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Abstract
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Chair of the Supervisory Committee:
Affiliate Assistant Professor Harmit S. Malik
Department of Genome Sciences

The evolutionary history and genetic composition of mammals has been strongly influenced by viruses.
This is reflected by evolved mechanisms of host defense mediated by restriction factors that are in an
arms race to win over recurrent viral pressure. Restriction factors demonstrate genetic innovation,
observed in forms such as positive selection and recurrent births of novel antiviral genes, that serves as
a beacon to signify and study this arms race. In this dissertation, | explore these signals of genetic
innovation to identify new restriction factors and extrapolate from them insights into the history of
host-virus interactions. | first describe an ancient antiviral TRIM5-CyclophilinA gene fusion, termed
TRIMCypA3, which likely protected primate ancestors 43 million years ago, but has since decayed. | then
present an analysis of the primate TRIM multigene family and highlight members displaying signatures
of positive selection, which represent novel restriction factor candidates. Amongst these, | focus on
TRIM52 that demonstrates a unique genetic innovation in the RING domain, suggesting a novel
recognition domain. Finally, | present an additional analysis of primate genomes designed to catalogue
CypA retrogenes and explore their evolutionary history, given that a pilot exploration of CypA
retrogenes led to the discovery of TRIMCypA3. A systematic examination has highlighted several other
retrogene copies with diverse evolutionary histories suggesting both preservation and innovation. The
genetic innovation explored in this dissertation has highlighted several restriction factor candidates
amongst the TRIM gene family and numerous CypA retrogenes encoded within primate genomes that

has set a foundation to discover novel antiviral genes.
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Chapter 1

Introduction

Viruses are an unavoidable burden. This is evident by the rich documented history of viral infections that
has been recorded on modern-day infections, as well as records dating back 100s and 1000s of years
(Barquet and Domingo 1997, Riedel 2005). Along with this written record, host genomes contain
evidence of ancient viral infections that can be detected via evolutionary analysis of host-encoded
genes. This process is termed indirect paleovirology and has focused on detecting genetic innovation of
host antiviral genes to infer selective pressure from ancient viruses (paleoviruses) (Patel, Emerman et al.
2011). In this dissertation (Chapters 2-4), | describe several forms of genetic innovation in host genes

that indicate ancient viral infections and explore the implications of these signals.

Although records of paleoviruses are not likely to be found in fossil layers of rock or captured in amber,
their existence is occasionally recorded in the genomes of their animal hosts, revealed by direct
paleovirology. Remnants of viral genomes found in host genomes are referred to as Endogenous Viral
Elements (EVEs) (Katzourakis 2010). The first EVEs to be characterized were of tumor-associated
retroviruses in the 1960s (Weiss 2006). Endogenization of these viral genomes (proviruses) is due to an
obligatory integration stage of the viral replication lifecycle involving virus-encoded reverse
transcriptase and integrase genes (Figure 1.1). Retroviral-EVEs can be found in all mammalian genomes
and comprise ~8% of the human genome (Griffiths 2001). Since the discovery of these first retroviral-
EVEs and the development of genome sequencing technologies, the endogenized genomes of both
retrovirus and non-retroviruses have surfaced in animal genomes (Holmes 2011, Horie and Tomonaga

2011).

Finding EVEs of non-retroviruses (e.g. DNA viruses) in animal genomes is unique given that integration is
not obligatory (Figure 1.2). Their presence in host genomes is likely due to interactions with processes
such as LINE-mediated retrotransposition or non-homologous end joining. If integration has occurred in
the host germline, the EVE is able to propagate into subsequent generations as a heritable unit (Holmes
2011, Horie and Tomonaga 2011). The age of an EVE can be calculated based on the presence or
absence of orthologous EVEs between closely and distantly related species (Figure 1.2) (Holmes 2011).

In specialized cases (i.e. retroviral-EVEs), the homology of the long terminal repeats (LTRs) can be used
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Figure 1.1 Postentry restrictions within the retroviral lifecycle. Primate TRIM5 and related TRIMCyp
restrict lentiviruses postentry at the stage of uncoating (Diaz-Griffero, Vandegraaff et al. 2006, Stremlau,
Perron et al. 2006). Mus Fv1 similarly restricts postentry, though further downstream to inhibit nuclear
import (Jolicoeur and Rassart 1980). This figures is from (Yan and Chen 2012) with permission (License
Number: 3080370479841).
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Figure 1.2 History of diverse viral infections documented by endogenous viral elements (EVEs) in host
genomes. Despite distinct replication strategies, viral fossils (EVEs) of DNA and RNA have been found
within the genomes of mammalian hosts. The date of fixation serves as a proxy for dating the ancient
infections (host-virus interactions) and can be decoded by evaluating orthologous EVEs in closely and
distantly related species. This figure is from (Katzourakis 2010).



to determine the date of integration based on the host neutral substitution rate (Katzourakis, Tristem et
al. 2007). Based on these methods, the age of a virus fossil in an animal genome can be reliably
determined and has revealed a deep and rich history of viruses (e.g. Bornaviruses, Hepadnaviruses, and

Lentiviruses) (Holmes 2011, Horie and Tomonaga 2011, Gifford 2012).

1.1 History of lentiviruses

The human immunodeficiency virus (HIV), causative of acquired Immunodeficiency syndrome (AIDS), is a
relatively new pathogen that entered the public awareness during the early/mid 1980s (www.aids.gov).
However, sampling and phylogenetic analysis of tissue samples preserved in 1960 from Kinshasa,
Democratic Republic of the Congo support HIV circulating in the human population as early as the

late 19" century/early 20™ century (Worobey, Gemmel et al. 2008). HIV belongs to the family of
retroviruses, identified on the genus level as Lentiviridae. Retroviruses have a high mutation rate and
sequence diversity that confounds reliable dating of viruses (Sharp, Bailes et al. 2000). While the true
date that HIV entered the human population is contentious, mounting evidence suggest lentiviruses

have infected other mammalian lineages for millions of years.

Mammals harboring lentiviruses can be placed into two major groups: Laurasiatheria and Supraprimates
(Gifford 2012). Lentiviruses were initially recovered from ungulates, with the first being recovered from
horses (equine), now known as equine infectious anemia virus (EIAV) (Clements and Zink 1996, Leroux,
Cadoré et al. 2004). However, the agent infecting horses was not initially characterized as a retrovirus
due to tissue culturing-related complications. Instead, the first retrovirus to be identified as “lentivirus”
was characterized in sheep and identified as ovine maedi-visna virus (OMVV) (Sigurdsson 1954, Straub
2004). Goats and cattle (bovine) were later found to harbor lentiviruses (Clements and Zink 1996). Also
amongst Laurasiatheria, several species of the Felidae family are infected by lentiviruses (Clements and
Zink 1996, O'Brien, Troyer et al. 2012). Unique amongst the Laurasiatheria group, evidence of lentiviral
infections amongst species of the weasel family derive from the discovery of lentivirus fossils within
their genomes (Cui and Holmes 2012, Han and Worobey 2012). The lentivirus-EVEs were initially found
due to bioinformatic queries of the ferret (Mustela putorius furo) genome and labeled Mustelidae
endogenous lentivirus of Mustela putorius furo (MELVmpf). Closely related species within the weasel
family were investigated for the presence or absence of MELVmpf to determine the date of the ancient

lentivirus infections by taxonomic distribution and concluded the acquisition occurred 8.8-11.8 million



years ago (Mya). Thus, some lentiviral infections within Laurasiatheria are predicted to be ancient,

occurring millions of years ago.

The first lentivirus-EVE was discovered in the European rabbit (Oryctolagus cuniculus) genome and
labeled rabbit endogenous lentivirus type K (RELIK) (Katzourakis, Tristem et al. 2007). This finding
dramatically altered the comprehension of lentivirus, as this was the first time lentiviruses
demonstrated the capacity for germline infection and an infectious history in the millions of years range.
RELIK orthologs were later found in the European hare (Lepus europaeus) and determined to only be
found within a subset of species within lagomorphs (Keckesova, Ylinen et al. 2009). Based on the
phylogenetic relationship of rabbits and hares, the acquisition of RELIK in lagomorph genomes is
predicted to have occurred at least 12 Mya. Supported by the more recent discovery of MELVmpf,
lentiviruses appear to have been circulating amongst mammals for at least 12 million years and were

capable of more diverse infections than is demonstrated by modern-day exogenous lentiviruses.

Primates are unique as certain lineages are infected by modern-day lentiviruses, while other lineages
show evidence of ancient lentiviral infections. Evidence of ancient infections derive from finding two
distinct lentivirus-EVEs in Madagascar lemurs, labeled grey mouse lemur and fat-tailed dwarf lemur
prosimian immunodeficiency virus (pSIVgml and pSIVfdl) (Gifford, Katzourakis et al. 2008, Gilbert,
Maxfield et al. 2009). Remarkably, it was estimated that the two distinct lentivirus-EVEs were acquired
around roughly the same time, ~4.2 Mya. Modern, exogenous lentiviruses are not naturally found in
prosimian primates. Thus, pSIVgml and pSIVfdl demonstrate that prosimians were at one time infected
with lentiviruses, but that the pathogen was overcome and abolished within this lineage of primates. No
other extant primate has been found to harbor lentivirus-EVEs within their genome despite the fact that
more than 40 different exogenous simian immunodeficiency viruses (SIVs) are currently circulating

amongst simian primates (Keele, Jones et al. 2009, Sharp and Hahn 2010, Sharp and Hahn 2011).

Modern-day lentiviral infections of primates demonstrate a host range that is not reflected by lentiviral-
EVEs. To date, 4 distinct HIV-1 groups have been identified: M (Major or Main), N (non-M, non-0), O
(outlier), and P (Plantier, Leoz et al. 2009, Sharp and Hahn 2010, Sharp and Hahn 2011), which derive
from cross-species transmissions of SIV from chimpanzee (Pan troglodytes) and gorilla (Gorilla gorilla
gorilla) (SIVcpzPtt and SIVgor). HIV-2 was characterized several years after HIV-1 and cases to date have

been split into groups A-H (Sharp and Hahn 2011). All cases of HIV-2 are thought to derive from cross-



species transmissions from the SIV of sooty mangabey (Cercocebus atys atys) (SIVsmm) (Sharp,
Robertson et al. 1995, Santiago, Range et al. 2005, Sharp and Hahn 2011). More than 40 SIVs with
natural non-human primate hosts have been discovered since the initial discovery of HIV-1 and HIV-2
(Clements and Zink 1996, Liégeois, Lafay et al. 2009, Worobey, Telfer et al. 2010). This has revealed that
cross-species transmissions have also occurred between non-human primates (Charleston and
Robertson 2002, Sharp and Hahn 2011). Discoveries of SIVs from primates isolated for ~10,000 years on
Bioko Island from mainland Africa has set the current age estimate of SIVs in primates to ~32,000 years
based on phylogenetic analysis (Worobey, Telfer et al. 2010). This estimate derives from the comparison
of SIVs from island primates to their mainland counterparts. This supports the conclusion that lentivirus

infections of primates are not a recent occurrence.

1.2 Host restriction factors

Animals have not been helpless during this long-lived exposure to viral pathogens and have evolved
defense mechanisms in response to continued and recurrent viral threats. Complemented by the
adaptive immune system, the innate immune system is the front line defense against microbial
pathogens. This system is primed to detect non-host, viral ligands (referred to as pathogen-associated
molecular pattern or PAMP) via pathogen recognition receptors (PRRs). When triggered, PRRs will
initiate a signaling cascade activating interferon and interferon stimulated genes (ISGs) that function to
defend an infected cell and directly inhibit viral replication (reviewed in (Wilkins and Gale 2010, Yan and
Chen 2012)). Here | will focus on an arm of the innate immune response that encodes for potent

antiviral genes, termed here as restriction factors.

Host-encoded restriction factors have several distinctive characteristics. For example, we can distinguish
restriction factors from other components of the innate immune response as restriction factors directly
interact with viral proteins, with interactions being driven by either the host or virus. In some instances,
this direct interaction can lead to successive adaptation by both the virus and host, establishing an
evolutionary arms race in which one of the two players (host or virus) adaptively/rapidly evolves to gain
an upper hand that then places evolutionary pressure on the “losing” player to subsequently adapt
(Figure 1.3A). This scenario was formally described by Leigh Van Valen (Van Valen 1973) via the “Red
Queen hypothesis”, inspired by Lewis Carroll’s 1871 “Through the Looking-Glass, and What Alice Found
There.” The Red Queen hypothesis describes an evolutionary scenario where two genetic species

antagonize each other in a cyclical fashion (Daugherty and Malik 2012). Intriguingly, restriction factors



are themselves almost always targeted and antagonized by a viral protein (viral antagonist) (Duggal and
Emerman 2012), leading to an arms race in which the viral antagonist and host-encoded restriction
factor successively adapt to antagonize and evade, respectively (Figure 1.3B). We can detect signals of a
restriction factor engaged in a host-virus arms race when it exhibits signatures of positive selection
(Sawyer, Emerman et al. 2004, Sawyer, Emerman et al. 2007), an enrichment for non-synonymous
(amino acid-altering mutations) changes compared to synonymous (silent mutations) in the coding
sequence (Yang 1997, Nielsen and Yang 1998, Yang 1998, Suzuki and Gojobori 1999, Yang and Bielawski
2000) (Figure 1.3C). In the context of a host-virus arms race, rapid evolution of the restriction factor is
interpreted as the consequence of repeated selective pressure imposed by the virus. This provides a
unique opportunity to date selected changes via phylogenetics, thus resolving the date of the selective

pressure.

Species-specificity underlies the discovery of a majority of restriction factors. Often, identifying
differences in permissiveness versus non-permissiveness of a cell type to viral infection leads to the
discovery of a novel restriction factor or extends the functionality of those that are presently
established. Differences between orthologous restriction factors of related species can be explained as
the consequence of adaptive evolution driven by the host-virus arms race. Therefore, while a bona-fide
restriction factor in one species functions to restrict a particular virus in one species, an orthologous

restriction factor may not function equally in another species.

Similar to the direct paleovirology approach of investigating animal genomes for the fossil records of
viruses, an alternative, indirect methodology focused on restriction factors can also be informative of
age and nature of ancient viruses (Patel, Emerman et al. 2011). In this dissertation, | will describe my
approaches to paleovirology using a restriction factor-centric approach that focuses on the evolutionary
innovations exhibited by presently established restriction factors (e.g., positive selection). | will
demonstrate that this approach is able to identify bona-fide restriction factors and generate a source of
restriction factor candidates. | will further demonstrate that the characterization of these restriction
factors also serves to enrich the history present-day viral pathogens. This serves to cement the utility of

evolutionary biology in the understanding of present-day and historical host-virus interactions.
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Figure 1.3 Host-virus arms race. A host-virus evolutionary arms race is posed from the interaction of
host and virus proteins. (A) A scenario in which the host-encoded protein targets a viral protein for
restriction places selective pressure on the virus to evade recognition. If the virus evolves to evade the
“offensive” host protein, the virus is acknowledged as “winning” in this snapshot of the arms race and
places selective pressure on the host protein to evolve and regain recognition. (B) A scenario in which
the virus instigates an interaction places the targeted host protein on the “defensive” and under
selective pressure to abrogate this interaction. If this takes place, the host and virus are thus
acknowledged as “winning” and “losing”, respectively. Selective pressure on the virus directs the protein
to regain the interaction and antagonism of the host. (C) The sites of interaction between the host and
virus proteins engaged in an arms race may exhibit positive selection, reflected by an enrichment of
non-synonymous changes and residue changes compared to synonymous (silent) mutations. The rate of
non-synonymous changes (dN) compared to the rate of synonymous changes (dS) generates a ratio that
describes the tempo of evolution acting on a gene or domain. When this ratio (dN/dS) is greater than 1,
this reflects positive selection. A ratio less than 1 reflects purifying selection (suppression of residue-
altering codon changes). When the ratios are statistically indistinct, dN/dS is equivalent to 1 and reflects
the gene to be evolving at a neutral rate. This figure is adapted from (Daugherty and Malik 2012).



1.2.1FvV1

The first restriction factor to be characterized was Friend virus susceptibility factor 1 (Fv1l) from studies
on resistance to Friend murine leukemia virus (MLV) in mice (Lilly 1967). Prototypical Fv1 alleles
recovered from National Institutes of Health (NIH) Swiss (Fv1") and BALB/c (FV1®) mice were soon
identified for their differential restriction of MLV strains (Hartley, Rowe et al. 1970). Homozygous Fv1"
mice were susceptible to N-tropic MLV strains, while homozygous FV1® mice restricted N-tropic MLV
infection. Conversely, homozygous FV1® mice were susceptible to B-tropic MLV strains, while
homozygous Fv1" mice restricted B-tropic MLV infection. Fv1 was later cloned, making it the first
restriction factor to be cloned. Unexpectedly, Fvl was found to have viral origins; it encodes the gag
region of a retroviral-EVE (MERV-L) (Best, Le Tissier et al. 1996). Thus, Mus genomes utilize a
domesticated retroviral gag as a restriction factor. An investigation of Fv1 evolution across the Mus
genus determined the gene to be rapidly evolving for ~7 million years (Qi, Bonhomme et al. 1998, Yan,
Buckler-White et al. 2009). Sites of positive selection were found to overlap with regions and specific
residues previously highlighted for impacting or being critical for restriction, and supported a model in
which Fv1 directly binds to the capsid (CA) of viruses (Kozak and Chakraborti 1996, Bishop, Bock et al.
2001, Stevens, Bock et al. 2004, Yan, Buckler-White et al. 2009). While restriction by Fvl was known to
occur postentry and pre-integration (Figure 1.1), details to the mechanism have remained elusive.
However, it was soon after demonstrated that FV1 directly interacts with the CA protein of the
assembled viral core (Hilditch, Matadeen et al. 2011) reinforcing the long-standing model and the
conclusions of the evolutionary analysis. Thus, while Fv1 derives from viral origins, the restriction factor

has been adaptively evolving in the direct defense of Mus species for millions of years.

1.2.2 TRIM5

Non-murine Mammals also exhibit evidence of a FV1-like restriction factor despite not encoding a FV1
gene (Shibata, Sakai et al. 1995, Best, Le Tissier et al. 1996, Himathongkham and Luciw 1996, Hofmann,
Schubert et al. 1999, Besnier, Ylinen et al. 2003, Towers, Hatziioannou et al. 2003). The human Fv1-like
restriction factor was termed Restriction Factor 1 (REF1) (Towers, Bock et al. 2000) and the factor
identified in non-human primates was termed Lentivirus Factor 1 (Lvl) (Cowan, Hatziioannou et al.
2002). REF1 and Lv1 shared many features: restriction occurred postentry and prior to reverse
transcription, their viral target was CA, and restriction activity was saturable (Shibata, Sakai et al. 1995,
Himathongkham and Luciw 1996, Towers, Bock et al. 2000, Besnier, Takeuchi et al. 2002, Cowan,

Hatziioannou et al. 2002, Hatziioannou, Cowan et al. 2003). While the range of restriction differed



between REF1 and Lv1, it was later concluded that the human and non-human primate factors were in
fact variants of the same antiviral gene based on competition (cross-abrogation) assays (Besnier,
Takeuchi et al. 2002, Cowan, Hatziioannou et al. 2002, Hatziioannou, Cowan et al. 2003). For example,
an African green monkey (Agm) cell line was sequentially treated with two viruses known to be
restricted by that cell line (e.g., SIVmac and HIV-1). Upon treatment of the second virus, investigators
found that Agm cells were incapable of additional restriction activity. Based on the known restriction
limitations imposed by saturation kinetics, it was concluded that Lv1l was the sole factor responsible for
restriction of the two viruses. Similar cross-abrogation experiments and conclusions were made for
human REF1, supporting REF1 and Lv1 being the same factor. Shortly after, a screen of a rhesus
macaque cDNA library identified TRIM5 as the gene encoding Lv1 activity (Stremlau, Owens et al. 2004).
This was immediately followed by work to confirm that human REF1 and other primate Lvl were also in
fact TRIM5 (Hatziioannou, Perez-Caballero et al. 2004 Cowan, and Bieniasz 2004, Keckesova, Ylinen et al.
2004, Perron, Stremlau et al. 2004, Yap, Nisole et al. 2004, Song 2005 Park, Stremlau, Sodroski 2005). To
date, the antiviral activity of TRIM5 has further been extended and documented amongst closely related
homologs belonging to glires (Schaller, Hue et al. 2007, Tareen, Sawyer et al. 2009, Fletcher, Hué et al.
2010) and cows (Si, Vandegraaff et al. 2006, Ylinen, Keckesova et al. 2006). Later work showed that
TRIMS5 was well conserved in mammalian genomes, with the exception of cat and dog genomes, where
the TRIM5 gene had undergone independent pseudogenization/loss events (Sawyer, Emerman et al.

2007, McEwan, Schaller et al. 2009)

TRIMS is a member of the TRIM multigene family, which encodes more than 70 genes in humans and is
similarly expansive throughout primates (Reymond, Meroni et al. 2001, Han, Lou et al. 2011). Members
of the TRIM multigene family are characterized by a tripartite motif consisting of a RING (Really
Interesting New Gene) domain, one or two B-Boxes, and a Coiled-Coil motif, the order and spacing of
which are generally conserved (Meroni and Diez-Roux 2005, Nisole, Stoye et al. 2005). The RING domain
encodes a zinc finger motif and is associated with E3 ubiquitin ligase activity (lkeda 2000, Meroni and
Diez-Roux 2005, Pertel, Hausmann et al. 2011). The B-Box domain is another zinc binding motif that is
unique to TRIM genes and is responsible for higher-order assembly of TRIM5 dimers (Li and Sodroski
2008, Li, Yeung et al. 2011). Dimerization (lower-order oligomerization) of TRIMS is facilitated by the
Coiled-Coil domain (Kar, Diaz-Griffero et al. 2008, Langelier, Sandrin et al. 2008). An additional C-

terminal domain can be found on most TRIM genes, which is used to categorize TRIM genes into
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classifications denoted C-I to C-XI (reviewed in (Ozato, Shin et al. 2008, McNab, Rajsbaum et al. 2011)).
TRIMS5 and the majority of TRIM genes are classified as C-IV and encode a C-terminal B30.2 (PRYSPRY)
domain (Sardiello, Cairo et al. 2008). TRIM5 encodes several isoforms, all of which contain the RING, B-
Box, and Coiled-Coil domains (Reymond, Meroni et al. 2001, Battivelli, Migraine et al. 2011). Only the
longest of the isoforms, TRIM5a, contains the B30.2 and has antiviral activity (Stremlau, Owens et al.

2004).

Considerable variation in both the Coiled-Coil and B30.2 domains amongst primate TRIM5 orthologs led
to the discovery of ancient positive selection (Sawyer, Wu et al. 2005, Maillard, Ecco et al. 2010).
Positive selection in TRIMS5 served to rationalize the species-specific restriction variation observed
amongst primates and cemented the gene as involved in genetic conflict. Following the identification of
TRIM5 as a host-encoded factor targeting viral CA, the B30.2 domain gained recognition for regulating
restriction (Sayah, Sokolskaja et al. 2004, Javanbakht, Yuan et al. 2006 Sodroski 2006, Li, Li et al. 2006
Lee, Sodroski 2006, Perron, Stremlau et al. 2006, Stremlau, Perron et al. 2006 Sodroski 2006). Significant
work went into resolving the physical details of how TRIM5a interacts with CA. A tremendous step was
the finding that hexagonal TRIM5a assembles as a lattice directly to the surface of the retroviral core
(Ganser-Pornillos, Chandrasekaran et al. 2011). The B30.2 domain was found to be necessary for the
higher-ordered TRIM5a structure to associate with CA. The consequence of this interaction is thought to
accelerate the uncoating of the CA from the viral core structure and abrogate subsequent replication
stages (Stremlau, Perron et al. 2006 Sodroski 2006). As would be predicted from the detection of
positive selection, restriction is mediated by variation in the B30.2 domain and viral CA (Sawyer, Wu et
al. 2005, Sebastian and Luban 2005, Ohkura, Yap et al. 2006, Kirmaier, Wu et al. 2010, Maillard, Ecco et
al. 2010). Based on where functional variation occurred on a phylogeny, we can determine when in
evolutionary time selective pressure, from involvement in an arms race with a virus, resulted in those
changes (Patel, Emerman et al. 2011, Daugherty and Malik 2012). However, we cannot be sure what the
true identity of the viral pressure was for TRIMS5, although it was most certainly retroviral based on the
presently recognized restriction range (Hatziioannou, Perez-Caballero et al. 2004, Keckesova, Ylinen et
al. 2004, Perron, Stremlau et al. 2004, Yap, Nisole et al. 2004, Song, Javanbakht et al. 2005, Yap 2008).
Thus, as complemented by the viral fossil record contained within primate genomes, TRIM5 evolved
under recurrent and episodic positive selection as a consequence of a host-retrovirus arms race for

millions of years of primate history (Sawyer, Wu et al. 2005, Sawyer, Emerman et al. 2007). In Chapter 3,
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| present an evolutionary based analysis that identifies some novel examples of putative restriction

factors within the TRIM multigene family, based on their signatures of positive selection.

The mechanistic details of TRIM5a restriction remain elusive and an active of research. Some confusion
arises because TRIM5a antiviral activity manifests in several seemingly distinct routes. Restriction prior
to reverse transcription occurs in a proteasome-dependent manner (Figure 1.1) (Anderson, Campbell et
al. 2006, Wu, Anderson et al. 2006). Intriguingly, the proteasome serves to degrade TRIM5a, but only
when the restriction factor is in the presence of a restriction-sensitive virus (Rold and Aiken 2008).
Inhibition of the proteasome by MG132 treatment reveals a second restriction pathway that permits
reverse transcription of the viral genome, but inhibits nuclear entry (Anderson, Campbell et al. 2006,
Wu, Anderson et al. 2006). Restriction by TRIM5a also occurs via an indirect route through the
activation of TGF-activated kinase 1 (TAK1) that leads to the activation of the NF-kB and AP-1, promoting
downstream innate immunity signaling (Pertel, Hausmann et al. 2011, Tareen and Emerman 2011). Due
to the E3 ubiquitin ligase activity of the RING domain, TRIM5a generates unattached, K63-linked
ubiquitin chains that activate TAK1. This activity is amplified when TRIM5a interacts with the CA of the
assembled viral core. Therefore, TRIM5a is able to initiate a signaling cascade that leads to restrictive

conditions in an infected cell. Thus, TRIM5a restriction occurs via direct and indirect pathways.

1.2.3 CyclophilinA, an unconventional restriction factor

While the interaction of TRIM5a and CA results in restriction, the interaction of host-encoded
CyclophilinA (CypA) with CA has the potential for both viral restriction and enhancement. CypA encodes
peptidyl-prolyl isomerase activity catalyzing the cis-trans isomerization of proline residues within
peptides (Takahashi, Hayano et al. 1989). The role of CypA in the lentiviral lifecycle was initially
recognized as a positive factor for HIV-1, resulting in an increase in infectivity (Thali, Bukovsky et al.
1994). CypA was found to target the proline at position 90 (P90) of HIV-1 CA protein, facilitating a
conformational change of the proline and disassembly of the viral core (Franke, Yuan et al. 1994,
Braaten, Aberham et al. 1996, Gamble, Vajdos et al. 1996, Gitti, Lee et al. 1996). However, this CypA-
facilitated activity is not necessary for the fulfillment of the lentivirus lifecycle (Thali, Bukovsky et al.
1994, Wiegers, Rutter et al. 1999). In some primate lineages, a retrotransposed copy of CypA is linked to
the tripartite motif of TRIM5 (RING, B-Box, and Coiled-Coil domains) (Sayah, Sokolskaja et al. 2004,
Ribeiro, Menezes et al. 2005, Brennan, Kozyrev et al. 2008, Newman, Hall et al. 2008, Virgen, Kratovac et

al. 2008, Wilson, Webb et al. 2008). The fusion of TRIMS5 and CypA, termed TRIMCyp, combines the CA
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binding ability of CypA with the antiviral effector domains of TRIMS5. In these instances, the CypA domain
structurally and functionally replaces the B30.2 domain (See Chapter 2 for additional details). This fusion
generates a potent restriction factor that functions at the same early, postentry stage before reverse
transcription as TRIM5a (Figure 1.1) (Hatziioannou, Perez-Caballero et al. 2004, Perron, Stremlau et al.
2004, Stremlau, Owens et al. 2004, Sebastian and Luban 2005, Stremlau, Perron et al. 2006).
Remarkably, the discovery of an antiviral TRIMCyp gene fusion occurred at nearly the same time that
TRIMS5 was identified as the gene encoding REF1 and Lv1 activity (Sayah, Sokolskaja et al. 2004,
Stremlau, Owens et al. 2004). Thus, while lentiviruses hijack host-encoded CypA to improve fitness, this

interaction can also betray lentiviruses and result in robust restriction.

CypA is the prototypic representative of a family of Cyclophilins. There are as many as 9 Cyclophilin gene
family members identified in human that are all characterized by their peptidyl-prolyl isomerase activity
(Fischer, Bang et al. 1984, Takahashi, Hayano et al. 1989, Wang and Heitman 2005, Schaller, Ocwieja et
al. 2011). CypA was initially characterized for its high affinity to cyclosporineA (CsA), an
immunosuppressant drug (Handschumacher, Harding et al. 1984). The natural biological role of CypA is
contentious, and is thought to have a role in several biological processes, such as protein folding, and
apoptosis (Stamnes 1992; Matouschek 1995; Ou 2001; Min 2005; Uittenbogaard 1998; Nahreini 2001;
Decker 2003; Colgan 2004; Grimim 2007; Helekar 1994; Wang 2005). CypA is conserved throughout
eukaryotes and demonstrates evidence of evolving under strong purifying selection amongst primates,

suggesting a conserved biological role (Ortiz, Bleiber et al. 2006).

The human genome contains copious numbers of CypA retrogenes (Haendler and Hofer 1990,
Willenbrink, Halaschek et al. 1995, Zhang, Harrison et al. 2003). Retrotransposed genes are viewed as
evolutionary dead ends, as they are not expected to transpose with the necessary regulatory elements.
However, it is suspected that 20% of retrogenes in the human genome are transcriptionally active
(Marques 2005; Vickenbosch 2006). Indeed, several of the CypA retrogenes functionally express mRNA
(Harrison, Zheng et al. 2005) and the multiple TRIMCyp cases (Chapter 2) demonstrate that the CypA
retrogenes are capable of evolutionary routes other than dead ends. Expanding outside the TRIMCyp
cases, in Chapter 4, | use the conservation and evolution of CypA retrogenes to infer their impact on

primate and human evolution.
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Chapter 2
Birth, decay, and reconstruction of an ancient TRIMCyp gene fusion in

primate genome

TRIMS is a host antiviral gene with an evolutionary history of genetic conflict with retroviruses. The
TRIMCyp gene encodes a protein fusion of TRIM5 effector domains with the capsid-binding ability of a
retrotransposed CyclophilinA (CypA), resulting in novel antiviral specificity against lentiviruses. Previous
studies have identified two independent primate TRIMCyp fusions that evolved within the past 6 million
years (My). Here, we describe an ancient primate TRIMCyp gene (that we call TRIMCypA3), which
evolved in the common ancestor of simian primates 43 million years ago (Mya). Gene reconstruction
shows that CypA3 encoded an intact, likely active, TRIMCyp antiviral gene, which was subject to
selective constraints for at least 10 My, followed by pseudogenization or loss in all extant primates.
Despite its decayed status, we found TRIMCypA3 gene fusion transcripts in several primates. We found
that the reconstructed “newly born” TrimCypA3 encoded robust and broad retroviral restriction activity
but that this broad activity was lost via eight amino acid changes over the course of the next 10 My. We
propose that TRIMCypA3 arose in response to a viral pathogen encountered by ancestral primates but
was subsequently pseudogenized or lost due to a lack of selective pressure. Much like imprints of
ancient viruses, fossils of decayed genes, such as TRIMCypA3, provide unique and specific insight into

paleoviral infections that plagued primates deep in their evolutionary history.
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2.1 Introduction

Ancient viruses have selected for changes in host antiviral genes throughout primate evolution
(Emerman and Malik 2010, Patel, Emerman et al. 2011). Understanding when these adaptive changes
occurred, together with how they altered the antiviral specificities of these genes, can lead to strong
inferences about the existence of ancient viruses and their consequences on the modern function and
specificity of the primate innate immune system. For example, although the TRIM5a protein encodes a
retroviral restriction factor that blocks the viral life cycle of several retroviruses (Stremlau, Owens et al.
2004, Song 2005, Zhang 2006, Yap 2008), retroviral specificity varies among primates as a result of
ancient selection for changes in antiviral specificity (Sawyer, Wu et al. 2005, Li, Li et al. 2006, Kaiser,
Malik et al. 2007, Kirmaier, Wu et al. 2010). These species-specific differences in TRIM5a are due to
dramatic variation in both the Coiled-Coil and B30.2 domains, which are responsible for the interaction
with the viral capsid protein of a variety of retroviruses (Sebastian and Luban 2005, Maillard, Ecco et al.
2010). Thus, innovation for capsid-binding specificity has directly resulted in rapid changes in TRIM5a.
An additional form of genetic innovation in the TRIMS5 locus involves novel gene fusions. Such a gene
fusion was first identified in owl monkeys (Aotus trivirgatus), which encode a fusion protein between
the TRIMS5 gene and a retrotransposed CyclophilinA (CypA1) gene, called the TRIMCyp gene fusion
(Sayah, Sokolskaja et al. 2004). The retrotransposition of CypA between exons 7 and 8 of owl monkey
TRIMS5 (Sayah, Sokolskaja et al. 2004) occurred 4.5—-6 Mya (Ribeiro, Menezes et al. 2005, Perelman,
Johnson et al. 2011). Like TRIM5aq, the resulting TRIMCyp protein contains RING, B-Box 2, and Coiled-Coil
domains. However, a CypA domain has structurally and functionally replaced the B30.2 domain as the
capsid-binding determinant (Thali, Bukovsky et al. 1994, Lin and Emerman 2006). The resulting fusion of
TRIMS5 effector domains with the capsid-binding ability of CypA in owl monkeys generated a protein
with novel antiviral defense activity against HIV-1 (Nisole, Lynch et al. 2004, Sayah, Sokolskaja et al.
2004). This restriction occurs at the same early, postentry stage before reverse transcription as TRIM5a
(Hatziioannou, Perez-Caballero et al. 2004, Perron, Stremlau et al. 2004, Stremlau, Owens et al. 2004,

Sebastian and Luban 2005, Stremlau, Perron et al. 2006).

Several macaque species also encode TRIMCyp, which is the consequence of another, independent CypA
retrotransposition (CypA2 retrogene) downstream of the TRIM5 gene (Brennan, Kozyrev et al. 2008,
Newman, Hall et al. 2008, Virgen, Kratovac et al. 2008, Wilson, Webb et al. 2008). This event is also
estimated to have occurred 5-6 Mya (Dietrich, Jones-Engel et al. 2010). Unlike CypA1 in owl monkeys,

the CypA2-encoding TRIMS5 allele is found at varying frequencies across macaque species (Brennan,
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Kozyrev et al. 2008, Newman, Hall et al. 2008, Wilson, Webb et al. 2008, Dietrich, Jones-Engel et al.
2010). These two TRIMCyp gene fusions thus represent a remarkable case of convergent evolution in the

generation of novel antiviral specificity in the TRIM5 locus.

Here, by reconstructing a detailed evolutionary history of CypA retrogenes proximal to TRIM5 across
primates, we find two additional currently pseudogenized CypA retrogenes that inserted downstream of
the TRIMS5 gene 18-43 Mya in primate evolution. One of these (which we refer to as CypA3 in keeping
with prior nomenclature) is still expressed as a novel TRIMCyp gene fusion transcript in several Old
World monkeys. Our phylogenetic analyses date the origin of CypA3 to 43 Mya and find that TRIMCypA3
was maintained as an intact gene for at least 10 My, making it the most ancient TRIMCyp yet identified
in primates. Although CypA3 is decayed in all extant primates and the resulting TRIMCyp gene fusion is
defective, our evolutionary reconstruction and virological assays suggest that TRIMCypA3 encoded
broad and potent restriction activity following its birth. Our findings reveal that convergent evolution
has led to at least four independent CypA retrogene insertions proximal to TRIM5 and, consequently,
the formation of TRIMCyp at least three independent times in primate history. This further reflects the
intense, recurrent pressure imposed by ancient viruses. We posit that the currently inactive TRIMCypA3
gene fusion represents the fossil remnants of an ancient antiviral innovation that points to a retroviral
challenge before the common ancestor of all simian primates. Our study highlights the utility of antiviral

gene evolution for the study of paleovirology (Emerman and Malik 2010, Patel, Emerman et al. 2011).

2.2 Results

2.2.1 CypA retrogenes proximal to TRIM5

The TRIMS5 locus in primates consists of four intact TRIM genes: TRIM22, TRIMS5, TRIM34, and TRIM6
(Figure 2.1A), as well as a TRIM pseudogene, TRIMP1 (Figure 2.1A, dotted outline). Our analyses
revealed the presence of three CypA retrogenes proximal to and downstream of TRIM5 (Figure 2.1A).
The most proximal of these, located ~1 kb downstream of TRIM5 (Figure 2.1A and Figure A.1), is the
polymorphic CypA2 identified in previous studies (Brennan, Kozyrev et al. 2008, Newman, Hall et al.
2008, Stoye 2008, Virgen, Kratovac et al. 2008, Wilson, Webb et al. 2008) but missing from the reference
rhesus macaque genome, as it is not fixed within this macaque lineage. We discovered another CypA,
located ~14 kb downstream of TRIMS5, which we labeled as CypA3 (Figure 2.1A and Figure A.1). CypA3
lies within TRIMP1, which is ~40 kb long in the rhesus macaque genome but ~20 kb shorter in the

human and chimpanzee genomes. Finally, we discovered CypA4, located ~99 kb downstream of TRIM5
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(Figure 2.1A and Figure A.1) in the rhesus macaque genome. Neither CypA3 nor CypA4 was found in the

human and chimpanzee genomes (Figure 2.1B and Figure A.1).

To determine if the recurrence of CypA retrotranspositions into the TRIM5 locus was greater than what
we would expect from random insertions into the genome, we calculated the probability of finding three
independent CypA retrogenes within 100 kb of rhesus macaque TRIM5. We queried available primate
genomes for all CypA retrogenes and found over 100 CypA retrogenes distributed in the human,
chimpanzee, and rhesus macaque genomes, consistent with previous analyses of the human genome
(Zhang 2003}. Based on the number of CypA retrogenes and their distribution, we found the probability
of the three retrogenes in such close proximity to be highly non-random (P < 0.0233; Methods). We
therefore conclude that some recurrently acting selective pressure must have preserved CypA

retrogenes within the TRIMS5 locus.

2.2.2 Estimating the age of CypA2, CypA3, and CypA4

We sought to understand the temporal distribution of the CypA retrogenes proximal to the TRIM5 locus
among primate species. Using PCR and primers to flanking regions of each retrogene, we genotyped the
panel of primate genomes for the presence or absence of CypA2, CypA3, and CypA4 (Figure A.1). All
CypA retrogenes recovered in this analysis were subsequently sequenced to determine their potential to
encode a full-length ORF and for phylogenetic analysis. Consistent with previous reports (Newman, Hall
et al. 2008, Virgen, Kratovac et al. 2008), we found CypA2 to be present in lion-tailed macaque (Macaca
silenus) and pig-tailed macaque (Macaca nemestrina) genomes, each generating an ~2.3-kb band
(Figure A.1). We found no evidence of CypA2 outside of macaques. Our results are consistent with a
previous study that showed this retrogene is present only within the macaque lineage that arose 5-6

Mya (Newman, Hall et al. 2008).

In contrast to CypA2, we found CypA3 to be present throughout Old World monkeys as well as in
gibbons (Figure 2.1B and Figure A.1). CypA3 primers were not expected to generate a PCR product from
human and chimpanzee genomes due to an ~20-kb region deletion in TRIMP1 that corresponds to the
genomic region containing CypA3 (Figure 2.1A). Results from other hominoids (gorilla and orangutan)
suggest that this ~20-kb deletion occurred before the branching of humans and orangutans. We did not
observe the presence of CypA3 in any New World monkey genomes. Investigations of the assembled

marmoset genome (WUGSC3.2/callac3 and GenBank accession no. AC148555) revealed no evidence of
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Figure 2.1 Summary of CypA retrogenes proximal to TRIMS5. (A) Relative locations of the CypA
retrogenes are displayed below the representations of the TRIMS5 locus. CypA2 (light gray arrow), CypA3
(light blue arrow), and CypA4 (white arrow) retrogenes are ~1 kb, ~14 kb, and ~99 kb downstream of
TRIMS, respectively. The rhesus macaque TRIMP1 region contains an additional ~20 kb not present in
the human and chimpanzee TRIMP1. (B) Panel of primates investigated by PCR for CypA2, CypA3, and
CypA4 is shown in the phylogeny with the notation of retrogene presence or absence indicated to the
right. The plus (+) symbol indicates the presence of the CypA retrogene. The minus (-) symbol indicates
the absence of the CypA retrogene. Arrows with labels (CypA2, CypA3, Loss of CypA3, and CypA4)
indicate the point at which the retrogene was acquired or lost in primate evolution. In our analysis, we
recovered CypA2 from southern pig-tailed and lion-tailed macaques. However, given previous reports of
the origin and spread of CypA2 (28), we could place the date of its acquisition at the root of the
macaque lineage. CypA3 sequences, along with pseudogenizing mutations, are represented for those
primates found to encode the retrogene. Stop and Fs denote a stop codon and a frameshift mutation in
the CypA3 sequence, respectively.
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CypA3 within the ~20-kb stretch between TRIM5 and TRIM34 (Figure A.2). Additional searches of
another New World monkey, Nancy Ma’s night monkey (Aotus nancymaae; Genbank accession no.
AC183999), also did not reveal the presence of CypA3 in TRIMP1. Therefore, based on orthologous
CypA3 retrogenes in gibbons and Old World monkeys (see below), we can estimate that the ancestral
CypA3 retrogene was acquired in primates at least before the Old World monkey/hominoid split (Figure

2.1B), which occurred 32 Mya (Perelman, Johnson et al. 2011).

Similar assays revealed that CypA4 is present in all Old World monkeys assayed but not outside this
clade (Figure 2.1B and Figure A.1). This suggests that CypA4 retrotransposed before the common
ancestor of Old World monkeys, at least 18 Mya (Perelman, Johnson et al. 2011). Thus, both CypA3 and
CypA4 considerably predate the macaque-specific CypA2 retrogene.

2.2.3 Extant transcriptional expression of a pseudogenized TRIMCypA3 gene fusion

To determine whether the retrotransposition of CypA3 or CypA4 into the TRIM5 locus led to the
formation of novel TRIMCyp gene fusions, we probed total mRNA from fibroblasts from 16 primate
species by RT-PCR, with the forward primer located in the RING domain of TRIM5 and the reverse
primer designed to either CypA3 or CypA4. We identified four Old World monkeys (vervet monkey, De
Brazza’s monkey, patas monkey, and talapoin) that expressed TRIMCyp transcripts, which included the
CypA3 retrogene on their 3@-end (Figure 2.2). We found three distinct isoforms of TRIM5-CypA3
(TRIMCypA3) transcripts. Only one of these, isoform-1, has its CypA3 in-frame with TRIM5 exons, where
it would be translated as a TRIMCyp gene fusion. Isoform-1 encodes TRIM5 exons 2—7, a short stretch of
the upstream region of CypA3, and the CypA3 coding region. The other two isoforms would not result in

an in-frame TRIMCyp gene fusion (Figure 2.2).

Intriguingly, a shared feature of the gene fusions, including those found in the owl monkey and macaque
is the inclusion of a short segment corresponding to the region immediately upstream of the CypA
retrogene coding region (Figure 2.2, labeled CypA upstream region, and Figure A.3A). This short DNA
segment, which appears to originate from the 5E-untranslated region of the parental CypA gene,
encodes a cryptic splice acceptor site that appears conserved throughout mammals (Figure A.3B). At
least among primates, this region provides the splice acceptor site and sequences necessary for an in-
frame fusion of the CypA retrogene with the TRIMS5 effector domains, thereby facilitating formation of

the TRIMCyp fusion transcripts.
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Sequencing the CypA3 retrogenes from our PCR survey (Figure A.1) revealed signs of pseudogenization
in each case (Figure 2.1B and Figure A.3), with either a nonsense mutation or a frameshift in their ORF
(Figure 2.1B). A premature stop codon was identified at the 19th codon of CypA3 in a subset of Old
World monkeys (talapoin, patas monkey, and De Brazza’s monkey) of the family Cercopithecidae. In
addition, all Old World monkey CypA3 sequences shared a premature stop codon at the site
corresponding to the 90th codon of the CypA coding sequence. However, neither stop codon is found
within the three orthologous, syntenic gibbon CypA3 sequences from the agile gibbon, island siamang,
and white-cheeked gibbon. Instead, all three gibbons encode a frameshift mutation that is predicted to
truncate the 3@-end of the CypA3 coding sequence by 69 nt. Thus, gibbons maintain a large portion of
their CypA3 coding sequence and do not encode the pseudogenizing mutations found in Old World
monkeys. Despite encoding a longer intact ORF than Old World monkeys, we did not detect any
evidence of a TRIMCypA3 transcript in gibbons based on RT-PCR. The CypA3 found in Old World
monkeys was likely pseudogenized in their common ancestor, suggesting that the retrogene has existed
as a pseudogene in that lineage of primates for 18 My (Perelman, Johnson et al. 2011). Likewise, we
estimate that gibbon CypA3 sequences acquired their frame shift mutation 9-20 Mya in either the
gibbon or the hominoid common ancestor (Perelman, Johnson et al. 2011). Thus, although modern
CypA3 sequences are expressed as a TRIMCyp gene fusion, the product is likely defective in all extant
primates. However, because the pseudogenizing nonsense mutations found in Old World monkey CypA3
sequences are completely distinct from the frameshift mutation found in gibbon sequences, our analysis
strongly implies that CypA3 in the Old World monkey/hominoid ancestor (32myoCypA3) encoded an

active ORF (Perelman, Johnson et al. 2011).

Several attempts to identify a TRIMCyp transcript that includes CypA4 yielded no such product from
fibroblast mRNA. It is possible that such a product could be expressed in different tissues. However, it is
also likely that CypA4 never contributed to the formation of a TRIMCyp gene fusion, because sequencing
of CypAdretrogenes revealed a shared indel (2-bp deletion) at the position corresponding to the seventh
codon, resulting in a pseudogenizing frameshift. Because the CypA4 from all Old World monkeys shares
this common pseudogenizing mutation, CypA4 may have become pseudogenized at or shortly after

birth.
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2.2.4 Evolutionary analysis of CypA3

Despite being decayed in all extant primates, the disparate pattern of pseudogenizing mutations in
gibbons vs. Old World monkeys suggests that TRIMCypA3 might have encoded an active antiviral gene at
one time. To test this, we built a phylogeny (Figure 2.3A) composed of intact functional owl monkey
CypA1 and macaque CypA2 retrogenes, pseudogenized retrogenes CypA3 and CypA4, as well as primate
CypA (parental) genes to calibrate the ages of the retrogenes. The phylogeny shows that all four CypA
retrogenes split into four distinct monophyletic groups and that the tree topology and branch lengths
are consistent with the estimated evolutionary origins of the retrogenes. For instance, the closest
outgroup to the CypA retrogenes that gave rise to Aotus TRIMCyp (CypA1) is the Aotus CypA gene,
confirming that Aotus CypA1 retrogenes are derived from a CypA gene within the Aotus genus (Ribeiro,
Menezes et al. 2005). We are unable to gain high resolution within the hominoid and Old World monkey
CypA (parental) genes due to the very high identity of these sequences, likely the consequence of
extremely strong purifying selection (Ortiz, Bleiber et al. 2006). However, our phylogenetic analysis also
places CypA2 retrogenes close to the macaque genus, albeit with poor resolution due to the

phylogenetic proximity of the Old World monkey and hominoid CypA genes.

Our PCR genotyping for the presence or absence of CypA retrogenes in primate genomes allowed a
tentative dating of their age on a primate phylogenetic tree (Figure 2.1). Consistent with our genotyping
results, we find that a phylogenetic analysis of the CypA sequences themselves shows that CypA3 and
CypA4 retrogenes are older than CypA2 retrogenes, with CypA4 appearing to branch slightly before the
common ancestor of the Old World monkeys and hominoids (Figure 2.3A). Surprisingly, based on the
phylogeny, with 99% bootstrap support, we find that CypA3 was acquired in the simian common
ancestor (Figure 2.3A) at least 43 Mya (Perelman, Johnson et al. 2011), which is even earlier than the 32
Mya that we had inferred from PCR genotyping (Figure A.1). However, our attempts to detect CypA3 in
New World monkeys were unsuccessful (Figure A.2). This discordance between our genotyping and
phylogenetic analysis could be a result of discordance in mutation rates between retrogenes compared
with the parental CypA genes. However, because we assume that all these retrogenes were the product
of a single cycle of retrotransposition (i.e., retrogenes did not give rise to other retrogenes), we do not
believe this difference in mutation rates is sufficient to skew our phylogenetic analysis. We also note the
consistency between the genotyped and phylogenetic “age” inferences for CypA1 (Ribeiro, Menezes et
al. 2005), despite CypA1 having also gone through a retrotransposition event. Instead, we conclude that

the CypA3 retrogene was independently lost in the lineage of New World monkeys, similar to its loss in
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Fig. 2.2 Structure of TRIMCyp transcripts. From a subset of Old World monkeys, we found three
TRIMCypA3 isoforms transcribed. TRIM5 exons (black blocks) are joined to a stretch of the upstream
region of CypA and the subsequent CypA coding sequence (CypA1l, green; CypA2, light gray; CypA3, light
blue). We included the sequence of the intron boundaries and the approximate size of each exon. The
structures of owl monkey TRIMCypA1 and macaque TRIMCypA2 are also presented for comparison (15,
24, 27). The splice acceptor sequence “AG|AC,” also present in the CypA upstream region, is shown for
each retrogene. Isoform-1 encodes TRIM5 exons 2—7 fused in-frame to the CypA3 upstream region and
CypA. In contrast, isoform-2 encodes TRIM5 exons 2—8 (62 nt of exon 8) to the CypA3 upstream region
and CypA3 coding region, whereas isoform-3 encodes TRIM5 exons 2—4 to the CypA3 upstream region
and CypA3 coding region. To the right, we indicated whether the gene fusion produces a product, where
TRIMS effector domains are in-frame with CypA, with a “check mark,” indicating an in-frame product or
an “X,” indicating that the product would not be in-frame. Both isoform-2 and isoform-3 would result in

an “out-of frame” gene fusion with CypA.
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some hominoids. Thus, our phylogenetic results clearly reveal CypA3 as being at least 43 My old, which

means that it is, by far, the oldest of the four primate CypA retrogenes.

Using both parsimony and likelihood criteria, we were able to reconstruct the sequence of this “intact”
Old World monkey/hominoid ancestral CypA3 (hereafter referred to as 32myoCypA3) based on extant
CypA3 sequences. Only a single site, residue 144 of CypA3, could not be resolved (Figure A.3), and it
could encode a proline (P), arginine (R), or histidine (H). To determine whether selective constraints
(either diversifying or purifying selection) acted on CypA3, we compared the dN/dS ratio of 32myoCypA3
with that of the ancestral parental CypA gene from which it likely derived (Figure 2.3B). Finding a high
dN/dS ratio would indicate CypA3 was under pressure to evolve adaptively, a low dN/dS ratio would be
evidence of selective pressure for protein constraint, and a dN/dS ratio ~1 would indicate an absence of
selective pressure. CypA3 showed evidence suggestive of purifying selection (probability of [dN < dS] =
0.0470-0.0520; Figure 2.3B). Applying the same analysis to evaluate the modern, functional owl monkey
and macaque TRIMCyps (Figure 2.3B), we also find evidence for purifying selection in owl monkey CypA1
(probability of [dN < dS] = 0.1010) and in macaque CypA2 (probability of [dN < dS] = 0.0010). In contrast,
an analysis of the ancestral version of CypA4 shows no evidence of selective constraint (probability of
[dN < dS] = 0.429). Thus, during the period that it encoded an intact ORF, CypA3 seems to have evolved

under similar selective pressures as both owl monkey and macaque CypA retrogenes (Figure 2.3B).

The dS values of these retrogene-parental gene comparisons are also informative as a rough proxy for
their age of divergence (assuming roughly equal rates of evolution at silent sites). Both the owl monkey
and macaque TRIMCyp gene comparisons have a dS of 0.02 (Figure 2.3B), consistent with their birth
~4.5—-6 Mya (Ribeiro, Menezes et al. 2005, Dietrich, Jones-Engel et al. 2010). In contrast, the CypA3
comparison between the parental gene and 32myoCypA3 reveals a dS of 0.04 (Figure 2.3B), which is
twice that of the value estimated for the owl monkey or macaque, suggesting that CypA3 was preserved
as an ORF for at least twice as long as the currently intact TRIMCyp gene fusions. This suggests that
CypA3 was preserved as an intact retrogene from the time it was acquired 43 to 32 Mya, when we begin
to observe evidence of independent pseudogenization (or loss) events across the primate lineages. The
signature of purifying selection (Figure 2.3B) further suggests the TRIMCypA3 gene fusion was functional
during this period of ~10 My. Because no extant CypA3 sequences could be isolated in New World

monkeys, the “oldest” version of ancestral CypA3 that we could faithfully reconstruct represents the
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Figure 2.3 Phylogeny of CypA retrogenes. (A) We built a phylogeny of parental CypA genes and
retrogenes using maximum likelihood methodologies (57). CypA gene sequences were collected from
rodents (outgroup), prosimians, New World monkeys, Old World monkeys, and hominoids. The CypA
retrogenes that we included were CypA1 (green-filled box) from owl monkeys, CypA2 (light gray-filled
box) from macaques, CypA3 (light blue-filled box), and CypA4 (white-filled box). Bootstrap support
values are shown at the nodes. The phylogeny has been rooted to the rodent parental CypA genes:
mouse (Mus musculus), rat (Rattus norvegicus), and squirrel (Ictidomys tridecemlineatus). (B) We used
the K-Estimator program (58) to evaluate the rates of dN and dS for CypA retrogenes and computed the
probability that dN is significantly different from dS by confidence interval tests.

version that existed in the last common ancestor of hominoids and Old World monkeys (32myoCypA3)

10 My following the birth of CypA3.

2.2.5 Testing ancient and de novo TRIMCyp proteins for restriction of modern or ancient lentiviruses
Previous studies have explored the interactions between CypA genes and retrogenes with lentiviral
capsids (Towers, Hatziioannou et al. 2003, Sayah, Sokolskaja et al. 2004, Brennan, Kozyrev et al. 2008,
Newman, Hall et al. 2008, Virgen, Kratovac et al. 2008, Wilson, Webb et al. 2008, Price 2009, Dietrich,
Brennan et al. 2011). We were therefore interested in assessing whether ancient, potentially active
versions of TRIMCyA3 might have interacted with lentiviral capsids. Both naturally occurring and
artificial TRIMCyp genes have highlighted the modularity of the TRIM5-CypA gene arrangement (Yap,
Mortuza et al. 2007). We therefore designed two synthetic TRIMCypA3 versions. We elected to use the
TRIMS5 effector domains from the owl monkey because the exon structure of TRIMCypA1 closely
resembles TRIMCypA3. Thus, the first version (TRIM5-32myoCypA3) consisted of owl monkey TRIMS5
effector domains fused to 32myoCypA3 (Figure 2.4A). Because we were not able to resolve the identity
of residue 144 unambiguously from our evolutionary reconstruction, we constructed three separate
TRIM5-32myoCypA3 versions, which encoded a P, R, or H at this site. We also designed a chimera
composed of owl monkey TRIMS5 effector domains and the inferred parental CypA gene (TRIM5-
parentalCypA), representing the CypA gene from which CypA3 derived at the time of its birth. Because
CypA genes have been evolving under strong purifying selection throughout primate history, this
approach allows us to evaluate the lentiviral specificity of a de novo CypA retrogene unambiguously,

representing TRIMCypA3 immediately following its birth (Neagu, Ziegler et al. 2009).

Consistent with previous results, we observed that owl monkey TRIMCypA1l was not able to restrict HIV-
2 (Zhang 2006) but was able to restrict HIV-1 (Sayah, Sokolskaja et al. 2004), simian immunodeficiency

virus from African green monkeys (SIVagm) (Lin and Emerman 2006), and feline immunodeficiency virus
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Figure 2.4 Reconstructed ancestral CypA3 vs. modern and extinct (reconstructed) lentiviruses. (A)
Cartoon representations of the owl monkey TRIMCypA1 (CypA1, green), owl monkey TRIM5-
32myoCypA3 [32myoCypA3 (R144), light blue; 32myoCypA3 (P144), magenta; 32myoCypA3 (H144),
teal], and owl monkey TRIM5-parental CypA (yellow) gene fusions, with the owl monkey TRIM5 effector
domains (RING, B-box, coiled-coil) represented as a black block. Differences in residues encoded by
CypAl, parental CypA, CypA2 (light gray), and 32myoCypA3 have been identified and listed according to
the direction of the arrow. (B) Eight residues unique to 32myoCypA3 (P144) (magenta) can be mapped
onto a structure of parental CypA (yellow) interacting with capsid (black) using PyMOL (The PyMOL
Molecular Graphics System, Version 1.5.0.4 Schrédinger, LLC). Two different orientations of the
structure are presented. (C) Stable CRFK cell lines encoding an empty vector (black box), owl monkey
TRIMCypA1 (green box), TRIM5-32myoCypA3 (R/P/H144) (light blue, magenta, and teal boxes,
respectively), and owl monkey TRIM5-parentalCypA (yellow box) were assayed against chimeric EIAV
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encoding the ancient (resurrected) capsid of paleolentiviruses RELIK and pSIV (38) and the modern
lentiviruses HIV-1 (LAl strain), HIV-1 G89VO0, HIV-2 (ROD9 strain), and FIV (9, 56). (D) SIVagm. Viruses are
listed along the x axis. The y axis reflects virus infectivity, determined by the percentage of cells infected
with GFP-expressing virus, normalized to 100% for infections against CRFK cells encoding an empty
vector. The virus inoculums were standardized to give the absolute percentage of GFP between 15% and
30%. In the case of SIVagm, this system used a luciferase reporter. Shown is a representative experiment
that was repeated three times. We confirmed the stable expression of TRIMCyp proteins by Western
blot analysis, using 30 ug of protein extract for each sample (lane 1, owl monkey TRIMCypA1; lane 2,
TRIM5-32myoCypA3 (R144); lane 3, P144; lane 4, H144; lane 5, TRIM5-parental CypA; lane 6, CRFK with
an empty LPCX vector).

(FIV) (Diaz-Griffero, Kar et al. 2007), as well as chimeric viruses encoding the reconstructed capsid of the
“paleoviruses” RELIK and pSIV (Goldstone 2010) (Figure 2.4 C and D). Remarkably, we found that the
TRIM5-parentalCypA encodes broad and potent antiviral activity, because it restricts all these
lentiviruses tested except a mutant that disrupts the CypA binding site on capsid (HIV-1 G89V) (Figure
2.4 C and D). Thus, TRIM5-parentalCypA could restrict all representatives tested from the modern-day
lentiviruses and the paleolentiviruses (Figure 2.4 C and D). The variation between the slightly narrowed
binding specificity of CypA1l and the broad specificity of parentalCypA is attributed to four amino acid
differences that occurred during CypA1 evolution (Figure 2.4A). On the other hand, we also found that
TRIM5-32myoCypA could not restrict any of the paleolentiviruses or modern-day lentiviruses (Figure 2.4
C and D). Depending on the ambiguous residue 144, parentalCypA and 32myoCypA3 differ at seven (or
eight) residues (Figure 2.4 A and B), one of which has also independently occurred during CypAl
evolution. We attempted to explore the loss of restrictive ability by evaluating residues unique to
32myoCypA3 within the parentalCypA backbone using both 32myoCypA3 (P144)/parentalCypA and
parentalCypA/32myoCypA3 (P144) chimeras (Figure A.4A). We found that the loss of restriction activity
in 32myoCypA3 could not be reversed by replacing N- of C-terminal regions with parentalCypA (Figure
A.4B), suggesting that this observed loss of restrictive ability in 32myoCypA3 is attributable to a
combination of multiple residues among the seven (or eight) residues specific to the 32myoCypA3-
encoded protein (Figure 2.4 A and B). These results indicate that the most ancient version of the Trim5-
CypA fusion gene had the broadest specificity for restriction of retroviruses but that subsequent
evolution either narrowed its specificity to (ancient) retroviral capsids that we were not able to test in

our assays or destroyed this activity.

2.3 Discussion

2.3.1 Recurrent TRIM5-CypA gene fusions across the primate phylogeny
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Retrotransposition of CypA retrogenes proximal to the TRIM5 locus has the instantaneous effect of
creating a new restriction factor, potentially expanding the restrictive range of primate genomes
(Brennan, Kozyrev et al. 2008, Newman, Hall et al. 2008, Virgen, Kratovac et al. 2008, Wilson, Webb et
al. 2008). Including the present study, at least three such instances of TRIMCyp gene fusion are now
documented in primate genomes. In addition to the still active CypA1 and CypA2 retrogenes that were
born in the owl monkey and macaque species 4.5-6 Mya, we have identified a third, much more ancient
retrogene that is still present as a fusion transcript and likely encoded a putative restriction factor 43
Mya in primate history. This remarkably convergent retrotransposition proximal to TRIM5, in contrast to
the frequent but otherwise random pattern of CypA retrogene insertions elsewhere in primate
genomes, strongly suggests that the CypA retrogene bearing haplotype must have had a strong enough
selective advantage to sweep through populations and species. Based on the potent antiviral activity of
TRIMCyp fusion proteins, we posit that it is most likely that this selective advantage was conferred by

protection against an ancient viral infection.

Previous studies have suggested that CypA fusions function in concert with a variety of TRIM genes
(Javanbakht, Diaz-Griffero et al. 2007, Yap, Mortuza et al. 2007); however, only TRIM5 has recurrently
been revealed to accommodate a functional gene fusion with CypA naturally. It may be that the
expression patterns of other TRIM genes could not accommodate a functional antiviral gene fusion
without compromising endogenous function. Alternatively, given that TRIM genes homomultimerize via
their B-Box and Coiled-Coil domains, homomultimerization of a TRIM gene with CypA might have had
deleterious consequences that would only be tolerated when this involved a canonical restriction factor
like TRIM5 but perhaps not a TRIM gene that plays an essential housekeeping function in the cell.
Consistent with this hypothesis, our survey of rhesus macaque, chimpanzee, and human genomes has
not revealed any other TRIMCyp candidates in which a CypA retrogene was found within 20 kb of a TRIM

gene.

The retention pattern of TRIMCyp genes could pose a cost to antiviral defense and the cell. In the case of
CypA1 and CypA2, it precludes the production of a B30.2-containing TRIM5a from that allele, providing a
tradeoff in terms of restrictive potential. This would explain why CypA2 has variably swept through to
fixation in macaque species (Ylinen 2010), likely as a result of balancing selection, as seen previously in
the TRIMS5 locus of macaque populations (Newman, Hall et al. 2006). An additional explanation could be

that the fusion of the TRIM5 E3 ubiquitin ligase domain to a CypA protein that may bind numerous client
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proteins in the primate proteome increases the toxic burden of such gene fusions, or leads to aberrant
cell signaling (Pertel, Hausmann et al. 2011). In light of this “cost,” if the restriction activity of the
evolved TRIMCyp is obviated, either because the restricted viral capsid is eliminated or evolves away
from TRIMCyp recognition, the advantage to retain the TRIMCyp gene fusion diminishes greatly. It is also
possible that rapid evolution of the B30.2 domain of TRIM5a to recognize the target retroviral capsid
might obviate the need to maintain TRIMCyp. Thus, it is not surprising that the evolution of these gene
fusions is recurrent and dynamic, both remarkably convergent but also relatively short-lived in
evolutionary time. This would also help explain why TRIMCypA3, which may have encoded an active
antiviral protein in primate history, is now an extinct gene. Such “extinct” TRIMCyp gene fusions have
also been identified outside primates. Indeed, such a pseudogenized TRIMCyp gene fusion (ftr52) was
recently identified in fish genomes (Boudinot, van der Aa et al. 2011). Finally, even though the CypA
domain of TRIMCypA3 has decayed, it is formally possible that the TRIMCypA3 fusion transcript in some
primates still serves the same function as some of the alternate TRIM5 isoforms, to attenuate TRIM5a

function (Berthoux, Sebastian et al. 2005).

2.3.2 CypA3 as a Potential Paleoviral Marker in Primate Evolution

Based on a relatively abundant record of endogenization revealed by sequencing and bioinformatic
efforts, retroviral lineages have been shown to date back many millions of years (Katzourakis, Gifford et
al. 2009, Han and Worobey 2012). Indeed, lentiviruses have been estimated to be at least 4 My old in
primates (Gilbert, Maxfield et al. 2009) and ~12 My old in other mammals based on the presence of
endogenous copies within the host genome, although these dates are likely vast underestimations of
the true age of lentiviruses (Keckesova, Ylinen et al. 2009, Cui and Holmes 2012, Gifford 2012, Han and
Worobey 2012). In response to these retroviral challenges faced throughout their evolution, primates
encode a number of intrinsic mechanisms with the capability of inhibiting viral replication. Positive
selection of such restriction factors is a potent mechanism for primate genomes to respond to novel or
adapted viral pathogens (Sawyer, Wu et al. 2005), but it is not the only mode of adaptation. Primate
genomes also use other mechanisms, such as gene duplications (Han, Lou et al. 2011), and in the case of

TRIMCyp, recurrent gene fusions, to respond to new viral challenges.

TRIMCyp evolution not only serves to belie the traditional view that retrotransposed genes are
evolutionary dead ends but suggests that CypA retrogenes are highly labile modules that can be gained

and lost throughout primate history. Although whole-gene dN/dS analyses strongly suggest that CypA3
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evolved under purifying selection for 10 My following its birth, we identified seven (or eight) residues
within 32myoCypA3 that differentiate a loss of capsid-binding from broad-range capsid-binding (as
exhibited by parentalCypA). Similarly, only four residues separate the broad binding of parentalCypA to
the narrowed binding specificity documented from CypA1l. Macaque CypA2 further demonstrates this
trajectory of narrowed binding specificity (Ylinen 2010). In the cases of CypA1 and CypA2, deviation from
broad capsid-binding evolved within 6 My. Therefore, although broad capsid binding appears as an
innate feature of CypA, the specificity that each CypA retrogene evolves is determined by minor changes
that have a great impact on the capsid-binding trajectory (Price 2009, Dietrich, Jones-Engel et al. 2010,
Ylinen 2010). Based on our results with TRIM-parentalCypA, we predict that TRIMCypA3 was also
capable of interacting with a broad range of lentiviral capsids on birth. Similar to the specificity-
narrowing changes that occurred during TRIMCypA1 and TRIMCypAZ2 evolution, we posit that in the 10
My after its birth, TRIMCypA3 narrowed its specificity to restrict only ancient retroviruses rather than
any of the retroviruses we tested. Finally, after the utility of TRIMCypA3 as a retroviral restriction factor

was exhausted ~32 Mya, the TRIMCypA3 gene decayed in all extant primates.

From a paleovirology perspective, even currently inactive or pseudogenized CypA retrogenes may
represent remnants of antiviral genes that were active at an earlier time in primate evolution. We
propose that ancient TRIMCypA3 arose in response to a pathogen encountered by evolutionarily
successful ancestors. Although it is formally possible that the true target of TRIMCypA3 was a non-
lentiviral or even a non-retroviral pathogen, there is little precedent for this conjecture. It is also unlikely
that TRIMCypA3 was a genomic innovation due to some other “housekeeping” adaptation, based both
on the intrinsic costs of TRIM5-CypA gene fusions and the recurrent pseudogenization/loss of
TRIMCypA3 in extant primates. Instead, we propose that the birth and demise of TRIMCypA3 are more
consistent with the model wherein it helped protect host genomes against viral invasions for as long as
10 My of primate history. Thus, “fossil” antiviral genes like CypA3 provide unique paleoviral insight into
viral challenges encountered by primate ancestors 43 Mya and complement the incomplete fossil record

of retroviral imprints in animal genomes.

2.4 Methods

2.4.1 Identifying CypA Retrogenes Proximal to TRIM5

The human CypA gene (NC_000007) and mRNA (NM_021130) sequences were used as query sequences
in a BLAST-like alignment tool (BLAT) analysis to identify CypA homologs (Kent 2002). BLAT searches
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were performed from the University of California, Santa Cruz Genome Browser on the human (Homo
sapiens), chimpanzee (Pan troglodytes), and rhesus macaque (Macaca mulatta) genomes (Kent, Sugnet
et al. 2002). For each of the primate genomes, the BLAT search results from the two query sequences
were combined to assemble a comprehensive list of CypA homologs that was evaluated and compiled
into a catalog of CypA retrogenes. CypA retrogenes were mapped back to their respective primate
genome, and CypA retrogenes proximal to TRIMS5 were identified (Figure 2.1). CypA retrogenes were
named according to their distance from TRIM5 and based on previously established nomenclature.
These CypA retrogenes were then evaluated for an ORF, indels, and premature stop codons. We also
catalogued the distribution of CypA retrogenes and organized these based on the number of CypA
retrogenes found in a random stretch of 100 kb of the evaluated primate genomes. To calculate the
probability of multiple CypA insertions within a given distance, 100 kb in this case, we counted the
number of 100-kb stretches that contained 0-10 CypA retrogenes. We focused on rhesus macaques
because the largest number of events in which multiple CypA retrogenes could be found in any 100-kb
stretch of its genome was reported in this species. We identified 116 cases of only finding 1 CypA
retrogene within 100 kb. In addition, we identified four cases of finding 2 CypA retrogenes and one case
of finding 3 CypA retrogenes within 100 kb of each other in the rhesus macaque genome. Thus, of 129
total CypA retrogenes in the rhesus macaque genome, only 3 CypA retrogenes could be found within
100 kb of each other (proximal to the TRIM5 locus), which we can calculate as a probability (P =
0.02325).

2.4.2 Determining the Presence or Absence of Proximal CypA Retrogenes

Genomic DNA (gDNA) was isolated from primate fibroblast cells purchased from Coriell Cell
Repositories. The primate panel was composed of human, chimpanzee (ID no. 3448), bonobo (Pan
paniscus, 1D no. 5253), gorilla (Gorilla gorilla, ID no. 5251), orangutan (Pongo pygmaeus, ID no. 5252),
island siamang gibbon (Hylobates syndactylus, PR0O0722), agile gibbon (Hylobates agilis albibarbis,
PR0O0773), rhesus macaque (ID no. 7098), crab-eating macaque (Macaca fascicularis, ID no. 3446),
celebes-crested macaque (Macaca nigra, 1D no. 7101), pig-tailed macaque (M. nemestrina, 1D no. 8452),
stump-tail macaque (Macaca arctoides, ID no. 3443), lion-tailed macaque (M. silenus, OR1890), silvery
leaf langur (Trachypithecus cristatus, bl.4381), Francois’ leaf langur (Trachypithecus francoisi, PR01099),
colobus (Colobus guereza, PR00980), talapoin (Miopithecus talapoin, PRO0716), patas monkey
(Erythrocebus patas, ID no. 6254), De Brazza’s monkey (Cercopithecus neglectus, PR01144), pygmy

marmoset (Callithrix pygmaea, OR690), and saddle-back tamarin (Saguinus fuscicollis nigrifrons, OR621)
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species. gDNA from this diverse primate panel, representing New World monkeys, Old World monkeys,
and hominoids, was used to determine the presence or absence of CypA2, CypA3, and CypA4
throughout primates in a PCR survey. All PCR reactions were performed using 25-uL reaction volumes
and the PCR SuperMix High Fidelity (Invitrogen) reagent. The thermocycler parameters were 94 °C for 3
min; 39 cycles at 94 °C for 15 s, 60 ° for 15 s, and 72 °C for 2 min; and a final extension step at 72 °C for
10 min. All products were directly sequenced using BigDye sequencing (Applied Biosystems). CypA2
reactions were performed using primers 105 (forward: 5B-CTGTGCTCACCAAGCTCTTGAAC-3R) and 103
(reverse: 5E-TCCCACATAATTCAGTTTGTTTGATAAA-3R), and CypA4 reactions were performed using
primers 108 (forward: 5E-AATCTGCTGGCACCTTGTTTTGTAC-3R) and 110 (reverse:
5E-TAGCTTTTGGGCAGCTAGGAGG-3[). We used nested PCR analysis to amplify CypA3 from primates,
with the first-round primers being 87 (forward: 58-GAACTACTTGAATCCAGGAGGCAGA-3R) and 101
(reverse: 5A-TATCCTCTTTTTGAATCAATTCCTTTGTCA-3R) and the second round primers being 100
(forward:5B-GCAGGAGTAAGTCCTCACCTATC-3R) and 84 (reverse:
SE-TTATTCGAGTTGTCCACAGTCAGCAG-3M).

2.4.3 Detecting TRIM5-CypA3 and TRIM5-CypA4 Transcripts

A two-step RT-PCR/semi-nested PCR-based method was used to amplify TRIMCyp from primate RNA.
The primates used were human, chimpanzee, island siamang gibbon, agile gibbon, talapoin, patas
monkey, De Brazza’s monkey, vervet monkey (Cercopithecus aethiops, PR01190), Francois’ leaf monkey,
colobus, rhesus macaque, woolly monkey (Lagothrix lagotricha, 1D no. 5356), spider monkey (Ateles
belzebuth, KB6701), titi monkey (Callicebus donacophilus, OR1522), and owl monkey (Aotus trivirgatus,
CRL-1556). Total RNA was isolated from fibroblast cells purchased from Coriell Cell Repositories. The
initial RT-PCR step was performed using a primer designed to the start of the coding region of the TRIM5
gene (primer 80) and an oligo-dT reverse primer. This primer combination was used to amplify all
products encoded by the TRIMS5 gene. Next, we used either a CypA3- or CypA4-specific reverse primer in
combination with primer 80 to confirm the transcription of a TRIMCyp gene fusion. RT-PCR reactions
were performed using SuperScript Il Reverse Transcriptase with Platinum Taq (Invitrogen) in 12.5-uL
volume reactions. The RT-PCR parameters were an initial RT step at 50 °C for 30 min; followed by 34
cycles at 94 °C for 15 s, 60 °C for 15 s, and 68 °C for 3 min; and a final extension at 72 °C for 10 min. A
1:300 dilution of the RT-PCR product was then prepared for the subsequent semi-nested PCR step. This
was performed using primers 80 and 73 (reverse: 5B-TTATTMGAGTTGTCCACAGTCAGCARTRGTGA-3[) to

amplify TRIMCyp without targeting a specific CypA retrogene. The PCR parameters were kept
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unchanged. All products were TOPO TA (Invitrogen) cloned and BigDye sequenced using M13 universal

primers.

2.4.4 Construction of CypA Phylogeny, Alignment, and 32myoCypA3

The nucleotide sequences of modern CypA genes and CypAl1—4 retrogenes were used to build an
alignment of all CypA sequences using Clustal W2 (Larkin, Blackshields et al. 2007). This was done for
CypA sequences at the nucleotide and protein levels. The nucleotide alighment was used in
reconstructing the 32 million year old form of CypA3 (32myoCypA3). We were able to use a parsimony-
based approach to reconstruct the sequence of 32myoCypA, which was in agreement with a maximum

likelihood reconstruction.

Phylogenetic trees were generated using Mr. Bayes (version 3.1) in the construction of the CypA
phylogeny. We performed 1 million Markov chain Monte Carlo generations with a sampling every

1,000th generation and discarded the first 250 samplings as run-in.

2.4.5 Assessing Ancient and de Novo TRIMCyp Proteins for Antiviral Activity

To test 32myoCypA3 for the ability to interact with viral capsid protein, we used “stitch-PCR” to join the
TRIMS5 effector domains (RING, B-Box, and Coiled-Coil) from owl monkey TRIMCypA1l to 32myoCypA. All
PCR parameters were as previously mentioned. The first-round set of stitch-PCR used primers 144
(forward: 5E-GCGCTTCTCGAGGCCACCAT-3[) and 134 (reverse: 58-GGGGTTGACCATGGCTGATGCTAC-3[)
to amplify the TRIMS5 region of owl monkey TRIMCypA1 and primers 133 (forward:
5E-GTAGCATCAGCCATGGTCAACCCC-3R) and 177 (reverse: 5B-GCGCGCTTATCGATGAATTCTTATTC-3R) to
amplify 32myoCypA. Dilutions of the first-round products were combined and stitched together by PCR
using primers 144 and 177. This PCR product was sequenced to verify the successful construction of the
TRIM5-32myoCypA3 gene fusion. Owl monkey TRIMCypA1 and TRIM5-32myoCypA3 were cloned into
the expression vector pLPCX and then transduced into Crandell-Rees feline kidney (CRFK) cell lines to
establish the following stable cell lines: CRFK (owl monkey TRIMCypA1) and CRFK (TRIM5-32myoCypA).
TRIM5-32myo-CypA3 P144R and P144H were generated using a QuikChange Il Site-Directed
Mutagenesis Kit (Agilent). A CRFK cell line containing pLPCX without an insert was also established to
serve as a negative control. The gene fusion of owl monkey TRIMS5 effector domains and parentalCypA
(TRIM5-parentalCypA) was built by first amplifying the mRNA from the rhesus macaque CypA gene with
primers: 262 (forward: 58-CTGGGACCTTGTAGCATCAGCCATGGTCAACCCCACCGTGTTCTTC-3R) and 264
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(reverse: 5A-GCGCGCTTATCGATGAATTATTCGAGTTGTCCACAGTCAGCAATG-30). Next, the owl monkey
TRIM5 amplicon was combined with the rhesus macaque CypA gene using primers 177 and 264. We
confirmed TRIMCyp protein expression in the appropriate cell lines by Western blot analysis. We used
the following viruses in assessing our cell lines: HIV-1 (LAl strain), HIV-2 (ROD9), FIV, RELIK, and pSIV, and
we used no virus as a control. RELIK and pSIV were prepared by cotransfection of 293T cells with pL-
vesicular stomatitis virus- G, pCMV-tat, equine infectious anemia virus (EIAV) GFP 6.1 (encoding the
genome of EIAV with a GFP expression cassette), and either pEIAV-RELIK or pEIAVpSIV (Goldstone 2010)
(a kind gift from Melvyn Yap, MRC National Institute for Medical Research, London). Viruses were
harvested by collecting supernatant and titered on CRFK cells to determine the dose of virus that would
infect between 15% and 30% of the cells in a 12-well plate based on flow cytometry for GFP expression.
Other viruses were similarly constructed and assayed (Yamashita and Emerman 2004, Sawyer, Wu et al.
2005). For infection assays, cell lines were seeded onto 12-well plates and subsequently infected with
the aforementioned viruses using the predetermined viral titers. Three days post-infection, cells were
collected from the 12-well plates and suspended in fixing agent for immediate analysis by flow
cytometry. SIVagm infections were performed using 96-well plates. We did not need to fix RELIK or pSIV-
infected samples before flow cytometry. In all experiments, mock infected cells were used to set the

GFP gate.
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Chapter 3
An evolutionary screen highlights candidate antiviral genes within the

primate TRIM gene family

Recurrent viral pressure has acted on host-encoded antiviral genes during primate and mammalian
evolution. This selective pressure has resulted in dramatic episodes of adaptation in host antivirals,
often detected via positive selection. These evolutionary signatures of adaptation have the potential to
highlight previously unrecognized antiviral genes and to expand the repertoire of known restriction
factors. While the TRIM multigene family is recognized for encoding several bona fide restriction factors
(e.g. TRIM5alpha), most members of this expansive gene family remain uncharacterized. Here, we
investigated the TRIM multigene family for signatures of positive selection in order to identify novel
candidate antiviral genes. Our analysis reveals previously undocumented signatures of positive selection
in 14 TRIM genes, 10 of which represent novel candidate restriction factors. These include the unusual
TRIM52 gene, which has evolved under strong positive selection despite its encoded protein lacking a
putative viral recognition (B30.2) domain. We show that TRIM52 arose via gene duplication from the
TRIMA41 gene. Both TRIM52 and TRIM41 have dramatically expanded RING domains compared to the
rest of the TRIM multigene family, yet this domain has evolved under positive selection only in primate
TRIMS52, suggesting that it represents a novel host-virus interaction interface. Our evolutionary-based
screen not only documents positive selection in known TRIM restriction factors but also highlights
candidate novel restriction factors, providing insight into the interfaces of host-pathogen interactions

mediated by the TRIM multigene family.
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3.1 Introduction

Host encoded restriction factors confer an intrinsic line of defense that inhibits viruses at various stages
of the viral life cycle (Goff 2004, Duggal and Emerman 2012, Yan and Chen 2012). One example of this
type of antiviral defense gene is TRIM5, which was identified as the block to HIV-1 infection in rhesus
macaques (Stremlau, Owens et al. 2004). The potent restriction by TRIMS5 is conserved in other
mammals, including primates (Yap, Nisole et al. 2004, Song, Javanbakht et al. 2005, Zhang 2006,
Kratovac, Virgen et al. 2008, Yap 2008, Rahm 2011) and closely related paralogs belonging to glires
(Schaller, Hue et al. 2007, Tareen, Sawyer et al. 2009, Fletcher, Hué et al. 2010) and cows (Si,
Vandegraaff et al. 2006, Ylinen, Keckesova et al. 2006). Restriction activity is attributed to the assembly
of a TRIMS lattice directly to the surface of the retroviral core (Ganser-Pornillos, Chandrasekaran et al.
2011) that is thought to mediate premature capsid disassembly (Stremlau, Perron et al. 2006). Antiviral
activity of TRIMS5 has also been attributed to the induction of an inflammatory response (Pertel,
Hausmann et al. 2011, Tareen and Emerman 2011). Retroviral specificity of TRIM5 dramatically differs
amongst primate orthologs due to ancient and on-going selective pressures reflected by variation in the
Coiled-Coil and B30.2 domains, which influence the interaction with viral proteins (Sawyer, Wu et al.

2005, Sebastian and Luban 2005, Kirmaier, Wu et al. 2010, Maillard, Ecco et al. 2010).

TRIMS is a member of the TRIM multigene family, which encodes more than 70 genes in humans and is
similarly expansive throughout primates (Han, Lou et al. 2011). Proteins encoded by the TRIM multigene
family are characterized by a tripartite motif consisting of a RING domain, one or two B-boxes, and a
Coiled-Coil motif, the order and spacing of which are generally conserved (Reymond, Meroni et al. 2001,
Meroni and Diez-Roux 2005, Nisole, Stoye et al. 2005). Like TRIMS5, several other TRIM genes have been
implicated in innate immunity and antiviral defense (reviewed in (Nisole, Stoye et al. 2005, Ozato, Shin
et al. 2008, Johnson and Sawyer 2009, Kawai and Akira 2011, McNab, Rajsbaum et al. 2011)). However,
the majority of TRIM genes remain largely uncharacterized, along with their potential for encoding

antiviral activities.

Previous studies have used functional characterizations to identify TRIM gene family members that
encode antiviral activity. For example, a screen of a subset of human and mouse TRIM genes highlighted
hitherto unidentified members that positively or negatively impacted retroviral fitness (Uchil, Quinlan et
al. 2008). Other functional characterizations have focused on hallmarks of restriction factors, including

induction on interferon treatment (Carthagena, Bergamaschi et al. 2009, Uchil, Hinz et al. 2012). While
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candidate restriction factors were identified from each of these approaches, functional identification of
novel restriction factors in the TRIM gene family is complicated due to a number of reasons. First,
multiple alternatively-spliced transcripts are produced from each TRIM gene. PML, for instance, is only
one of eleven TRIM19 protein isoforms while TRIM5alpha is the longest of at least nine reported
transcripts of the TRIMS5 gene (Reymond, Meroni et al. 2001, Brennan, Kozyrev et al. 2007, Battivelli,
Migraine et al. 2011), but the only protein isoform with antiviral activity. Homodimerization of
TRIM5alpha with other TRIMS5 isoforms (gamma, delta, and iota) causes dominant negative suppression
of the antiviral activity of TRIM5alpha (Stremlau, Owens et al. 2004, Passerini, Keckesova et al. 2006,
Battivelli, Migraine et al. 2011), so antiviral activity requires that the correct isoform or combination of
isoforms be appropriately expressed in the cells being assayed. Second, viral restriction specificity may
further impede identification of antiviral function especially for those restriction factors that act directly
at the host-virus interface (like TRIM5alpha) compared to those that may indirectly affect the immune
response (like PML); for the former case, detection of antiviral activity would depend on the right
combination of TRIM genes and viruses. For instance, whereas rhesus macaque TRIM5 has potent
antiviral activity against HIV-1, the human ortholog only has relatively modest effects (Stremlau, Owens

et al. 2004).

In order to bypass these difficulties associated with a functional screening approach, here we have taken
a complementary, evolutionary approach to identify candidate antiviral restriction factors in this family.
This approach exploits a common feature of restriction genes: the unique selective pressures they are
subjected to by virtue of their antagonistic relationship with viral pathogens (Meyerson and Sawyer
2011, Daugherty and Malik 2012). Any mutation that improves the ability of an antiviral gene to
recognize the virus is advantageous to the host. In contrast, the virus selectively favors mutations that
weaken or destroy this interaction. Repeated rounds of mutation in which one party increases affinity
while the other party decreases affinity can lead to rapid evolution at the protein-protein binding
interface. Specifically, such interactions will result in the rapid accumulation of changes at non-
synonymous (amino acid-altering) positions in coding DNA compared to the relatively benign mutations
at synonymous sites, a selective regime referred to as positive selection. Such positive selection analysis
was successfully used to precisely identify the region of TRIM5alpha that determines its specificity for
different retroviral capsids (Sawyer, Wu et al. 2005). Importantly, positive selection has also been

detected in nearly all other known restriction factors that directly interact with viral proteins (reviewed
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in (Duggal and Emerman 2012)). Indeed, signals of adaptive evolution are often a hallmark amongst

restriction factors with roles at the direct interface of host-pathogen interactions.

Here, using reference genomes, we analyzed members from the TRIM gene family for positive selection
in primates. Via our evolutionary screen, we recovered both TRIM genes previously identified to be
under positive selection due to their antiviral role (Sawyer, Wu et al. 2005, Sawyer, Emerman et al.
2007), four antiviral genes whose evolutionary signatures were previously unknown (e.g., TRIM25 (Gack,
Shin et al. 2007)), and as many as ten novel antiviral genes that have not been previously identified in
any analyses. We also present a more detailed analysis of the most intriguing restriction factor
candidate revealed by our screen, TRIM52. TRIM52 lacks a C-terminal B30.2 domain, but encodes a
massively expanded RING domain that we find has been subject to intense positive selection. Our
analysis of TRIM52 evolution reveals its age and birth via a partial duplication of the TRIM41 gene,
followed by independent loss or pseudogenization of TRIM52 in multiple mammalian and primate
lineages. Based both on the strong signatures of adaptive evolution, and the recurrent losses, we
propose that TRIM52 represents a novel, non-canonical antiviral TRIM gene in primate genomes with
unique specificity determined by the rapidly evolving RING domain. Our evolutionary screen to identify
novel restriction factors reveals several intriguing candidates that warrant further study to fully

elucidate the role played by TRIM genes either directly or indirectly in mediating antiviral defense.

3.2 Results

3.2.1 Positive selection has acted on several TRIM genes in primates

To screen the TRIM gene family for signatures of having participated in an evolutionary arms race, we
evaluated TRIM orthologs from primates for recurrent positive selection via maximum likelihood
analyses using the CODEML program from the PAML package (Yang 2007). We compared TRIM
orthologs from human, chimpanzee, orangutan, rhesus, and marmoset genomes and identified genes
where specific residues have recurrently evolved under positive selection throughout primate history
(Table 3.1; Table B.1). In some instances, we were able to identify additional orthologs from other
primate genome sequencing projects that are underway via Ensembl (Vilella, Severin et al. 2009) or from
previous gene-directed sequencing efforts. For a few TRIM genes, we were unable to identify the full
complement of orthologs, as the genes are absent or not intact in the available genome assemblies. Our
screen identified 16 out of 65 genes as having evolved under positive selection using a p-value cutoff of

0.05: TRIM2, TRIM5, TRIM7, TRIM10, TRIM15, TRIM21, TRIM22, TRIM25, TRIM31, TRIM38, TRIM52,
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TRIMS58, TRIM60, TRIM69, TRIM75, and TRIM76 (Table 3.1; Table B.1). Among these recovered
members, TRIM5 and TRIM22 represent a bona-fide and suspected restriction factor, respectively, that
were previously reported to show strong evidence of positive selection (Stremlau, Owens et al. 2004,

Sawyer, Wu et al. 2005, Sawyer, Emerman et al. 2007, Barr, Smiley et al. 2008).

Our screen recovered known restriction factors TRIM15, TRIM21, TRIM25 and TRIM38. TRIM25 activates
RIG-I signaling via ubiquitination (Gack, Shin et al. 2007), and TRIM25-mediated signal transduction is
known to be inhibited by the direct interaction of Influenza A protein NS1 to the Coiled-Coil domain of
TRIM25 (Gack, Albrecht et al. 2009). Intriguingly, we find that TRIM25 exhibits a number of sites under
positive selection with notable clusters in between the Coiled-Coil and B30.2 domains (Figure 3.1).
Based on this, we speculate that the positive selection exhibited by TRIM25 indicate sites influencing its
interactions with viral antagonist proteins. TRIM15 was discovered in a knockdown screen to inhibit the
release of retroviruses (Uchil, Quinlan et al. 2008), and later found to have a role in the RIG-I sensing
pathway (Uchil, Hinz et al. 2013). We find sites of positive selection within the RING, Coiled-Coil, and
B30.2 domains (Figure 3.1). TRIM21 is able to degrade viruses via an intracellular antibody-mediated
(Mallery, McEwan et al. 2010) and positive selection was detected within the B-Box and B30.2 domains
(Figure 3.1). TRIM38 is known to negatively regulate innate immunity by targeting TRIF (Xue, Zhou et al.
2012), NAP1 (Zhao, Wang et al. 2012), and TRAF6 (Zhao, Wang et al. 2012) for ubiquitination and
degradation. TRIM38 is also suspected to improve the fitness of HIV-1 during entry by an unknown
mechanism (Uchil, Quinlan et al. 2008). Only a single site of positive selection residing between the
Coiled-Coil and B30.2 domains was detected (Figure 3.1). Based on the location of positive selection
outside of the notable domains, little can be inferred. Similar to TRIM25, TRIM15 may be targeted by a
viral antagonist based on its role in RIG-I signaling, so positive selection may be a reflection of an
evolutionary trajectory to evade recognition. TRIM21 is likely to be rapidly evolving to maintain
recognition of viral proteins for proteasomal degradation. Thus, we are able to apply our evolutionary
screen to further characterize known restriction factors, offering insight into specific domains of host-

virus interaction interfaces.

The majority of the known restriction factors that we identified via our analysis belong to the C-1V family
of TRIM genes based on their domain structure (Ozato, Shin et al. 2008). Amongst the candidates that
also belong to the C-1V family, we recovered TRIM7, TRIM10, TRIM58, TRIM60, TRIM69, and TRIM75. A

single site was found to be under positive selection in TRIM7 between the Coiled-Coil and B30.2
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domains (Figure 3.1); however, this site of positive selection is uninformative as it does not reside in any
of the defined domains. TRIM75 has a single informative site of positive selection in its RING domain
associated with E3 ubiquitin ligase activity. Positive selection was found in the Coiled-Coil and B30.2
domains of TRIM10. We can only speculate that positive selection within these domains of TRIM10 may
reflect changes to target recognition (Sawyer, Wu et al. 2005, Maillard, Ecco et al. 2010). TRIM58 and
TRIMG60 presented the most sites of positive selection amongst the candidate C-IV family members
(Figure 3.1). TRIM58 presented a cluster of sites in the B30.2 domain. TRIM60 had sites throughout its
gene and sites in each of the notable domains: RING, B-Box, Coiled-Coil, and B30.2. Moreover, we found
that many of these positively selected sites formed clusters in the Coiled-Coil and B30.2 domains. While
classification to any particular family of TRIM genes is not indicative of a restriction factor, there is
precedent for identifying restriction factors within the C-IV family that warrants further investigation

into these.

Outside of the C-IV family, the candidate restriction factors highlighted by our screen were TRIM2 (C-
VII), TRIM31 (C-V), TRIM52 (C-V), and TRIM76 (UC). TRIMZ2 is the only recovered TRIM gene containing a
Filamin-type immunoglobulin domain and array of NHL repeats. Two sites of positive selection were
found in TRIM2, with one of these residing within the beginning of the NHL repeats (Figure 3.1). TRIM31
is implicated in inhibiting HIV-1 entry and the release of MLV, though the details of restriction by
TRIM31 is a suspected retroviral restriction factor that acts at the stages of entry and release (Uchil,
Quinlan et al. 2008). We identified three sites exhibiting signatures of positive selection within regions
not associated within the defined domains of TRIM31 (Figure 3.1). As the mechanism of restriction by
TRIM31 has yet to be elucidated, it is not clear whether these sites of positive selection are the
consequence of viral pressure or some other selective force. TRIM76 encodes for a large protein that
contains B-Box, Coiled-Coil, Fibronectin Ill, and B30.2 domain in the C-terminus region of the protein.
The bulk of the protein does not contain homology to any known domain; however, it is within this
region of ~3,500 amino acids that we identified six sites of positive selection. TRIM52 is unique amongst
the restriction factor candidates as it only encodes the RING and B-Box domains. We identified the
majority of positive selection within the RING domain and a single site immediately upstream of the B-
Box domain. Intriguingly, the RING domain of TRIM52 has expanded and is the largest amongst the
genes recovered by our screen (Figure 3.1). We find that within this expanded region of the RING

domain resides the rapidly evolving site.
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Table 3.1 Primate TRIM genes recovered via PAML screen

% of
positively | Average
TRIM selected | dN/dS for
gene M7vsM8 p-value | sites selected sites | Positively selected sites # of taxa
0.0259
TRIM2 7.306736 03738 | 0.645 1.54007 98, 497 12
7,139, 175, 182, 213, 215,
228, 257, 258, 310, 311,
317, 324, 379, 381, 382,
TRIM5 73.47338 <0.005 | 20.464 3.29159 418,421, 423,471, 483 22
0.0069
TRIM7 9.924556 96971 | 0.364 11.03782 258 10
0.0483
TRIM10 6.060552 02305 | 1.999 3.61613 152, 329 11
TRIM15 10.736928 | <0.005 | 5.835 2.24534 18,42, 150, 460 11
0.0299
TRIM21 7.01864 17251 | 3.378 4.81422 124, 407 10
TRIM22 10.195488 | <0.005 | 4.887 6.16845 99, 171, 220, 308 13
58, 259, 297, 338, 377,
TRIM25 19.270786 | <0.005 | 9.368 2.40224 415,418, 420, 435 10
TRIM31 15.056244 | <0.005 | 5.265 8.68452 72, 227, 250 7
0.0385
TRIM38 6.511954 43146 | 3.655 2.94482 215 12
TRIM52 16.514108 | <0.005 | 6.635 5.8355 75, 111, 149, 153, 221 7
TRIM52* | 11.500758 | <0.005 | 3.615 6.88558 75, 149, 221 14
TRIM58 17.753758 | <0.005 | 4.24 2.33532 223,443, 472, 475, 480 10
8, 82,96, 134, 200, 251,
0.0182 252, 255, 264, 271, 302,
TRIM60 8.00201 97241 | 20.431 2.14558 322, 370, 405, 459 11
0.0359 14, 158, 192, 226, 246,
TRIM69 6.650254 67951 | 19.156 2.46053 261, 285, 353, 371, 473 10
TRIM75 10.614008 | <0.005 | 0.665 12.23692 45, 227 10
306, 651, 1507, 2727,
TRIM76 42.288758 | <0.005 | 1.711 7.94347 2797, 3314 10

Sites marked in bold and underline were also found to be under positive selection by Datamonkey

(Delport, Poon et al. 2010)

*PAML was executed using a combination of orthologs retrieved from online databases and sequencing.
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Figure 3.1 Architecture of TRIM family members exhibiting positive selection. Locations, lengths, and
nomenclature of protein domains are based on GENBANK and ENSEMBL reports. Sites of positive
selection are marked with lollipops. The sites identified by the in-depth analysis of TRIM52 are lollipops

on the underside of the protein representation.
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Thus, our evolutionary screen for novel restriction factors amongst the TRIM gene family identified 14
members not previously known to be under positive selection and as many as 10 novel candidates.
Though not all of these TRIM genes are expected to reveal host-pathogen interactions, the extent of
positive selection found and the recovery of known restriction factors support the hypothesis that some

of these candidates will have a role in host-pathogen interactions.

3.2.2 Rapid evolution of the TRIM52 RING domain in primates

We selected to evaluate TRIM52 in more detail since it structurally deviated the most from the canonical
TRIM restriction factors (i.e. TRIM5 and TRIM22). For example, TRIM52 lacks the viral recognition
(B30.2) domain and displays signatures of rapid evolution within the RING domain. Moreover, TRIM52
appears to lack an intact Coiled-Coil domain within its coding region (Figure 3.1). Thus, TRIM52 is
comprised solely of the RING and B-Box2 domains, making it a highly unusual member of the TRIM
multigene family. Even the RING domain of TRIM52 is highly unusual. RING domains of the TRIM family
are generally defined by the consensus sequence Cx2Cx9-45Cx1-3Hx2-3Cx2Cx4-48Cx2C where eight
cysteine, histidine, or aspartic acid residues coordinate two zinc atoms (Meroni and Diez-Roux 2005).
The region between the sixth and the seventh coordinating cysteine residues is referred to as the “loop
2” region of the RING tertiary structure using the precedent of the human c-cbl RING-containing E3
ubiquitin ligase (Zheng, Wang et al. 2000). The majority of TRIM genes encode between 4-48 amino
acids in their “loop2” region, with the mode being 13 amino acids (Figure 3.2). However, several TRIM
genes were found to deviate from the consensus range. Most notably, TRIM52 encodes 139 amino acids
in its “loop 2” region (Figure 3.2). Thus, TRIM52 encodes the largest RING domain of any TRIM gene
encoded in the human genome. BLAST (Altschul, Gish et al. 1990) analysis of this region reveals
similarity only to mammalian TRIM52 and TRIM41 genes, both of which have exceptionally large RING

domain expansions.

In order to elucidate the evolutionary relationship between TRIM52 and TRIM41, and to deduce when
this large “loop 2” RING expansion occurred, we carried out phylogenetic analyses of TRIM52 and
TRIMA41 sequences that were obtained from BLAST (Altschul, Gish et al. 1990) searches of vertebrate
genomes. Our analyses revealed that TRIM52 and TRIM41 are close paralogs in mammalian genomes
(Figure 3.3). We found that the reptile (anole lizard), avian (chicken and wild turkey), and marsupial
(Tasmanian devil and opossum) genomes have only single TRIM41-like genes, which are phylogenetic

outgroups to both the TRIM52 and TRIMA41 clades from eutherian mammals (Figure 3.3). This suggests
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that TRIM52 was born in eutherian mammals ~190 million years ago via a partial duplication of TRIM41,

having lost both the Coiled-Coil and B30.2 domains at birth (Meredith, Janecka et al. 2011).

Despite their evolutionary relationship, our screen for positive selection in primates highlighted TRIM52,
but not TRIM41. To further evaluate the evolutionary history of TRIM52 we repeated our analysis of
recurrent, site-based positive selection via maximum likelihood analyses using primate TRIM52
orthologs obtained by our own sequencing efforts. From this in-depth analysis, we refined the sites of
recurrent, codon-based positive selection (Figure 3.1; Table 3.2). The sites of positive selection reside
primarily within the expanded “loop 2” region of TRIM52. This rapid evolution of the RING domain is
especially evident in an evolutionary comparison focused on the “loop 2” expansion unique to TRIM41
and TRIM52, which highlights the dramatic acceleration of amino acid replacements in TRIM52 (Figure
3.4A; 3.4B). However, we found no evidence of positive selection having acted on the TRIM41 using
available primate sequences from databases (Figure 3.4A; Table 3.2). Thus, in stark contrast to TRIM41
and its RING domain that has been evolving under constraint, we find that TRIM52 has been rapidly

evolving throughout primate history, with much of that selection acting on the RING domain.

3.2.3 Repeated loss/pseudogenization of TRIM52 in mammals

Our sequencing survey also revealed at least two instances of TRIM52 loss or pseudogenization over the
course of primate evolution (Figure 3.5). For instance, within marmoset and other New World monkey
genomes, we were only able to identify exon 2 using a combination of BLAST (Altschul, Gish et al. 1990)
and BLAT (Kent 2002) searches (Figure B.1), and our own PCR analyses, suggesting that TRIM52 is
present but pseudogenized throughout the New World Monkey lineage. We were also unable to detect
TRIMS52 from gibbon genomes (Nomascus leucogenys, Hylobates agilis, and Symphalangus syndactylus)
via PCR with gDNA, despite using PCR primers that amplified TRIM52 from all other Hominoids and Old
World monkeys. BLAST (Altschul, Gish et al. 1990) and BLAT (Kent 2002) analyses support the absence of

TRIM52 from publicly available gibbon genomes.
This pattern of stochastic TRIM52 loss was also evident in other mammalian orders. We identified

TRIM52 pseudogenization in African elephant (Loxodonta africana), which contains premature nonsense

mutations (Figure B.1). We were also unable to identify TRIM52 throughout the Glires (Rodentia and
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Figure 3.2 Variability in the length of the RING domain. The RING domains from 73 annotated human
TRIM genes were collected from Ensembl (Flicek, Amode et al. 2012) and GenBank, and evaluated to
determine the length of a variable region located within the domain. Alignments of homologous regions
were built using ClustalX (Larkin, Blackshields et al. 2007) and the number of residues residing in the
variable region was counted by hand. The predicted length of this variable region ranges from 7-74
amino acids. TRIM52 and TRIM41 have the largest expansion of their RING domains.
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Figure 3.3 Phylogenetic relationship of TRIM52 and TRIM41. A phylogram of homologous regions of the
RING and B-Box2 domains from TRIM52 and TRIM41 orthologs was built using a maximum likelihood
based approach via PhyML (Guindon, Dufayard et al. 2010). Statistical support is represented by
bootstrap values, collected from 100 iterations. The “*” symbol denotes the presence of non-sense
mutations that result in pseudogenization.
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Lagomorpha) lineage of mammals, suggesting it has been deleted early within this lineage. However,
utilizing UCSC (Kent, Sugnet et al. 2002) and Ensembl (Flicek, Amode et al. 2012) predictions, we were
able to recover TRIM52 from the genomes of the mouse and rat. Sequence analysis of these predicted
mouse and rat TRIM52 revealed that they do not encode a B-Box domain. Therefore, the annotated
mouse and rat TRIM52 are only comprised of a RING domain. Furthermore, the TRIM52 orthologs we
did identify in mouse and rat genomes were not located proximal to TRIM41 and are therefore the only
non-syntenic TRIM52 orthologs in mammals (Figure B.2). When we included mouse and rat TRIM52 in
our phylogenetic analysis (Figure B.3), branch support at the node separating the TRIM41 and TRIM52
clades was lowered (even though mouse and rat TRIM52 genes localized within the TRIM52 clade). Due
to the apparent loss of TRIM52 throughout glires, the truncated structure of mouse and rat TRIM52, and
their ambiguous phylogenetic placement, we therefore cannot confidently assign these mouse and rat
TRIM genes as bona fide TRIM52 orthologs, labeling them TRIMS52-like instead (Figure B.1). Accordingly,
we omitted the mouse and rat TRIM52-like sequences from our phylogenetic analysis (Figure 3.3).
Additional genome sequencing within eutherian mammals may reveal still additional instances of
TRIM52 loss or pseudogenization, suggestive of episodes of relaxed selective pressure amongst

individual lineages.

3.2.4 Preservation of TRIM52 in humans

Given the pattern of recurrent pseudogenization and the sub-telomeric position of TRIM52 in the
human genome (Figure B.2), we explored whether there is pseudogenization of TRIM52 in human
populations. We identified 27 reported indels (insertions, deletions, or single nucleotide polymorphisms)
from NCBI’s database of short genetic variations (dbSNP) throughout the 2 exons that encode TRIM52
(Table B.2). Of the 27 reported variations, 21 represent missense mutations or codon
insertions/deletions. We identified a single case of the start codon being reported as a missense
mutation resulting in the methionine being converted to an isoleucine. A non-sense mutation
corresponding to the 83rd codon of TRIM52 was reported and validated by the 1000 Genomes Project,
which would result in the truncation of over two-thirds of the open reading frame. The remaining 6
reported variations were synonymous changes and would cause no functional change to TRIM52. Thus,
we identified only 2 possible loss-of-function variants from dbSNP. In addition, our own sequencing
efforts of a human diversity panel (24 African American; 24 European Caucasian; 24 Han Chinese) only
recovered SNPs consistent with several of the synonymous change or codon deletion variants. These

data suggest that TRIM52 has been largely preserved in humans and its role is still actively maintained.
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Figure 3.4 Positive selection within the RING domain of TRIM52. (A) More than half the sites predicted

to be evolving under positive selection (Table 3.2) are located within the RING domain of TRIM52. To

further highlight this, we identified the number of synonymous (S) and non-synonymous (N)

substitutions that have occurred in the expanded “loop 2” region of TRIM52 in primate evolution (the

equivalent domain of TRIM41 is shown for comparison). Examples of dramatic episodes of positive

selection in TRIM52’s RING domain are highlighted in bold. (B) The differences in evolutionary signals
are further demonstrated by an alignment of a 90 amino acid long stretch of the “loop 2” region from

primate TRIM41 and TRIM52. Sites of positive selection (Table 3.2) have indicated with a star and

bolded.
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Table 3.2 Maximum likelihood analyses of TRIM41 and TRIM52 genes in primates

TRIM gene | M7 vs M8 | % sites with Positively Primate sequences
(2Inx; p dN/dS>1 selected sites | utilized for comparison
value) (avg. dN/dS for (posterior

those sites) probability)

TRIM41 0; p=1.00 | 0 (n.a) none Hominoid: Homo
sapiens; Pan paniscus;
Pan troglodytes; Gorilla
gorilla; Pongo pygmaeus;
Nomascus leucogenys
Old World monkeys:
Macaca mulatta; Papio
anubis
New World monkeys:
Callithrix jacchus; Saimiri
boliviensis
Prosimian:
Otolemur garnettii

TRIM52 34.75; 18.93 (12.51) 75(1.000)*; Hominoid: Homo

(RING p<0.005 82(0.965); sapiens; Pan troglodytes;

domain 100(0.998)*; Pan paniscus; Gorilla

expansion 111(0.997)%, gorilla; Pongo pygmaeus
only) 134(0.966); Old World monkeys:

149(0.997)*;
153(0.993)*

Cercopithecus aethiops;
Miopithecus talapoin;
Macaca mulatta; Papio
anubis; Trachypithecus
vetulus; Trachypithecus
cristatus; Trachypithecus
francoisi; Colobus
guereza

New World monkeys:
none (all pseudogenized)
Prosimian:
Microcebus murinus
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3.2.5 Human and rhesus TRIM52 do not restrict lentiviruses

The history of positive selection uncovered amongst primate TRIM52 orthologs indicates that its
function has been adaptively evolving. While many members of the TRIM family positively and
negatively impact retroviruses (Uchil, Quinlan et al. 2008), it is unclear whether TRIM52 reflects this.
Indeed, given the degree of adaptive evolution within the RING domain of TRIM52, it appears that the
role of viral recognition has shifted from the absent B30.2 domain to the RING domain and that the
target is likely not retroviral. To assess this, we evaluated human and rhesus TRIM52 orthologs for
antiviral activity against a limited panel of lentiviruses (Figure B.4). Although many of these viruses are
restricted by TRIM proteins, we found no evidence of restriction by either human or rhesus TRIM52.
Thus, although the evolutionary patterns of positive selection and episodic loss are consistent with the

function of TRIM52 in some form of genome defense, the target(s) of this activity is still unknown.

3.3 Discussion

3.3.1 TRIM52, a novel antiviral gene highlighted by unique genetic innovation

From a screen of positive selection within the TRIM gene family, we recovered 14 members not
previously known to be evolving under positive selection. Of these, TRIM52 exhibited signatures of
novel rapid evolution amongst TRIM genes. In the absence of these evolutionary analyses, TRIM52 might
not draw attention as a candidate antiviral factor because of the lack of a canonical virus-interaction
domain. While TRIM52 lacks B30.2 and Coiled-Coil domains, the gene bears an ancient expansion of the
RING domain that exhibits positive selection. We previously described an expanded set of rodent TRIM5
paralogs, and highlighted mouse (Mus musculus) TRIM12 that only encodes RING, B-Box2, and Coiled-
Coil domains (Tareen, Sawyer et al. 2009). Similar to TRIM52, mouse TRIM12 exhibits signatures of
positive selection despite the absence of a recognized interaction interface (i.e. B30.2 domain). Indeed,
our finding of positive selection within the RING domain leads to the intriguing model whereby the
antiviral interaction interface of TRIM52 may have now shifted to within its RING domain. This is an
unusual exception to the highly modular arrangement of the mammalian and fish TRIM gene family in
which the target interaction interface is usually restricted to the Coiled-Coil or B30.2 domains, which are
also the hotspots for positive selection (Reymond, Meroni et al. 2001, Meroni and Diez-Roux 2005,
Nisole, Stoye et al. 2005, Song, Gold et al. 2005, Yap, Nisole et al. 2005, Sawyer, Emerman et al. 2007,

van der Aa, Levraud et al. 2009).
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Figure 3.5 Presence/Absence of TRIM52 in primates. We evaluated TRIM52 from a range of Hominoids,
Old World monkeys, and New World monkeys, using sequences collected from (1) Ensembl (Flicek,
Amode et al. 2012) and Genbank and via (2) PCR. Primates surveyed by our analysis are presented in a
guide tree of the well-accepted primate phylogeny (Perelman, Johnson et al. 2011). (3) We were unable
to amplify TRIM52 from the gibbon lineage of Hominoids (represented by dotted branches), despite the
use of primers that we used to amplify orthologs from other Hominoids and Old World monkeys. Greyed
branches represent lineages where we observed TRIM52 to be pseudogenized.
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Despite the strong signature of positive selection, we identified at least four independent losses of
TRIM52 within mammals, with half of these events occurring in primates. The absence of TRIM52 from
gibbon genomes may reflect its genomic position, proximal to the telomeric region in Hominoids and
Old World monkeys. However, this genomic positioning is not shared in other mammals (Figure B.2) and
therefore cannot account for the multiple loss events we have observed. Furthermore, we found no
evidence for either loss or pseudogenization of the proximally located TRIM41 gene. This suggests that
the parental gene is under strong functional constraint, while the episodes of TRIM52 loss strongly
suggest that this TRIM gene does not carry out a conserved, housekeeping function in mammalian
genomes. Intriguingly, the recurrent loss of TRIM52 demonstrates the dynamic evolutionary history
observed by other TRIM genes with antiviral function. For instance, the dog TRIM5 ortholog is
pseudogenized (Sawyer, Emerman et al. 2007), while cats encode a truncated form of TRIM5 with a
disrupted B30.2 domain; both lineages are unable to express TRIM5alpha (McEwan, Schaller et al. 2009).
Both rodent (mouse and rat) and cow genomes lack TRIM22 orthologs, but contain expanded sets of
TRIMS5 paralogs (Sawyer, Emerman et al. 2007, Tareen, Sawyer et al. 2009). Expansions are not unique
to TRIM5. Han et al (Han, Lou et al. 2011) identified several TRIM genes that are copy number variable in
human genomes. Similar dynamics have also been observed in several teleost species, where unique
TRIM genes (fintrims) have expanded and diversified in each lineage (van der Aa, Levraud et al. 2009).
Thus, considering the dynamic history of TRIM52 and our evidence of positive selection, we posit that
the unusual TRIM gene is involved in genome defense, but which can be lost either due to relaxed
selection or because of the high costs borne by encoding such a defense (Sawyer, Wu et al. 2006). We
have previously suggested that positive selection and the expansion of TRIM genes is driven by new or
continuous selective pressure, likely provided by viral pathogens (Sawyer, Emerman et al. 2007, Tareen,
Sawyer et al. 2009, Han, Lou et al. 2011). Similarly, the loss or relaxation of such a selective pressure

could result in the loss of a TRIM gene (Sawyer, Wu et al. 2006, Sawyer, Emerman et al. 2007).

It is also formally possible that TRIM52 is under positive selection not because of antiviral activity but
instead to maintain its interaction with a ‘host’ target substrate that is also adaptively evolving.
However, we find this co-evolutionary scenario unlikely because such host-host interaction surfaces are
not typically found to evolve under positive selection unless they are challenged by a pathogenic
influence (Koyanagi, Kerns et al. 2010, Daugherty and Malik 2012). Furthermore, this scenario would
posit that the many incidences of TRIM52 loss we have documented would have to coincide with the

simultaneous loss of the target substrate or the need to maintain the interaction.
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3.3.2 Positive selection within the TRIM gene family

Based on the unbiased approach of our screen, we predicted the recovery of several known restriction
factors. In particular, there was an expectation of identifying TRIM5 and TRIM22, both previously
highlighted for their positive selection (Sawyer, Wu et al. 2005, Sawyer, Emerman et al. 2007). In
addition to these, we recovered other known or suspected restriction factors: TRIM15, TRIM21, TRIM25,
and TRIM38. We detected positive selection occurring all along TRIM25, in particular within the Coiled-
Coil and B30.2 domain (Figure 3.1). TRIM25 plays a role in influenza infection, where its activity is critical
for the activation of the RIG-I dependent signaling cascade (Gack, Shin et al. 2007). Specifically, Influenza
A encodes protein NS1 that directly interacts and inhibits TRIM25 at the Coiled-Coil domain inhibiting
the ubiquitination and activation of RIG-I. This is reminiscent of adaptive evolution in other known
restriction factors, such as in the case of MAVS to evade protease cleavage by Hepatitis C virus (Patel,
Loo et al. 2012) or in Tetherin to evade lentivirus Nef or Vpu (Lim, Malik et al. 2010). In both cases,
positive selection highlights regions of the host-encoded protein targeted by viral antagonists and
provided insight into mechanisms of host evasion. Thus, it is likely that the sites of positive selection
exhibited by TRIM25 reveal adaptation during primate history to evade NS1 or NS1-like antagonist.
TRIM15 similarly plays a role regulating innate immune signaling. As we highlighted TRIM15 in our
screen for positive selection, we posit that the rapid evolution is the consequence of selective pressure
from the direct interaction with viral proteins, either from targeting or antagonism. While we cannot
differentiate solely on the profile of positive selection, additional functional work will be required to
shed further light on the antiviral role of TRIM15. TRIM21 is able to target cytosolic antibodies bound to
viruses and autoubiqutinate, leading to the proteasomal degradation of the TRIM21 bound complex
(Mallery, McEwan et al. 2010). As this complex forms from TRIM21 binding to the invariant region of
antibodies (James, Keeble et al. 2007), it is unlikely that the interaction between host-encoded products
is responsible for the positive selection we detected. Instead, it is much more likely that TRIM21 is
targeted by a viral antagonist and that positive selection is also reflective of evasion from viral
antagonist. Unique among these recovered TRIM genes, TRIM38 has been found to assist HIV-1 during
entry (Uchil, Quinlan et al. 2008). This may be explained as TRIM38 has recently been recognized for
having a role in negatively regulating innate immunity by targeting components of innate immunity for
degradation (Xue, Zhou et al. 2012, Zhao, Wang et al. 2012, Zhao, Wang et al. 2012). It is difficult to
speculate. In the cases of these known restriction factors, our analysis of positive selection provides
insight into the interface and nature of host-pathogen interactions, as well as clues regarding the

evolution of present day function.
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One TRIM gene that did not show a signature of positive selection that could be statistically supported is
TRIM19/PML. This is in agreement with an extended sequencing of primate TRIM19/PML orthologs
which concluded that there was no evidence for positive selection of this gene (Ortiz, Bleiber et al.
2006). This may be surprising in light of the evidence that PML functions as an antiviral (reviewed in
(Nisole, Stoye et al. 2005)). However, positive selection would only be expected to act on genes
encoding proteins which directly interact with viral proteins, and so any up-stream or down-stream
effector may not present such a signal. It is interesting that TRIM1 (MID2) also shows no adaptive
signature, given that the human TRIM1 protein has been shown to have moderate anti-MLV activity
(Yap, Nisole et al. 2004). This may reflect a retroviral restriction that is not currently being utilized by
humans or chimpanzees, since it was detected against a virus that does not infect these primates
naturally. Nonetheless, it is important to point out that the absence of positive selection does not
preclude TRIM genes from being candidate restriction factors, but those TRIM genes that have evolved

under positive selection represent the most likely candidates for having an antiviral role.

As many of the TRIM genes remain largely uncharacterized, our evolutionary screen is able to highlight
candidate restriction factors based on exhibition of positive selection, a hallmark of antiviral genes at
the direct interface of the host-viral pathogen arms race (Daugherty and Malik 2012). In addition to
TRIMS52, TRIM58 and TRIM60 were recovered with intriguing profiles of positive selection. We found
that TRIM58 had a cluster of sites within the viral recognition (B30.2) domain, and TRIM60 presented
positively selected sites in each of the notable domains: RING, B-Box, Coiled-Coil, and B30.2 (Figure 3.1).
Based on the extent of rapid evolution observed amongst these TRIM genes, these represent the most
likely restriction factor candidates and should therefore be included in subsequent antiviral surveys of

the gene family

Based on previous studies with APOBEC and TRIMS5 restriction genes, it is informative to identify
antiviral restriction factors even if they are not currently active against modern viral pathogens.
Restriction factors honed against evolutionarily “recent” viral infections might protect us against future
viruses or viral variants, or might be artificially enhanced to be active against current forms. Genes with
partial activity might vary in potency within the human population. Furthermore, such genes serve as
barriers to animal models of viral infection (Hatziioannou, Princiotta et al. 2006, Kirmaier, Wu et al.
2010). To this end, our evolutionary approach to identify potential restriction factors in the TRIM family

has revealed ten members that bear previously unrecognized signatures of recent positive selection.
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These primate TRIM genes are therefore primate candidates to be investigated as novel restriction

factors against viruses.

3.4 Methods

3.4.1 Collecting TRIM orthologs

Human (Homo sapiens) TRIM gene sequences were obtained from Ensembl (Flicek, Amode et al. 2012)
and GenBank. Chimpanzee (Pan troglodytes), bonobo (Pan paniscus), gorilla (Gorilla gorilla), orangutan
(Pongo abelii), white-cheeked gibbon (Nomascus leucogenys), rhesus macaque (Macaca mulatta),
baboon (Papio anubis), squirrel monkey (Saimiri boliviensis), marmoset (Callithrix jacchus), tarsier
(Tarsius syrichta), mouse lemur (Microcebus murinus), and bushbaby (Otolemur garnettii) orthologs
were obtained when reported from NCBI by BLASTing (Altschul, Gish et al. 1990) the “RefSeq RNA”
databases with the human TRIM sequence as the query and from Ensembl gene orthology/paralogy
predictions (Vilella, Severin et al. 2009). Additional primate orthologs were collected when available
(e.g., African green monkey (Chlorocebus aethiops)). Subsequent collection of TRIM sequences,
specifically TRIM52 and TRIMA41, via publically available databases were carried out utilizing Ensembl’s
genome databases to recover annotated sequences from available animals, including Reptilia, Avian,

and Mammalian species.

3.4.2 Sequencing TRIMS52

To expand our collection our collection of primate TRIM52 sequences to improve the power of
downstream evolutionary analysis, we amplified TRIM52 using genomic DNA from the following
primates: human, chimpanzee, bonobo, gorilla, orangutan, rhesus macaque, African green monkey,
talapoin monkey (Miopithecus talapoin), colobus monkey (Colobus guereza), Francois’ leaf monkey
(Trachypithecus francoisi), purple-faced langur (Trachypithecus vetulus), and silvery langur
(Trachypithecus cristatus). Exon 1 was amplified and sequenced using the following primer pair: Forward
— CCACCGATCCCAGAGAGAGG & Reverse — CCTCTGGGGAAGCCAATCTGC. We amplified exon2 by nested
PCR with the following primer pairs: Initial primer pair: Forward —
GTYGCATGATTTAGAAYTTTACTGACCAA & Reverse — GACAATCCAGGCATCCAGTTATGC. Second, nested
primer pair: Forward — ATWATGGTTTATTTAATAYARTATACATTATC & Reverse —
GAACTCTAACTCATGGGATGGACAAA. The second, nested primer pair was used to sequence exon2. We

used PCR Supermix (Invitrogen, 10790-020) for amplification reactions and performed 40 PCR cycles.
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Sequencing reactions were carried out using BigDye. TRIM52 sequences are being deposited in the

GenBank database (accession numbers forthcoming).

3.4.3 Phylogenetic Analysis

Non-primate TRIM52 and TRIM41 sequences were obtained by BLAST (Altschul, Gish et al. 1990) analysis
with the human TRIM52 protein as query, and psi-blast (Altschul, Madden et al. 1997) analysis with the
human TRIM52 RING expansion as query. Psi-blast of the RING expansion recovers only TRIM52 and
TRIM41 orthologs, suggesting that these are the only TRIMs with this expansion. We found no evidence
of a protein domain downstream of the B-Box2 domain, with homology to TRIM41, in any of the TRIM52
orthologs. For instance, there is no identifiable Coiled-Coil domain or B30.2 domain downstream of the
human TRIM52 gene in the human genome assembly. All of the TRIM41 sequences are predicted to
encode a Coiled-Coil and B30.2 domain. Non-primate and primate TRIM sequences (TRIM52 and
TRIMA41) that we recovered from BLAST (Altschul, Gish et al. 1990) and Ensembl (Flicek, Amode et al.
2012) were aligned using ClustalX (Larkin, Blackshields et al. 2007). We only included the RING (omitting
the region containing the RING expansion) and B-Box domain. Using this alignment we constructed a
tree using maximum likelihood methodology (Guindon, Dufayard et al. 2010) and used the program

Dendroscope (Huson, Richter et al. 2007) to present a phylogram.

3.4.4 Delineation of TRIM protein domain boundaries and secondary structure

RING, B-box1, and B-box2 domains were identified based on the consensus sequences (Meroni and
Diez-Roux 2005). Coiled-Coil domain boundaries were identified by predicting secondary protein
structure with PSIPRED (McGuffin, Bryson et al. 2000) and identifying the long alpha-helix that is
associated with this motif (Lupas 1996). B30.2 or other C-terminal domains were identified by using the
CDD (Marchler-Bauer, Anderson et al. 2005) and SMART (Schultz, Copley et al. 2000) domain databases,
and the N-terminal boundary of B30.2 domains was aided by secondary structure prediction, as the
B30.2 domain consists entirely of sequential tandem beta-strands (Seto, Liu et al. 1999, Masters, Yao et

al. 2006).

3.4.5 Computational analysis of positive selection
DNA sequences were aligned using ClustalX (Larkin, Blackshields et al. 2007). dN and dS for pairwise
comparisons, as well as their confidence values, were calculated using the K-estimator software package

(Comeron 1999). Sliding window analysis for human - chimpanzee comparisons were performed with a
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window size of 600bp, and a slide size of 10bp. For chimpanzee - rhesus and human - rhesus
comparisons, the window was adjusted to 300bp to account for the greater divergence between these
species. A p-value was obtained for the window with the highest value of dN/dS. Detection of recurrent
positive selection by multiple alignment comparisons was carried out using the CODEML program from
the PAML package (Yang 1997). Codon-based modeling and dN/dS calculations for multiple alignment
comparisons were executed by CODEML from the PAML package (Yang 1997). Constrained model M7
was tested against unconstrained model M8 under the following parameters: f61 (codon frequencies of
61 non-stop codons are calculated), starting omega: 0.4 and 1.5. All simulations converged and results
are consistent between both codon models (2In; p=values were calculated assuming two degrees of
freedom). We present the percentage of sites estimated to evolve under positive selection and the
average dN/dS for those sites. Posterior probabilities were calculated according to the Naive Empirical
Bayes model (Yang 1997). Codons under positive selection with a posterior probability of >95% have
additionally been listed (Table 3.2). The in-depth PAML analysis of TRIM52 was complemented by Fast
Unbiased Bayesian AppRoximation (FUBAR), implemented through Datamonkey suite of phylogenetic
analysis tools (Delport, Poon et al. 2010). Sites of positive selection identified via FUBAR are denoted

with a “*” (Table 3.2).

3.4.6 TRIMS52 restriction assays

We generated CRFK cell lines that stably express HA-tagged human and rhesus TRIM52 by transduction
of a retrovirus vector (LPCX ) encoding human and rhesus TRIM52 as described (Sawyer, Wu et al. 2005).
Stable cell lines, including a negative control empty vector CRFK cell line, were plated on 12-well plates
(0.8x1075 cells/well). These were allowed to incubate overnight and then infected with the following
GFP encoding retroviruses: HIV-1, HIV-2 (ROD9), and FIV. We used a virus titer determined to give us at
least 15% infection. Three days after infection, cells were fixed with paraformaldehyde and GFP

expression was measured by flow cytometry.
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Chapter 4

A catalogue of CyclophilinA retrogenes in primates

Elucidation of the biological role of CyclophilinA (CypA) has been complicated due to its involvement in
numerous biological processes, such as protein folding, cell cycle regulation, and apoptosis.
Furthermore, CypA has a role in affecting the lifecycle of several viruses, including HIV-1 and HCV. Many
retrogene copies of CypA have been reported within primate genomes, and these have occasionally led
to the birth of novel TRIMCyp antiviral factors. Yet, there has been little characterization of CypA
retrogenes. We surveyed 6 primate reference genomes from hominoids, Old World monkeys, and New
World monkeys to catalogue CypA retrogenes and describe their copy number and putative functional
state. We find that primate genomes encode well over 100 CypA retrogenes. While the majority of these
are pseudogenes, we find that on average ~18% of the copies encode a putatively functional open
reading frame and demonstrate diverse evolutionary histories that implicate them in important

functional roles.
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4.1 Introduction

CyclophilinA (CypA) is the prototypic representative of the Cyclophilin gene family. At least 9 Cyclophilin
genes have been identified in human. These are all characterized by their predicted peptidyl-prolyl
isomerase activity, the catalytic cis-trans isomerization of proline residues (Fischer, Bang et al. 1984,
Takahashi, Hayano et al. 1989, Wang and Heitman 2005, Schaller, Ocwieja et al. 2011). CypA was initially
identified as the target for the immunosuppressant drug cyclosporineA (CsA) (Handschumacher, Harding
et al. 1984). The CypA-CsA complex inhibits calcineurin protein phosphatase activity and consequently
downregulates T-cell activation (Liu, Farmer et al. 1991, Colgan, Asmal et al. 2004, Roehrl, Kang et al.

2004).

CypA is believed to play a role in a number of biological processes including protein folding, cell cycle
regulation, and apoptosis (Stamnes 1992; Matouschek 1995; Ou 2001; Min 2005; Uittenbogaard 1998;
Nahreini 2001; Decker 2003; Colgan 2004; Grimim 2007; Helekar 1994; Wang 2005). However, none of
these roles are firmly established. Indeed, CypA interactions demonstrate a promiscuity that extends to
interactions with “foreign” targets. CypA interacts with exposed proline residues of lentiviral CA protein
to facilitate the uncoating process to enhance viral fitness (Franke, Yuan et al. 1994, Thali, Bukovsky et
al. 1994, Braaten, Aberham et al. 1996, Gamble, Vajdos et al. 1996, Gitti, Lee et al. 1996, Lin and
Emerman 2006). This function of CypA is not necessary for the fulfillment of this stage of the lentivirus
lifecycle (Thali, Bukovsky et al. 1994, Wiegers, Rutter et al. 1999). CypA also improves the fitness of
Hepatitis Virus C (HCV) by direct interactions with phosphoprotein nonstructural protein 5A (NS5A) and
RNA-dependent RNA polymerase nonstructural protein 5B (NS5B) (Fernandes, Poole et al. 2007, Yang,
Robotham et al. 2008, Chatterji, Bobardt et al. 2009, Hanoulle, Badillo et al. 2009, Kaul, Stauffer et al.
2009, Fernandes, Ansari et al. 2010). Additional interactions with diverse viruses continue to emerge
(reviewed in (Baugh and Gallay 2012, Zhou, Mei et al. 2012)) and add further complexity to the role and

activity of CypA in the cell.

CypA is conserved throughout eukaryotes, and demonstrates evidence of evolving under strong
purifying selection amongst primates (Ortiz, Bleiber et al. 2006). In addition to the intron-containing
CypA parental gene, the human genome possesses many CypA retrogenes (Haendler and Hofer 1990,
Willenbrink, Halaschek et al. 1995, Zhang, Harrison et al. 2003) that result from the reverse transcription
of the abundant CypA transcript and subsequent genomic integration into a new location by the LINE-1

(L1) retrotransposon machinery (Kaessmann, Vinckenbosch et al. 2009); these retrogenes are also
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referred to as processed pseudogenes or RNA-based duplicates. Retrotransposed genes are typically
viewed as evolutionary dead ends, as they are not expected to transpose with the necessary regulatory
elements. However, the lack of transposition with regulatory elements does not pose a significant
barrier to all retrogenes; it is suspected that 20% of retrogenes in the human genome are
transcriptionally active (Brosius 1991; Marques 2005; Vickenbosch 2006). Indeed, retrogenes provide a
unique source for novel, unconstrained genetic material (Brosius 1991, Bieniasz 2003). Relevant to this
chapter, several CypA retrogenes exhibit transcriptionally activity (Harrison, Zheng et al. 2005).
Furthermore, functionality has been demonstrated as at least 3 CypA retrogenes form gene fusions with
the restriction factor TRIM5, generating a novel restriction factor termed TRIMCyp (Sayah, Sokolskaja et
al. 2004, Brennan, Kozyrev et al. 2008, Newman, Hall et al. 2008, Virgen, Kratovac et al. 2008, Wilson,
Webb et al. 2008, Malfavon-Borja, Wu et al. 2013) (also see Chapter 2). In these instances, CypA has
structurally and functionally replaced the CA targeting motif of TRIM5. Such examples demonstrate the

functional and diverse utility of CypA retrogenes in the genome.

We wished to further elucidate the evolutionary contribution of CypA retrogenes to the human and
other primate genomes. We therefore surveyed several assembled primate genomes (where the
chromosomal positions are available) for CypA retrogene copy number and putative functional state
(whether it encoded an intact open reading frame). This was carried out by performing BLAT searches
(Kent 2002) on the UCSC Genome browser (Karolchik, Hinrichs et al. 2012). We found that primate
genomes contain more than 100 CypA retrogene copies with an average of ~18% of copies encoding a
putatively functional open reading frame (ORF), which we term “intact”. From species comparisons, we
identified 24 sets of orthologous CypA retrogenes, where at least 2 primate species in the set were
intact. Amongst these we found evidence of evolution under diverse pressures, including positive and
purifying selection. Rhesus macaque and marmoset revealed many examples of recently acquired
(young) CypA retrogenes, whiles apes collectively contained fewer young lineage-specific CypA
retrogenes. We found a single case of an ancient CypA retrogene that pseudogenized in the ape
common ancestor, but has reverted to an intact ORF in the human lineage, regaining protein-coding
capacity. Our findings reveal an abundance of CypA retrogenes within primate genomes. While many of
these are presumed to be pseudogenes (e.g., not functional or transcriptionally inactive), several have

been highlighted by their unique evolutionary and molecular history.
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4.2 Results

4.4.1 Identifying CypA Retrogenes

CypA retrogenes were identified within the human genome since initial molecular investigations of the
parental gene (Haendler and Hofer 1990, Willenbrink, Halaschek et al. 1995). Despite the recognition of
copious numbers contained in the human genome (Zhang, Harrison et al. 2003), the functional state and
the evolutionary context of CypA retrogenes in humans has yet to be explored. Towards this, we
screened 6 primate reference genomes (4 hominoid, 1 Old World monkey, and 1 New World monkey) to
catalogue CypA retrogenes using the UCSC genome browser (Kent, Sugnet et al. 2002). We found 109
CypA retrogenes to be encoded within the human reference genome (Figure 4.1). From these, we
identified 24 that encoded putatively functional open reading frames (ORFs), termed “intact” (see
methods). Chimpanzee, gorilla, and orangutan were found to encode 19 intact retrogenes of 114, 17 of
104, and 21 of 118, respectively. Rhesus macaque and marmoset exhibited similar numbers of CypA
retrogenes, 24 intact retrogenes of 143, and 28 of 128, respectively. We find that primate genomes
universally contain over 100 CypA retrogene copies with an average of ~18% maintaining a putatively

functional, intact ORF.

To determine intact CypA retrogene orthology and estimate the date of acquisition we relied on
synteny. While it is possible that translocations could relocate CypA retrogenes to alternative (non-
syntenic) locations, we conservatively identified cases of unidentified syntenic orthologs, when its
presence was expected, as pseudogenes. We found 24 sets of orthologs that had intact copies in at least
2 primate lineages and termed these the “intact ortholog” set (Figure 4.1; Table C.1). To improve the
resolution of our dating approach we screened an additional Old World monkey (baboon) and New
World monkey (squirrel monkey) reference assembly. Baboon and squirrel monkey genomes were not
screened further as the quality of their assemblies was not to the same extent as the 6 initially screened
primates at the time of my analysis. 15 ortholog sets were encoded in all major primate lineages and
acquired at least 43 Mya. 7 ortholog sets were only found in hominoids and Old World monkeys, placing
their acquisition date at 32 Mya. The youngest case of an “intact ortholog” was found in only a subset of

the great apes and estimated to be 8 Myo.

An additional 10 intact retrogenes had pseudogenized orthologs amongst the original primate genomes
assayed. We termed this set of retrogenes the “Single intact ortholog” (Figure 4.1; Table C.2). It is

possible that membership in the “intact ortholog” versus “single intact ortholog” categories is arbitrary
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since it was dependent of which genomes were available for our analysis. Five of the “single intact
ortholog” cases were acquired 43 mya. 2 of these are present in rhesus macaque, while there is one
each in the human, orangutan, and marmoset genomes. 2 cases of 32Myo “Single intact orthologs”
were found in rhesus macaque and orangutan genomes respectively. The orangutan genome also
encode 2 “Single intact orthologs” acquired 17 Mya whereas human genomes encode a “Single intact
ortholog” estimated to be 20 Myo. The 20 Myo human (Hsal_2264934) and 32 Myo orangutan
(Pab9_55196143) “Single intact orthologs” are unique amongst the other cases as the mutations leading
to pseudogenization in the majority of the orthologs have been reverted or compensated, respectively
(Figure 4.2A; Figure C.1A). In the other 8 “Single intact ortholog” sets, we are not able to distinguish
whether the intact state of the CypA retrogene is a function of preservation prior to divergence or
reversion/compensation after divergence. Orthologs of Hsal 2264934 do not encode a canonical start
codon, as this suffered a missense mutation shortly after its acquisition 20 Mya. Only in the human
lineage has the canonical start codon been “restored”. Similarly, Pab9 55196143 and its orthologs have
lost the canonical start due to a missense mutation (Figure 4.2B; Figure C.1B), but a 1nt deletion in the
orangutan lineage places an upstream ATG in-frame with the CypA coding sequence that may putatively

function as a novel start codon for the Pab9 55196143 ORF.

Based on synteny, 46 intact retrogenes did not have identifiable orthologs and represent recently
acquired or young acquisitions, which we termed “Lineage specific intact retrogenes” (Figure 4.1; Table
C.3). The majority of these were found outside of the ape lineage, with 16 encoded by rhesus macaque
and 20 encoded by marmoset. Amongst apes, human contain 7 “Lineage specific intact retrogenes”,
while orangutan contain 2 and gorilla contains a single “Lineage specific intact retrogenes”. From our
analysis, it appears that apes possess fewer “Lineage specific” CypA retrogenes compared to other

primates.

4.4.2 Identifying selection amongst “intact ortholog” sets

We sought to investigate the evolutionary history of the “intact ortholog” sets to identify the selective
pressures acting on these preserved CypA retrogenes. In our limited analysis, we identified 5 “Intact
ortholog” retrogenes that displayed signatures suggestive of positive selection: sets 6, 9, 20, 21, and 24
(Table 4.1; light grey fill). To evaluate these in greater detail, we performed additional sequencing and
PAML analysis (‘asterisks’ in Table 4.1). Based on this expanded survey of each of the 5 ortholog sets, we

find that only one of them (Set 6) has evolved under strong positive selection. Additional dN/dS
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Figure 4.1 “Intact” CypA retrogenes. CypA retrogenes were recovered from 6 primate reference
genomes and evaluated for a putatively functional open reading frame (ORF) that were subsequently
termed “intact” (black-filled box). Below the name of each primate genome systematically (BOLD)
evaluated is the number of “Intact” over the total number of CypA retrogenes identified. “Intact” were
placed into 1 of 3 categories depending on the presence and state of orthologous CypA retrogenes, and
orthology was determined by synteny. When orthologs “intact” were identified, these were binned into
the “intact ortholog” category. “Intact” that only had pseudogenized orthologs (white-filled box with
asterisk) were placed in the “Single intact ortholog” category. Orthologs that could not be found were
denoted with a broken white-filled box. An ortholog may not be found due to an assembly gap or
because the CypA retrogene was acquired after the divergence of the lineage not containing the
ortholog of interest. For example, orthologs of Set 6 could not be found in New World monkeys, but
were recovered in Old World monkeys and hominoids. Thus, this CypA retrogene was likely acquired in
the common ancestor of Old World monkeys and hominoids, the lineage of primates that diverged from
New World monkeys.
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Table 4.1 PAML screen of “intact ortholog” sets

Intact CypA % of sites within
retrogenes M7vsM8 dN/dS P-value dN/dS category
Set 1 0.072 7.282 0.965 1.360
Set 2 0.139 1.179 0.933 100.000
Set 3 0.023 1.000 0.989 100.000
Set4 1.701 3.180 0.427 41.186
Set 5 5.508 34.236 0.064 2.485
Set 6 6.460 49.375 0.040 14.478
Set 6* 8.367 33.983 0.015 15.098
Set 7 <0.005 28.169 1.000 0.000
Set 8 <0.005 27.107 1.000 0.000
Set 9 6.06 7.167 0.048 8.188
Set 9* 3.861 8.433 0.145 2.454
Set 10 0.410 1.271 0.815 100.000
Set 11 <0.005 1.000 1.000 0.000
Set 12 <0.005 1.000 1.000 0.000
Set 13 3.251 3.055 0.197 37.087
Set 14 0.366 2.043 0.833 59.987
Set 15 1.481 2.547 0.477 44.190
Set 16 <0.005 2.175 1.000 0.000
Set 17 0.306 4.662 0.858 32.904
Set 18 0.995 1.666 0.608 100.000
Set 19 2.430 3.853 0.297 18.422
Set 20 7.778 23.077 0.020 8.598
Set 20* 5.74913 17.505 0.0564 9.154
Set 21 3183.674 98.019 0.000 2.103
Set 21* 5.795 26.375 0.0552 1.885
Set 22 <0.005 1.000 1.000 0.000
Set 23 0.504 1.421 0.777 90.515
Set 24 9.226 39.485 0.010 2.274
Set 24* 4.229 4.687 0.121 6.501
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analysis in each ortholog set revealed a significant fraction of the “Intact ortholog” retrogenes have
evolved under purifying selection (Table 4.2) suggesting that these genes have been subject to selective
constraint since their birth. Therefore, we find that CypA retrogenes have been evolving under diverse

selective pressures throughout human and primate history.

4.4.3 Conservation of transcriptionally active “Single intact orthologs”

Given the unique observation of a “restored” ORF by “Single intact orthologs” Hsal 2264934 and

Pab9 55196143, we investigated these further for transcriptional evidence of activity. Using RT-PCR, we
find that Hsal_ 2264934 is transcriptionally active in human embryonic kidney (293T) cell lines (Figure
4.2C). We were unable to detect Pab9_55196143 expression in orangutan fibroblast cell lines; however,

this does not rule out the possibility of expression in other tissues.

As we detected transcriptional evidence of Hsal 2264934 by RT-PCR, we further investigated the CypA
retrogene for evidence of conservation via SNP analysis. We identified 13 reported indels from NCBI’s
database of short genetic variations (dbSNP) (Table 4.3). The majority of the SNPs reported (12 of 13)
result in residue alterations. Of these, rs35460778 reflects a non-synonymous change and a frameshift
mutation (1nt deletion). However, there is no population diversity reported and this SNP contains no
validation status by NCBI. A single reported SNP results in a synonymous change, thus there is no
alternation to the predicted protein sequence. Based on these findings, Hsal 2264934 appears well
preserved in humans and represents a CypA retrogene that has “restored” an ORF from a

pseudogenized ancestral state.

4.3 Discussion

To better understand the depth of CypA retrogenes in the human genome and their evolutionary
dynamics, we screened primate genomes to evaluate copy number and putative functional state of CypA
retrogenes. From an in-depth screen of 6 primate reference genomes, we find that each encode more
than 100 CypA retrogenes of which an average of ~18% of the retrogenes have a putatively functional
ORF. These intact CypA retrogenes are comprised of copies that are related by orthology, bornin a
common ancestor and inherited by extant primates, along with younger, species-specific copies.
Amongst human intact retrogenes, we find that 18 have ancient origins ranging from 8-43 Mya. The
remaining intact retrogenes appear to have been acquired within the last 6 million years. The human

genome contains more “Lineage specific” CypA retrogenes than other hominoids. However, rhesus
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macaque and marmoset genomes contain the most “Lineage specific” retrogenes, 16 and 20
respectively. This may be an overestimate in rhesus macaque and marmoset as we lack additional
primate genomes to contextualize the Old World monkey and New World monkey “Lineage specific”
intact sets. Thus, along hominoid evolution, there was a dearth of intact CypA gene acquisitions, but a
recent burst of activity occurred along the human lineage. This is consistent with evidence of L1 activity
found in recent human history (Boissinot, Chevret et al. 2000) and reflects a continued accumulation of

CypA retrogenes to be utilized and functionalized.

The parental CypA gene represents a dramatic example of purifying selection amongst primates (Ortiz,
Bleiber et al. 2006, Perelman, Johnson et al. 2011). We found many CypA retrogenes have also been
subject to strong purifying selection, although these tend to be less constrained than parental CypA. Due
to this preservation, several orthologs could not be distinguished from each other or the parental gene
(e.g., Set 16). The cases of purifying selection may represent cases in which the CypA retrogenes support
or expand the CypA parental gene function, via either dosage or altered expression patterns. These
could also be substrates for new gene fusions of the CypA domain with other genes just like TRIMCyp,

although EST evidence did not find any such examples at least within humans.

One of the CypA retrogenes (Set 6) demonstrated a robust signature of positive selection. Set 6
comprises a collection of 32 Myo CypA retrogenes, but only a subset of the great apes retained intact
copies. The parallels between this CypA retrogenes and the TRIM52 putative antiviral factor (in Chapter
4) are striking. Both are genes evolving under positive selection and yet both have been subject to
idiosyncratic losses suggesting their function is not essential. The Set 6 CypA retrogenes may represent a
viable candidate for a new antiviral based on its potential property of binding retroviral capsids or other

proteins, thus warranting further functional evaluation.

We find that CypA retrogenes are more prevalent within the human genome than previously suspected.
Intriguingly, the depth of total and putatively functional CypA retrogenes is comparable amongst
primates. While the function of these retrogene copies was not explored in this study, the evolutionary

Ill

histories of several “intact ortholog” sets warrant follow up on the basis of their strong evolutionary
signatures. Piotukh et al (Piotukh, Gu et al. 2005) explored the targeting preference of human parental
CypA using a library of linear peptide sequences. A similar approach could be adapted to a yeast-2

hybrid system to explore the targeting ability of several of the sets. Among the “intact ortholog” sets
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found to be slowly evolving, we’d expect little deviation from the preferences of parental CypA. In the
case of rapidly evolving Set 6, identifying sequences homologous to the target preference will likely shed
light on the nature of the target (host-encoded or virus-encoded). Also warranting similar functional
evaluation is the case of “Single intact ortholog” Hsal 2264934. This CypA retrogene is reminiscent of
IRGM that pseudogenized in the primate common ancestor, but recently “resurrected” in the lineage of
hominoids that gave rise to human, chimpanzee, and gorilla (Bekpen, Marques-Bonet et al. 2009).
Despite its derivation from a pseudogenized ORF 6 Mya, we recovered transcriptional activity and
population SNP data consistent with a functional Hsal_2264934. CypA has been associated with a wide
range of biological pathways, such as protein folding, cell cycle regulation, and apoptosis (Stamnes 1992;
Matouschek 1995; Ou 2001; Min 2005; Uittenbogaard 1998; Nahreini 2001; Decker 2003; Colgan 2004;
Grimim 2007; Helekar 1994; Wang 2005). Given the number of intact CypA retrogenes eligible for
replacing the parental gene, it is possible that several of these biological roles are in fact carried out by
the products encoded from a CypA retrogene. Indeed, there are several cases of “orphan” retrogenes
replacing the parental gene throughout mammalian evolution (Ciomborowska, Rosikiewicz et al. 2013).
As there is no evidence of the parental CypA gene being loss in any of the primate lineages we
investigated, we posit that the CypA retrogenes have instead evolved to compensate or functionally

replace select endogenous roles associated with the CypA parental gene.

4.4 Methods

4.4.1 Identifying CypA Retrogenes

The human CypA mRNA (NM_021130) sequence was used as a query sequence to submit to BLAST-like
alignment tool (BLAT) (Kent 2002). BLAT searches were performed on the human (Homo sapiens; Feb.
2009 (GRCh37/hg19)), chimpanzee (Pan troglodytes; Feb. 2011 (CSAC 2.1.4/panTro4)), gorilla (Gorilla
gorilla gorilla; May 2011 (gorGor3.1/gorGor3)), orangutan (Pongo pygmaeus abelii; July 2007 (WUGSC
2.0.2/ponAbe2)), rhesus macaque (Macaca mulatta; Oct. 2010 (BGI CR_1.0/rheMac3)), and marmoset
(Callithrix jacchus; March 2009 (WUGSC 3.2/callac3)) assemblies. Retrogenes were aligned to
NM_021130 to identify homology and pseudogenizing mutations (e.g., nonsense mutations; frameshift
mutations). In cases where the canonical start was not present, the upstream region was evaluated until
a start codon or stop codon was identified in the same frame as the ORF. If an ORF contained a

premature stop codon, it was still considered an “intact” retrogene if the stop was not within the first
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Hsa CypA gene TGGTCAACCCCACCGTGTTCTTCGACATTGCCGTCGACGGCGAGCCCTTGGGCCGCGTCTCCTTTGAGCTGTTT
v - - - - - - - - - - - - - - - - - - - - MV NPTV FTFUDTIAVYVDSGEZPILG G RUVS5 FETULTF
Hsa  TGATAATGGTGCATTCGCTTTGCAGACACTGCCACCGCCGGGAGCCCCGTACTATCAGCCATGGTCAACCCCACTGTGTT TT--==== GATGGTGAGTCCTTGGGCCACGTCTCCTTCARGCTGTCT
Z zwcIRFADTA ATA AGSZPVLSAMYUNTZPTUVF b D GE S L GHUV S F KL S
Pta  TAATAATGGTGCATTCGCTTTGCAGACACTGCCACCGCCGGGAGCCCCGTACTATCAGCCACGGTCAACCCCACTGTGTTC == ==~ ATT=== === GATGATGAGTCCTTGGGCCACGTCTCCTTCAAGCTGTCT
Z ZzwcIRFADTA ATA AGSZPVLSATVYVHNZPTUVF I D DESILGHTV S F KL S
X Ggo  TGATAATGGTGCATTCGCTTTGCAGACACTGTCACCGCCAGGAGCCCCGTACTATCAGCCACGGTCAACCCCACTGTGTTC-—- - - ATT-————— GATGGTGAGTCCTTGGGCCACGTCTCCTTCAAGCTGTCT
Z Zw<¢ I RFADTUVTARS?PVLSATV NPTV F I D GESLGHV S F KL S
Pab TTATAATGGTGCGTTCACTTTGCAGACACCGCCACCGCCGGGAGCCCCGTACTATTAGCCACGGTCAACCCCACCGTGTTC- -~ —- -, ATT----~~ GATGGCGAGCCCTTGGGCCACGTCTCCTTCAAGCTGTCT
X L ZwW¢CVHFADTATA AGS?PVLLATUWVWNUZPTV F I D GEPLGH VS F KL §
Nle TTATAATGGTGAATTCGCTTTGCAGACACCGCCACCGCCGGGAGCCCCATACTATCAGCCETGGTCAACCCCACTGTGTTC -~ - -, ATT---=~~ GATGGCGAGCCCTTGGGCCACGTCCCCTTCAAGCTGTCT
L 2 W &2 1IRFADTA ATA AGS S?®PTIULSAVV NPTV F I D GEPLGHV P F KL §
B ... CypA gene TGGTCAACCCCACCGTGTTCTTCGACATTGCCGTCGACGGCGA
.- - - - - - - - --- »=.- - ------------ - -8V NPTVVFTFDTIA AVYTDSCGE
Hsa ATRACATCACTGARGRATCCTATTAGACTTTTARRGAACTACCACCAGCTTTGCAGACGCCTCTGCTATCGGGTGCCCTGTAGTATCAGCCATCGTCAACCCCGCCGTGTTCTTCGACATCGCCGTGGATGGCGE
Z HH zZ R I LLDTF ZRTTTSTFADA ASHA ATILIGT CT PV VS ATIUVDNTP® AEYTFTFDTIA ATYDGG
Pta ATAACATCACTGARGAATCCTATTAGACT TTTARAGAACTACCACCAGCTTTGCAGACACCTCTGCTATCGGGTGCCCTGTACTGTCAGCCATCGTGAACCCCACCGTGTTCTTCGACATCGCTGTGGATGGCGG
Z HH Z R I LLDTF ZRT®TTSTFADTSA ATILIGTCT PUVTLSATIVNTPE?TT VT FTFDTIA ATYDGG
X Ggo ATGACATCACTGGAGAARTCCTATTAGACT TTTAAARGAACCACCACCAGCTTTGCAGACGCCTCTGCTATCGGGTGCCCTGTACTATCAGCCATCGTCAACCCCACCGTGTTCTTCGACATCGCCGTGGATGGCGG
v Z HH WRITILILDTFGZRT®TTSTFADA ASA ATILIGT CTPUVTILSATIVUVNTPTTVFTFTDTIHB ATYTDGG
Pab ATGACATCACTGGAGAATCCTATTAGACTTTTAAAGAACTA-CACTAGCTTTGCAGATGCCTTTGCCATCGGGTGCCCTGTACTGTCAGCCATCATCAACCCCACCATGTTCTTCAACGTCGCCGTGGATGGTGG
X M T §$ L EN P I RLLKNZEY¥ TS FADATFATILGTCZ®PVLSATITILNTPTMTFTFEFNTVATYVTDGG
Mmu ATGACATCACTGGAGAATCCTATTAGACTTTTAGAGAACTACCACCAGCTTTGTAGACGCCTCTGTCATCAGGTACCCTGTACTATCAGCCETEGGTCAACCCCACCGTGTTCTTCGACATCGCTGTGGATGGCGG
Z # HWRILILDTFZGZ®RTT®TTSTFUVYDASUVTIRYZPVYTLSAYVYVDNZP?PTTVTFTFDTIATYTDSGG
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Figure 4.2 Restoration of “Single intact ortholog” CypA retrogenes. (A-B) Hsal 2264934 and

Pab9 55196143 were highlighted amongst the sets of “Single intact orthologs” as they appeared to
derive from a pseudogenized common ancestor. Thus, the ORFs of these CypA retrogenes have
“restored” the pseudogenizing mutation to a state that is putatively functional. (C) The expression of
Hsal 2264934 and Pab9 55196143 was explored by RT-PCR using primers specifically designed for each
retrogene. Lanel: Has gDNA; Lane2: Has total RNA; Lane3: Pab gDNA; Lane4: Pab total RNA.
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Table 4.2 Whole gene dN/dS analysis

Setl Hsa:Ptr Hsa:Pab Hsa:Pab
0.3089 1.206 0.9175
Set2 Hsa:Ptr Hsa:Ggo Hsa:Pab Ptr:Ggo Ptr:Pab Ggo:Pab
0.0114/0 1.712 1.937 2.552 2.359 1.297
Set3 Hsa:Ggo Hsa:Ptr Hsa:Mmu Hsa:Cja Ggo:Ptr Ggo:Mmu
0.8475 0.4175 0.7135 0.8602 0.3098 0.6547
Ggo:Cja Ptr:Mmu  Ptr:Cja Mmu:Cja
0.8048 0.5974 0.6989 0.8744
Set4 Hsa:Ptr Hsa:Ggo Hsa:Pab Ptr:Ggo Ptr:Pab Ggo:Pab
0.2188 0.01453/0 2.239 1.126 1.246 3.195
Set5 Hsa:Ptr Hsa:Ggo Hsa:Cja Ptr:Ggo Ptr:Cja Ggo:Cja
0.4519 0.3413 0.5803 1.124 0.6773 0.6339
Set6 Hsa:Ptr Hsa:Ggo Ptr:Ggo
0.00374/0 1.797 2.205
Set7 Hsa:Ptr Hsa:Ggo Ptr:Ggo
0.6677 0.2558 0.2777
Set8 Hsa:Ggo Hsa:Pab Ggo:Pab
0.2332 0.5832 0.5636
Set9 Hsa:Ptr Hsa:Pab Hsa:Mmu  Ptr:Pab Ptr:Mmu  Pab:Mmu
0/0.0203  0.6965 0.7969 0.5986 0.7371 0.8923
Set10 Hsa:Ptr Hsa:Mmu Ptr:Mmu
0.0049/0  2.008 2.0103
Setll Hsa:Ptr Hsa:Ggo Hsa:Pab Ptr:Ggo Ptr:Pab Ggo:Pab
0.7646 1.747 0.6403 1.075 0.6831 0.8109
Set12 Hsa:Ptr
0.4789
Set13 Hsa:Ptr Hsa:Ggo Hsa:Mmu Ptr:Ggo Ptr:Mmu  Ggo:Mmu
2.5899 0.6373 0.9521 1.477 1.126 1.231
Set14 Hsa:Ptr Hsa:Pab Ptr:Pab
0.8195 1.342 1.864
Set15 Hsa:Ggo Hsa:Pab Hsa:Mmu Ggo:Pab  Ggo:Mmu Pab:Mmu
1.865 1.049 0.6546 1.084 0.6319 0.6441
Setl6 HsaGgo Hsa:Ptr Ggo:Ptr
0/0 0.4347 0.4347
Setl7 Ptr:Pab
0.9578
Set18 Ggo:Ptr Ggo:Pab Ptr:Pab
1.803 1.361 1.422
Set19 Pab:Ptr Pab:Ggo Pab:Mmu Ptr:Ggo Ptr:Mmu  Ggo:Mmu
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0.8827 0.5676 2.079 2.249 6.346 3.409

Set21 Ggo:Ptr Ggo:Pab Ptr:Pab
6.105 1.527 0.7452

Highlighted “intact ortholog” sets exhibited whole gene dN/dS < 1 unanimously in pairwise comparisons.
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Table 4.3 Human CypA retrogene SNPs

dbSNP ID Nucleotide Change | Synonymous Change | Non-Synonymous Change
rs189779579 | Gto A G146S
rs181156822 | Gto A D119SN
rs142883803 | AtoT T115S
rs11580218 CtoT;Cto A A113V; A133E
rs115153819 | CtoT T96M
rs186178723 | Cto A T89K
rs146993086 | AtoC H88P
rs148028730 | Gto A T64T

rs9803657 GtoA G60D
rs9803658 GtoA R59Q
rs150540801 | Gto A R33H
rs190597208 | CtoT R33C
rs35460778 AtoC;-toC T5P
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145 (of 165) codons. The neighboring genes of “intact” retrogenes were catalogued and used to
determine orthology based on synteny. 24 sets of orthologs, containing” intact” CypA retrogenes from
at least 2 species, were collected and collectively termed “intact ortholog” sets. There were a separate
10 sets of orthologs that only a single “intact” CypA retrogene could be found amongst the orthologs
and these were termed “Single intact ortholog” sets. CypA retrogenes that did not have any orthologs

were identified as recently acquired (e.g., young, lineage specific) and termed “Lineage specific”.

All intact” CypA retrogenes were used as queries for a second screen to recover additional CypA
retrogenes not previously identified with only NM_021130. These queries were also used to identify
orthologs in additional primate genomes: white-cheeked gibbon (Nomascus leucogenys; Jun. 2011
(GGSC Nleul.1/nomLeu?)), baboon (Papio hamadryas; Nov. 2008 (Baylor 1.0/papHam1)), and squirrel
monkey (Saimiri boliviensis; Oct. 2011 (Broad/saiBol1)). As these assemblies are not as well developed
as those used in the first screen, these only served to complement “intact ortholog” sets and “Single

intact ortholog” sets, but not to identify “Lineage specific” retrogenes.

CypA retrogenes were labeled based on their position (e.g., location). For example, human CypA
retrogene found at position “chrl:22649345-22649824” was labeled “Hsal 22649345”. Primate
abbreviations were as follows- human: Hsa, chimpanzee: Ptr, gorilla: Ggo, orangutan: Pab, white-

cheeked gibbon: Nle, rhesus macaque: Mmu, baboon: Pha, marmoset: Cja, squirrel monkey: Sbo.

4.4.2 Evolutionary Analysis

We investigated “intact ortholog” sets for recurrent positive selection using the CODEML program from
the PAML package (Yang 2007). Codon-based modeling and dN/dS calculations for multiple alignment
comparisons were executed by CODEML from the PAML package. Constrained model M7 was tested
against unconstrained model M8 under the following parameters: f61 (codon frequencies of 61 non-
stop codons are calculated), starting omega: 0.4 and 1.5. All simulations converged and results are
consistent between both codon models. For each set we present: M7vsM8 (2InA), p=values (calculated
assuming two degrees of freedom), the percentage of sites estimated to evolve under positive selection,

and the average dN/dS for those sites.
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4.4.3 Additional Collection and Analysis

To refine our evolutionary analysis, we collected additional primate sequences by BLAST queries
(Altschul, Gish et al. 1990) and PCR amplification. BLAST queries were used to collect orthologs from
bonobo (Pan paniscus), and Hamadryas baboon (Papio hamadryas). PCR was used to obtain Set21
ortholog from Island Siamang gibbon (Symphalangus syndactylus; PRO0722) siamang gibbon using
forward: 5’-TATCAGCCATGGTCAACCCCAC-3’; reverse: 5'-GTTATCCACAGTCAACAATGGTGATC-3’. PCR was
used to obtain Set24 orthologs from Woolly monkey (Lagothrix lagotricha; 5356), Titi monkey
(Callicebus donacophilus; OR1522), Talapoin (Miopithecus talapoin; PRO0716), and Colobus (Colobus
guereza; PRO0980) using forward: 5'-CAGCSATGGTCAACCCCACC-3’; reverse: 5'-
TCCTGAGCTGCAGAAGGAATGG-3'.

All PCR reactions were performed using 25-uL reaction volumes and the PCR SuperMix High Fidelity
(Invitrogen) reagent. The thermocycler parameters were 94°C for 3min; 39 cycles at 94°C for 15sec, 60°C
for 15sec, and 72°C for 2min; and a final extension step at 72°C for 10min. All products were TOPO TA

(Invitrogen) cloned and BigDye sequenced using M13 universal primers.

4.4.4 Transcriptional Expression

RT-PCR was used to investigate transcriptional expression of Hsal 22649345 from “Single intact
ortholog” sets. Reactions were performed SuperScript Il Reverse Transcriptase with Platinum Taq
(Invitrogen) in 12.5-uL volume reactions. The RT-PCR parameters were an initial RT step at 50 °C for 30
min; followed by 34 cycles at 94 °C for 15 s, 60 °C for 15 s, and 68 °C for 3 min; and a final extension at
72 °C for 10 min. Primers were forward: 5'- CAACCCCACTGTGTTCATTGATGG-3’;

reverse: 5’- CATATTGCCAAAGACCACGTGCTG-3’. gDNA and total RNA was isolated from fibroblast cells
purchased from Coriell Cell Repositories. All products were TOPO TA (Invitrogen) cloned and BigDye

sequenced using M13 universal primers.
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Chapter 5

Concluding remarks and future directions

5.1 Summary
In this dissertation, | described a variety of analyses, delving into primate genomes, to identify putative

antiviral genes and extrapolate the history of viral interactions embedded within these genes.

First, | detailed the discovery of an ancient antiviral gene fusion, termed TRIMCypA3 (Malfavon-Borja,
Wu et al. 2013). TRIMCyp gene fusions, TRIMCypA1 and TRIMCypA2, were discovered previously in
distinct primate lineages and estimated to have evolved quasi-simultaneously 6 Mya. TRIMCyp antiviral
activity has focused on lentiviruses and has been described as a lentivirus-specific restriction factor. |
demonstrated that TRIMCypA3 evolved in the common ancestor of simian primates 43 Mya and was
able to target and restrict lentiviruses. | found that TRIMCyp gene fusions uniformly are born with a
broad restriction spectrum, and that this narrows and becomes specific over the course of its evolution.
Thus, | posit that the antiviral TRIMCypA3 evolved and swept to fixation in primates due to selective

pressure from a lentivirus-like virus 43 Mya.

Next, | presented an analysis of the primate TRIM multigene family to describe the evolutionary history
of TRIM genes and identify signatures of positive selection, interpreted as a hallmark of involvement in a
host-virus arms race. This form of selective pressure has resulted in dramatic episodes of adaptation in
host antivirals that manifests as positive selection. This approach identified previously undocumented
signatures of positive selection in 14 TRIM genes, 10 of which represent novel candidate restriction
factors that may not be otherwise recognized using more traditional approaches. | focused on the
TRIM52 gene that demonstrates unique genetic innovation: (1) loss of the canonical viral recognition
domain (B30.2), (II) expansion of the RING domain, and (lll) positive selection, most notably in the
expansion of the RING domain. Taken together, this suggests that the genetic innovation identified
within TRIMS52 represents the evolution of a novel host-virus interaction interface. This gene family
analysis serves to highlight candidate novel restriction factors by positive selection and provides insight

into the interfaces of host-pathogen interactions mediated by the TRIM multigene family.
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Finally, | presented an additional analysis of primate genomes designed to catalogue CypA retrogenes
and explore their evolutionary history. | previously established the utility of CypA retrogenes as a
mobile, modular unit in the form of the TRIMCyp gene fusion. | took a systematic approach to describe
their copy number and putative functional state. We find that primate genomes encode well over 100
CypA retrogenes. While the majority of these are pseudogenes, we find that on average ~18% of the
copies encode a putatively functional open reading frame and demonstrate diverse evolutionary

histories; at least one of these CypA retrogenes may have become co-opted in an antiviral role.

5.2 Future directions

5.2.1 TRIMCyp

Unmistakably, CypA is the target of a wide range of viruses and serves to enhance infectivity and
replication within infected cells (Franke, Yuan et al. 1994, Thali, Bukovsky et al. 1994, Braaten, Aberham
et al. 1996, Gamble, Vajdos et al. 1996, Gitti, Lee et al. 1996, Lin and Emerman 2006, Fernandes, Poole
et al. 2007, Yang, Robotham et al. 2008, Chatterji, Bobardt et al. 2009, Hanoulle, Badillo et al. 2009, Kaul,
Stauffer et al. 2009, Fernandes, Ansari et al. 2010) (reviewed in (Baugh and Gallay 2012, Zhou, Mei et al.
2012)). This is intriguing given the interaction made by lentiviruses has been exploited, where TRIM5
structurally and functionally replaces the viral recognition (B30.2) domain with CypA to re-target and
restrict lentiviruses. Remarkably, the range of TRIMCyp restriction has been poorly explored. This may
be a function of the similarly limited exploration of the TRIM5 restriction range, only reported to restrict
retroviruses. It has been previously demonstrated that CypA binding and related TRIMCyp restriction is
difficult to predict (Goldstone 2010). Thus, preconceptions should be discounted and a diverse range of
viruses should be explored for sensitivity to TRIMCyp restriction. Based on the current understanding of
CypA interactions with viral proteins, assessing the restriction potential of TRIMCyp against viruses like
HCV is particularly interesting. Several other virus-encoded proteins known or thought to interact with
CypA, including influenza M1 protein and Hepatitis B virus (HBV) small surface proteins (reviewed in

(Baugh and Gallay 2012, Zhou, Mei et al. 2012)).

5.2.2 TRIM gene family

The screen to systematically evaluate the TRIM gene family for positive selection was of high interest in
the on-going struggles of identifying novel restriction factors. The TRIM gene family has routinely
demonstrated itself to be a family of restriction factors, both direct and indirect (proteins regulating

viral fitness via indirect interactions) (reviewed in (Ozato, Shin et al. 2008, Kajaste-Rudnitski, Pultrone et
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al. 2010, McNab, Rajsbaum et al. 2011). Therefore, investigating this multigene family was expected to
highlight candidates exhibiting signatures of genetic conflict in the form of positive selection. Indeed, we
identified positive selection in several members with known involvement in viral, but not previously
known to be rapidly evolving fitness (TRIM15, TRIM21, TRIM25, and TRIM38). Furthermore, we
identified 10 other TRIM genes (TRIM2, TRIM7, TRIM10, TRIM31, TRIM52, TRIM58, TRIM60, TRIM6E9,
TRIM75, and TRIM76) with no previously known involvement in viral fitness or detailed evolutionary
history. We focused on TRIMS52 as this demonstrated the most diverse genetic innovation amongst the
recovered restriction factor candidates. However, the signals of positive selection exhibited by the other
candidates necessitate follow up to evaluate their potential range of restriction. In particular, attention
should be given to TRIM58 and TRIM60 as these exhibited the most diverse signals of positive selection.
Along with TRIMS5, TRIM58 and TRIM60 are classified as C-1V. Therefore, any exploration for viral targets
should begin with retroviruses. Uchil et al (Uchil, Quinlan et al. 2008) established a framework for
systematically evaluating human and mouse TRIM genes for early and late restriction against
representative gammaretroviruses (N, B, and NB-tropic MLV) and a representative lentivirus (HIV-1).
Remarkably, the majority of the TRIM genes highlighted in this dissertation were not evaluated by Uchil
et al (Uchil, Quinlan et al. 2008). Extending their study to include TRIM7, TRIM10, TRIM52, TRIM58,
TRIM60, TRIM69, TRIM75, and TRIM76 orthologs from human and other primates would give an early
indication to the validity of some of these TRIM genes as bona-fide restriction factors. This should then
be complemented to include additional viral target candidates (e.g., additional lentiviruses,

spumaretroviruses, etc...) to explore a wider range of restriction.

5.2.3 CypA retrogenes

Several sets of CypA retrogenes were highlighted due to their distinct evolutionary signatures. Rapidly
evolving Set 6 represents an intriguing collection of retrogenes to investigate for neo-function and to
determine the binding impact of the changes to their coding sequence. On the opposite spectrum, are
those that we found with evolutionary signatures of purifying selection. This group demonstrated the
most diversity in regards to age of acquisition and number of “intact orthologs” sets. To evaluate the
preservation or divergence of fast and slow evolving CypA retrogenes from canonical CypA activity, a 2-
hybrid system approach has been demonstrated to be an effective system (Luban, Bossolt et al. 1993,
Piotukh, Gu et al. 2005). Indeed, this allows a range of targets to be evaluated for interactions with CypA
retrogenes and can be made high-throughput. Indeed, the interaction between CypA and HIV-1 CA was

first demonstrated via a 2-hyrbid system (Luban, Bossolt et al. 1993). While the systematic analysis of
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primate CypA retrogenes has provided a useful catalogue and highlighted several evolutionarily
intriguing individuals and ortholog sets, a complementary functional assay would provide valuable

information towards the utility of these mobile modules (See Chapter 4.3).

5.3 Paleovirology Insight and Conclusions

The exploratory research described by this dissertation was pursued to better understand the
evolutionary history of restriction factors, and to better understand the history of viruses encountered
by primate hosts via indirect paleovirology. This methodology relies on identifying traceable signals in
host genomes, the birth of novel restriction factors or positive selection driven by recurrent viral
pressure. These signals require two elements in order to be truly informative. The first element is a time
stamp, placing an age on the signal. The second element is information about the target of restriction.
This is the more difficult question to answer — What virus or pathogen does my putative antiviral factor
restrict? While there are struggles to identify an informative host-encoded gene and viral antagonist,
together these two elements provide immense historical insight into ancient viral infections. Indeed, the
discovery of an ancient gene fusion (Chapter 2) combines both elements to implicate the age of
lentiviruses to be millennia older than present estimates suggest. In addition, | have provided a
collection of restriction factor candidates from the TRIM multigene family and a catalogue of CypA
retrogenes encoded by primate genomes. Discovering candidates solely from these two sources
suggests the existence of many other presently unknown restriction factors residing within host
genomes. By expanding this evolutionary based approach to other genes and gene families additional
restriction factors may indeed by revealed. Alternatively, the investigation of TRIM genes and CypA
retrogenes should be expanded to other animal lineages not already explored. By expanding the library
of bona-fide restriction factors, the repertoire of antiviral genes that has defended us from recurrent

viral infection is improved.
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Figure A.1 CypA retrogenes proximal to TRIM5. Comparison of the human, chimpanzee, and rhesus
macaque TRIM5 locus. (A) Relative locations of CypA are illustrated below the representation of the
TRIMS5 locus. CypA2 (light gray arrow), CypA3 (light blue arrow), and CypA4 (white arrow) are ~1 kb,
~14 kb, and ~99 kb downstream of TRIM5, respectively. The rhesus macaque TRIMP1 region contains
an additional ~20 kb not present in the human and chimpanzee TRIMP1. (B—D) Determining the
presence or absence of CypA retrogenes was done using the following primates: saddle-back tamarin
(Saguinus fuscicollis nigrifrons), pygmy marmoset (Callithrix pygmaea), colobus (Colobus guereza),
silvery leaf langur (Trachypithecus cristatus), Francois’ leaf langur (Trachypithecus francoisi), celebes
crested macaque (Macaca nigra), lion-tailed macaque (Macaca silenus), Southern pig-tailed macaque
(Macaca nemestrina), stump-tailed macaque (Macaca arctoides), crab-eating macaque (Macaca
fasicularis), rhesus macaque (Macaca mulatta), talapoin (Miopithecus talapoin), patas monkey
(Erythrocebus patas), De Brazza’s monkey (Cercopithecus neglectus), agile gibbon (Hylobates agilis
albibarbis), Island Siamang gibbon (Hylobates syndactylus), orangutan (Pongo pygmaeus), gorilla (Gorilla
gorilla), human (Homo sapiens), chimpanzee (Pan troglodytes), and bonobo (Pan paniscus). Amplifying
the site surrounding CypA2 was expected to generate an ~2-kb band when the retrogene was present
and an ~1.5-kb band when the retrogene was absent. Amplifying the site surrounding CypA4 was
expected to generate an ~250-bp band when the retrogene was present and an ~750-bp band when
the retrogene was absent. The gel displaying results for CypA3 only shows primates for which we were
able to amplify products containing the retrogene. The primates that were not included were not
predicted to encode a TRIMP1 that contained CypA3.
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Figure A.2 TRIMP1 dot plot. To evaluate the presence or absence of CypA3 in New World monkeys in
silico, we mapped TRIMP1 between the common marmoset (Callithrix jacchus, accession no. AC148555),
Nancy Ma’s night monkey (Aotus nancymaae, accession no. AC183999), and rhesus macaque (University
of California, Santa Cruz Genome Browser) at ~25 kb, ~13 kb, and ~40 kb in length, respectively.
Pairwise alighments were prepared using the National Center for Biotechnology Information’s bl2seq.
Rhesus macaque TRIMP1 was used as the query sequence, whereas marmoset TRIMP1 and owl monkey
TRIMP1 were used as the subject sequence. We set the filter to mask species-specific repeats for the
human species. All other general parameters were kept at default. Output was visualized as a dot matrix
plot with rhesus macaque as the x axis and either marmoset or owl monkey as the y axis. We annotated
the location of TRIM5 (black box), TRIM34 (dark gray box), and CypA3 retrogene (light blue box).
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Figure A.3 CypA3 and parental CypA alignments. (A) We undertook the reconstruction of a version of
CypA3 that is representative of the Old World monkey/hominoid common ancestor. Reconstruction was
carried out by parsimony criteria and supported by a maximum likelihood reconstruction generated by
codeml (Phylogentic Analysis by Maximum Likelihood package). Visualization of the reconstructed
CypA3 sequence, modern-day CypA3, and parental CypA genes was prepared using Geneious 5.3.6
(Biomatters). Human, rhesus macaque, and marmoset CypA genes were used as reference sequences
(outgroup). The reconstructed version of CypA3 is listed at the bottom of the alignment. We identified
several instances in which the reference sequences served to discern the ancestral codon/residue
present between Old World monkey and gibbon CypA3 sequences (dotted-line boxes). We identified a
single instance in which the ancestral codon/residue could not be resolved, residue 144 (gray box with
“?” symbol). Synonymous and non-synonymous changes were highlighted by Geneious (5.3.6) using
black-outlined boxes. Nonsense mutations or stop codons have been marked as black-filled boxes
containing an asterisk (*) symbol. Reconstruction of the ancestral sequence was limited to the coding
region; however, we included the upstream sequence of the CypA genes and retrogenes to the
alignment to demonstrate the presence of the cryptic splice site used in the formation of TRIMCyp gene
fusions. We used the mouse parental CypA gene to represent non-primate animals, but we used the
upstream region from a spread of non-primate mammalian species. (B) To demonstrate the
conservation of the splice acceptor site upstream of the CypA coding sequence, we collected the
parental CypA gene sequence and a portion of the corresponding upstream region from publically
available mammalian genomes. These were aligned using ClustalW2 (Larkin, Blackshields et al. 2007),
and the locations of the conserved splice acceptor site and the start of the CypA coding sequence have
been marked.
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Figure A.4 Evaluation of 32myoCypA3 unique residues by the formation of chimeric TRIMCyp gene
fusions. (A) We illustrated the trajectory of parental CypA (yellow) to 32myoCypA3 (P144) (magenta).
The eight residues acquired in the evolution of 32myoCypA3 are highlighted by magenta-filled pegs. (B)
Stable Crandell-Rees feline kidney (CRFK) cell lines encoding owl monkey TRIM5-parentalCypA (positive
control), CRFK cell lines with an empty vector (negative control), parental CypA/32myoCypA3 (P144)
chimera (magenta with yellow diagonal stripe), and 32myoCypA3 (P144)/parental CypA chimera
(magenta with black diagonal stripe) were assayed against lentiviruses: HIV-1 (LAI), HIV-1 G89V, and HIV-
2 (ROD9). Viruses are listed along the x axis. The y axis reflects virus infectivity, determined by the
percentage of cells infected with GFP-expressing virus, normalized to 100% for infections of CRFK cells
with empty vector. The virus inoculums were standardized to give the absolute percentage of GFP
between 15% and 30%.
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Appendix B

Supplemental Information for Chapter 3
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cow - Bos taurus -cow TRIM52

pig- Sus scrof a- pig TRIM52

pda- Ailuropoda nel anol euca - panda TRIM52

ele- Loxodonta africana - elephant TRIM52

agm - Cercopi t hecus aet hi ops - African green monkey TRIM52
tal - M opi t hecus tal apoi n - talapoin TRIM52

pfl - Trachypi t hecus vet ul us - purple faced langur TRIM52
sla- Trachypi thecus cri status - silvery langur TRIM52
flm-  Trachypithecus francoisi - Francois' leaf monkey TRIM52
col-  Col obus guereza - colobus TRIM52

rhe- Macaca nul atta - rhesus TRIM52

chm- Pan trogl odytes - chimp TRIM52

bon- Pan pani scus - bonobo TRIM52

ora- Pongo pygnaeus - orangutan TRIM52

mrm- Callithrix jacchus - marmoset TRIM52 (exon2)

gor- Corilla gorilla-gorilla TRIM52

hmn - Honmo sapi ens - human TRIM52

bbb - Oolenmur Garnettii -bushbaby TRIM52

arm - Dasypus noventi nct us - armadillo TRIM52

alp- Vicugna pacos - alpaca TRIM52

cat- Felis catus -cat TRIM52

mle - M crocebus nurinus - mouse lemur TRIM52

dog- Canis lupus famliaris -dog TRIM52

mse - Mis nuscul us - mouse TRIM52 - like

rat - Rat t us norvegi cus - rat TRIM52 — like

cow ATGGCTGGCAGTGCCACTACTCCTAATCCCTTGCAGACACTAGBAAGO
pig ATGGCTGGCTGTGCTGCTACTCCCAGTCCTATGCAGACACT RGAFH0
pda ATGGCTGGCTATGCCACTACTCCTAACCCCGTGCAGACCCTAGBASG0
ele ATGGCTAGCTGTGCCACTAC---CAACCCCGCGGAGACACTTQYSEEA 47
agm ATGGCTGGTTATGCCACTACTCCCAGCCCCATGCAGACCCRBIVGED
tal ATGGCTGGTTATGCCACTACTCCCAGCCCCATGCAGACCCTTAAGAS0
pfl ATGGCTGGTTATGCCACTACTCCCAGCCCCATGCAGACCCTTARAGAS50
sla ATGGCTGGTTATGCCACTACTCCCAGCCCCATGCAGACCCT HRGAEZH0
flm ATGGCTGGTTATGCCACTACTCCCAGCCCCATGCAGACCCTRGEZGH0
col ATGGCTGGTTATGCCACTACTCCCAGCCCCATGCAGACCCTNGEZCH0
rhe ATGGCTGGTTATGCCCCTACTCCCAGCCCCATGCAGACCCTAGSBGO
chm ATGGCTGGTTATGCCACTACTCCCAGCCCCGTGCAGACCCARBGHGED
bon ATGGCTGGTTATGCCACTACTCCCAGCCCCATGCAGACCCTAGASGE0
ora ATGGCTGGTTATGCCACTACTCCCAGCTCCATGCAGACCCTRGEAXH0
mrm ----

gor ATGGCTGGTTATGCCACTACTCCCAGCCCCATGCAGACCCTAGSBG0
hmn ATGGCTGGTTATGCCACTACTCCCAGCCCCATGCAGACCCRBIGED
bbb ATGGCTAGCTGTGC------------ CCGCATGCAGACACTTCAGG AGGA 38
arm ATGGCAGGCTGTGCCACAACTCCTAGCCCCATGCAGACACRGIHNGED
alp ATGACTGGCTATGCCTCTACTCCCAACCCCACGCAGACACTRGHAEFC50
cat ATGGCTGGCTGTGCCACTACTCCTAACCCCATGCAGACCCTRGEAG0
mle ATGGCTGGCCACGCCGCCACTCCCAACCCCTTGCAGACGCAGGAGO
dog ATGGCTGGCTATGCTGCGACTCCTAACCCCATAAAGACCCTAGBAGO
mse ATGGCCACCTCTACACGGCCTCCCAGCCCTATGCAGTCACRAGAED
rat ATGGCCGCCCCTACAGGGCCTCCCAGCCCTATGCAGTCACTARGSE0

cow AGCCGTGTGTGCCATCTGCCTGGATTACTTCAAGGATCCCGNIETZ 00
pig AGCGGTGTGTGCCATCTGCCTAGATTACTTCAAGGATCCTGPATIE100
pda GGCTGTTTGTGCCATCTGTCTGGATTACTTCAAGGATCCTGRGAGCL00
ele CGCCGTGTGTGCCATCTGCCTGGATTACTTCAAGGATTCCARNAIT 97
agm AGCGGTGTGTGCCATCTGCTTGGATTACTTCAAGGACCCCGBTGAA00
tal AGCGGTGTGTGCCATCTGCTTGGATTACTTCAAGGACCCCGTAITZCL00
pfl AGCGGTGTGTGCCATCTGCTTGGATTACTTCAAGAACCCCGTAIITAC100
sla AGCGGTGTGTGCCATCTGCTTGGATTACTTCAAGAACCCCGPRGTAC00
flm AGCGGTGTGTGCCATCTGCTTGGATTACTTCAAGAACCCCGRIDBA00
col AGCGGTGTGTACCATCTGCTTGGATTACTTCAAGGACCCCGP3TACI00
rhe AGCGGTGTGTGCCATCTGCTTGGATTACTTCAAGGACCCCGABILAT00
chm AGCGGTGTGTGCCATCTGCTTGGATTACTTCAAGGACCCCAITGRIDO
bon AGCGGTGTGTGCCCTCTGCTTGGATTACTTCAAGGACCCCGNIERCO
ora AGCAGTGTGTGCCATCTGCTTGGATTACTTCAAGGACCCCGAGTEa00
mrm ----

gor AGCGGTGTGTGCCATCTGCTTGGATTACTTCAAGGATCCCGAGTAA00
hmn AGCGGTGTGTGCCATCTGCTTGGATTACTTCAAGGACCCCBTGARA00
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bbb AGCCGTGTGCACCATCTACCTGGATTACTTCAAGGATCCGGATBIEEBS
arm AGCGGTATGCGCTATCTGCCTGGATTACTTCAAGGATCCGGATEXET00
alp AGCGGTGTGCGCCATCTGCCTGGATTACTTGAAGGATCCCTAGTGQ00
cat AGCGGTGTGTGCCATCTGCCTGGATTACTTCAAGGATCCCGATRAGCL00
mle GGCGGTGTGCGCCATCTGCCTGGATTACCTCGAGGATCCTATGAAO0
dog GGCGGTGTGCGCCATCTGCCTCGATTACTTCACGGACCCCATGEADO
mse AGCAGTGTGTGCCATCTGTCTGGATTATTTTAAGGACCCCGAGIET00
rat AGCAGTATGTGCCATCTGTCTGGATTACTTTAAGGACCCCGTAITE100

cow GCTGTGGTCATAACTTTTGCCGTGGGTGTGTGACCCAGCT ®IAR&GE50
pig GCTGTGGACACAACTTTTGCCGAGGGTGTGTGACTCAGCTGTASGE50
pda GCTGCGGGCACAACTTCTGCCGAGGGTGTGTGACCCAACTGAGGGERD
ele GCTGTGGGCACAATTTCAGCCGAGGGCGTGTGACCCAGCT®IAZESBH7
agm GCTGTGGGCACAACTTCTGCCGAGGGTGTGTGACCCAGCTRRESIEG
tal GCTGTGGGCACAACTTCTGCCGAGGGTGTGTGACCCATCTGTASG G50
pfl GCTGTGGGCACAACTTCTGCCGAGGGTGTGTGACCCAGCT GTAAE 0
sla GCTGTGGGCACAACTTCTGCCGAGGGTGTGTGACCCAGCTERAGEB0
flm GCTGTGGGCACAACTTCTGCCGAGGGTGTGTGACCCAGCTARAGESE0
col GCTGTGGGCACAACTTCTGCCGAGGGTGTGTGACCCAGCTGRAGGEIE0
rhe GCTGTGGGCACAACTTCTGCCGAGGGTGTGTGACCCAGCTGRAGGS0
chm GCTGCGGGCACAACTTCTGCCGAGGGTGTGTGACCCAGCTRNEGG
bon GCTGTGGGCACAACTTCTGCCGAGGGTGTGTGACCCAGCTEASG B8
ora GCTGTGGGCACAACTTCTGCCGAGGGTGTGTGACCCAGCTGRABGAEE0
mrm ----

gor GCTGTGGGCACAACTTCTGCCGAGGGTGTGTGACCCAGCTGABGAEE0
hmn GCTGTGGGCACAACTTCTGCCGAGGGTGTGTGACCCAGCTRRKE:KED
bbb CCTGCAGGCACAACTTCTGCCACGGGTGTGTGACTCAGCTGAAGGGS
arm GCTGTGGGCACAACTTCTGCCGAGGGTGTGTGACCCAGCTCGASGGE)
alp GCTGCGGGCACAACTTGTGCAGAGGGTGTGTGACCCAGCTERREATE0
cat GCTGTGGGCACAACTTCTGCCGAGGATGTGTGACCCAACTCI&AEEH0
mle GCTGCGGGCACAACTTCTGCCGCGGGTGTGCGACCCGGCTRNEGG
dog GCTGCGGGCACAACTTCTGCCGAGTGTGTGTAACCCAGCTGHAGABD
mse GCTGTGGGCACAACTTCTGCCGAGGGTGTGTGACCCAGCTGANE (Xb
rat GCTGTGGGCACAACTTCTGCCGAGGGTGTGTGACCCAGCTAIAEETH0

cow GAAGATAATGAGCAAGACAGGGAGGAAGAGGAAGATGAATBGGAS197
pig GAAGAT---GAGCAAGACAGGGATGAAGAGGAAGATGAATGG---- 189
pda GAAGAG---GAGGAAGACAGGGAAGAGGAGGAAGATGAATGBGEA 194
ele GAGGAT------ GAGAACAGGGACGAGAAGGAAGATGAATGG-----GA 185
agm AAGGAC---GAGGAAGACCAGAACGAGGAGGGAGATGAATGESGEA 194
tal AAGGAC---GAGGAAGACCAGAACGAGGAGGGAGATGAATGGAGSA 194
pfl AAGGAC---AAGGAGGACCAGAACGAAGAGGAAGATGAATGGAGGA 194
sla AAGGAC---AAGGAGGACCAGAACGAAGAGGAAGATGAATGGAGSA 194
flm AAGGAC---AAGGAGGGCCAGAACGAAGAGGAAGATGAATGGAGEA 194
col AAGGAC---GAGGAGGACCAGAACGAAGAGGAAGATGAATGGAGHA 194
rhe AAGGAC---GAGGAGGACCAGAACGAGGAGGAAGATGAATGRGGA 194
chm GAGGAC------------------ GAGGAGGAAGATGAATGGGAGG AGGA 182
bon GAGGAC------------------ GAGGAGGAAGATGAATGGGAGG AGGA 182
ora GAGGAC---GAGGAGGACCAGAACGAGGAGGAAGATGAATGGGA 191
mrm ----

gor GAGGAC---GAGGAGGACCAGAACGAGGAGGAAGATGAATGGGA 191
hmn GAGGAC---GAGGAGGACCAGAACGAGGAGGAAGATGAATGESGA 194
bbb GAAAAT---GAGGAAGATCGG---GAGGAAGATGATGAATGG--—-- 174
arm GAGGAT------ GAGGAAAGGGAAGAGGAAATT---GAATGG---GAGGA 188
alp GAAGATGACGAGGAAGACAGGGACGTAGAGGAAGATGAATRGAL 197
cat GAAGAT---GAGGAAGACAGGGACGGGGAAGAAGATGGATGGRAGA 194
mle GATGAG------ GAAGACCAGGCCGAGGAAGAGGATGAATCGGAGGG 194

dog GAAGAC------------------ GAGGAGTTGGATGAATGG---- --GA 176
mse GAAGAT ---- 156
rat GAAGAT ---- 156

cow GGACGAGGACGACGAGGAGGCAGTAGGGGCCATCGGTGGMGGHBIC
pig -GAGGAGGACGACGAGGCGGTGG---GGGCCATCGGTGGATGAGAR35
pda GGACGAGGACGCCGATGTGGAGG---GGGCCATCAGTGGGTAARIAA 1L
ele GAAAGAAGAGGACGAGGCCGTGG---GGGCCACTGGTGGACBBGRRE32
agm GGAGGAGGACGGGGAAGCGGTGG---GGGCCGTGGATGGATGGCGAAL
tal GGAGGAGGACGGGGAAGCGGTGG---GGGCCGTGGATGGATGGGAR41
pfl AGAGGAGGACCGGGAAGCGGTGG---GGGCCGTGGATGGATEBEAR41
sla AGAGGAGGACGGGGAAGCGGTGG---GGGCCGTGGATGGATGGGARR4A1
flm AGAGGAGGACGGGGAAGCGGTGG---GGGCCGTGGATGGATGGGALZ41
col GGAGGAGGACGGGGAAGCGGTGG---GGGCCGTGGATGGATGGGRAZAL
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rhe GGAGGAGGACGGCGAAGCGGTGG---GGGCCGTGGATGCATERGAZAL
chm GGAGGAGGACGAGGAGGCGGTGG---GGGCCGTGGATGGAGGGGALY
bon GGAGGAGGACGAGGAAGCGGTGG---GGGCCATGGATGCGATEBBIEAZ29
ora GGAGGAGGACGAGGAAGCGGTGG---GGGCCATGGATGGATGGGRE38
mrm ----

gor GGAGGAGGACGAGGAAGCGGTGG--GGGCCGTGGATGGATGGGRALZ38
hmn GGAGGAGGACGAGGAAGCGGTGG---GGGCCATGGATGGATEGGAE1
bbb -AAGGAGGATGAGGAAGCCGTGG---GGGCCACTGGTGGATGRAGAR20
arm AGAAGAGGACGACGAGGTGGTGG---AGGCCATTGGTGGGTGEGALZ35
alp CGAGGAGGACCACGAGGCGGTGG---GGGCTATCGGTGGATGBTRAL44
cat AGACGAGGACGACGATGTGGAGG---AGGCCACCGGTGGATRBGAR41
mle AGAGGAGGGTGGGGAAGCCGTGG---GGGCCACCGGTGCAKRBEGAZ1
dog GAACGAGGACGACGACGTGGAGG---GGGCCATCGGTGGATAEITAT23
mse -GAGCAGGACCGGGAACAG------------ CCTGCTGTGCAGGAGCGCG 193
rat -GAACAGGACCGGGAACCG------------ CCTGCTGTAGGGAAC CACG 193

cow CCATTCGGGAGGTTTTATACCAGGGGAATGCTGACGAGGAGTR&IZ97
pig CCATTCGACAGGTTTTATACCAGGGAAATGCTGACGAGGAGTIAT 285
pda CTATTCGAGAGGTTTTGTACCAGGGCAATGCTGATGAGGAGEIAI P91
ele CCATTCGAGAGGTTTTGTACCGGGGCAATGCTGACGAGGGQ:—T276
agm CCGTTCGAGAGGTGTTGTATCGAGGGAATGCTGACGAAGAGTAG YD1
tal CCGTTCGAGAGGTGTTGTATCGAGGGAATGCTGACGAAGAGTTAAT291
pfl CCATTCGAGAGGTGTTGTATCGAGGGAATGCTGACGAAGAGTIEAAW 291
sla CCATTCGAGAGGTGTTGTATCGAGGGAATGCTGACGAAGAGTTAAT291
flm CCATTCGAGAGGTGTTGTATCGAGGGAATGCTGACGAAGAGITBATRI1
col CCATTCGAGAGGTGTTGTATCGAGGGAATGCTGACGAAGAGTTART291
rhe CCATTCGAGAGGTGTTGTATCGAGGGAATGCTGACGAAGAGITEARIL
chm CCATTCGAGAGGTGTCGTATCGGGGGAATGCTGACGAAGAGTIASTPTI
bon CCATTCGAGAGGTGTTGTATCGGGGGAATGCTGACGAAGAEGTRATA79
ora CCATTCGAGAGGTGTTGTATCCGGGGAATGCTGACGAAGAGITEA P88
mrm ----

gor CCGTTCGAGAGGTGTTGTATCGGGGGAATGCTGACGAAGAEIIAN 288
hmn CCATTCGAGAGGTGTTGTATCGGGGGAATGCTGACGAAGACTAG DL
bbb CCATTCTAGAGGTATTGTAT---GGGAATGCCAACGAGGAGCTERG 267
arm CCATCCGAGAGGTTTTGTATCGGGGGAGTGCTGACGAAGAGEAT 282
alp CCATTAGAGAGGTTTTATACCAA------ GCTGACAAGTTGTTGTTGAG 288
cat CTATTCGAGAGGTTTTGTACCAGGGCAGTGCTGACGAGG---TGIAG 288
mle CCATTCGGGAGGTGTTGTATCGGGGGAACGCTGACGAGGAGCGG Y1
dog CTATTCGAGAGGTTTTGTACCAGCGTAATGGTGATGAGGCACTSGR73
mse TCATCCGGGAGGTTTTGTTTCCTAGGTACACCGAGCAGGAGSAG 237
rat TCATTAGAGAGGTTTTGTTTCATAGGTACACAGAACAGGAGGTCGAT 243

cow GACCAAGAGGATGATGAACCCTGGGTCGGTGACGGTGGCATABEG-
pig GACCAAGAGGATGATGAGCTCTGGGTCGGTGACGCTGGTGPGAGRBAS
pda GACCAAGAAGATGATGAACTCTGGGTTGGTGACGGTGGCGATAGGAL
ele ---CAAGACGAAGATAAACCCTGGGTTGGTGACGGAGGCATAAGEA 323
agm GACCAAGAGGACGGTGAACTCTGGCTCGGTGACAGTGGTANAEIAL
tal GACCAAGGGGACGGTGAACTCTGGCTCGGTGACAGTGGTATARGI A41
pfl GACCAAAAGGACGGTGAACTCTGGCTCGGTGACAGTGGTATAATEA41
sla GACCAAAAGGACGGTGAACTCTGGCTCGGTGACAGTGGTATARII R41
flm GACCAAAAGGACGGTGAACTCTGGCTCGGTGACAGTGGTATARGT 841
col GACCAAAAGGACGGTGAACTCCGGCTCGGTGACAGTGGTATANAKT 841
rhe GACCAAGAGGACGGTGAACTCTGGCTCGGTGACAGTGGTAPAAGT1
chm GACCAAGATGACGATGAACTCTGGCTCGGTGACAGTGGTAGRNEBA9
bon GACCAAGATGACGATGAACTCTGGCTCGGTGACAGTGGTAGAAGTIRY
ora GACCAAGATGACGATGAACTCTGGCTCGGTAACAGTGGTATARDGA38
mrm ----

gor GACCAAGATGACGATGAACTCTGGCTCGGTGACAGTAGTATARDGA38
hmn GACCAAGATGACGATGAACTCTGGCTCGGTGACAGTGGTAAARGRAL
bbb GATCCAGAAGATGATGAACTCTGGGTTGGTGACAGTGGTGCTHNAGITAL7Y
arm GACCAAGAGGAT---GAACTCTGGGTCGGTGACGGTGGCGTCGATGGA29
alp GACCAAGAGGATGATGAACTCTGGGTCGGTGACGGTGGCAPAAGESS
cat GACCAAGAAGAT---GAACTCTGGGTTGGTGACGGTGGCATCAGAS 335
mle GACCAGGAGGATGACGAATTCTGGGTCGGTTACAGTGGTGBERGAAL
dog GACCAAGAAGATGATGAACTCTGGGTTGGTGATGGTGGGGRIAGEAR3
mse CACAGAGCACATGCAGGACAGTGGGTCGGTCATAGCCATAGROAERT
rat CACCGAGCACATGCTGGACGCTGGGCTGCTCATAGCCATAGARG®L93

cow -GACAGCATGGATTATGTGTGGGACCAGGAG--------=-=---- ---G 373
pig GGACAACATGGATTATGTGTGGGACCAGGAGGAA------------ --- G 370
pda GGACAACATGGACTATGCGTGGGACCAGGAGGAAGAA------ GAGG 385
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ele GGACAGTATGGACTATGTGTGGGACCAGGAGG-------------- ---- 355
agm GGACAACGTAGACCATATGTGGGACCAGGAGGAAGAA-----GABG 385
tal GGACAACGTAGACCATATGTGGGACCAGGAGGAAGAA------ GBAGG 385
pfl GGACAACGTAGACCATATGTGGGACCAGGAGGAAGAA------ GBAGG 385
sla GGACAACGTAGACCATATGTGGGACCAGGAGGAAGAA------ GBAGG 385
flm GGACAACGTAGACCATATGTGGGACCAGGAGGAAGAA------ GBAGG 385
col GGACAACGTAGACCATATGTGGGACCAGGAGGAAGAA------ GBAGG 385
rhe GGACAACGTAGACCATATGTGGGACCAGGAGGAAGAA------ EWGG 385
chm GGACAACGTAGACTATATGTGGGACGAGGAGGAAGAA------ GABG 373
bon GGACAACGTAGACTATATGTGGGACGAGGAGGAAGAA------ GGG 373
ora GGACAACGTAGACTATATGTGGGACGAGGAGGAAGAA------- GAGG 379
mrm ----

gor GGACAACGTAGACTATATGTGGGACGAGGAGGAAGAA------ GGG 382
hmn GGACAACGTAGACTATATGTGGGACGAGGAGGAAGAAGAASAGAN388
bbb GAACAATGTGGATTATGTGTGGGACGGGGAAGAAGTG------ GAGG 361
arm GGAAGACATGGACTATGTTTGGAACCAGGAGGAA------------ - G 364
alp GGAC---ATGGATTATGTGTGGGACCAGGAGGAAGAA--------- --- G 373
cat GGACAACATGGACTATGTGTGGGACCAGGAGGAAGAA------ GGG 379
mle GGGCGACGTGGATGATGGGTGGGACCAGGAGGAAGAAGAGBSGGNG
dog GGACAATATGGACTATGTGTGGGACCAGGAGGAAGAA------ GAGG 364
mse GGGCAATGCAAACTCTGAGTGGGATGACGAGGAA--------------- G 322
rat GGGCAATGCAGACTCTGTGTGGGATGATGAGGAA---------=--  --- G 328

cow AAGATACGAACTACTACCTGGGAGGCTTGAGACATGACCTGABEM?23
pig AAGAGAGGGACTACTACTTGGGAGGCTTGAGACAAGACCTGRENAZ20
pda AAGACTGGGACTGTTACCTGGGAGGCTTGAGACACGACCTGSBAAMBS
ele AAGATCGAGACTGTTACCTGGATGGCTTGAGACATGACTTGAGALT405
agm AAGATCAGGACTATTACCTAGGAGGCTTGAGACCTGACCTAISBAAMBS
tal AAGATCAGGACTATTACCTAGGAGGCTTGAGACCTGACCTGAGHAT435
pfl AAGATCAGGACTATTACCTAGGAGGCTTGAGACCTGACCTGAGMNT4A35
sla AAGATCAGGACTATTACCTAGGAGGCTTGAGACCTGACCTGAGAATA35
flm AAGATCAGGACTATTACCTAGGAGGCTTGAGACCTGACCTGAGAAH35
col AAGATCAGGACTATTACCTAGGAGGCTTGAGACCTGACCTGAGAAT35
rhe AAAATCAGGACTATTACCTAGGAGGCTGGAGACCTGACCTGAGARR35
chm AAGATCAGGACTGTTACCTAGGAGGCTTGAGACCTGACCTGSBEAL3
bon AAGATCAGGACTGTTACCTAGGAGGCTTGAGACCTGACCTGAEWAA23
ora AAGATCAGGACTATTACCTAGGAGGCTTGAGACCTGACCTGAGARHR29
mrm ----

gor AAGATCAGGACGATTACCTAGGAGGCTTGAGACCTGACCTGRGARE32
hmn AAGATCAGGACTATTACCTAGGAGGCTTGAGACCTGACCTGEAAABSE
bbb AAGATCGGGACTATTACCCAGGAGGCTTGAGACTTGACCTGAEGWALL 1
arm ACGTGGAGGAAGATTATCCAGGAGGCTTGAGACATGACCTAMRLEA14
alp AGGAGATAGACTGTTACCTGGGAGGCTTGAGACATGACCTGAING-420
cat AAGATCAGGACTATTACCTGGGAAGCTTGAGACATGACCTGAGALT429
mle AAGATCGGGACTATTACCTAGGAGGCTTGAGACGTGACCTGAGIGAH1
dog AAGACCGGCACTATTACCTGGGAGGCTTGAGACATGACCTER2EA14
mse AAGACAGGAACAGT---TTACAAGGATTGGTTCATGACCTGAGAST 369
rat AAGACTGGAACAGT---TTACAAGGACTGGTACATGACCTGAGAAGG 375

cow GTCTACCTGCAAGAGGAG---GAGATTTTGGAAGAATACGATBAGE 470
pig GTCTACCTGGAAGAAGAGGAGGAGATAGTGGAAGAATACGAAGBAGT0
pda GTCTACCCAGAAGAG------ GAGATACTGGAAGAATACAATGASGGA 479
ele GTCTACCCAGAAAAACAA---GAGATATTTGAAGAATATGATGATGA 452
agm GTCTACCGAGAAGAA------ GAAATACTGGAAGCATACGATGAGEIGA 479
tal GTCTACCGAGAAGAA------ GAAATACTGGAAGCATACGATGAGECGA 479
pfl GTCTACCGAGAAGAA------ GAAATACTGGAAGCATACGATGAGECGA 479
sla GTCTACCGAGAAGAA------ GAAATACTGGAAGCATACGATGAREGA 479
flm GTCTACCGAGAAGAA------ GAAATACTGGAAGCATACGATGAGGGA 479
col GTCTACCGAGAAGAA------ GAAATACTGGAAGCATACGATGAGEGGA 479
rhe GTCTACCGAGAAGAA------ GAAATACTGGAAGCATACGATGABGGA 479
chm GTCTACCGAGAAGAAGAA---GAAACACTGGAAGCATACGATSBGS470
bon GTCTACCGAGAAGAAGAA---GAAATACTGGAAGCATACGATGRGA 470
ora GTCTACCAAGAAGAA------ GAAATACTGGAAGCATACGATGABGGGA 473
mrm ----

gor GTCTACGGAGAAGAA------ GAAATACTGGAAGCATACGATGABGGA 476
hmn GTCTACCGAGAAGAA------ GAAATACTGGAAGCATACGATGAGIGA 482
bbb GTCTACCCAGAAGATGAG---GAGGAATTGGAAGCTTACAATGAGA 458
arm GTTTACGAAGAG--------- GAGATATTGGAAGACTACTATGAGRCGA 455
alp GTCTACCCCAAAGAAGAT---GGGACATTGGAAGAATACGATGAGEA 467
cat GTCTACCCAGAAGAG------ GAGATATCGGAAGAATACGAGGABGGA 473
mle GTTTACCCAGAAGGGGAG---GCGGCACTGGAAGCTTACAGTGAGS 488
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dog GTCTACTTAGAA

GAGATACTGGAAGAATACAACGAAGACGA 455

mse GTTTTTCCAGAAGAGAGAGATGAACCCCCCCACAATGGCCAQTAGTLY
rat GTTTTTCCAGAAGAAAGAGATGAACACCCCCACGATGGCCAQGTAN 425

cow CGAAGAG

pig CGAAGAG
pda CCAAGAG

ele AGAG

agm AGATGAAGAG

tal AGATGAAGAG
pfl AGATGAAGAG

sla AGATGAAGAG

flm AGATGAAGAG
col AGATGAAGAG

rhe AGATGAAGAG

chm AGATGAAGAG

bon AGATGAAGAG
ora AGATGAAGAG

mrm

gor AGAGGAAGAG

hmn AGATGAAGAG
bbb AGATGAAGAG

arm GGATGATGAG

alp TGAAGAG

cat AGAG
mle GGAG

dog CCAAGAG

e 477
e 477
- 486
- 456
---- 489
---- 489
- 489

e 477
e 492
- 462

mse TCGGTTTGGTCGCTACCGCCATCGCCACCGCCACCCTCCABRCTI4E9

rat TC------------ ACTATGGCCGATACCGACACCGTCCAGTTTTC
cow CTGTACCCTGACAC
pig CTGTATCTTGACAG
pda CTGTATCCTGAGAC
ele CTGTATTCTGACAG
agm CTGTATCCTGACAT
tal CTGTATCCTGACAT
pfl CTGTATCCTGACAT
sla CTGTATCCTGACAT
flm CTGTATCCTGACAT
col CTGTATCCTGACAT
rhe CTGTATCCTGACAT
chm CTGTATCCTGACAT
bon CTGTATCCTGACAT
ora CTGTATCCTGACAT
mrm

gor CTGTATCCTGACAT
hmn CTGTATCCTGACAT
bbb GTGTATCCTGACAC
arm CCGTATGCTGGTAC
alp CTGTA---TGACAC
cat CTGTATCCTGACAC
mle GTGTATCCTGACAC
dog CTGTATCCTGACAC

CGCC 463

TCAC 495
GCAT 495
CCAC 504
CCAT 474
CCAC 507
CCAC 507
CCAC 507
CCAC 507
CCAC 507
CCAC 507
CCAC 507
CCAC 498
CCAC 498
CCAC 501
CCAC 504
CCAC 510
CCGC 486
CCAC 483
CCAC 489
CCAC 495
CCGC 510
CCAT 480

mse GTGGTCCCCCACATCCGCCTGTGCGTCGGCAGCTCTATCCBGBCGT
rat GTGGTCCCCCACATCCACCTGTGCGTCGGCAGCTCTATCCAGATBAG13

cow CTGGCC

pig CTGCCT

pda CTG

ele CTGCCT
agm CCGCCT

tal CCGCCT

pfl CCGTCT

sla CCGTCT
flm CCGTCT

col CCGTCT

rhe CCGCCT

chm CCGCCT
bon CCGCCT

ora CCGCCT

mrm
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gor CCGCCT ---- 510

hmn CCGCCT ----516
bbb CCA - 489
arm CTGCCT - 489
alp CTGCCT --- 495
cat CCACCC 501
mle CCACCT ---516
dog CTG - 483
mse GTTCCTTCTCCACATGCCCAGGTTCCTCCTCCACATGCC---— 558

rat CCACGATCTCCACCTCGAGTACGATCTCCACCTCGAGTACATTATC 563

————————————— CCGCCTCCAGCCCCTCCACGGCAGTTCACCTGC CcCcCC 538
--CCTCCCCTAGCCCCTCCACGGCAGTTCACCTGT CCCC 538
---CCTCCTCCGGCCCCTCCACGTCAGTTCACCTGC CCCC 544
--CCTCCCCCAACCCCTCAGCATCAGTTCACCAGC cCcCccC 517
----CCTTCCTCGCCCCTTCCAGGGCAGTTCACCTGC CCCC 550
------------- CCTTCCTCGCCCCTTCCAGGGCAGTTCACCTGC CCCC 550
------------- CCTTCCTCGCCCCTTCTAGGGCAGTTCACCTGC  CCCC 550
CCTTCCTCGCCCCTTCCAGGGCAGTTCACCTGC CCCC 550
CCTTCCTCGCCCCTTCCAGGGCAGTTCACCTGC CCCC 550
------------- CCTTCCTCGCCCCTTCCAGGGCGGTTCACCTGC CCCC 550
------------- CCTTCCTCGCCCCTTCCAGGGCAGTTCACCTGC CCCC 550
----CCTTCCTTGCCCCTTCCAGGGCAGTTCACCTGC CCCC 541
---CCTTCCTTGCCCCTTCCAGGGCAGTTCACCTGC CCCC 541
————————————— CCTTCCTTGCCCCTTCCAGGGCAGTTCACCTGC CCCC 544

------------- CCTTCCTTGCCCCTTCCAGGGCAGTTCACCTGC CCcCC 547
————————————— CCTTCCTTGCCCCTTCCAGGGCAGTTCACCTGC CCCC 553
CCAGGGCAGTTCATTTGC CCCC 511
------------- CTTCCTGCGACCCCTCGGCGGCCGTTCACCTGC CCCC 526
--CCTCCCCTGGCCCCTCCATGGCTATTCACCTGC CCCC532
————————————— CCTCCTCCGCCCCCTCCACGTCAGTTCATCTGT CCCC 538
CCGCGGCAGTTCACCTGC CCAC 538
------------- CCTCCACCCACCCGTCCACGTCAGTTCACCTGC cccc 520

mse -CAGGTTCCTTCTCTACCTCGGCCCACACCACAGGTCTTCAGCTE®BO7
rat TCGAGTACGTTCTCCACCTCGTCCCACATCACAGGTCTTCAGOTIAC 613

cow AATGCCGAAAGAGCTTTAAGCGTCGCAGCTTTCGTCCCAACATTBEA88
pig AATGCCGAAAAAGCTTTACACGTCGAAGCTTTCGTCCTAACTEGTA 588
pda AGGGCCGAAAGAGCTTTACACGTTGCAGCTTTCATCCCAACGTEGA4
ele AGTGCCTGAAGAACTTTACACGTNCC---TTTCTTCCCAACTTGEATG 564
agm AGTGCCGAAAGAGCTTTACACGTCGCATCTTTCGTCCCAAGITTBEA00
tal AGTGCCGAAAGAGCTTTACACGTCGCAGCTTTCGTCCCAACTEGDA 600
pfl AGTGCCGAAAGAGCTTTACACGTCGCAGCTTTCGTCCCAACTGGTA 600
sla AGTGCCGAAAGAGCTTTACACGTCGCAGCTTTCGTCCCAACTITIKEAG00
flm AGTGCCGAAAGAGCTTTACACGTCGCAGCTTTCGTCCCAACTETETAG00
col AGTGCCGAAAGAGCTTTACACGTCGCAGCTTTCGTCCCAACTIGKENG00
rhe AGTGCCGAAAGAGCTTCACACGTCGCAGCTTTCGTCCCAACETECGA00
chm AGTGCCGAAAGAGCTTTACACGTCGCAGCTTTCGTCCCAAGUBEBI1
bon AGTGCCGAAAGAGCTTTACACGTCGCAGCTTTCGTCCCAACETEGAI9L
ora AGTGCCGAAAGAGCTTTACACGTCGCAGCTTTCGTCCCAACTGIIGAS94
mrm ----

gor AGTGCCGAAAGAGCTTTACACGTCGCAGCTTTCGTCCCAACTRIGA97
hmn AGTGCCGAAAGAGCTTTACACGTCGCAGCTTTCGTCCCAAGUGEA03
bbb AGTGCCAAAAGAGCTTTATA---TGCAGCTTTCGTTCCAACATGCAG 558
arm AGTGCCGCAAGAGCTTTACACGTCGCAGCTTTCGCCCCAAGIUTRCET6
alp GGTGCCGCCAGAGCTTTACCCGTCGCAGCTTTCGTCCCAACTI&G-579
cat AGTGCCGAAAGAGCTTTAAGCGTCGCAGCTTTCGTCCCAACTIBA88
mle AGTGCCGAAAGGGCTTTACACGTCGCAGCTTCCGCCCCAAGIING 388
dog AGTGCCGAAAGAGCTTTACCCGTCGCAGCTTTCGTCCCAAGITEGATO
mse AATGCCGAAGGACTTTTCCAAGTCGCAGTTTTCGACCCAATEUECAS7
rat AATGCCGAAGGACATTTCCAAGTCGCAGTTTTCGACCCAATTEGTE 663

cow GCGAACATGGTCCAGATAATTCGCCAGATGTGTCCCACTCGIABAG38
pig GCCAACATGGTCCAGATAATTAGCCAGATGTGTCCTACTCCTAAGG 638
pda GCCAACATGGTCCAGATAATTCGCCAAATGTGCCCCACTCCEASTE644
ele GCCAACATGGTCCAGATAATTCACCAGATGTGCCCCATGCCRAMEIE614
agm GCCAACATGGTCCAGATAATTCGCCAGATGTGCCCCACTCGEG3 650
tal GCCAACATGGTCCAGATAATTCGCCAGATGTGCCCCACTCCTEGEG 650
pfl GCTAACATGGTCCACATAATTCGCCAGATGTGCCCCACTCCTBGBEG 650
sla GCTAACATGGTCCACATAATTCGCCAGATGTGCCCCACTCCTIGGEG 650
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flm GCTAACATGGTCCACATAATTCGCCAGATGTGCCCCACTCCTTGGEG 650
col GCCAACATGGTCCACATAATTCGCCAGATGTGCCCCACTCCTI@&IG 650
rhe GCCAACATGGTCCAGATAATTTGCCAGATGTGCCCCACTCCTIEIE 650
chm GCCAACATGGTCCAGATAATTCGCCAGATGTGCCCCACTCGUBAG4A1
bon GCCAACATGGTCCAGATAATTCGCCAGATGTGCCCCACTCO3GATC641
ora GCCAACATGGTCCAGATAATTCGCCAGATGTGCCCCACTCCEBGG 644
mrm ----

gor GCCAACATGGTCCAGATAATTCGCCAGATGTGCCCCACTCCBAEG 647
hmn GCCAACATGGTCCAGATAATTCGCCAGATGTGCCCCACTCGUBE®53
bbb GCTACCATGTTCCAGATAATTCGCCAGATG---CCCACTCGTTBEGG 605
arm GCCAACATGGTCCAGATAATTCGCCAGATGTGCCCCACTCCIAGE®B26
alp GCCAACATGGTCCAGATAATTCGCCAGATGTGCCCCACTCCRBGTAG29
cat GCCAACATGGTCCAGATAATTCGCCAGATGAGCCCCACTCCTGRUE® 638
mle GCCAACATGGTCCAGGTGATCCGGCAGATGCGCCCCACTCGRIAZE38
dog GCCAACATGGTGCAGATAATTCGCCAAATGTGCCCCACTCCAABTEXH20
mse GCCAACATGGTCCATATAATTCGCCAGATTTGCCATACTCCATGAZ

rat GCCAACATGGTCCATATAATTCGCCAGATTTGCCATACGCCATGRO8

cow GAGCCGGGTGAATGATCAGGACATCTGCTCCAAACACCAGGAGAEBS
pig GAGCAGAGAGAATGATCAGGGCATCTGTTCCAAACACCAAGBAGEAESS
pda AAGCTGGGGGAATGATGAGGGCATCTGCTCCAAACACCAGGAGEECG4
ele GAGCCGAGGAAATGATCAGGGCATCTGCTCCAAACACCAGGAREACELS
agm GACCCGGAGTAATGATCAGGGCATGTGCTTCAAACACCAGGABGCA0
tal GAACCGGAGTAATGATCAGGGCATGTGCTTCAAACACCAGGAAGAC00
pfl GAACCGGAGTAATGATCAGGGCATGTGCTTCAAACACCAGGAATIXC700
sla GAACCGGAGTAATGATCAGGGCATGTGCTTCCAACACCAGGGRGAC00
flm GAACCGGAGTAATGATCAGGGCATGTGCTTCAAACACCAGGBAGBT00
col GAACCGGGGTAATGATCAGGGCATGTGCTTCAAACACCAGGRIGEZ00
rhe GAACCGGAGTAATGATCAGGGCATGTGCTTCAAACATCAGGBAGEZ00
chm AAACCGGAGTAATGATCAGGGCACGTGCTTTAAACACCAGEASA®EO1
bon AAACCGGAGTAATGATCAGGGCATGTGCTTTAAACACCAGGBAGA G691
ora AAACCGGAGAAATGATCAGGGCATGTGCTTTAAACACCAGGEBAGAEGY4
mrm ----

gor AAACCGGAGTAATGATCAGGGCATGTGCTTTAAACACCAGGEAGBE97
hmn AAACCGGAGTAATGATCAGGGCATGTGCTTTAAACACCAGEAMZCID3
bbb GAAGGGGAGGACT---GGGGGCATCTGTCCCAAACACCAGGRAGB®52
arm GAGCCGAGGGAACGAGCAGGGAATCTGCTCCAAACACCAAGRALETH
alp GAGCCAGGGAAATGATCAGGGCATCTGCTCCAAACACCAAGRKLFCEY9
cat AAGTCGGGGGAATGATCAGGGCATCTGCTCCAAACACCAGGAREACEB8
mle GAGCCGGGCGAACGAGCAGGGCGTCTGTCCCGAACACCAGGAANIBE
dog AAGCCGGGGGAATGATCAGGGCATCTGCTCTAAACACCAGGASBGZO0
mse ----

rat ----

cow AACTTTACTGTGAGGTGGACAAAGAGGCCATCTGTGTGATAAGARE38
pig AACTCTTCTGTGAGGTGGACAAAGAGGCCATCTGTGTGGTGTGRA 38
pda AGCTCTTCTGTGAGGTGGACAAAGAGGCCATCTGTGTGCGTGEERAICAM4A
ele AACTCTTCTGTGAGGTGGACAAAGAGGTTATCTGTGTCGTGTARXAA714
agm AACTCTTCTGTGAGGTGGACAAAGAGGCCATCTGTGTGGTABABIE0
tal AACTCTTCTGTGAGGTGGACAAGGAGGCCATCTGTGTGGTGR&EAAEFS50
pfl AACTCTTCTGTGAGGTGGACAAAGAGGCCATCTGTGTGGTGTAEI@G/50
sla AACTCTTCTGTGAGGTGGACAAAGAGGCCATCTGTGTGGTGRGBBG50
flm AACTCTTCTGTGAGGTGGACAAAGAGGCCATCTGTGTGGTGAGBEG50
col AACTCTTCTGTGAGGTGGACAAAGAGGCCATCTGTGTGGTGBGERG50
rhe AACTCTTCTGTGAGGTGGACAAAGAGGCCATCTGTGTGGTGAGAREG50
chm AACTCTTCTGTGAGGTGGACAAAGAGGCCATCTGTGTGGTABAACE1
bon AACTCTTCTGTGAGGTGGACAAAGAGGCCATCTGTGTGGTGNGAXCH L
ora AACTCTTCTGTGAGGTGGACAAAGAGGCCATCTGTGTGGTGAGERG44
mrm ----

gor AACTCTTCTGTGAGGTGGACAAAGAGGCCATCTGTGTGGTGAGER®GAT
hmn AACTCTTCTGTGAGGTGGACAAAGAGGCCATCTGTGTGGTABABIG3
bbb AACTCTTT------ GTCGAC---GAGGCCATCTGTGTGGTGTGC-- -GAA 690
arm AGCTCTTCTGTGAGGTGGACGAAGAGGCCATCTGTGTGGTGRIECR6
alp GGCTCTTCTGTGAGGTGGACAAAGAGGCTATCTGTGTGGTGTENA-726
cat AACTTTTTTGTGAAGTGGACAAAGAGGCTATCTGTGTGGTGTEEAAS738
mle AACTCTTCTGCGAGGTGGACGAAGAGGCCATCTGGGTGGTGBAAC38
dog AGCTCTTCTGCGAGGTGGATGAAGAGGCCATCTGTGTGGTABAACR0
mse ----

rat ----

cow TCCAGGAGCCACAAACAGCATAGTGTGGTGCCATTAGACGASERGEBS
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pig TCCAGGAGCCACAAACAGCACAGTGTGGTACCATTGGAGGARSTSESS
pda TCCAGGAGCCACAAACAGCACAGCGTGGTGCCATTGGAGGRAGCGA G%Bt
ele TCCTGGAGCCACAAACAGCACAACGTGGTGCCANTTGAAGABRIGSE4
agm TCCAGGAGCCACAAACACCACAGCGTGTTGACTTTGGAGGATGH &
tal TCCAGGAGCCACAAACACCACAGCGTGGTGCCTTTGGAGGAGRIAE0
pfl TCCAGGAGCCACAAACACCACAGCGTGGTGCCTTTGGAGGATRIAEN0
sla TCCAGGAGCCACAAACACCACAGCGTGGTGCCTTTGGAGGAIEEIAED0
flm TCCAGGAGCCACAAACACCACAGCGTGGTGCCTTGGCAGGAGGABBO
col TCCAGGAGCCACAAACAACACAGCGTGGTGCCTTTGGAGGAGERRBO
rhe TCCAGGAGCCACAAACAGCACAGCGTGGTGCCTTTGGAGGAGGABRD
chm TCCAGGAGCCACAAACAGCACAGCGTGCTGCCTTTGGAGGRAEATRG
bon TCCAGGAGCCACAAACAGCACAGCGTGCTGCCTTTGGAGGATCA G&E
ora TCCAGGAGCCACAAACAGCACAGCGTGGTGCCTTTGGAGGAGGAGH
mrm ----

gor TCCAGGAGCCACAAACAGCACAGCGTGCTGCCTTTGGAGGAGERGG7
hmn TCCAGGAGCCACAAACAGCACAGCGTGCTGCCTTTGGAGGKEGN &3
bbb TCCAGGAGCCACAAACGGCAC---ATGGGGCCTTTGGAGGAAGIIRA737
arm TCCAGGAGCCACAAACAGCACAGCGAGGTGCCATTGGAGGHREGA GlB
alp TCCAGGAGCCACAAACAGCACAGTGTGGTGCCACTGGAGGABEIGI 6
cat TCCAGGACCCACAAACAACACAGCGTGGTGCCAATGGAGGABERGIBS
mle TCCGGGAGCCACAGACAGCACAGCGTGGTGCCGCTGGACGBEATIBE
dog TCCAGGAGCCACAAACAGCACAGCGTGGTGCCATTGGAGAAGGAG®
mse ----

rat ----

cow CGAGTACAAGGAGAAAAAAATGGAGAAACTAGTG------- AAACTGC 831
pig TGAGTACAAGGTGAGAGGCACGAGGGAATGTGGG--------- GATTGA 829
pda GGAGTACAAGGAGAAAAAAATGGAGAAACTTGTG------- AAGQTGC 837
ele GGAGTACACGGGAATAAAGTTGGAAAGAACTCCT------- TAG-—--- 801
agm GGACTACCAGGAAATAAAGTTGGAAACA---CTT------ GTGGGATAC 841
tal GGAGTACCAGGGAATAAAGTTGGAAACA---CTT------ GTGGGAATAC 841
pfl GGAGTACCAGGAAATAAAGTTGGAAACA---CTT------ GTGGGAATAC 841
sla GGAGTACCAGGAAATA---TTG---ACA---CTT------ GTGGGA ATAC 835
flm GGAGTACCAGGAAATAAAGGTGGAAACA---CTT------ GTGGGAATAC 841
col GGAGTACCAGGGAATAAAGTTGGAAACA---CTT------ GTGGGAATAC 841
rhe GGAGTACCAGGAAATAAAGTTGGAAACA----TTG-----GTGGGAATAC 841
chm GGAGTACCAGGAAATAAAGTTGGAAACAACTCTG------ GTGQ@GAC 835
bon GGAGTACCAGGAAATAAAGTTGGAAACAACTCTG------ GTGGEIMC 835
ora GGAGTACCAGGAAATAAAGTTGGAAACAACTCTG------ GTGGGARAC 838
mrm  ---------- GAAATAAAGTTGGAAAGAACTCTT----TGGTGGAA ATAC 36
gor GGAGTACCAGGAAATAAAGTTGGAAACAACTCTG------ GTGGGRAC 841
hmn GGAGTACCAGGAAATAAAGTTGGAAACAACTCTG------ GTGQ@GAC 847
bbb GGAGTACAAGGAAATAAAGTTGGAAAGAACTCCTC---TGGTAGBE 784
arm GGAGTACAAGAAAATAAAGTGGGAAAGAACTCTG------ GCAGOA- 819
alp GGAGTATAAGAAAATC---TTGGAAAGAATTCCT---TGGCTGGTBGAA 820
cat GGAGTACAAGGAGAGAAAGTTGAAAATAACTCCT---TGGCTGGEBA 835
mle GGAGTACAAGGAAATAAAGTTGGAAAGAACTCCT---CTGGTGGAA 835
dog GGAGTACAAGGTTCAGCTGTTGACTGCTGTATCA---CAAGTGAG 817
mse ----

rat ----

cow ATTCCAAGTGCTGCCATAACTTTGAGAGGAAATTGAGGAATABTA®BS1
pig AGG--GAGTGGAGAAAAAAC----AAGGGGAGCTGGGTACTTGGI-A 870
pda ATTTCACGTGCTGCCACAACTCTGAGAGGAAATTGA---------- ---- 873
ele
agm TTCAGATAGAGCAAGAAAGCATTCACAGCAAGGCCTATAATSALSES
tal TTCAGATAGAGCAAGAAAGCATTCACAGCAAGGCCTATAATCAATAS88
pfl TTCAGATAGAGCAAGAAAGCATTCACAGCAAGGCCTATAATCAATASE8
sla TTCAG---AAGCAA---AGCATTCACAGCAAGGCCTATAATCAATA--- 876
flm TTCAGATAGAGCAA------ ATTCACAGCAAGGCCTATAATCAATA--- 882
col TTCAGATAGAGCAAGAAAGCATTCACAGCAAGGCCTATAATCAATESS
rhe TTCAGATAGAGCAAGAAAGCATTCACAGCAAGGCCTATAATORABRS
chm TTCAGATAGAGCAAGAAAGCATTCACAGCAAGGCCTATAATEAGEBR
bon TTCAGATAGAGCAAGAAAGCATTCACAGCAAGGCCTATAATBAGHEZR
ora TTCAGATAGAGCAAGAAAGCATTCACAGCAAGGCCTATAATGAABSRS
mrm TTCAGATAAAGCAAGAGAGCATTCACAGCAAGGCCTGTAAACARBA
gor TTCAGATAGAGCAAGAAAGCATTCACAGCAAGGCCTATAATGAGBAS
hmn TTCAGATAGAGCAAGAAAGCATTCACAGCAAGGCCTATAATSAGIPA
bbb AAAGGATAGAAGAGGAAAGCACTGAGAGCAAGACCTATAATEAGBG
arm --AAGGTAGTGCAAGGACACATTCAGAGCAAGGCCTAA-------=--- 855
alp CACAGAGAAAGAAA---AGCATTCAGAGTAAAGCCTATAATCAATG 864
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cat TAAAGATAGAACAAGAA---ATTCAGAGTAAGGCCTATAATTGA—- 876

mle AAAGAAGATAG ---- 846
dog TTAAACTTGCTACAAGCTGTTCCTGTGGGTGTACCTGGGACCTTAB67
mse

rat

cow TCTTCATCAACTTCTGCATCTGAATTCATTGACTGAGCCTAGCARNA 931
pig
pda
ele
agm
tal
pfl
sla
flm
col -
rhe
chm
bon -
ora
mrm
gor
hmn -
bbb
arm
alp
cat
mle -
dog ACACAGACTTGCTACACATCTGAAATCCTCACCTCCAACTGOMSATN917
mse
rat

cow AGGTTTAA 939
pig
pda
ele
agm
tal
pfl
sla
flm
col
rhe
chm
bon
ora
mrm
gor
hmn
bbb
arm
alp
cat
mle
dog CTTAGCTCTTAGCCTTCTAGTGTAG------------ 942
mse
rat

Figure B.1 Alignment of TRIM52 sequences. (A) TRIM52 sequences from animals collected from BLAST
(Altschul, et al. 1990) and BLAT (Kent 2002) searches, as well as our own sequencing of primate
orthologs were aligned using Clustal X (Larkin, et al. 2007). (B) Sequences were translated and resulting
peptide sequences were also aligned via Clustal X.
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Figure B.2 Genomic localization of TRIM41 and TRIM52 across mammals. Based on the human genome
assembly (March 2006, UCSC genome browser), TRIM52 and OR4F16 are the last known genes before
the chromosome 5q telomere. TRIM41 and TRIM?7 are almost immediate neighbors, with only the
GNB2L1 gene encoded between. This subtelomeric localization is at least conserved throughout
Hominoids and Old World monkeys that we were able to evaluate via the UCSC genome browser (Kent,
Sugnet et al. 2002). In cases where TRIM52 (or TRIM41) was predicted to be pseudogenized, we
represented their location with grayed font. We were unable to identify a rabbit TRIM52 by prediction
programs or BLAST (Altschul, Gish et al. 1990) and BLAT (Kent 2002) searches. Rabbit encodes a second
copy of TRIM41 on chromosome 7; although, sequence analysis predicts that is a pseudogene. We were
unable to locate a syntenic mouse and rat TRIM52. According to Ensembl’s prediction algorithm, mouse
and rat TRIM52-like are localized to chromosome 14 and 15, respectively.
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Figure B.3 Phylogenetic relationship of TRIM52, TRIM41, and TRIM52-like genes. A phylogram of
TRIMS52 and TRIMA41 that were recovered from BLAST (Altschul, Gish et al. 1990) searches and annotated
by Ensembl (Flicek, Amode et al. 2012) was built using a maximum likelihood based approach via PhyML
(Guindon, Dufayard et al. 2010). We included mouse and rat TRIM52-like sequences. Statistical support
is represented by Bootstrap values, collected from 100 iterations.
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Figure B.4 Testing antiviral activity of TRIM52 against candidate retroviruses. CRFK cell lines stably
expressing HA-tagged rhesus TRIM5alpha (positive control), HA-tagged rhesus TRIM52, HA-tagged
human TRIM52, and an empty vector (negative control) were assayed for antiviral activity against HIV-1
(BRU strain), HIV-2 (ROD9 strain), and FIV. The Y-axis reflects infectivity, determined by the percent of
GFP reported while the X-axis lists the viruses that were used. Virus titers were set to recover ~15
percent infection. Values of reported GFP were normalized to CRFK, setting CRFK to 100 percent for
each virus. We confirmed the stable expression of TRIM5 and TRIM52 proteins by Western blot analysis,
using 40ug of protein extract for each sample (Lanel: Negative control; Lane 2: Human TRIM52, Lane 3:
Rhesus TRIM52, Lane 4: Rhesus TRIM5). This assay was repeated once to demonstrate reproducibility.
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Table B.1 PAML screen of primate TRIM genes

% of
positively
TRIM selected
gene M7vsM8 dN/dS P-value sites Primates
Human, Chimp, Gor, Orang, WCG,
Rhesus, Cae, Marm, Aotus, Tarsier,
TRIM1 0.000866 | 1.28887 | 0.999567094 | O MLemur, BBaby
Human, Chimp, Gor, WCG, Rhesus,
TRIM2 5.682542 1.80541 0.058351454 | 0.885 Marm, MLemur
Human, Chimp, Gor, Orang, WCG,
TRIM3 0.000294 |1 0.999853011 | 4.25 Rhesus, Marm, MLemur
Human, Chimp, Orang, WCG, Rhesus,
TRIM4 0.083832 | 1.16824 | 0.958950329 | 32.785 Marm, MLemur

TRIM5

TRIM6
TRIM7

73.47338

1.191148
6.401934

3.29159

2.34464
26.63851

1.11035E-16

0.55124606
0.040722806

20.464

6.64

Human, Chimp, Gor, Orang, Sia, CAe,
CTa, Patas, Rhesus, Bab, Douc,
Colobus, Woolly, Spider, Howler, Saki,
Pygmy, Squirrel, CTTam, Dusky,
RBTam, BGTiti

Human, Chimp, Orang, WCG, Bab,
Rhesus, Marm

Human, Chimp, WCG, Marm

Human, Chimp, Gor, Orang, WCG,

TRIM8 2.847932 | 1.80249 | 0.240757278 | 1.711 Rhesus, Marm

Human, Chimp, Gor, Orang, WCG,
TRIM9 0.000018 |1 0.999991 0 Rhesus

Human, Chimp, Gor, Orang, WCG,
TRIM10 0.969942 | 10.00483 | 0.615715052 | 0.322 Rhesus, Marm

Human, Chimp, Orang, WCG, Rhesus,
TRIM11 0.000416 | 64.62517 | 0.999792022 | O Marm

Human, Chimp, Gor, Orang, WCG,
TRIM13 0.000012 0.999994 0 Rhesus, Marm, Tar, BBaby, MLemur
TRIM14 0.000000 1 0 Human, Chimp, Orang, Rhesus, Marm

Human, Chimp, Orang, WCG, Rhesus,
TRIM15 4.528130 3.09674 0.103927161 | 5.677 Marm

Human, Chimp, Orang, WCG, Rhesus,
TRIM16 1.600080 | 4.00164 | 0.449310991 | 1.024 Marm

Human, Chimp, Orang, WCG, Rhesus,
TRIM17 0.513238 | 3.25894 | 0.773662923 | 0.228 Marm, MLemur

Human, Orang, WCG, Rhesus, Marm,
TRIM18 0.000180 |1 0.999910004 | O Tar, MLemur

Human, Chimp, Bon, Gor, Orang, WCG,
TRIM19 0.290412 2.570260 | 0.864844117 | 0.801 WHG, Sia, Rhesus, Cae, CHTam, Marm

TRIM20

TRIM21

29.013012 5.09617

0.519926

6.03724

5.01077E-07
0.771080115

2.821
0.787

Human, Chimp, Gor, Orang, WCG,
Rhesus, Marm, Tar, Mlemur

Human, Chimp, Gor, Orang, WCG,
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TRIM22

10.195488

6.16845

0.006110516

4.887

Rhesus, Marm

Human, Chimp, Gor, Orang, Sia, WCG,
CAe Rhesus, Bab, Sooty, Patas, Fran,
Colobus

Human, Chimp, Gor, Orang, WCG,

TRIM23 0.000036 |1 0.999982 0 Rhesus, Marm
Human, Chimp, Gor, Orang, WCG,
TRIM24 0.797534 | 1.0725 0.67114706 5.731 Rhesus, Marm

Human, Chimp, Orang, WCG, Rhesus,

TRIM31

9.639178

8.54013

0.008070103

TRIM25 18.713110 2.105 0.0000864 12.06 Marm, BBaby, MLemur

Human, Chimp, Orang, WCG, Rhesus,
TRIM26 1.326344 |1 0.515214479 | 2.899 Marm

Human, Chimp, Orang, WCG, Rhesus,
TRIM27 0.003346 |1 0.998328399 | 0.509 Marm

Human, Chimp, Gor, Orang, Rhesus,
TRIM28 8.600874  12.62902 0.013562631 0.589 Marm

Human, Chimp, Gor, Orang, WCG,
TRIM29 0.000006 1 0.999997 0 Rhesus, Marm, MLemur

Human, Chimp, Gor, Orang, WCG,
Rhesus

Human, Chimp, Gor, Orang, WCG,

TRIM38

8.238808

4.64912

0.016254199

TRIM32 0.001100 | 7.27754 | 0.999450151 | O Rhesus, Marm, Tar, MLemur
TRIM33 1.167274 | 14.90349 | 0.557865715 | 0.299 Human, Chimp, Orang, Rhesus, Marm
Human, Chimp, WCG, Bab, Rhesus,
TRIM34 3.574824 | 1.82794 | 0.167392822 | 40.24 Marm
Human, Chimp, Orang, WCG, Rhesus,
TRIM35 0.000008 |1 0.999996 0 Marm
Human, Chimp, Gor, WCG, Rhesus,
TRIM36 0.489916 | 1.95617 | 0.782737413 | 1.05 Marm, Tar
TRIM37 0.003194 1 0.998404275 | 12.705 Human, Chimp, Orang, Rhesus, Marm

Human, Chimp, Gor, Orang, WCG,
Rhesus, Marm, Tar, BBaby

Human, Chimp, Orang, WCG, Rhesus,

TRIM39 0.000054 |1 0.999973 0 Marm

Human, Chimp, Gor, Orang, Rhesus,
TRIM40 1.746434 | 1.55113 | 0.417605948 | 41.519 Tar

Human, Chimp, Gor, Orang, Rhesus,
TRIM41 0.000076 |1 0.999962001 | O Marm

Human, Chimp, Gor, Orang, WCG,
TRIMA42 0.000020 1 0.99999 0 Rhesus, Marm, MLemur

Human, Chimp, Gor, Orang, WCG,
TRIM44 0.000058 |1 0.999971 0 Rhesus, Marm, BBaby

Human, Chimp, Orang, WCG, Rhesus,
TRIM45 0.375360 | 4.27924 | 0.828879906 | 0.466 Marm, MLemur

Human, Chimp, Gor, Orang, WCG,
TRIM46 0.001490 |1 0.999255277 | O Rhesus, Marm
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|TRIM47 ‘0.183104 ‘1

‘ 0.912513864 ‘ 5.57

Human, Chimp, Gor, Orang, Rhesus,
Marm

TRIM50
TRIM52

TRIM52*

0.000054
6.202140

11.31774

9.82912

4.16531

0.999973

0.0034864

Human, Chimp, Gor, Orang, WCG,
Rhesus, Marm

Human, Chimp, Gor, Orang, Rhesus

Human, Chimp, Bon, Gor, Orang,
Rhesus, Cae, Tala, PFL, Sla, FLM,
Colobus

TRIM58

TRIM60

13.327242 1.6149

17.097654 3.15749

0.001276516

0.000193772

Human, Chimp, Orang, WCG, Rhesus,
TRIM54 0.000098 |1 0.999951001 | O Marm, MLemur

Human, Chimp, Gor, Orang, WCG,
TRIMS55 0.000040 1 0.99998 0 Rhesus, Marm, Tar, MLemur

Human, Chimp, Gor, Orang, WCG,
TRIM56 0.000034 |1 0.999983 0 Rhesus, Marm

Human, Chimp, Gor, Orang, WCG,
TRIM57 4.409038 | 15.14907 | 0.110303569 | 0.473 Rhesus, Marm

Human, Chimp, Orang, WCG, Rhesus,
Marm, Tar, Mlemur

Human, Chimp, Gor, Orang, WCG,
Rhesus, Marm

Human, Chimp, Orang, WCG, Rhesus,
TRIM61 0.000016 0.999992 0 Marm
TRIM62 0.001392 0.999304242 | 0O Human, WCG, Rhesus, Marm

Human, Chimp, Gor, Orang, WCG,
TRIM63 1.696708 | 2.29094 | 0.428119036 | 3.641 Rhesus, Marm

Human, Chimp, Gor, Orang, Rhesus,
TRIM65 0.442102 1 0.801675794 | 7.574 MLemur

Human, Chimp, Gor, Orang, WCG,
TRIM66 3.600342 | 1.77533 | 0.165270625 | 26.916 Rhesus, Marm
TRIM67 0.230288 | 1.72453 | 0.891237796 | 0.536 Human, Chimp, WCG, Rhesus, Marm

Human, Chimp, Gor, WCG, Rhesus,
TRIM68 0.000000 |1 1 0 Marm, BBaby

Human, Chimp, Gor, Orang, WCG,
TRIM69 3.857840 | 2.6469 0.145305043 | 19.785 Rhesus, Marm

Human, Chimp, Gor, Orang, WCG,
TRIM71 0.000060 | 2.17763 | 0.99997 0 Rhesus

Human, Chimp, Gor, Orang, WCG,
TRIM72 0.000028 |1 0.999986 0 Rhesus, BBaby

Human, Chimp, Gor, Orang, WCG,
TRIM75 0.800806 | 2.31885 | 0.670049961 | 7.432 Rhesus, Marm

Human, Chimp, Gor, Orang, WCG,
TRIM76 41.193456 9.01996  1.13489E-09 1.776 Rhesus, Marm
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*PAML was ran using a combination of orthologs retrieved from online databases and sequencing.

Highlighted TRIM genes were found to be under positive selection. Positive selection was based on TRIM
genes fulfilling the following criteria: (I) TRIM genes met the statistical criteria of PAML (Yang 2007) and
(1) were reported by Datamonkey (Delport, Poon et al. 2010) to have at least one site of positive
selection that overlapped with sites reported by PAML.

Abbreviations for species used were as follows:

Human (Homo sapiens), Chimp (Pan troglodytes), Bon, (Pan Paniscus), Orang (Pongo abelii), Gor (Gorilla
gorilla), WCG (Nomascus leucogenys), WHG (Hylobates lar), Siamang (Symphalangus syndactylus), CAe
(Chlorocebus aethiops), CTa (Chlorocebus tantalus), Baboon (Papio anubis), Rhesus (Macaca mulatta),
Patas (Erythrocebus patas), Tala (Miopithecus talapoin), SLa (Trachypithecus cristatus), PFL
(Trachypithecus vetulus), FLM (Trachypithecus francoisi) Douc (Pygathrix nemaeus), Colobus (Colobus
guereza), Woolly (Lagothrix lagotricha), Spider (Ateles geoffroyi), Howler (Alouatta sara), Saki (Pithecia
pithecia pithecia), Pygmy (Callithrix pygmaea), Marm (Callithrix jacchus), Squirrel (Saimiri sciureus
sciureus), CTTam (Saguinus oedipus), Dusky (Callicebus moloch), RBTam (Saguinus labiatus), BGTiti
(Callicebus donacophilus donacophilus), Tar (Tarsius syrichta), MLemur (Microcebus murinus), BBaby
(Otolemur garnettii)
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Table B.2 Human TRIM52 SNPs

Exon dbSNP rs# cluster ID Function Codon Validation
Exonl rs144718973 missense 1 No listing
Exonl rs149302292 missense 19 3

Exonl rs138637336 synonymous 35 No listing
Exonl rs146030758 missense 67 No listing
Exonl rs182640735 missense 71 1

Exonl rs191265268 nonsense 83 1

Exonl rs142657741 missense 100 3

Exonl rs56956877 frame shift 125 2

Exonl rs80005177 synonymous 125 2,3
Exonl rs80196452 frame shift 125 No listing
Exonl rs71707263 frame shift 125 3

Exonl rs3073543 frame shift 128 2

Exonl rs78075294 synonymous 128 No listing
Exonl rs33972170 frame shift 128 1,2,3
Exonl rs186360757 missense 134 1

Exonl rs150292982 missense 136 No listing
Exonl rs140222786 missense 139 No listing
Exonl 180687568 synonymous 159 No listing
Exonl rs148225750 missense 168 No listing
Exonl rs143060535 synonymous 171 No listing
Exonl rs148982091 missense 187 No listing
Exonl rs918388 synonymous 201 1,2,3,4,5
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Exonl rs144966268 missense 223 No listing
Exonl rs142626341 missense 231 No listing
Exonl 180687760 missense 268 No listing
Exon2 rs149989700 missense 285 No listing
Exon2 rs139236429 missense 290 No listing

Validation code: (1) SNP has been sequenced in 1000Genome project; (2) Validated by multiple,
independent submissions to the refSNP cluster; (3) Validated by frequency or genotype data: minor
alleles observed in at least two chromosomes; (4) Genotyped by HapMap project; (5) All alleles have
been observed in at least two chromosomes apiece.
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Appendix C

Supplemental Information for Chapter 4
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Hsa Cypa gene
Hsa
Pta
Ggo

Pab

TGTGGACAACTCGAATAA-~
c]

TGTGGACAACTCCAACAAATTTGA
C G QL QQTI 2z
TGTGGACAACTCCAACARATTTGA
G QL Q QI 2
TGTGGACAACTCCAACARATTTGA

Hsa CypA gene  AGGC( TCGTGCCGTTTTGCAGACGC GTGTACTATT ACCCC TGTTCTTCGACATTGCCGTCGACGGCGA T CTCCTTTGAGCTGTTT
v RPGSCRTFADATA ATETETNRYV AMV NPTV FFDTIAYVDGETPTLGERVYVSTFETLF
Hsa  TGATAATGGTGCATTCGCTTTGCAGACACTGCCACCGCCGGGAGCCCCGTACTATCAGCC TGAGTCCTTGGGCCACGTCTCCTTCAAGCTGTCT
Z 2 WCTIRPFEADTA ATAGSTPVILSA DGESTLGEHVYVSFKTLS
Pta  TAATAATGGTGCATTCGCTTTGCAGACACTGCCACCGCCGGGAGCCCCGTACTATCAGCC CACTGTGTTC T TGATGAGTCCTTGGGCCACGTCTCCTTCAAGCTGTCT
zZ zwWwcIREADTATAGSTPVLSATVYNEPTVFTIDTDESTLGHYUV
Ggo  TGATAATGGTGCATTCGCTTTGCAGACACTGT AGGAGCCCCGTACTATC CTT CTCCTTCAAGCTGTCT
z 2z CIRF TV TARSEPUVLS L
Pab  TTATAATGGTGCGTTCACTTTGCAGACACCGCCACCGCCGGGAGCCCCGTACTATT GGCGAGCCCTTGGGCCACGTCTCCTTCARGCTGTCT
X L zZWCVHFADTATAGSTPVLL
Nle  TTATAATGGTGAATTCGCTTTGCAGACACCGCCACCGCCGGGAGCCCCATACTATC!
Lz zZ I RFADTATAGSTPTITLS
GCAGACAAGGTCCCARAGACAGCAGAARATTTTCGTGCTCTGAGCACT TTGGT TCCTGCTTTCACAGARTTATT TTTATGTGTCAGGGTGGTGACTTCACACGCCAT
ADKUVPEKTAEINTFRALSTGETEKS GTFGZYZ KGSCFHTR G FMCQGGD
GCAGACAAGTTTCCARAGACAGCAGARAACTTTCGTGCTATGAGCACT TTGGTTATAAGGGTTCCTGCTTTCACAGAATTATTCCAGGGTTTATGTGTCGGGGTGGTGACTTCACGCACCAT
A T A N F R A S TGEZKGTFGYZE KGSCTFHE RTITI G FMCRGGTUDF
GCAGACAAGTTTCCARACACAGCAGARAACGTTCATGCTATGAGCACT TTGGT GGGTTCCTGCTTTCACAGAATTATTCCAGGGTTTATGTGT TGGTGACTTCACGCACCAT
ADKFPNT M S TGEEKGTFEGTYZ KGSCFEHE RTIT G FMCRGGTDTFTHH
GCAGACAAGTTTCCARAGACAGCAGARAACTTTCGTGCTATGAGCACT! TTGGT TCCTGCTTTCACAGAATTATT TTTATGTGT TGGTGACTTCACACACCAT
ADKFPEKTA AEQNTFERAMNSTGETE K GTFGTYZ KGSCFEHRTITI G FMCRGGDF H
GCAGACAAGTTTCCARAGACAGCAGARAACTTTCGTGCTATGAGCACT TTTGGTTATAAGGGTTCCTGCTTTCACAGAATTATTTCAGGGTTTATGTGTT TGGTGACTTCACACGCCAT
ADKTFPKTA R A M S EKGFGYZKGSCF HR G FMCWGG D
G TTCCARAGACAGCAGAAAACTTTTGTGCTGTGAGCACT TTCGGTTATARAGGTTCCTGCTTTCACAGAATTATTTCAGGGTTTATGTGTT TGACTTCACACGCCAT
ADKTFPEKTA AENTFETCAVSTGETE KT GTFGYZ KGSCTFEHE RTI G FMCWGGDF H
TGGC: TCCATCTAT ‘TTGAAGATGAGAACTTCATCCTARAGCATACGGGTCCTGGCATCTTGTCCATGGCARATGCTGGACCCARCACARATGGTTCCCAGTTTTTCATCTGE
N Y 6 E K
AATGGCACTGGTGGCAAGTCCGTCC TTCATCCTARRAC TGGCATCTTGTCCACGGCARATGCTGGACCCAACACARATTGTTCCTGGTTTTTCATCTCC
s HQEZEKTFDDENTFTITLEKEHTGEPGTIL
AATGACAC TCCGTCC: TTGATGATGAGAACTTCATCCTAAAGCATACAGGTCCTGGCATCTTGT CTGGACCCAACAC TTCCCGGTTTTTCATCTGH
GG K S VHOQETKF DENF
T TTGATGATGAGAACTTCATCCTAAAGCATACAAGTCCTGGCATCTTGTCCATGGCARATGCTGGACCCAACACARATGGTTCCCGGTTTTTCATCTGE
HQEJXKTFDDERNTFTITLZEKEHETS®PGTITILSMANAZGTPUNTDNGSTRTFTFI
TGACH TTCATCCT!
M RTS S 2
C: TTGATGATGAGAAATTCATCCTARAGCATACAGGTCCTGGCATCTTGTCCATGGCARATGCTGGACCCAACACARACGGTTCCCAGTTTTTCATCTGE
HREEKF DEKTFTITLEKTEHTGZPGI ANAGPNTNGSOQFTFTIC
ACTGCCAAG TGGTTGGAT TGGTGTTT TGAATATTGT ‘GGAGCGCTTTGGGTCCAGGAAT GACCAGCAAGAAGATCACCATTGCTGAC
TAKTEWLDGEKTEHVYVV FGEKVEKEGMNTIVER AMETRTEGSTRING K
ATTGCGAAGACTGAGAGTTTGGAT CACGTGGTCTTTGGCAAT TGARTGTTGT TGGAGCCCTTTGGGTT ACCATTGCTGAC
I A KT L QHVVFGNMEKEGMNVVE-AMETPTFGTFRNGE KTSEKTEKTITTI D
ACTGCGAAGACTGAGAGTTTGGAT CACGTGGTCTTTGGCAATA' T CATGGAGCGCTTTGGGTCCAGGAATGGCARGACCAGC CCATTGCTG
TAKTESTLDGQ VVFEFGNMEKEGMNYVYVER ABMETRTFGSRUNGK S K K I T I A D
ACTGCGAAGACTGAGAGTTTGGATGGCCAGCACGTGGTCTTTGGCAAT. TGARTGTTGT CATGGAGTGCTTTGGGTCCAGGAATGGCCAGACCAGE ACCATTGCTGA(
TAKTES DGQHUVYVVFGHNMEKTEGHM VVEAMETCTFGSRNGO QTSZKTEKTIT
ACTGTCAAGACTGT--GTTTGGAT’ CACGTGGTCTTTGGCAAGA' TGAATGT C AGTGCTTTGGGTCCAGGAATGGCARGACCAGC CCATTGCTGA-
TVKTVFGLPARGL®WOQDERRHETCTC CGGHG GV LW Q EWOQDOQOQETDHEHZC 2

ACCCC, TCTTCGACATTGC
- - - - - - - - - - - - -- - - - - - - - - - - - - - - - - MVNPTV I A2V DGE
ATAACATCACT TCCTATTAGACTTT TACCACCAGCTTT TCTGCTATCGGGTGCCCTGTAGTATCA GTTCTTCGACATCGCCGTGGAT
Z HH ZRILILDTFZRTTT s AIGCZPVVSAIVNEPAYTFTFTDTIAVTDSG GG
T TCACT TCCTATTAGACTTT i CCAGCTTTGCAGACACCTCTGCTATCGGGTGCCCTGTACTGT CCCACCGTGTTCTT TCGCTGTGGATGGCGG
zZ HH 2Z RILLDTFEZRTTTS DTSAIGG C®PVLSATIYVNTEPTVETFTDTIA AVDG GG
AT TATTAGACTTT CACCAC TTGCAGACGCC GGGTGCCC T CCCCACCGTGTTCTTCGACATCG
WRILLDTFTZRTTTSTFADASA ZATIGT CT®PVLSATILIVNEPTVTFETFTDTIAVTDG GG
ATGACATCACT TCCTATTAGACTTT TA-CACTAGCTTTGCAGATGCCTTTGCCATCGGGTGCCCTGTACTGTCAS T GTTCTT! GTCGCCGT!
L ENPIRTLTLEKTNZ¥ T DAFAIGT C PUVILSATITIN TMFFNVAVDGG
TGACATCACT TCCTATTAGACTTT T CCAGCTTTGTA CTCTGTCATCAGGTACCCTGTACTAT! GTGGTCAACCCCACCGTGTTCTTCGACATCGCTGT GG
zZ HHWRTILLDTFEZRTT®TTSTFVDASV VTI®RYTPVLSAVVYNZPTVTFETFTDTIAVTDSGG
GCCCTTGGGCCGCGTCTCCTTTGAGCTGTTTGCAGACAAGGTCCCARAGACAGT TTCGTGCTCTGAGCACT! TTCCTGCTTTCAC] TTATTCCAGGGT
PLGRVYV SFETLTFATD AENFRALSTGET KT GTF GYKGSCTFHRTITITPG

GCCCTTGGACCGCGTCTCCTTGGAGCTGTTT

CAGC; TTTCATGCTCTGAGCACT TTCCTGCTTTCACARAATTATTCCAGGTT

P RV SLETLTFAa FPEKTAGNTFHALSTGETEKTGTF AYZEKGSTCTFHEK
GeeeTT CTCCTTGGAGCTGTTTGCAGACAAGTTTCCARAG TTTCATGCTCTGAGCAC T-TGGT" TCCTGCTTTCACAARATTATTCCAGGTT

PLDRVYSTLETLFA FPEKTAGNTFHALSTGETEKSGTF GYEKG S G
GCCCTTGGACCGCGTCTCCTTGGAGCTGTTTGCAGACARGTTTCCARAG! TTTCAT TTCCTGCTTTTACAGAATTATTCCAGGTT

P DRV SLETLTFADEKTFE®PZKTAGNTFHS=-=----EFEKGF GYZKGS F YRTITIPG
GCCCTTGGGCTGCGTCTCCTTCGAGCTGTTT GTTTCCARAGACAGC TTTCATGCTCTGAGCACT T TTCCTGCTTTCACAGAATTATTCCAGGGT

c FADEKTF?®PEKTAGNTFEUHALSTGET KT GTF GYEKGSCTFHRTITITEPG

GeeeTT CTCCTTCGAGCTGTTT AGTTTCC \CAGCAGGAAACTTTCATGCTCTGAGCAC TATGGT TCCTGCTTTCACAGAATTATTCCAGGGT

PLGRVY SF FVDEKTF®PEKTAGNTFEEHALSTGET KT GTL WL 26
TTATGTGTCAGGGTGGTGACTTCAC TAATGGCACTGGTGGCAAGTCCATCTAT TTGAAGAT TTCATCC! GGGTCCTGGCATCTTGTCCATGGCARATGCTGGAC
FMCQGGDTFTRHNGTGGE KSTIYGETEKTFEETDENTFTITLZEKEHETGPGTITILSHMAZNIA DG
TTATGTGT TGGTGACTTC TCATAATGGCACT GTCAATCTAT TTGATGAT TTCATCCTARAGCATACAGGTCCTGGCATCTTGCCCATGGCARATGCTGAAC
FMCOQGGDTFTHHNGTGSE KSTIZYGETZKTFDDENTFTITZLZXKHETGPGTITILPHM N A E
TTATGTGT TGGTGACTTCACACATCATAATGGCACTGGCAGC! TCTAT TTTGAT TTCATCCTARAGCATACAGGTCCTGGCATCTTGTCCATGGCARATGCTG
FMCOQGGDTFTHHNGTGSZ KSTIZYGETEKTFETDDENTFETITLE KTEHTGEPGI M AN BRAE
TTAT TGACTTCACAT CT C T TTGGTGAT CTTCATCC GGTCCTGGCATCTTGTCC)
FMCQGGDTFT CHNGTGSE KSTIZYGETEKTFGDENTFTITLZ XEHETGPGTITILSMATNDA
TTATGTGT TGGTGAATT TCATAATGGCACTGACAGCAAGTCAATCTAT TTGATGAT TTCATCCTARAGCATACAGGTCCTGGCATCTTGTCCATGGCARATGCTGAAC
FMCOQGGETFTHHNGTODSZE KSTIZYGETZKTFTDDENTFTITZLZXKEHETGPGTITILSHM a
TTATGTGT TGGTGACTTCACACGTCATAATGGCACTGGCAGCAAGTCAATCTAC TTTGATGATT TTCATCCTGAAGCATACAGGTTCTGGCATCTTGTCCATGGCARATGCTGGAC
VYVSGWZLHTS?Z WoQ VNLRGETZZ2LETLTEHTPTEA Y HLVHG
CCRACAC TTCCCAG-TTTTTCATCTGCACTGCCARGACTGAGTGGTTGGAT TGTGGTGTTT T TATTGT CATGGAGCGCTTTGGGTCCAGG!
PNTVNGSG Q@ FFICTAEKTEWTIELDGTE KEHYVVFGE KVZEKEGHMNTIVES ADNMETRTFEFGS SRN
CCAACACARACGGTTCCCAGTTTTTTCATCTGCACTGCCAAGACTGAGTGGTTGGAT TGTGETCTTCAGC TATTGT CATGGAGCGCTTTGG-TCCAGGAG
P NTNG S F FHLHCOQDZSZUVVGWOQACGLOQQOQQGESRHETYCGGHGALTHEWSRS
CCAACACARACGGTTCCCAGTTTTTTCATCTGCACTGCCAAGACTGAGTGGTTGGAT TGTGGTCTTCAGC TATTGT CATGGAGCGCTTTGG-TCCAGGAG
P NTNG S FFHLHCOQDZSZUVVGWOQACGLOQOQGESRHETYCGGHGALTHEWSRS
CCRACAC? TCCCAG-TTTTTCATCTGCACTGCCAAGACTGAGTGGTTGGAT \GCACGTGGTCTTCGGC TATTGT CATGGAGCGCTTTGG-TCCAGGAG
PNTNGSG Q FFICTAEKTETWTLDGEKEHVYVFGE KV VT EEGMNTIVYVEARADNMETRTFEGEPGYV
CCAACAC? TCCCAG-TTTTGCATCTGCACTGCCAAGACTGAGTGGTTGGAT TGTGGTCTTTGGCAAGGT TTTTGT CATGGAGCGCTTTGGTT-CAGGAA
PNTNGSOQ FCTIC K EWLDGEKTHVYVVTFGK K EGMNTFVERAMETRTEGSGM
CCAACACARATTGT-CCCAG-TTTTCCATCTCCACTGCCAAGACTGAGTGGTTGGAT TGTGGTCTTCGRC TATTGT CACAGAGCACTTTGG-TCCAGGAR
T QOHKLSOQ FSISTAERKTETM®WILDGE KEHYVFGE KVYVEKEGMNTIVETR ATTEH
TGGCAAGACCAGC ACCATTGCTGACTGTGGACAACTCGAAT

G KTSEKEKTITTIADCGO OTLET Z-=- - - - - = = = = = = - - - -
TGGCAAGACCAGC TTGCTGACTGCAGACAAC

G KTSEKEKTISTIADCROLZSEZZIZ- - - - - - = = = = = - - - -
TGGCA AGCATTGCTGACTGCAGACAACTCTAAT

G KTSEKEKTISTIADCROLZSEZZIZ- - - - - = = = = = = - - - -
TGGCA AGCATTGCTGACTGCAGACAAC TTGACTTGTGTTTTATCTTAACCAACA( TTCCTTCTGTAG

ARPARRSALTLTA ADSNSUNTE K FDILGCF L TN R
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Figure C.1 Alignment of “restored” CypA retrogenes. (A) Hsal_2264934 and (B) Pab9_55196143 were
highlighted amongst the sets of “Single intact orthologs” as they appeared to derive from a
pseudogenized common ancestor. Thus, the ORFs of these CypA retrogenes have “restored” the
pseudogenizing mutation to a state that is putatively functional.
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Table C.1 “Intact ortholog” sets labels

Hsal 454539

Ptrl_453362

Pabl_184930

Setl | 09 45 Pseudo 647 Pseudo Pseudo
Hsa2 114917 | Ptr2A_11462 | Ggo2a_1161 | Pab2a_10131
Set2 |53 495 0990 8816 - Pseudo
Hsa2_ 174350 | Ptr2B_17793 | Ggo2b_6136 Mmul2_ 371 | Cja6_449914
Set3 | 593 9266 7556 - 07402 32
Hsa3 138362 | Ptr3_142161 | Ggo3_ 13884 | Pab3_ 141133
Setd | 721 614 2232 561 Pseudo -
Hsa3_ 606759 | Ptr3_616109 | Ggo3_ 62242 Cjal5_36843
Set5 | 65 12 963 Pseudo Pseudo 754
Hsa5_ 658678 | Ptr5_487171 | Ggol7_3029 | Pab5_ 682262
Seté6 | 96 40 8988 97 Pseudo -
Hsa5_ 813054 | Ptr5 334148 | Ggo5_ 64620
Set7 | 15 52 917 - - -
Hsab 314872 Ggo6_ 32399 | Pab6_320167
Set8 | 64 Pseudo 063 39 Pseudo Pseudo
Hsa7_ 283188 | Ptr7_268640 Pab7 561214 | Mmu3_9794
Set9 |33 40 Pseudo 76 3252 Pseudo
Hsal0 15196 | Ptrl0_15593 Mmu9_1545
Setl0 | 795 867 - - 4144 -
Hsall 43488 | Ptrll 43560 | Ggoll 4420 | Pabll 25302
Setll | 071 752 2248 073 Pseudo Pseudo
Hsal2 98984 | Ptr12 98863
Setl2 | 498 945 Pseudo Pseudo Pseudo -
Hsal3 10751 | Ptr13_10722 | Ggol3 9005 Mmul7_870
Setl3 | 6174 0868 0086 Pseudo 54968 -
Hsal9 30412 | Ptr19 34999 Pab19 30367
Set14 | 089 596 - 088 - -
Hsa20_ 41859 Ggo20_4093 | Pab20_40583 | Mmul0_212
Setl5 | 400 Pseudo 9463 506 05240 Pseudo
Hsa21 20230 | Ptr21_53062 | Ggo21 7189
Setl6 | 097 53 307 - - -
Ptr5_649248 Pab5_488000
Setl7 | Pseudo 40 Pseudo 56 Pseudo -
Ptrll 98500 | Ggoll 9813 | Pabll 96937
Setl8 | Pseudo 320 2935 733 Pseudo -
Ptrll _GL391
837 _random | Ggoll 5443 | Pabll 19162 | Mmul4_156
Setl9 | Pseudo 3692787 7615 975 94170 Pseudo
Ptr20_34402 | Ggo20_3501 | Pab20 34835
Set20 | Pseudo 675 4063 680 Pseudo Pseudo
Ptrl3_52470 | Ggol3 3511 | Pab13 53122
Set21 | Pseudo 131 2399 108 Pseudo Pseudo
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Ggoll 3835 | Pabll 66848 | Mmul4 696
Set22 | Pseudo Pseudo 817 521 67675 -
Pab7 726459 | Mmu3_4564
Set23 | Pseudo Pseudo Pseudo 2 3683 -
Mmul2_ 334 | Cja6_487360
Set24 | - - - - 83752 48
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Table C.2 “Single intact ortholog” labels

< 20 Myo

32 Myo

43 Myo

Hsal_22649345
Pab19_52530082
Pabl4_69413187

Pab9 55196143
Mmu6_81234515

Hsa21_ 22200443
Pabl6_57523436
Mmul3_25110885
Mmul6_15232421
Cja9_20990773
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Table C.3 “Lineage specific” CypA retrogene labels

Human

Gorilla

Orangutan

Rhesus macaque

Marmoset

Hsal_ 148201973
Hsal_ 148806133
Hsal_ 148644129
Hsal_ 143767360
Hsal_ 147954856
Hsal_ 149553109
Hsal_ 144363683

Ggol10_128627072

Pabl_102216616
Pab5_147860419

Mmu4_7334034
Mmu2_4955405
Mmul7_76211448
Mmu3_162124806
Mmu20_73474826
Mmu7_128121419
MmuX_23188508
Mmu7_135296871
Mmu9_127957348
Mmul4_ 71153664
Mmu2_129674877
Mmul6_53888818
Mmul0_56523662
Mmu6_40742170
Mmul8_32399855
Mmu6_62939241

Cjal2_4471780
Cjal 186916923
Cjal_14806534
Cja7_8584730
Cjald 22627679
Cja20_10565575
CjaX_125394295
Cjal8 27696897
Cjal0_79918262
Cjal0_71670801
Cjal_95801495
Cjal0_91638992
Cjal6_15599986
Cja2_61874166
Cja6_108234931
Cjal5_61262442
CjaX_2186992
Cja3_146993719
Cjal3_31386253
Cjal3_36431095
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