify the trees. Here we have made ancestors
for eukaryote groups other than metazoa and fungi (that we have reviewed elsewhere) to
show how the AGO-like and PIWI-like proteins may have evolved. The ‘orphans’ that
we cannot confidently place within a particular group are shown with the ancestors in a

tree rooted by P. furiosus (UniProtKB:Q8U3-D2), a hyperthermophilic archaeon.
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Fig. 4c.6 A rooted tree from the calculated ancestral sequences.

The ancestors (in bold) represent 375 sequences used in the recreations, the plant ancestors are made from
197 representative sequences where there are thousands in the data banks. Also included are the orphans
that we were unable to place.

However the C terminal signature is not enough to separate AGO from PIWI
within the kinetoplasts because contrary to expectations the ancestral kinetoplast PIWI-
Like ancestor has sided with the AGO-Like sequences and vice versa! The PIWI-L
kinetoplast ancestor has nestled with the algae sequences that also have a PIWI-L C

terminal signature and AGO-like grouping.

We rooted the tree in order to demonstrate, the posterior probability though it is
possible that P. furiosus is not sufficiently remote for an impartial root because it has
the PIWI-like C terminal signature. The I-TASSER structural predictions and additional
information (catalytic tetrad, C terminal signature and any additional notes) regarding

the ancestors for each group is available in appendix Il (supplementary material S2).

Each ancestral reconstruction was calculated from an unrooted tree but here we
wanted to show the posterior probability at the nodes (and this is not shown on unrooted
trees). In our original tree (that contained ~10% of sequences that we later discounted),
the plant sequences grouped between metazoa AGO and metazoa PIWI which seemed
most unlikely. Figure 4c.7 shows a phylogenetic tree calculated from the ancestors that
we have reviewed here together with the metazoan and fungal ancestors that we have
inferred previously. The tree shows that the plant ancestors remain close to the
metazoan AGO ancestors but clearly on the AGO-like side of the tree. By most of our
criteria microsporidia comprise of genuine AGO-like argonautes but they do retain a
PIWI-like C terminal signature and are clearly different from fungi. Kinetoplasts remain
unresolved but do not appear to have arisen from a duplication within just kinetoplasts.
At deep times the C terminal signature breaks down as a means of distinguishing
between AGO and PIWI. We had already noticed this within the algae but the
microsporidia are also conflicted and this is apparent in the tree of all ancestors.
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Fig. 4c.7 Tree of all eukaryote ancestral reconstructions.
This tree represents more than 700 sequences that have been grouped by similarities in structure,
sequence, catalytic tetrad and C terminal signature prior to contributing to an ancestral reconstruction. We
are not using a single gene to predict phylogeny but rather to simplify the relationship between the
argonaute proteins using the ancestors as a proxy for many more sequences. The C terminal signature is
shown on the labels.

166

P. furiosus Q8U3D2 LYFV

Kinetoplast AGO-like MHYL

Kinetoplast PIWI-like LWFL

Ciliates group 2b LHFL

Ciliates group 2a LYYL

Ciliates group la LYFL

Ciliate group 1b LFFI

Metazoan PIWI_AUB LYYL

Metazoan AGO3_PIWI2 LFFL

Metazoan 'other' PIWI LYFL

Microsporidia LFYV

'Other' and 'Vertebrate' AGOs MYFA

Ecdysozoa_basal AGO2 MFFV

Plant AGOs 4_6_8_9 chromatin modifiers MFFC

Plant AGOs 2_3_7 RNA binders MFYC

Plant AGOs 1_5_10 slicers MFFC

Stramenopiles group 3 MFFI

Stramenopiles group 1 MYFV

Stramenopiles group 2 MYYV

Early fungi group 2 MYYV

Early fungi main group MYFM

Fungi Ascomycota group 1 MWWQ

Fungi Basidiomycota group 1 MYFM

Mixed crown fungi MFYI



4c.6. Discussion

We use I-TASSER to demonstrate that using tertiary information is relatively
straightforward, and this is currently the best predictor of tertiary structure. It uses more
information than just primary sequence structure, and allows much better alignments;
based on the tertiary structure. We have also found several annotation issues that need
to be followed up. Our search has been hampered by variable nomenclature resulting
from the exponential growth in sequencing with a severe lagging in expert annotation.
There are several synonyms for the proteins that we have examined and these are slowly
being updated but we frequently found argonautes annotated as a variety of translation
initiation factors (TIF, elF2), ‘stem cell self renewal’, CnjA protein, ‘uncharacterised’
and argonaute-like or PIWI-like or both. In some cases sequences were just plain wrong.
Barley (UniProtKB:F2DNY6) (Matsumoto et al., 2011) annotated as ‘PIWI-like protein’
(which we confirm) but groups within basal metazoa, closest to rotifers. We also show
that the PIWI-like proteins are found in excavates, alveolates, amoebozoa, as well as in

metazoa — so they are apparently much older than just in metazoa.

Although we have forced the groups to coalesce at the base of each group
resulting in more than one ancestor for each kingdom we also created a tree of all of the
sequences that survived our selection process. This numbered 710 sequences that we
can be confident are genuine argonautes and excluded around 50 sequences from the
original sequences retrieved by BLAST searches. Not unexpectedly this tree contained
many long branches with just one or two sequences on them essentially they are simply
unresolved and represent sequences that we have already identified as having poor
primary homology. In this tree however the sequences used have already undergone our
selection process and structural prediction, catalytic tetrad and C terminal signature has
been wused to confirm that these are all structural homologs. Twil2
(UniProtKB:A4ZYY6) has already been identified as a divergent but genuine PIWI-L
argonaute from T. thermophila (a ciliate from the group known as alveolates) but in our
large tree of confirmed argonaute sequences it groups within a sub tree of fungi.
Without structural analysis or prior knowledge it could reasonably be presumed to have
been included in error. In the case of barley (UniProtKB:F2DNY®6) there is no prior
research but we were able to confirm that it is a bona fide PIWI-L argonaute — just not
from barley. Our point is that it shows that the trees cannot be used to resolve such

issues.
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It is not ideal to place our own criteria for inclusion in one clade or another
which is why we broke the trees into quite large groups but unless research has already
been carried out (as in the case of Twil2) we cannot assign groups by tree placement

from such large and deep trees.

We contend that there were at least two types of argonaute already in the
common ancestor. This is supported by the two versions of the argonaute found in each
of bacteria and archaea. And that stramenopiles, plants and fungi have lost PIWI-like
proteins, and alveolates and amoebozoa have lost AGO-like proteins with Kinetoplasts

and metazoa retaining both.

Duplication and rapid evolution of the duplicated sequence freed from its
functional constraint is a common evolutionary mechanism. There is evidence from
aphids (A. pisum) that there is an accelerated evolution of the duplicated gene and also
differential expression implying an alternate functionality (Ortiz-Rivas et al., 2012). So
we propose that some of our sequences will have simply evolved novel functions over
time as we know has happened with Twil2. We may also note the increasing use of
small RNAs that may never have been involved with Dicer processing at all. It could be
that the RNAs that have been there since the last universal common ancestor (LUCA)
were the first argonaute guide RNAs. Many of the small RNAs arise from within DNA
that codes for functions that are new to fine-tune gene expression today. So the
argonaute system of control over gene expression as well as endogenous genes,

endogenous and invasive parasitic nucleic acid is a dynamic system able to adapt.

Our main finding is that using the information that can be gained by looking at
structural prediction and finding the extra evidence that can resolve such issues
described here can be done at minimal cost without extensive expertise in programming

or experimental bench biology using our methodology.
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S2 Table. The 3-D structures for each eukaryote ancestor described and additional
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Chapter Five: Conclusion

5. Conclusion

The growing number of uncharacterised sequences in public databases has turned the
prediction of protein function into a challenging research field. Automated annotation
methods are often error-prone due to the small subset of proteins with experimentally
verified function but bench biology to determine structure and function requires a high
level of skill and is time consuming and expensive. One goal of this thesis was to
develop an in silico method of protein investigation using three-dimensional structural
prediction to verify annotation. The field of annotation expertise is then thrown open to

a wide range of interested persons from a greater variety of backgrounds.

Fortunately there are an increasing number of proteins whose 3-D-structure have
been determined or inferred. This is necessary because the algorithms for structural
prediction do rely on their being at least a partially solved structure. Finally the more we
learn about protein evolution, the more we accept a dynamic view of evolution where
proteins may eventually adopt new functions (and tertiary structures may evolve
through time).

Once the identity of a protein is known it can be used for evolutionary studies
and included with closely related sequences to infer an ancestral sequence. The
ancestral sequence can then be used both as a BLAST query to find more remote
homologs and also to represent groups of sequences in order to simplify trees that are
known to lose information at deeper divergences. | have demonstrated the method with
two very different proteins and the information found in each case was used to infer an

evolutionary pathway for those proteins.

5.1. The chosen proteins

The Major Vault Protein is precisely structured. Although extra sequence at the N
terminal may be tucked up inside the vault particle and C terminal excess on the
exterior, inserts within the protein are rare and probably disruptive. The vault particle

seems to be involved in many pathways but essential for none and there is good reason
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to think that the monomer (or its constituent ‘modules’) had, or has, a purpose prior to,
or other than, the formation of the particle. On the other hand the argonaute has a large
variety of inserts but manages to function despite them. Some have evolved new (to
science) functions utilising a variety of RNAs that | think we are only just beginning to

appreciate. It would seem that the ‘RNA world’ is not history after all.

The original interest in these proteins was because of the RNA component. The
RNA is essential to the argonaute but vault RNA seems to have an interesting biology
of its own. Both proteins are found in bacteria. Argonautes are found in archaea but so
far MVVP monomers are absent. Depending on your point of view bacteria and / or
archaea gave rise to eukaryotes or bacteria and archaea derive from eukaryotes (making
them akaryotes) (Penny et al., 2014; Forterre, 2015; Mariscal and Doolittle, 2015;
Martin et al., 2015). 1 will look at the links with the past and show that structural

prediction and linking evidence to support our impressions can also help us here.

As the project progressed | could see that the results could be manipulated to
suit the story that | was telling. Of course we want to be objective and impartial because
it is beyond the remit of most biologists to benchmark every algorithm (which are
subject to change and hopefully improvement) it could be easy to fall into the trap of
doing what has been done before just because it was done before. There are plenty of
benchmarking papers but a method that suits one protein is not necessarily suitable for
another and poor scores are not necessarily a reason to exclude a sequence. Rather a
sequence should be excluded when it fails on balance of the evidence.

5.2. Links with the past: Major Vault Protein

The evolutionary history of the vault MVVP may help to identify possible past functions
and illuminate current thoughts on function. The capability to remove toxins from a cell
would be advantageous and increase the likelihood of the vault RNP being conserved.
The big picture questions are this; are vaults ancestral, retained in some species, but
fallen into disrepair, or lost beyond all recognition in others? Alternatively have they
been comprised of parts that had other functions such as TolA and the stomatin core and
have come together in a fairly remote eukaryote and vaults formed thereafter? If we
could be certain which species have functional vaults, and which don’t appear to have
need for them, or possibly maintain the monomer for another purpose, we should be

able to clarify their role.
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Traditionally only primary sequences and BLAST results have been used to study
homology of proteins. However, there are several reasons why tertiary (3-D) structures
should also be used. We mentioned the loss of information mathematically from the
Markov models and so we need more evidence to support our trees. As well as the
predicted appearance of the very specifically shaped MVP monomer we have used the
retention of the capability of monomers to dock laterally along their length as additional

evidence to support the determination of homology.

5.2.1. Bacteria

Vault monomers have been found in some bacteria but not in any archaea thus far. Does
this mean that they have been lost in many bacterial species and archaea, never reached
archaea, or in neither but later acquired by some bacteria? BLAST results with known
MVP sequences frequently identify TolA proteins from bacteria (fig. 5.1). These are
part of Tol/Pal system of colicin detoxification. Generally these proteins have limited
primary homology (~10%) with the C terminal (coil and cap) of the vault monomer.
This demonstrates exactly the kind of barely-related sequence that the method is

looking for.
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Fig. 5.1 Escherichia coli TolA (UniProtKB:P19934)

This protein is 421 amino acids and aligns with the cap-helix of the rat MVP (submitted to I-TASSER
using the rat template 2ZUO*b as a constraint). If we compare the sequence homology of the first 300
residues with the equivalent residues of the amoebozoa ancestral sequence that we calculated then the
homology is 20% identical residues.

It is plausible that flexible proteins such as TolA, can be conveniently predicted
to fold by I-TASSER (Roy et al., 2010; Yang et al., 2015) when submitted with the rat
template as a constraint. Does the fact that it can fold to the vault shape mean that it
does? It probably depends on the environment that it finds itself in. We know that the
edges of each vault monomer are hydrophobic and so are attracted to one another and
self-assemble to shield each from an aqueous environment. TolA is a membrane
anchored protein, that is thought to span the periplasm of gram negative bacteria and
might happily exist individually in that environment, but would congregate in a watery

environment.

172



However the evidence for bacterial MVP is stronger than this; a number of
cyanobacteria species harbour sequences with 54% homology with rat MVP annotated
as ‘colicin uptake protein’, e.g., Moorea producens 3L formerly Cyanobacteria lyngbya
UniProtKB:F4Y3B4. This seems extraordinarily high homology between rat and
bacteria and with the barley contamination described in both MVP and argonautes in
mind, the bacterial homology needs to be treated with caution. The I-TASSER 3-D
structural prediction of this sequence is unmistakably MVP-like (fig. 5.2).

-

M. producens (blue) Vs rat 2ZUO*b (green)

Fig. 5.2 Bacterial MVP monomer.

A. The I-TASSER predicted structure of the colicin uptake protein from cyanobacteria currently known
as Moorea producens 3L (UniProtKB:F4Y3B4). B. A FATCAT (Ye and Godzik, 2003) comparison of
FAY3B4 (blue) with the known MVP structure from the rat (shown in green). Figures rendered in PyMol
version 1.3.

As the proteins from the cyanobacteria are surprisingly close to the rat homologs,
(if not from contamination), it could be argued that these have been acquired via
horizontal transfer. In fact MVVP homologs are found in a variety of bacteria (see fig.
5.3), and there are more homologs appearing as more bacteria are sequenced. Aside
from the cyanobacteria, they tend to be mostly gram-negative predatory gliding bacteria

and from a marine environment.
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ey

S. grandis UniProtKB: H6L4P8

Fig. 5.3 Full size bacterial MVP monomers.
Plesiocystis pacifica, Saprospira grandis and other bacterial homologs have passed the test of docking
laterally in ROSIE but these would make rather large organelles if they form in the manner of the rat
vault compared with the size of the bacteria.

Given the size of the vault particle it seems strange that bacteria would harbour
such a large particle. Naegleria gruberi have monomers that appear capable of forming
a smaller particle (Daly et al., 2013a) yet the MVP found so far in bacteria are full
length. It could be argued that researchers would have observed these if they formed,
but it has to be remembered that the discovery of the vault particle in the rat liver was
serendipitous because they are pure protein and difficult to visualise (Kedersha and
Rome, 1986). Why bacteria may have vault particles is probably simpler to solve. Not
only are they involved in the detoxification process in some manner but they are also
markers of radiation resistance in terms of cancer treatment (Herlevsen et al., 2007)
which may have been an advantage to cells when the sun posed a bigger problem in

terms of cellular damage than now.

5.2.2. Archaea

Although structures homologous to the TolA protein and the stomatin core combined
were found in archaea, whole MVP monomers have not, as yet, been observed. The
proteins found to date are not expected to make vaults, but are reminiscent of the cap-
helix that is fundamental to the vault construction and is similar to the TolA proteins
involved with the bacterial colicin detoxification pathway. This would make sense and
align with suggested vault functions. In fact the sequence from Haloguadratum walsbyi
(UniProtkKB: Q18DVO0) has now been annotated ‘Mvp-type potassium channel
superfamily protein’ (previously voltage-gated potassium channel) (Bolhuis et al.,
2006).
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P. horikoshii PDB:3BKG:A

Fig. 5.4 Putative archaea homolog sequences.

There are a number of archaea with “bits” of protein with known or predicted folds similar to MVP, e.g. H.
walsbyi Mvp-type potassium channel superfamily protein (structure predicted by I-TASSER) and a
monomer from the solved crystal structure of the stomatin core from P. horikashii (PDB: 3BK6:A). They
can be found using some of the ancestral recreations as a BLAST query.

The group that produced the 3.5A crystal structure (Tanaka et al., 2009),
identified the shoulder region as a homolog of the stomatin core structure from
Pyrococcus horikashii. It is a member of the ‘band 7 flotillins® that include prohibitin,
flotillin, HIfK/C and podicin, these proteins are known to associate with lipid rafts and
vault particles do as well (Kowalski et al., 2007).

So our conundrum is thus; has MVP never formed in archaea, has it been lost, or
are there simply insufficient species sequenced and it may yet be found? Archaea are
generally classed as extremophiles, capable of living where other species find it too
tough. It seems likely that they have developed pathways to withstand their environment
and that the parts that we find are remnants of a system that they no longer need.

Without further studies we cannot say if the ancient particles, or even the extant
particles outside of metazoa, have an RNA component. We cannot even be sure that
whole vaults are formed. In terms of in silico investigation | found that the MVP
sequence with the highest confidence score from I-TASSER and the lowest score for
docking in ROSIE, both of which together, are highly predictive of vault formation, was
from Leishmania major (UniProtKB:Q4QJJ7).

One of the features of the vault monomer is the highly conserved C terminal
described in chapter 2b and reproduced here (fig. 5.5). In the ancestral reconstruction

and in the individual sequences where reconstructions could not be made, the C
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terminal ‘hook” was not present in the more ancient species; green algae, microalgae,
heterolobosea (N. gruberi). | believe that the hook is a new modification that allows
vault particles to hook onto microtubules to facilitate rapid movement. They have been
photographed attaching to microtubules via the end cap rather than the barrel side

(Eichenmdiller et al., 2003) and they are large to move easily by diffusion.

Fig. 5.5 The highly conserved C terminal from MVP.
If the sequence from the section alone is used as a BLAST query it brings up nothing but vault particles.

Because the vault particle is involved with multi-drug resistance and cancer
generally there will be many more research hours spent on this particle but what is

especially exciting is the use that it could be put to in the future described in chapter 1.

5.3. Links with the past: Argonaute Family Proteins

There is not any debate about the antiquity of the argonaute proteins. They are
ubiquitous and must have been in the last ancestor of all known domains (Makarova et
al., 2009; Swarts et al., 2015). What is different is that bacteria and archaea have
argonautes that fall into two groups, short (that lack a PAZ domain and are frequently
on an operon with another kind of nuclease), and long version which have a PAZ
domain and are more similar to eukaryote argonautes (Makarova et al., 2009).
Additionally bacterial and archaeon argonautes are generally guided by DNA rather
than RNA (Swarts et al., 2014). This shouldn’t be a surprise because if argonautes
evolved to deal with parasitic nucleic acid then parasitic RNA, especially viral RNA is
much more frequently found amongst eukaryotes and invasive DNA in prokaryotes. We
must be careful here that we are not ascribing the defence of the Dark Arts as the only
function of an argonaute. Although parasitic nucleic acid will always have been a
burden, the function of creating a daughter cell is surely more fundamental (Alié et al.,
2011).

What is only recently becoming apparent is that the argonautes have even more
varied functions and likely many more as yet unknown. We have seen in chapter 4c that

Twil2 of Tetrahymena thermophila does not play any part in the usual modus operandi
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of argonautes but yet is essential for the function of an exonuclease involved in 5.8S
RNA processing (Couvillion et al., 2012). The point to be made here is that Twil2 uses
processed tRNA as its guide. tRNA cleavage appears to be a conserved pathway in
eukaryotes (Thompson et al., 2008), but has also been found in the bacterium

Streptomyces coelicolor so this may be a very early source of small RNA.

There are some cases where a species has an acceptable argonaute but lacks
small RNA. The placazoan Hordeum vulgare var. distichum is such an example, there
seems a distinct lack of miRNA and few tRNA genes with no tRNAs processed into
tRNA-derived RNA fragments either (Hertel et al., 2009). The microRNA pathway is
not the only pathway that utilises argonautes and so loss of miRNA processing in
minimalist metazoa T. adhaerens is unremarkable but a lack of small RNA altogether

seems unlikely. Why would Trichoplax maintain an argonaute that it cannot use?

Small RNAs processed from other well-described RNAs has not traditionally
been considered part of the repertoire of guide RNAs. Frequently these are specifically
excluded from study because their functions are known and would only add to the
‘noise’ blocking out the ‘signal’ for newly discovered small RNAs. It seems that
researchers blocking the familiar RNAs may be missing the signal entirely! The
complexity of the regulation of gene expression has entered a new age that is not new at
all but has carried on right before us.

The primary sequence homology between argonautes (AGO or PIWI) is much
lower than between corresponding MVP monomers. This is more to do with inserted
sequence that doesn’t affect the binding of nucleic acid (bacteria and archaea bind DNA
but can also bind RNA). As cleavage is only a small part of the repertoire of skills that
an argonaute can have, it may function with a degenerate catalytic centre and so in the
study I may have discarded sequences that do have a part to play simply because we
have erred on the side of caution. The stated intent though, was to seek out those

sequences that are on the edge of believable and see what can be learned from them.

What has been learnt from the argonaute study is that there appears to have been
two different argonautes in the common ancestor not only of eukaryotes but also of
bacteria and archaea. If we look at the C terminal signature of the long version of the
prokaryote proteins that have been through the protocol, 11 of 20 retain the PIWI-like C
terminal signature, just one has Met at the 4™ from last residue resembling an AGO-like

signature, three archaea have the Pro at the 4™ from last residue that we saw in one of
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the Naegleria sequences and in the Giardia sequences. One residue, in a sequence of

~850 cannot be the difference but it certainly has helped.

More work of this type needs to be carried out in the deepest of times. We have
barely brushed the surface but it seems inescapable that a large and complex protein
was in the last common ancestor of all life as we know it, driven by RNA. Whether it
was a PIWI-like argonaute that then duplicated and became two flavours or whether
there were always two, one dedicated to the Dark Arts and one dedicated to procreation

we cannot yet say.

5.4. Challenges of the method

Many more servers were used than have been described and many are benchmarked
elsewhere. This section describes some of the limitations and advantages of the servers
and algorithms that are central to the method. The servers have also been improved
upon over time which additionally makes comparing results in terms of numerical
values less meaningful. New services are becoming available and the pipeline or

workflow is designed to adapt to this as well as to different types of protein.

All of the databases used have been extensively upgraded over the duration of
the research but probably none more so that Pfam. Where initially there were two levels
of confidence depending on manual or automated pipelines the new Pfam (primarily
aligned to UniProtKB which reduces the confusion of a plethora of accession numbers)
now has one level and has extensive trees of structurally related domains. Extensive use

was made of Pfam in chapters 4b and 4c.

5.4.1. BLASTp

BLASTp searches are designed to find sequence homology and so this research
stretches that capability when looking for loss of sequence homology. For MVP
described in chapter two | paid attention to the E scores and bit scores since the
homology between vault monomers is high. Given the ‘bit score’ S" or the E score;
E=mn2™ ‘n’ has less comparative affect than the size of the database being searched.
Especially for the argonaute sequences since most of the sequences (MVP, AGO and
PIWI) are of similar length (~860 residues) and the argonaute search space is so much
larger. If the size of the search space was known then the bit score could be used to
calculate the significance but the search space is growing rapidly and so the significance

is not repeatable. The theme ‘lack of repeatability’ is a recurring one, which is why
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‘scores’ in general have been used cautiously.

Because my interest is in argonaute sequences with very little primary homology,
they are either not picked up at all in a BLAST search regardless of the scoring matrix
(particularly where the database is very large), or would traditionally be ignored due to
a high E value. So the scores become irrelevant when the size of the database is either
S0 great that sequences with merit are outside the thousand ‘hit’ limit, or the database
has to be narrowed until it is small enough that such a loss does not occur and then the E

value is artificially low. Comparing bit score or E values is then meaningless.

5.4.2. MSA

Many sequence alignment algorithms were trialled and sometimes sequences went
through a number of them where the results were unexpected (e.g. X. tropicalis PIWI3
described in chapter 4a). Geneious align was the obvious choice for the bulk of the
work since | had downloaded the Geneious suite, however Geneious align is painfully
slow and a high number of sequences do not align at all. The scoring matrix can be
adjusted but there is an unexpected utility in that sequences that Geneious refuses to
align will automatically flag themselves as requiring submission to I-TASSER for
structural prediction. This method of using Geneious to prioritise sequences for

structural prediction was used extensively for the ciliate AGOs in chapter 4c.

MUSCLE will align practically anything. In this case the outcome may not be as
accurate but particularly for the more remote sequences in chapter 5c this was essential
for building trees from sequences that had already been rejected by Geneious but
identified by I-TASSER as bona fide argonautes and have to be aligned for tree building
and submission for ASR.

5.4.3. Structural prediction

Structural prediction from primary protein sequence has become a mainstream
technique and | argue that it should be essential to augment bench work, evolutionary
studies and annotation. Two well-respected servers are used extensively and have been
described in chapters two and four. Here | outline the strengths and weaknesses of each

for the purpose of my aim.

Phyre2 is very much faster than I-TASSER (~7 hours computing time as
opposed to ~50 hours of computing time) but gives less information. This is entirely
suitable for the bulk of the work but where there are significant deviations from the

known structures in the Protein Data Bank I-TASSER will still result the top five
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estimated structures, modelling the entire submitted sequence. Where the sequence
lacks primary homology and other information is needed to support the structure
predicition especially where the C score is poor (e.g. catalytic tetrad and C terminal

signature). Phyre2 will not provide a result of the entire sequence where I-TASSER will.

An example is the Kinetoplast PIWI ancestor. This is a case where we know
from the literature that trypanosomes at least do have argonaute proteins (Ngo et al.,
1998; Garcia Silva et al., 2010b). The trypanosome AGO and PIWI are difficult to
resolve and multiple mutations over time make it complicated to reconstruct ancestors.
Two ancestors were reconstructed for the kinetoplasts as a whole because the sequences
fell clearly into two groups (described in chapter 4c). The treatment of the ancestral
kinetoplast PIWI-like sequence by I-TASSER and Phyre2 are shown below (fig 5.6).

Kinetoplast PIWI Ancestral reconstruction Kinetoplast PIWI Ancestral reconstruction resulted
entire sequence modelled by I-TASSER. from Phyre2 showing homologous folds.

Fig. 5.6 I-TASSER and Phyre2 comparison.

A. Shows the full sequence modelled by I-TASSER with a C score of -2.02 (outside the score for a
convincing fold). B. The result of the identical input into Phyre2 where only fold matches are included in
the result indicates 40% coverage with 100% confidence.

Both servers provide valuable information and section 5.4.6 (ASR) demonstrates
how this can be resolved in order to be confident that the Kinetoplast PIWI ancestor is a

good representation of the sequences that went into its calculation.

5.4.4. RosettaDock (ROSIE)

The ROSIE server generates 1,000 possible structures and displays the ten with the
lowest energy score. In vivo chaperones are often required for tertiary or quaternary
protein structure but in the case of the vault particle it is known that the MVP proteins

self assemble spontaneously, so the energy score should be low.
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The drawback with the online server is that it can only cope with a maximum of
600 residues. However it is free to download and relatively easy to use and allows
bigger files (in terms of number of residues) but each job takes ~50 hours and uses all of
the computing power of a Macbook pro 2.7 GHz i7 rendering it unusable for everyday
tasks. Other docking algorithm servers were compared but RosettaDock (ROSIE) gave
the best results. The docking work is described extensively in chapter 2a (Daly et al.,
2013a).

5.4.5. Tree calculation

The tree calculations are carried out by MrBayes running via the Geneious platform. It
is hungry in terms of computing power but the only algorithm (of MrBayes, Geneious,
PHYML and FastTree) to reliably produce the same tree for the same input MSA. The
average calculation time for each ancestral tree was ~120 hours. The final tree of 710
sequences which had passed as bona fide sequences too ~500 hours. The excess of time
(that would have taken considerably less using any other algorithm) I consider time well

invested.

5.4.6. Ancestral Sequence Reconstruction (ASR)

In chapter 2b | describe various limitations of three reconstruction algorithms; PAML4
(Phylogenetic Analysis by Maximum Likelihood) (Yang, 2007), FastML (Ashkenazy et
al., 2012) and Mega5 (Tamura et al., 2011). These algorithms are easy to use but
unrealistically short (PAML4) or long (FastML). To obtain the most reasonable
sequence (neither long nor short) using (predominantly) FastML requires a workaround,
i.e. the removal of inserts occurring in less than 10% of sequences, because FastML will
fill all gaps. | was alerted to the existence of ‘PRANK’ (from the LOytynoja lab at the
University of Helsinki (Loytynoja and Goldman, 2010)), now updated and included in
the “Wasabi’ suit (Veidenberg et al., 2015) which automatically removes inserts where
9% or less sequences have residues. Comparing Wasabi with manual removal of gaps
resulted in very similar MSA suitable for submission to FastML but was much faster

and less user intensive so is a very recent improvement to the original method.

Even so the majority of the resultant ancestor had long N terminals where the
alignment algorithms use gaps to try and make the best job of a disparate group of
residues. The N terminals of all the argonautes (AGO or PIWI) have very little sequence
similarity. It is not possible to manually remove them and Wasabi does not do the job

any better. This results in long N terminals in the reconstructed ancestor that is not
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modelled at all well by I-TASSER and results in an artificially poor C score. Taking off
the N terminal from the I-TASSER .pdb file manually and putting this sequence back
through I-TASSER improves the C score without any loss of core structure bringing it

within the cut off criteria for a correct fold (see fig. 5.7).

Ecdysozoa_basal AGO2 reconstructed ancestral The same sequence with 170 residues trimmed
sequence with excess N terminal. C score is -1.62  from the N terminal. C score is -0.81

Fig. 5.7 An I-TASSER comparison between raw and trimmed ASR node 1 sequences.

The I-TASSER C score for many of the ancestral reconstructions is less than the score anticipated for a
correct fold. A. Shows the predicted structure for the calculated raw ancestral sequence (1122 residues).
B. Has had 170 residues trimmed from the N terminal (952 residues) without any loss of structure and

improving the C score.
5.4.7. FATCAT

Extraneous N terminal is also removed from the ancestral .pdf files done prior to
structural alignment with FATCAT improving the FATCAT score as well (see fig. 5.8).

FATCAT structural alignment HSAGO2 (PDB:40OLA) (green) Vs
Ecdysozoa_basal AGO2 calculated ancestral sequence with
170 residues trimmed from the N terminal (gold).

Fig. 5.8 FATCAT structural alignment of the truncated ancestor with HSAGO?2.

The FATCAT scores for all of the ancestral reconstructions are quite high even with the raw sequence but
truncating the residues that are obvious artefacts of the process improves that score as well. Here 94.5%
of residues in the ancestral sequence (gold) are in an equivalent position to those of HSAGO2 (green).
The raw score for the alignment is 2165.59 (given because the P score is zero) and our cut off criteria is
>1500.
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The P score is almost always zero unless the alignment is poor and so the raw
score (higher the better) gives a greater sense of similarity when trying to compare
models. FATCAT is used to check marginal sequences (described in the workflow in
the preface to chapter four) before inclusion in a clade for ancestral reconstruction and

is also used for every ancestor.

FATCAT also has an unexpected utility in that it can be used to position two
MVP monomers adjacent to one another for submission to the RosettaDock. Aligning a
copy of a structural prediction of any MVP monomer with each of 2ZUO*b (*describes
the monomer in the solved structure) and 2ZUO*d of the rat crystal structure (part of
PDB:4V60) ensures that the monomers are side-by-side one MVP monomer space apart.
FATCAT is free, simple to use and described in chapter 2a along with RosettaDock (as

it was called) and the requirement for the spacing for docking is explained.

5.4.8. Philanthropy

In excess of 30,000 hours of computing time has been given freely by I-TASSER from
Michigan. Not just to me but to all comers as long as everyone plays by the rules and
submits one job at a time. This has been the mainstay of the project but free wall time
from FastML, FATCAT and all of those mentioned in chapter one and in the glossary
developed into a chain of events to help categorise a protein, not just MVP and
argonautes, but is applicable to any protein that has a solved sequence (in part or whole).

The philanthropy demonstrated throughout the field of computational biology
shows that people are keen to share their ideas, encourage people to use their product,
give feedback and it is a bit of a thrill to get an email saying that yes, you are quite right,
that didn’t work or there is an error and we will fix it, take your advise, delete those
errors sequences or amalgamate files and all of these things have happened. I am
encouraged also that all of my papers have been cited (other than by my colleagues)
which shows that there is creeping acceptance that ‘BLAST, MSA, tree’, is no longer

enough, each process has flaws and each incremental flaw can add up to an error.

The point is that you do not need special training, you do not need a big
institution (though that surely helps), but you can plug away and contribute to the bigger
picture. In order to speed things up | also had the use of NeSI’s high performance
computing facility-running I-TASSER and many more hours of wall time were spent
there. I am thankful although conscious that the armchair biologist doesn’t have the

luxury of that level of access.
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55. Thelast word

The process developed here needs to be more widely tested as a general process. There
are also some anomalies, for instance the early branching fungi do, indeed branch early
in a tree of all fungal species, but when they are made into an ancestors, they appear
much newer. Initially | thought that this might be because the sequences were too few
but if that were the case then microsporidia should suffer from the same issue and it

doesn’t. We do need to know why these anomalies arise.

The evolutionary history of the argonautes needs a project of its own. Because
the CRISPR system described in chapter 3 seems better adapted to deal with unwelcome
nucleic acid it seems curious that prokaryotes have argonautes at all. Argonautes may
have been retained after their spilt from their ancestor for cell regeneration and yet it has
been shown that they do function in nicking even double stranded DNA (Makarova et
al., 2009). It does seem that RNA is far from being a relic of the ‘RNA world’ but is in

the driving seat of so many more reactions.
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Glossary
Sources of Data

UniProt

UniProt (Consortium, 2015) is supported by four data bases; UniProt Knowledgebase
(UniProtKB), UniProt Reference Clusters (UniRef), UniProt Archive (UniParc), and
Proteomes. Proteomes stores 43,505 species with complete sequenced genes as of
January 2016. Searching the UniProtKB database reveals hundreds of similar sequences
from a variety of species from viruses to prokaryotes and higher eukaryotes for the
MVP monomer and thousands for the argonautes (AGO and PIWI).

NCBI

NCBI (National Centre for Biotechnology Information) makes available resources from
many databases and in terms of protein sequences specifically from GenBank, RefSeq
and the third party annotation database (TPA), as well as records from SwissProt,
protein information resource (PIR), protein research foundation (PRF), and protein data
bank (PDB). The sequences found in the UniProtKB database are crosschecked against
the NCBI database, using accession numbers from the information given in UniProt. In
some instances NCBI gives more information and also produces results from species
that had not been identified in UniProt.

Ensembl

Ensembl presents annotated genetic information in great detail and is also used to
undertake DNA as well as protein BLASTs and alignments. Ensembl is a joint project
between European Bioinformatics Institute (EBI), and the Wellcome Trust Sanger
Institute (WTSI) (Kersey et al., 2015). The Ensembl default BLAST algorithm uses
BLOSUMBS0.

Pfam

The above databases all link to Pfam (Finn et al., 2010; Finn et al., 2016). Pfam gives a
visual annotation of sequences taken from the UniProt database and uses MSA and
hidden Markov models (HMMs) (a statistical method that uses observable data to
identify “hidden’ patterns and thus identify domain architecture from MSA).
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Servers
Structural prediction (I-TASSER)

I-TASSER (Yang et al., 2015) has been used throughout the research. I-TASSER is
extensively described in chapter 3 and is very simple to use. The usual time taken for a
sequence of ~800 residues is 50 hours (plus queue time). This is not slow for a task of
this complexity; the rate-limiting factor is that only one sequence per IP address may be

submitted at a time. Over a year of computer time has been used with I-TASSER runs.

Phyre2

Phyre2 (Kelley et al., 2015) is a very much faster server for structural prediction
generally requiring less than seven hours to reach a conclusion (and equally easy to use),
it lists the structures that are most similar to the submitted sequence. Phyre2 does not
allow for ab initio prediction to the extent that I-TASSER does but is most useful for
the bulk of the sequences where primary homology would already predict a genuine
example of the protein under investigation. Slow or expensive methods of structural

prediction can then be saved for sequences that come to attention due to other anomalies.

FATCAT

To give a visual comparison of how similar a structural prediction of a sequence would
look to a solved structure I made extensive use of FATCAT (Flexible structure
AlignmenT by Chaining Aligned fragment pairs allowing Twists) (Ye and Godzik,
2003). As well as providing visual information and a ‘similarity score’ expressed as a

percentage of residues similarly placed in three-dimensional space.

RosettaDock (ROSIE)

For proteins that need to dock in order to complete their quaternary structure
RosettaDock (Lyskov and Gray, 2008) is an ideal platform fulfilling the criteria of free
and simple to use. The server has now moved to http://rosie.graylab.jhu.edu/docking2
and changed its name to ROSIE (Rosetta Online Server that Includes Everyone), select
‘docking 2’ to submit a file to ROSIE (Lyskov et al., 2013).

FastML

Ancestral sequence reconstruction via FastML requires .fasta files for MSA and .newick
files for trees. It is very easy to use, it will take the input MSA and build its own tree but
the tree is not as consistent as a MrBayes tree. Other ASR algorithms were trialled

(described in chapter 2b) but the argonaute study was completed solely using FastML.
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‘In house’ data compilation

Geneious Pro from Biomatters Ltd. is a bioinformatics platform and was originally
downloaded as a trial, (http://www.geneious.com/) running on a miniMac 2.7 GHz Intel
core i7. Geneious has been the workhorse for this project labouring for many hours at a

time with large and unwieldy data sets gradually trimmed into workable units.

The platform was used principally for aligning sequences in order to determine
the sequence similarity between various pairs and also to create MSAs for tree building
and for ASR. Trees were built using MrBayes (Huelsenbeck and Ronquist, 2001)

running within the Geneious platform.

Geneious alignments

Geneious was used to generate pairwise alignments and multiple sequence alignments
(MSA) and to create phylogenetic trees from those alignments. Over time iterations
have changed and multiple alignments suffer from an increased possibility that the
alignment is not the best that it could be, in order that it can be completed in a
reasonable time. The Geneious algorithm is particularly precise and will perform an

alignment with 500 iterations that can take many hours to perform.

MUSCLE

MUItiple Sequence Comparison by Log- Expectation (Edgar, 2004b; Edgar, 2004a)
comprises of three parts; an initial alignment which is a rough draft, this is improved in
the next stage, and then refined in the final stage. It is faster than the Geneious
algorithm and has the advantage (for our purposes) that it will force an alignment where
Geneious would not. Other algorithms both within the Geneious platform and online
were trialled but especially in terms of the argonaute proteins, that in some cases had
very little primary homology, MUSCLE was indispensable.

Geneious trees

Geneious uses either neighbour-joining, or UPGMA (Unweighted Pair Group Method
with Arithmetic mean), to build phylogenic trees. Neither is entirely satisfactory.
UPGMA assumes a constant rate of mutation (molecular clock), and this does not
appear likely for any of the test proteins because they are under positive constraint, so
neighbour-joining (NJ) was used. This does not assume a constant rate, but uses the
least branch length at each stage of the algorithm. The Geneious tree builder was used

for quick analysis but frequently does not produce an identical tree for an identical input.
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Online servers can also provide a rapid service with the same drawback in terms of

repeatability.

MrBayes trees

MrBayes (Huelsenbeck and Ronquist, 2001) combines prior probability with maximum
likelihood producing the most likely phylogenetic tree for the given data. MrBayes
would produce the same tree for the same MSA when either unrooted or rooted by the
same sequence and consistency is important. For ASR input MrBayes files were always
used rather than the FastML tree builder even though MrBayes is computationally

hungry from the point of view of a standard desktop computer.
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Appendix |

S1 A comparison between a MrBayes trees before (this page), and after (following
page) removal from the Multiple Sequence Alignment (MSA) of stretches of sequence
insert found in less than 10% of species. This is done to prevent FastML from filling the
gaps and producing unreasonably long ancestors. The tree was submitted unrooted for
the purpose of ASR but have both been rooted here by Amphimedon queenslandica
(Queensland sponge) which has the least sequence in common with the others in order
to show the posterior probability at the nodes and the number of residue changes per site
on the branch labels. The multiple sequence alignment (MSA) that produced this full-

length sequence tree was 1,032 residues long.
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Appendix |

This is the same tree - but with some sequence removed to reduce the extent of the gaps.
This is where it is more parsimonious that the residues represent an insert in less than

10% of species rather than a loss from the remainder of the species.

The MSA that produced this tree was 888 residues, i.e. 144 residues have been removed
from the total length of the MSA. We anticipate that the changes per residue will be

altered by this treatment but not the relationships between sequences.
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Appendix Il

S2 R. irregularis I-TASSER results. Red type indicates structures unlikely to retain function, blue
indicates lack of confidence. Catalytic tetrad is marked in dark blue where residues are conserved

and light blue where similar residues are in their place. These structural predictions are in the order
that they appear in Fig. 4b.5 Fates of the R. irregularis expansion.

Accession number, I-
TASSER C score,
catalytic residues,

annotation, notes, Pfam
domain annotation

I-TASSER Predicted
Structure

Accession number, I-TASSER
C score, catalytic residues,
annotation, notes, Pfam
domain annotation

I-TASSER Predicted
Structure

U9uU3P8
Confidence score (C score)
1.54
DEDH
PIWI-Like
A large portion of the N
terminal domain is absent
(circled) but the PAZ
domain is intact.
Pfam — lacks N domain.
663 residues

U9UAG7
C score 0.30
DEDH
‘Uncharacterised’

PAZ and N domains are poor.
Pfam — lacks part of PAZ and N
domain is missing.

544 residues — this is not annotated
as a fragment and is more similar
to short bacterial proteins.

U9SKFO?
C score 0.24
U9IsSQW1 DPAR
C score 0.77 ‘Uncharacterised’
DEDH DPAR at the catalytic site may not
AGO impede RNA binding however

Pfam finds a lack of MID
domain however FATCAT
aligns this with HSAGO2
crystal structure with 811 of
837 residues.

there is some loss of structure in
the PAZ domain (circled)®.
Pfam — finds a lack of MID
domain but a FATCAT alignment
with HSAGO2 finds it almost
entirely complete.
897 residues

U9USE1
C score -1.53
DEDH
AGO
The excess C terminal
accounts for the poor C
score. It is unlikely to affect
function.
This sequence has the
signature of a PIWI protein
(LFYL) if it were not for the
excess sequence.
Pfam are unable to define
the excess sequence.
1094 residues

U9uIX7
C score 1.30
DEDH
‘Uncharacterised’
PAZ domain is poor
Pfam —PAZ and N domain is
missing and additionally has some
extra PIWI domain.
489 residues — this is not annotated
as a fragment and is more similar
to short bacterial proteins.

Uouv71
C score -1.72 uaTQsy
C score -0.27
DE—-
Catalytic residues not DEDH
y ‘Uncharacterised’
present

‘Uncharacterised’
Superficially OK but
structurally not similar.
Pfam finds a MID domain
and an incomplete PIWI
domain.

923 residues

Pfam finds some of the MID
domain missing and in this case
when aligned with HSAGO?2 via
FATCAT we find that the RNA

binding pocket may be
compromised.
862 residues
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Accession number, I-
TASSER C score,
catalytic residues

annotation, notes, Pfam
domain annotation

I-TASSER Predicted
Structure

Accession number, I-
TASSER C score, catalytic
residues, annotation, notes,

Pfam domain annotation

I-TASSER Predicted Structure

U9SXZ8
C score 1.53 U9SSIL
DEDH c 0.60
‘Uncharacterised’ SIS(I)ErIeDH.
PAZ domain is completely
lacking AGO
403 residues - this is not Pfam finds all domains complete.
annotated as a fragment and 803 residues
is more similar to short
bacterial proteins
U9Isvo2
Cscore 1.13 U9ISXX2
SDNR C score 1.56
AGO DEDH

This is currently in our ‘not
sure’ basket. Structurally the
RNA binding pockets are
complete as is the PIWI
domain.

Pfam finds that the N

‘Uncharacterised’

Pfam finds all domains complete,
however there are two f sheets
missing (circled) although binding
within the PAZ pocket may not be

ih e micci ; essential.
domain is missing but this .
may not impede function. 801 residues
683 residues
U9STTS8
C score -0.07 uUou974
DGN- C score 0.24
AGO RED-

The coil is missing that
would have the histidine so
we find the PIWI domain
incomplete.

Pfam finds some N domain
missing, other domains are
present but the PIWI
domain has an extra PIWI
segment.

‘Uncharacterised’
Too much structure is lacking
including catalytic sites.
Pfam finds incomplete PAZ and
MID domains, though they state
that PIWI is complete which is not
what we see here.

628 residues — this is annotated as

a fragment.
728 residues
U9sw52
Uu9T923 C score 1.30
C score 2.00 (this is the DEDH
highest possible score) AGO

DEDH
AGO

Pfam finds all domains
complete.

816 residues

Parts of the N domain are missing.
Pfam finds that the N domain is
missing. Again this may not
impede function and this protein is
annotated as an argonaute.

678 residues
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Accession number, I-
TASSER C score,
catalytic residues,

annotation, notes, Pfam
domain annotation

I-TASSER Predicted
Structure

Accession number, I-
TASSER C score, catalytic
residues, annotation, notes,

Pfam domain annotation

I-TASSER Predicted Structure

U9TIWS
C score 1.90
DEDH
AGO

Pfam finds all domains
complete.

824 residues

U9T5B0
C score 0.66
DEDH
AGO

Pfam finds the N domain missing,
this may not impede function.

692 residues

U9URB1
U9TSED ¢ SEO;':'JQ
Cscore 1.13 AGO
DEDH . .
AGO Pfam finds all domains complete,
) ] yet the I-TASSER C score is
There is some N domain particularly low. This sequence
lacking. has greater primary homology
Pfam finds the N domain is with HSAGO2 than does U9T923,
lacking. which has a very high score and
690 residues we can see no reason for the
discrepancy.
843 residues
U9TXA2 UIUWNVO
C score 0.64 C score -1.73
DEDH DDDH
AGO AGO
Pfam f|nd§ th_e N domain There is some f sheet missing
missing.

757 residues — this is
annotated as a fragment
although has been upgraded
from uncharacterised to
AGO within the time frame

from the PAZ domain, which may
not preclude RNA binding.
Pfam finds all domains complete
but once again the I-TASSER
score is poor.

949 residues

of the study.
U9SL X6 U9SN94
C score 0.22 C score -0.37
DEDH DEDH
AGO AGO
Pfam finds all domains Pfam finds all domains complete.
complete.

842 residues

870 residues
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Accession number, I-
TASSER C score,
catalytic residues,

annotation, notes, Pfam
domain annotation

I-TASSER Predicted
Structure

Accession number, I-
TASSER C score, catalytic
residues, annotation, notes,

Pfam domain annotation

I-TASSER Predicted Structure

U9sI169

C score 0.64
SEDH
AGO

Pfam finds all domains
complete.

827 residues

uouQ28
C score 0.24
SERR
‘Uncharacterised’

The structure isn’t all that
convincing and the catalytic
residues aren’t either.
Pfam finds the MID domain is
missing and the PIWI domain
lacks integrity

580 residues

UosuD1
C score 0.34
SEDH
AGO
This is still likely to have
some function.

Pfam finds all domains
complete.

834 residues

U9sL93
C score 0.90
DEDS
AGO

This is still likely to have some
function, there is a histidine very
close to the serine which may play
a part but this isn’t essential to
RNA binding.

Pfam finds all domains complete.

831 residues

# A caveat must be applied here because the lack of apparent structure could be an artefact of the structural

prediction or of the PyMol interpretation of the pdb file. This applies to all of the predicted structures but in
this case the residues are there but we can’t be certain whether they do or do not form a helix. The FATCAT
alignment shows the R. irregularis residues aligning with the helix entirely.

Some sequences are annotated as fragments and are marked as such in the detail. Some are simply MID and
PIWI domains which is a situation common in bacterial argonautes
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APPENDIX III

S1 Logo of the posterior probability for the reconstruction of node 1 for the sequences that went to
make up the ancestor ‘Ciliate 2b’. Panels read from top to bottom and continues from the top of the
adjacent panel 100% probablllty is indicated by whole letters.
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APPENDIX 1l

S2 Ancestral sequences calculated at node 1 for each ancestor.

Group, catalytic
sequence, C
terminal
signature and
notes

I-TASSER Predicted
Structure

Group, catalytic
sequence, C
terminal
signature and
notes

I-TASSER Predicted
Structure

Stramenopile ancestral sequences

Stramenopiles group
1

DEDH
MYFV

Has the RGGG
repeats at the N
terminal

I-TASSER C score
-0.5

Stramenopiles group
2

DEDH
MYYV

Does not have
RGGG repeats at the
N terminal

I-TASSER C score
-0.86

Stramenopiles group
3

DEDH
MFFI

Has the RGGG
repeats at the N
terminal

I-TASSER C score
-1.69

Ciliate ancestral sequences

Ciliates group la
DEDH
LYFL

I-TASSER C score
1.49

Ciliates group 1b
DEDH
LFFI

I-TASSER C score
1.55

Ciliates group 2a
EEQE
LYYL

I-TASSER C score
-0.89

Ciliates group 2b
DEDK
LHFL

I-TASSER C score
-1.04
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Group,
catalytic
sequence, C
terminal
signature and
notes

I-TASSER Predicted
Structure

Group,
catalytic
sequence, C
terminal
signature and
notes

I-TASSER Predicted
Structure

Kinetoplast ancestral sequences

Kinetoplast PIWI-
like ancestor

Kinetoplast AGO-
like ancestor

DEDH DERS
LWFL MHYL
I-TASSER C I-TASSER C
score —2.02 score —1.71

Plant ancestral sequences
Plant4 6 8 9 Plant 2_3_7 RNA
chromatin binders
modifiers DERH
DEDH MEYC
MFFC I-TASSER C
I-TASSER C score —1.66
score 0.09
Plant1_5_10
Slicers
DEDH
MFFC
I-TASSER C
score —1.88
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