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TRIM5alpha Proteins

Abstract
The host restriction factor TRIM5a mediates a post-entry, pre-integration block to retroviral
infection that depends upon recognition of the viral capsid by the TRIM5a PRYSPRY domain.
The two predominant alleles of rhesus macaque TRIM5a (rhTRIM50® and rhTRIM5a.™™) restrict
HIV-1, but cannot restrict the macaque-adapted virus SIVmac239. To investigate how TRIM5a
recognizes retroviral capsids, we exploited the differential sensitivities of these two viruses to
identify gain-of-sensitivity mutations in SIVmac239, and we solved the structure of the
SIVmac239 capsid N-terminal domain. When mapped onto this structure, single amino acid
substitutions affecting both alleles were in the B-hairpin. In contrast, mutations specifically
affecting rhTRIM5a'" surround a highly conserved patch of amino acids that is unique to
capsids of primate lentiviruses. This “patch” sits at the junction between the binding sites of

multiple cellular cofactors (cyclophilin A, Nup-358 cyclophilin A-like domain, Nup-153 and
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CPSF6). Differential restriction of these alleles is due to a Q/TFP polymorphism in the first

variable loop (V1) within the PRYSPRY domain. Q reflects the ancestral state (present in the

last common ancestor of Old World primates) and has remained unmodified in all but one

lineage of African monkeys, the Cercopithecinae. While Q-alleles can be found among some

Cercopithecinae primates, in others Q has been replaced by a G or overwritten by a two amino

acid insertion (giving rise to TFP in macaques). In one lineage, the Q to G substitution was later

followed by an adjacent 20 amino acid duplication. We found that these modifications in

TRIM5a. specifically impart the ability to restrict Cercopithecinae SIVs without altering -hairpin

recognition. At least twice Cercopithecinae TRIM5as independently evolved to target the same

conserved patch of amino acids in capsid. Based on these findings, we propose that the B-

hairpin is a retrovirus associated molecular pattern widely exploited by TRIM5a proteins, while

recognition of the cofactor binding region was driven by the emergence of the ancestors of

modern Cercopithecinae SlIVs. Distribution on the Cercopithecinae phylogenetic tree indicates

that selection for these changes in TRIM5a V1 began 11-16 million years ago, suggesting that

primate lentiviruses are at least as ancient.
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1. A. RETROVIRUSES AND PRIMATE LENTIVIRUSES

The Retroviridae

Primate lentiviruses and retroviruses. The Retroviridae can be subdivided into two

subfamilies: the Spumaretrovirinae and the Orthoretrovirinae. The Spumaretrovirinae are

comprised of a single extant lineage, the spumaviruses (foamy viruses). In contrast, the

Orthoretrovirinae include six extant lineages: alpha-, beta-, gamma-, delta-, epsilon- and lenti—

retroviruses [1,2]. Primate lentiviruses include the human immunodeficiency viruses types 1 and

2 (HIV-1 and HIV-2 respectively) and the simian immunodeficiency viruses (SIVs). Primate

lentiviruses are a member of the Lentivirus genus of the Retroviridae family of viruses [1,2].

Primate lentiviruses are a monophyletic lineage within the Lentivirus genus. All extant

retroviruses express the same three proteins, the group specific antigen (Gag) polyprotein, the

polymerase (Pol) and an envelope protein (Env) (Table 1-1). Among viruses of the

Orthoretrovirinae Gag is a polyprotein that is cleaved to create the structural proteins of the

virion, including the matrix, capsid and nucleocapsid proteins [2]. Among The Pol gene encodes

for the viral enzymes whose activity are defining features of the Retroviridae, reverse

transcriptase and integrase [1,2]. These proteins convert the RNA genome into DNA and



facilitate its integration into the target cell's DNA. The Env protein is the viral glycloprotein that

facilities entry into the target cell [2].



Table 1-1. Primate lentiviruses have an expanded repertoire of accessory genes.
Abbreviations. Viruses: Murine leukemia virus (MLV), human T cell lymphotropic virus type 1
(HTLV-1), maedia-visna virus (MVV) human immunodeficiency virus type-1 (HIV-1), simian
immunodeficiency virus of African green monkeys (SIVagm), simian immunodeficiency virus of

rhesus macaques (SIVmac).

Virus Type Genus Structural Genes R y Genes A 'y Genes C
MLV Simple Gammaretrovirus gag glyco-gag (?)
(rodent) pol
env
HTLV-1 Complex Deltaretrovirus gag tax hbx
(primate) pol rex orfi-p12
env orfii-p13
MW Complex Lentivirus gag tat vif APOBEC3
(ovine) pol rev
env
HIV-1 Complex Lentivirus gag tat vif APOBEC3
(primate) pol rev vpr
env vpu BST2
nef
SIVagm Complex Lentivirus gag tat vif APOBEC3
(primate) pol rev vpr SAMHD1
env nef BST2
SIVmac Complex Lentivirus gag tat vif APOBEC3
(primate) pol rev vpr
env vpx SAMHD1
nef BST2




Retrovirus replication

Replication cycle. Retroviral infection begins when the viral glycoprotein engages its

receptor on the target cell. Primate lentiviruses require the sequential binding of a primary

receptor, CD4, followed by binding of the co-receptor, such as the chemokine receptor CCR5

[3-10]. Upon receptor (and co-receptor in this case) engagement, a series of conformational

changes in the viral glycoprotein facilitates the fusion of the viral envelope with the target cell

plasma membrane. This results in the deposition of the viral capsid, which contains the viral

genomes, reverse transcriptase and integrase, into the cytoplasm (Figure 1-1A).

Upon deposition of the capsid into the cytoplasm of the target cell, the reverse

transcriptase begins to convert the RNA genome into a double stranded DNA genome. Reverse

transcription is thought to occur within the viral capsid [11-13]. At the completion of reverse

transcription a complex consisting of the newly synthesized viral DNA genome, integrase and

other viral components must access the cellular genomic DNA. Upon accessing the target cell’'s

nuclear DNA, integrase facilitates the integration of the viral DNA genome [2] (Figure 1-1 A).

Unlike may other retroviruses that require the breakdown of the nuclear membrane during cell

division to access the nuclear DNA, lentiviruses can access the DNA of non-dividing cells via

the nuclear pore [2,14,15]. It should be noted that both the alpharetrovirus Rous Sarcoma Virus



(RSV) and the betaretrovirus mouse mammary tumor virus (MMTV) have been reported to

infect non-dividing cells to differing efficiencies [16,17].

For lentiviruses, the provirus (integrated viral genome) encodes transcriptional

activators. These facilitate the production of spliced and unspliced messenger RNAs [2]. For

primate lentiviruses the production of viral RNA species is enhanced by the trans-activator of

transcription (Tat) protein. Nuclear export of unspliced or minimally spliced RNA transcripts is

enhanced by the regulator of expression of virion (Rev) protein [2,18]. Some other retroviruses

encode analogs of these proteins in their 3’ half to perform similar functions (e.g Tax and Rex in

the human T-lymphotropic virus, HTLV-1). For primate lentiviruses unspliced RNA transcripts

serve as viral genomes as well as mMRNAs for the production of Gag and Gag-Pol. Subgenomic

(Spliced) viral RNAs act as messenger RNAs encoding for the production of all other viral

proteins aside from Gag and Gag-Pol [2,18]. Viral proteins and genomes co-assemble usually at

the plasma membrane [19-22]. Finally, virions bud from the cell and go on to infect other cells

(Figure 1-1A).



Figure 1-1. Primate lentivirus replication, host restriction factors and viral
countermeasures. (A) A diagram of the lentiviral replication cycle. Steps in the replication cycle
are numbered as follows: 1. The virion binds CD4 on the cell surface via its envelope protein. 2.
Co-receptor binding following CD4 engagement by the viral envelope protein. 3. Fusion of the
viral membrane with the cellular membrane. 4. Deposition of the viral capsid into the cytoplasm.
5. Reverse transcription. 6. Nuclear import. 7. Integration. 8. Transcription of vrial RNAs
(genomes and mRNA), nuclear export, and translation of viral proteins. 9. Virion assembly. 10.
Virion budding. 11. Virion release and additional rounds of infection. Green lines indicate host
genomic DNA and red lines denote viral DNA/RNA (B) Host restriction factors antagonize
lentivirus replication. Trim5a blocks the completion of reverse transcription by destabilizing the
viral capsid. SAMHD1 prevents the completion of reverse transcription by starving the reverse
transcription complex of dNTPs. BST2 acts a molecular tether that prevents viral release and
traps virions on the cell surface. APOBEC3G acts in the next infected cell where it induces
hypermutation of the viral genome during reverse transcription. (C) Lentiviruses have evolved
viral countermeasures to antagonize restriction factors. Viral proteins are indicated in red.
Primate lentivirus Vpx and Vpr proteins have evolved to degrade SAMHD1 to increase available
dNTP pools. Viral Vpu/Nef/Env have independently evolved to remove BST2 from sites of
budding through a combination of degradation, sequestration and mislocalization. The Vif
protein degrades APOBECS proteins in the cytoplasm to prevent their incorporation into virions.
Notably, there are no reported examples of a virally encoded antagonist of Trim5a. To replicate

in Trim5a expressing cells viruses must adapt their capsid proteins to avoid recognition.
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Figure 1-1. Primate lentivirus replication, host restriction factors and viral

countermeasures: continued



Lentivirus accessory genes. Primate lentiviruses have had considerable evolutionary

success, as evidenced by the fact that over 40 Old World primate species harbor at least one

unique primate lentivirus [23-28]. The viral phylogeny is incongruent with that of the host

phylogeny [23-25,27-29]. This indicates that primate lentiviruses have a longstanding

evolutionary history of cross-species transmission. Replication in their native host species or a

naive species occurs despite the presence of rapidly evolving host restriction factors. This

suggests that primate lentiviruses have evolved the required genetic plasticity to overcome

restriction factors.

In addition to the core set of genes, gag, pol and env (Table 1-1), lentiviruses encode a

variable number of proteins that serve a variety of modulatory functions. Null mutations in these

accessory genes often result in attenuation of replication in vivo, even when there is little or no

effect on virus replication in cell culture [30]. The accessory genes are clustered in the 3’ half of

the viral genome along with env, and separate from gag, pro and pol (Figure 1-2). It is tempting

to speculate that physical separation of genes encoding conserved functions (structural proteins

and enzymes) from variable functions (accessory proteins and surface glycoproteins) allows

greater adaptive flexibility.

The accessory proteins are the most divergent lentivirus proteins (only the Env protein

displays similar levels of diversity) (Figure 1-2). The complement of accessory genes is not

10



identical for all primate lentiviruses — for example, several do not have a vpx gene (e.g., HIV-1,

SIVcpz) and many do not have vpu (e.g., SIVsmm, SIVmac) (Figure 1-2). If the comparison is

expanded to include the “non-primate” lentiviruses (e.qg., lentiviruses found in cats, cattle, horses

and small ruminants), a distinct set of accessory genes is found, with only vif being common to

both primate and non-primate lentiviruses (Table 1-1). Thus, lentivirus accessory genes vary in

primary sequence and overall composition. The requirement for vif is not absolute among extant

lentiviruses, it is notably absent from the equine infectious anemia virus (EIAV). Such

evolutionary plasticity is consistent with the notion that accessory genes help determine

species-tropism and may play a role in cross-species transmission and emergence of

lentiviruses.

11
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Figure 1-2. Accessory proteins are the most diverse of the primate lentivirus proteins. (A)
Genomes of primate lentiviruses. Schematic representations of the three major types of genome
organization found among primate lentiviruses. Genes encoding structural proteins (gag, pol,
and env) are shown in gray. The regulatory genes, tat and rev, are in white. Accessory genes
are color-coded to match the phylogenetic trees in the lower panel. (B) A comparison of genetic
diversity among primate lentivirus proteins. Note that the accessory proteins are much more
diverse than the structural proteins. Neighbor-Joining trees were generated using sequence
alignments of primate lentiviruses available from Los Alamos National Labs
(http://www.hiv.lanl.gov/). The Vpx and Vpr proteins are paralogs that arose by duplication
during evolution of the primate lentiviruses and were therefore combined into a single tree.
Scale bars below each gene indicate 20% diversity doi:10.1371/journal.ppat.1004017.g001

12



1. B. THE CROSS-SPECIES TRANSMISSION OF PRIMATE LENTIVIRUSES

Primates and the cross-species transmission of primate lentiviruses

Primates and primate lentiviruses. Within the past century humans have been

infected with SIVs from wild chimpanzees, gorillas and sooty mangabeys on no less than 13

occasions [28]. Two independent cross-species transmissions of SIVs from captive macaques

have also occurred as a result of laboratory accidents [31,32]. Of the 15 known SIV to human

cross-species transmission events that have occurred in the past 100 years, only one has led to

a global HIV-1 pandemic (HIV-1 Group M), while others have led to limited regional epidemics

and in some cases have never spread beyond a single infected individual [25,28]. The factors

that influence whether a virus infects a single individual or spreads to 60 million individuals have

yet to be fully determined. However, through the study of primates and their lentiviruses a

number of viral and host genetic determinants that influence this process have been identified.

Primates and the primate lentiviruses have proven to be a powerful system to study the

process of cross-species transmission, adaption to the novel host and the dissemination of a

virus throughout a population. To date, evidence of current SIV infection has been found in at

least 45 primate species [25,27,28]. In nature, these viruses have only been isolated from

13



African primates. A majority of these reported SIVs have at least one reported full-length

genome sequence. From these data it is clear that there are at least 40-50 genetically distinct

primate lentiviruses circulating among African primates. SIVs are named for the species from

which they are isolated, often by denoting the virus as “SIV”, followed by three letters that are

related to the species common name or genus and species. For example, an SIV isolated from

a rhesus macaques is called SIVmac, while an SIV isolated from a pig-tailed macaque, macaca

nemestrina, is SIVmne [33]. There is considerable genetic diversity among the primate

lentiviruses or even within a single species’ HIV/SIV. To put this diversity in context, there is less

antigenic diversity in the glycoproteins of all known hepatitis C (HCV) genotypes (1-7) than what

is found within the env gene of the pandemic strain of HIV-1, group M (Figure 1-3).

14



HCV E1-E2 HIV-1 Group M Env Primate lentivirus Env
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n=159

Figure 1-3. Primate lentiviruses are genetically diverse. A comparison of the genetic
diversity among the glycoproteins of viruses known to establish chronic infection in their hosts:
Hepatitis C, HIV-1 and primate lentiviruses. (A) Diversity of all Hepatitis C groups (groups 1-7)
envelope proteins E1 and E2. The number of sequences included is 471 (n=471). (B) Envelope
(GP160) diversity of HIV-1 group M. Top. Diversity of the envelope within the global HIV-1
pandemic. This diversity exceeds that off all Hepatitis C groups. The number of sequences used
to generate the tree is 3998 (n=3998). Bottom. The diversity of the 14 (n=14 ) group M HIV-1
isolates that are included in C. The diversity of these 14 isolates is less than all Hepatitis C
groups together. (C) Envelope diversity across primate lentiviruses. The diversity among
primate lentivirus envelopes exceeds the diversity found in A and B. Scale bars indicate 20%
diversity. Neighbor-Joining trees were generated using the curated protein sequence
alignments of primate lentiviruses and Hepatitis C available from Los Alamos National Labs

(http://www.hiv.lanl.gov/) and (http://www.hcv.lanl.gov).
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An evolutionary history of cross-species transmission. The taxonomic order

Primates includes prosimians, monkeys and apes/humans (Figure 1-4). Primate species have a

well-defined phylogeny spanning at least 80 million years of evolution [34,35] and reviewed in

[36]. Excluding humans (which originated in Africa), extant primate species naturally inhabit

three continents, South America, Asia and Africa (including Madagascar), while evidence of

extinct primates are found in Europe and North America [37]. Prosimians are only found in Asia

and Africa [37]. Prosimians occupy two branches of the primate phylogeny that are basal to the

monkeys and the apes/humans. New World monkeys are found in South America while Old

World monkeys are found in Africa and Asia [37]. The separation of New World and Old World

monkeys occurred approximately 40-45 million years ago [35]. The natural habitats of extant

apes include Africa and Asia [37]. Apes/humans and Old World Monkeys last shared a common

ancestor approximately 25-35 million years ago [34,35] and reviewed in [36]. The term Old

World Monkey excludes apes/humans, while the term Old World primates includes

apes/humans and monkeys. Due to their relation to humans and their medical importance, a

number of primate genomes have been reported. For many more primate species there is a

wealth of reported sequences for chromosomal regions or for targeted genes. Importantly,

samples and cell lines remain accessible for targeted gene sequencing. Together, the well
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established phylogeny and the wealth of sequence information have been indispensable for

studying the evolution of genes that have the capacity to block primate lentivirus infection.
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Figure 1-4. Primate phylogeny. A phylogenetic tree illustrating primate phylogeny and
classification. Common names of species occupying each branch are provided. Estimated dates

of divergence are indicated with the time scale bar. Dates of divergence are based on [35],

phylogenetic tree adapted from [34].
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Our collective knowledge of African primates and their primate lentiviruses has allowed

for the construction of robust phylogenies. From these phylogenies it is apparent that the host

(primate) phylogeny does not match that of the viral phylogeny [26,27,29] (Figure 1-5). This

observation suggests that rather than diverging with their hosts, primate lentiviruses have a long

evolutionary history of cross-species transmission. Each incongruence represents a separate

viral cross-species transmission event between primates occupying different branches within

the host or viral phylogeny. It is therefore likely that primate lentiviruses are particularly well

suited to cross between species and rapidly adapt to a new host. It also implies that the cross-

species transmission events resulting in HIV infection in humans is the continuation of an

ancient pattern.

Counting the total number of cross-species transmission events based on the observed

discordance between the host and virus phylogenies grossly underestimates the actual number

of successful cross-species transmission events. From phylogenetic trees, it is impossible to

determine whether related viruses infecting closely related species are the result of a cross-

species transmission or co-divergence. For example, humans and chimpanzees are closely

related species and they harbor closely related primate lentiviruses. Based on the comparison

of the viral and host phylogenies it is unclear whether HIV-1 in humans is the result of co-

divergence or cross-species transmission. It is only from other observations that we know that
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SIVcpz was transmitted to humans at some point in the early twentieth century, rather than co-

diverging from a last common ancestor 5-8 million years ago [28,38-40]. Similar conclusions

have been reached for the 4 distinct SIVagm viruses which endemically infect the 4 subspecies

of African green monkey [41]. Due to heavy surveillance we know that within the past century

humans have been the recipients of at least 15 cross-species transmission events [26-28,31].

Though limited, these observations imply that cross-species transmission almost certainly

occurs more often than the comparative virus-host phylogeny suggests.
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Figure 1-5. A history of cross-species transmission. The primate phylogeny (left) is

incongruent with that of their SIVs (right). Lines connect species and their SIVs. The following
abbreviations were used: R-c mangabey for red-capped mangabey, AGM for African green
monkey, W.r colobus for Western red colobus, GSN guenon for Greater spot-nosed guenon.

The primate phylogenetic tree is adapted from [34]. The SIV Neighbor-Joining trees was

generated using the curated primate lentiviruses Pol alignment available from Los Alamos

National Labs (http://www.hiv.lanl.gov/).
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Primate lentiviruses are likely ancient. While the current distribution and genetic

diversity found among primate lentiviruses suggests that they are ancient, no direct evidence

supports their presence before the last Ice Age, 10,000 years ago [42,43]. Rising sea levels at

the end of the last Ice Age isolated multiple SIVs and their host species on Bioko Island 10,000

years ago. Phylogenetically, these SIVs are interleaved with the primate lentiviruses isolated on

the African mainland [42]. This observation suggests that SIVs were already widespread and

genetically diverse at this time. Despite a lack of direct evidence, a growing number of

observations support the notion that the relationship between African primates and primate

lentiviruses is far more ancient. However, these age estimates can vary wildly depending on the

method used to date their existence. Molecular clock estimates based on viral sequences

almost unanimously conclude that SIVs are between tens of thousands to hundreds of

thousands of years old [41-43]. In contrast, through phylogenetic analysis of novel host gene

variants with the capacity to antagonize lentivirus replication in Old World monkeys the

emergence of primate lentiviruses has been dated to 5-10 million years ago [44-51]. These

observations fit with the observations made from the detection of ancient endogenous lentiviral

sequences in the genomes of European brown rabbits, Malagasey lemurs and weasels, which

demonstrates that lentiviruses existed and formed independent lineages at least 8-12 million

years ago [52-55].
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Primates and their lentiviruses offer a unique temporal view into to the process of cross-

species transmission, adaptation, and dissemination of a virus throughout a population. The

known histories of primate lentiviruses exceeds at least 5 orders of magnitude (1-10,000 years).

The presence of primate lentiviruses on Bioko island suggests that some primate species like

Drils, Guenons, and Colobus monkeys have harbored their SIVs for at least 10,000 years [42].

SIVcpz in chimpanzees arose through the cross-species transmission and recombination of two

viruses related to those found in modern day guenons and mangabeys [29]. Molecular clock

estimates date the emergence of SIVcpz to 300-1000 years ago [41]. The transmission of

SIVcpz from chimpanzees to humans, which resulted in the emergence of epidemic HIV-1,

occurred approximately 100 years ago [39,40]. The accidental infection of captive rhesus

macaques with SIVsmm from sooty mangabeys resulted in SIVmac [56,57]. This virus freely

circulated for 15-20 years before it was eradicated from United States primate colonies. This

pathogenic SIVmac and the SIVmac239 molecular clone represent approximately 15-20 years

of adaptation [23,56-58]. Experimental cross-species transmissions in laboratories involving

sooty mangabeys, macaques, African green monkeys and their SIVs illustrate how viruses

adapt to a new species on yearly or sub-yearly timescales [59-64].

Time and pathogenesis. There is a correlation between the amount of time a species

has harbored a particular SIV and the clinical outcome of SIV infection. Specifically, despite high
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viral loads, long-standing hosts tend to have apathogenic/asymptomatic SIV infections

[24,25,28]. In captivity, SIV infection of African green monkeys with SIVagm or sooty

mangabeys with SIVsmm is often accompanied by little to no pathogenesis [25]. This is in

contrast to host species that have recently acquired a particular SIV. These species typically

progress to an immunosuppressed sate [24,25]. Chimpanzees are believed to have acquired

SIVcpz within the past 1000 years [41]. In nature, chimpanzees infected with SIVcpz have

significantly shorter lifespans and lowered reproductive success than uninfected wild

chimpanzees [65,66]. Humans acquired the pandemic lineage of HIV-1 group M approximately

100 years ago and usually progress to AIDS in the absence of medical intervention [26,28,38-

40,43,67]. Infection of rhesus macaques with SIVmac results in simian AIDS, a condition similar

in its symptomology to human AIDS [58,68]. While few in number, these examples suggest that

successful cross-species transmission of primate lentiviruses can be coupled with pathogenic

potential.

1. C. GENETIC BARRIERS TO THE CROSS-SPECIES TRANSMISSION OF PRIMATE

LENTIVIRUSES

Adaptive immunity and passive genetic barriers
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The evolution of barriers to cross-species transmission. Considering that primate

lentiviruses have an evolutionary history that is laden with cross-species transmission events,

together with the observation that successful cross-species transmission events can result in

pathogenic infection, it is therefore very likely that the dynamic movement of primate lentiviruses

between African primate hosts has driven the evolution of genes with anti-lentiviral activity.

Accordingly, primate lentiviruses must have adapted (and must continue to adapt) to overcome

barriers to replication in both their natural and acquired hosts following cross-species

transmission events.

Adaptive immunity. The genes responsible for antigen recognition for the adaptive

immune system have rapidly evolved [69]. Diversity within loci such as the major

histocompatibility complex (MHC) locus has been maintained through balancing selection [69-

75]. The MHC is responsible for the presentation of peptides from within the cell to the adaptive

immune system. This includes peptides from pathogens that replicate intracellularly. Currently, it

is impossible to determine whether lentivirus infection has contributed to the observed

accelerated rates of evolution at this locus in Old World primates. Regardless, whether

incidental or due directly to recurrent selection by primate lentiviruses, the adaptive immune

system constitutes a significant barrier to the successful cross-species transmission of primate

lentiviruses. Control of viral replication by cytotoxic CD8+ T-cells is observed in African green
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monkeys that are experimentally infected with SIVmac [63]. Cytotoxic CD8+ T-cells have been

implicated as factors in controlling the replication of modified HIV-1 viruses in pig-tailed

macaques [76,77], as well as chimeric SIV-HIV (SHIV) viruses in various macaque species [78-

83].

MHC influences the outcome of primate lentivirus infection when viruses are transmitted

between closely related species or even between members of the same species. Rhesus

macaques and crab-eating macaques shared a last common ancestor approximately 1 million

years ago [34-36,84,85]. Experimental infection of crab-eating macaques with the rhesus

macaque virus SIVmac239 can result in lower viral loads and slower disease progression than

rhesus macaques inoculated with the same virus [86]. Differences between the MHC repertoire

of rhesus and crab-eating macaques can lead to increased cytotoxic CD8+ cell responses and

lowered viral loads [86-88]. Even within species with recently acquired primate lentiviruses the

chance that a virus adapted to all possible MHC haplotypes is low due to balancing selection of

diversity within the MHC locus. Indeed, both in humans and rhesus macaques the presence of

specific HLA types is strongly associated with lower viral loads or even elite control, in addition

to heterozygous advantage [87,89-91].

Passive barriers to viral entry. Primate lentiviruses utilize CD4 as their primary

receptor [3,4,92]. Among primates, in particular Old World primates, the CD4 gene has evolved
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under positive selection [93,94]. Based on the co-crystal structure between the HIV-1

glycoprotein soluble subunit GP120 and CD4, positively selected sites map to the D1 domain.

The D1 domain makes extensive contacts with the CD4 binding pocket of the HIV-1 GP120 [95].

Furthermore, the specific amino acids substitutions that have been selected for alter the

electrostatic surface of the GP120 binding interface in a primate lineage specific manner [94].

On this interface at least one site of difference between humans and macaques carries a

functional consequence. The difference between the human N39 or macaque 139 largely

accounts for the observed 20-50 fold reduction in the infectivity of primary transmitted founder

HIV-1 viruses on macaque CD4 expressing cells [96]. Notably, HIV-1 envelopes have adapted

in vivo to efficiency utilize the macaque receptor [96].

Upon CD4 engagement primate lentiviruses require a co-receptor to license the

envelope for fusion [97]. While different proteins can serve as a co-receptor, the co-receptor is

almost always a chemokine receptor. Among primate lentiviruses, including HIV-1, there is a

very strong bias for the usage of CCR5 [98]. In at least three independent cases during Old

World primate evolution, deletions in CCR5 have evolved that greatly reduce or entirely block

cell surface expression. Both sooty and red-capped mangabey species share a 24 base pair in-

frame deletion (CCR5A24) that prevents surface expression [99,100]. An additional variant with

a novel 2 amino acid deletion is also found in sooty mangabeys [101]. This deletion reduces cell
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surface expression. Similarly, approximately 10% of Caucasian humans have a CCRS5 allele

that is defective for cell surface expression due to a frame shift mutation that results in a 32

amino acid truncation [102,103]. Both sooty and red-capped mangabeys are believed to have

harbored their respective SIVs long enough to have coevolved to a state of apathogenesis. It is

also likely that in nature they are exposed to other SIVs. Therefore, there exists the likelihood

that these adaptations could have been selected by primate lentiviruses. For humans the

identity of the agent that selected for the 32 amino acid deletion remains controversial

[104,105]. Nonetheless, the presence of this polymorphism constitutes a significant barrier to

HIV-1 infection and has been exploited to cure HIV-1 infection [102,103,106-108].

For each of these examples, the reduction or lack of CCR5 expression has selected for

viruses that utilize alternative co-receptors. Among red-capped mangabeys, the CCR5A24

polymorphism exists at a very high frequency. As a result, the entire SIVrcm lineage has

evolved to use another chemokine receptor (CCR2b) as a primary co-receptor [99]. In sooty

mangabeys the presence of two independent CCRS5 alleles with deletions that limit surface

expression has selected for viruses that have gained the ability to use a number of alternative

co-receptors. These alternative co-receptors are either chemokine receptors or orphan G

protein-coupled receptors [98,101]. In humans, the significant reduction of CCR5 expressing
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cells during the late stages of AIDS progression is correlated with the emergence of viruses

utilizing the chemokine receptor CXCR4 [109-113].

While the barriers to successful cross-species transmission imposed by the above

examples are mechanistically different, they share a common quality. The evolution of these

genes (MHC, CD4, CCR5) is subject to evolutionary constraints far beyond their interactions

with primate lentiviruses. Evolutionary pressures on the MHC are exerted by a multitude of

pathogens. While there can be enrichment for specific MHC alleles, positive selection and

balancing selection of MHC alleles have clearly selected for diversity within the MHC locus

[69,70,74,114]. Furthermore, since the MHC presents self-peptides in addition to pathogen

peptides there is likely selection against promiscuous peptide presentation which can result in

autoimmune disease or hypersensitivity reactions [115-117]. Interestingly, the MHC variants

most associated with control of HIV-1 infection are also associated with autoimmunity [118].

While no apparent phenotype is associated with the loss of cell surface expression of CCRS, its

presence across mammalian species argues that CCR5 must carry some selective advantage.

Perhaps the clearest example of evolutionary constraints comes from CD4. The primary

purpose of CD4 is to interact with MHC class Il on antigen presenting cells. This interface is the

same one exploited by primate lentivirus envelope proteins [95,114,119]. Therefore, despite

selective pressures from primate lentiviruses there is likely a greater selective pressure to
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maintain the interaction with MHC class Il [93,94]. Together, these observations predict that the

most potent blocks to cross-species transmission events would be mediated by proteins whose

evolution is not constrained by other cellular/organismal functions.

Intrinsic immunity and restriction factors

Intrinsic immunity. Intrinsic immunity is distinct from adaptive and innate immunity. In

the context of this thesis, the name is used to encompass a number of complex phenotypes, all

of which describe an observed cellular resistance to the replication of specific viruses. It does

not rely on pre-exposure to viruses or specific classes of specialized effector cells and is thus

distinct from adaptive immunity. Intrinsic immunity differs from innate immunity in that it does not

describe a general anti-viral state but rather a specific cellular resistance to specific viruses. In

addition, the mediators of intrinsic immunity actively antagonize viral replication while the innate

immune system signals to stimulate the production of antiviral factors. This property, together

with the observation that the mediators of intrinsic immunity are dominant acting, separates

intrinsic immunity from virus-cell incompatibles or other passive blocks to viral infection. The

mediators of intrinsic immunity are often referred to as host restriction factors.
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Restriction factors. Restriction factors are cellular factors that block virus infection,

either by direct interaction with viral factors or by rendering the cellular environment

incompatible with viral replication. Well-characterized primate lentivirus restriction factors

include SAMHD1 [120,121], BST-2/tetherin [122,123], APOBEC3G [124] and TRIM5a. [125]

(Figure 1-1B). In general, viruses evolve resistance to the restriction factors of their natural

hosts, but may still be sensitive to homologs of the same restriction factors from other

organisms. Thus, restriction factors are potentially major determinants of virus host-range in

nature. Much of the evidence favoring this hypothesis comes from comparative studies of the

primate lentiviruses.

The term “restriction factor” is not intended to reflect any additional relationships such as

genetic relatedness or mechanism of action and in fact the mechanisms by which each

restriction factor blocks viral replication is unique. These proteins are also genetically unrelated.

The identified host restriction factors for primate lentiviruses have come from different gene

families, for example the cytidine-deaminase family [124,126,127], tripartite motif family

[128,129], or sterile alpha motif and HD-phosphohydrolase families of proteins [120,121,130].

While there is no formal definition for what constitutes a host restriction factor, generally

well-studied restriction factors share many common attributes. In the context of primate

lentivirus infection these factors generally: are dominant acting, actively antagonize viral
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processes (or proteins), have primarily evolved to meditate antiviral activity (thus, restriction

factors most likely evolved without the evolutionary constraints of performing other cellular

functions), and evolved under positive selection (or sites therein). Finally, it is usually found that

viruses have evolved resistance to their host’s restriction factors or that other related viruses

evolve resistance to a host’s restriction factors following a cross-species transmission event.

SAMHD1: The myeloid block to reverse transcription

SAMHD1. Despite the expression of the receptors that HIV-1 does not efficiently infect

resting CD4 T-cells or myeloid cells. In contrast, HIV-2 and some SIVs achieve significantly

higher titers on these cells [131-137]. HIV-1 does not encode a Vpx protein, however the

addition of Vpx-containing virus like particles to HIV-1 infections (or HIV-1 derived gene therapy

vectors) can dramatically boost HIV-1 titers [138]. SAMHD1 was immunoprecipitated from

human myeloid cells using the Vpx proteins of HIV-2/SIVs [120,121]. SAMHD1 is a

deoxynucleoside triphosphate triphosphohydrolase [120,121,139,140].Its enzymatic activity

depletes dNTP pools within terminally differentiated target cells, such as macrophages, thereby

starving the reverse transcription complex of dNTPs [139,141] (Figure 1-1B). Supplementation

of SAMHD1 expressing cells with exogenous dNTPs can partially restore HIV-1 titers [141-143].
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Vpx, and some SIV Vpr proteins, have anti-SAMHD1 activity [120,121,144,145]. Both

Vpx and Vpr are incorporated into virions during assembly and are delivered to the target cell

during entry. These virion-delivered Vpx/Vpr proteins engage cellular ubiquitin ligase machinery,

specifically the CUL4 complex, to degrade SAMHD1 in the target cell [120,121] (Figure 1-1C).

Presumably, this tips the balance of dNTPs in the target cell such that the concentration is

above the Km of the reverse transcriptase [141]. A few amino acid positions of SAMHD1 have

been shown to have evolved under positive selection [144,145]. These sites occur at the N and

C termini of the protein. This finding fits with the observation that different SIV Vpx/Vpr proteins

engage different regions of SAMHD1 [144-1486].

Curiously, HIV-1 (and some other primate lentiviruses) does not encode Vpx or its

functional equivalent [120,121,144-146]. Wild type HIV-1 is poorly infectious in cells that

naturally express active SAMHD1 proteins [120,121,139-142,145,147-153]. Therefore, it does

not overtly appear that HIV-1 has a mechanism to antagonize SAMHD1 restriction. In contrast,

antagonism of SAMHD1 is a conserved property among primate lentiviruses that have a Vpx

protein and among those with related Vpr proteins [144-146]. This argues that antagonism of

SAMHD1 is biologically relevant, however its relevance in vivo is yet to be defined. Interestingly,

SIVmac239 viruses modified to lack Vpx, Vpr or Vpx-Vpr, are pathogenic in rhesus macaques

[154]. It should be noted that in nature SIVs with anti-SAMHD1 activity are found in hosts in
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which the virus has coevolved to a state of apathogenesis [24,25,144-146]. Correspondingly,

these animals do not have the same patterns of chronic immune activation observed in humans

infected with HIV-1 or macaque species infected with SIVmac [25]. Therefore, SAMHD1

antagonism may be more important in situations where CD4+ T-cells are resting and there are

less activated CD4+ monocytes to infect.

BST2: The block to virion release

BST2/tetherin. Production of HIV-1 molecular clones lacking a functional Vpu protein is

blocked at a late stage of the budding process in some human cells [155-158]. Thus, under

specific conditions Vpu is required for efficient virion release. Cells that are not permissive for

efficient virion release have been shown to accumulate fully matured virions at the plasma

membrane and in clathrin coated pits [155,156]. The factor inhibiting release was shown to be

dominant acting as demonstrated by heterokaryons between permissive and non-permissive

cells [159]. Virions can be released from the cells following protease treatment, indicating that

the restricting factor was a protein and was present on the cell surface [158]. Finally, it was

shown that treatment with interferon could render once permissive cells non-permissive [160].

The above observations led to the identification of BST2 (tetherin/CD317/HM1.24) as the
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mediator of these phenotypes [122,123]. BST2 has been shown to act as a molecular “tether”

that traps fully budded virions on the surfaces of infected cells [122,123] (Figure 1-1B). The

accessory gene Vpu efficiently removes BST2 from the plasma membrane, trapping it in

intracellular compartments while also targeting it for degradation [161,162] (Figure 1-1C).

Most primate lentiviruses do not encode a Vpu gene. This includes HIV-2, which like

HIV-1 which infects humans. However, nearly all primate species encode functional BST2

genes [122,123,163-166]. The Vpu independent mechanisms employed by primate lentiviruses

to overcome the BST2 mediated block showcases the inherent plasticity of primate lentiviral

proteins. Most other primate lentiviruses, including SIVmac, use Nef to overcome the BST2

mediated block [163-165] (Figure 1-1C). Nef interacts with the cytoplasmic tail of BST2 to trap it

in a perinuclear compartment. The amino acids in the cytoplasmic tail of BST2 that make up the

Nef binding site were lost during Homo evolution [163,164,167]. This renders human BST2

resistant to Nef antagonism.

The HIV-1 virus is a recombinant between two other SIVs. The parental viruses of

HIV/SIVcpz/SIVgor are most closely related to SIVs found in modern day red-capped

mangabeys (SIVrcm) and those found in modern day greater-spot-nosed monkeys/mustached

guenons (SIVmus/SIVgsn) [29]. The Vpu gene of HIV/SIVcpz/SIVgor is derived from the

SIVmus-SIVgsn lineage while the HIV/SIVcpz/SIVgor Nef is related to those found in modern
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day SIVrcm isolates. In the SIVmus/SIVgsn lineage Vpu antagonizes mustached and greater

spot-nosed guenon BST2s [165]. In the SIVrcm lineage Nef antagonizes red-capped mangabey

BST2. The recombination event that generated the HIV/SIVcpz/SIVgor lineage probably

occurred in an ape, most likely a chimpanzee [29]. Species-specific differences in the

transmembrane domain of chimpanzee BST2 prevented the Vpu gene of the recombinant virus

from counteracting ape BST2s. Instead, Nef evolved to acquire the ability to antagonize

chimpanzee BST2 [165]. When this virus was transmitted to humans lacking the Nef binding

motif, the recombinant virus re-adapted to utilize Vpu as a BST2 antagonist [165,168].

Interestingly, among the 4 HIV-1 groups (M, N, O, P) there is a correlation between the ability to

antagonize BST2 and the success of the virus in humans [165,168,169].

HIV-2 is the result of the cross-species transmission of SIVs from sooty mangabeys to

humans. The HIV-2 Nef protein is also unable to counteract human BST2. Instead, a successful

lineage of HIV-2 has acquired the ability to antagonize human BST2 mediated restriction via its

Env protein [170] (Figure 1-1C). The interaction causes the entrapment of human BST2 in a

perinuclear compartment similar to what is observed with Nef proteins [163,170]. SIVmac clones

lacking a nef gene have been used as a live-attenuated vaccine model in macaques

(SIVmac239ANef) [171]. At a low frequency these viruses can re-acquire virulence in adult

macaques [172-175]. One viral lineage that re-acquired virulence adapted to overcome the
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rhesus macaque BST2 mediated block in the absence of Nef. In a case of convergent evolution,

this virus also gained the ability to antagonize rhesus macaque BST2 via changes in its Env

protein [174,176].

From these in vivo examples it appears that there is a significant selective pressure to

overcome the BST2 mediated block. This may be related to the direct inhibition of viral release

from infected cells. However, animals vaccinated with SIVmac239ANef also have higher titers of

antibodies that mediate antibody-dependent cell-mediated cytotoxicity, possibly due to the

increased accumulation of virions on the cell surface [177]. In parallel, in vitro, HIV-1 viruses

expressing mutant Vpu proteins that are incapable of antagonizing human BST2 have increased

sensitivity to antibody-dependent cell-mediated cytotoxicity [178].

APOBEC3 Family: A block to infection upon a second round of replication

APOBEC3G. Almost all lentiviruses have a vif gene. Vif is an acronym for viral infectivity

factor, which came from the observation that viruses lacking Vif fail to establish spreading

replication in human peripheral blood mononuclear cells (PBMC) and some human T-cell lines

[179-183]. Perplexingly, the virions produced from these cells were apparently indistinguishable

from wild type viruses but yielded dramatically lower titers. Heterokaryon fusions between

37



permissive and non-permissive cells confirmed the presence of a dominant acting, producer cell

mediated, block to infection [181,183]. Using the differential permissibility between two related

cell lines, the RNA transcript encoding APOBEC3G (apolipoprotein B mRNA editing enzyme,

catalytic polypeptide-like G) was identified as the coding RNA responsible for the observed

block to infection [124].

In the absence of Vif, APOBEC3G has been shown to incorporate into assembling

virions in the producer cell [124]. Reverse transcription in the cytoplasm of the next target cell

produces a minus-strand DNA intermediate, which is attacked by APOBEC3G (Figure 1-1B).

Deamination of cytosines to uracils in the viral minus-strand DNA produces C-to-U mutations,

resulting in the accumulation of G-to-A substitutions in the coding strand, often referred to as

hypermutation [127,184-186]. Additional deamination independent mechanisms have also been

observed [187]. Other APOBECS3 family members have been shown to have anti-lentiviral

activity, in particular APOBEC3D, APOBEC3H and APOBEC3F ([188,189] and reviewed in

[190-192]). The presence of Vif prevents the incorporation of APOBECS into virions [124]

(Figure 1-1C). This is accomplished via the depletion of APOBEC3 family members from the

producer cell by ubiquitin mediated degradation, mediated by a Vif complex that includes CBFf

and CULS5 in complex with RBX2, ELOB and ELOC and the target APOBEC3 [193-196].
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APOBEC3G was the first primate lentivirus host restriction factor to be identified. The

observations made from the characterization of the Vif-APOBEC3G interaction have helped

define primate lentivirus restriction factors. Importantly, it was demonstrated that APOBEC3G

was a dominant acting factor that inhibited lentiviral infection [124,181,183]. Viruses, including

HIV-1, have evolved to overcome their host's APOBEC3G. The interaction between the Vif

proteins and primate lentiviruses was shown to be species specific [197-200]. For example,

HIV-1 Vif is incapable of degrading rhesus macaque or African green monkey APOBEC3G

[198,201]. This phenotype is due to the accelerated rate of evolution of APOBEC3G, which has

been shown to have evolved under strong positive selection [202,203]. Indeed at least some of

the positively selected sites and insertions that have been selected for cluster to a single

common Vif-APOBEC3G interaction face [44,199,200,204-206]

TRIM5a: A capsid-dependent post entry block

TRIM5a. TRIM5a is a broadly restrictive retrovirus-specific restriction factor. Both the

nature of the interaction between retroviruses and TRIM5a and how retroviruses and TRIM5a

have co-evolved are fundamentally different than the three other restriction factors discussed

above. TRIM5a. specifically targets the retroviral capsid shortly after it is deposited into the cell
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following membrane fusion [125,201,207]. TRIM5a binding usually results in the premature

uncoating of the viral capsid and degradation of its contents [12,208,209]. How TRIM5a

recognizes divergent retroviruses is unknown, but likely involves multimerization on the surface

of incoming capsids through a series of high-avidity/low-affinity interactions [208,210-213].

Unlike the other restriction factors, TRIM5a has not been shown to directly restrict any non-

retrovirus viruses. Thus, it appears to target a highly conserved pattern that is unique to

retroviruses. Among the Retroviridae, including the complex and accessory gene rich primate

lentiviruses, no viral antagonists of TRIM5a have been reported. Instead, resistance (or

sensitivity) to TRIM5a is determined directly by variation in the viral capsid.

Viral strategies for evading restriction

Common mechanisms to evade restriction factors. The Vif and Vpx/Vpr proteins use

similar mechanisms to overcome restriction by APOBEC3 and SAMHD1, respectively. In both

cases, the viral protein couples its target to ubiquitin ligase complexes, resulting in proteasome-

mediated degradation of the restriction factor [192,214]. Vpu also engages cellular ubiquitin

ligase complexes, which may contribute, in part, to removal or sequestration of BST-2/tetherin

from the cell surface [122,123,161,162]. Vpr is a paralog of Vpx, and like Vpx, it interacts with
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the cellular ubiquitin ligase machinery [120,121,215]. The cellular target of HIV-1 Vpr remains to

be discovered, although in some SIV lineages Vpr has anti-SAMHD1 activity [145].

Similar to some of the activities of Vpu, primate lentivirus Nef/Env proteins modulate cell-

surface expression of many cellular proteins, and for some SIV strains, Nef is the primary

antagonist of BST-2 [163,164]. Interestingly, when SIVsmm jumped to humans and became

HIV-2, the Nef protein could not interact with human BST-2 [28,163,164]. Consequently, the Env

protein of HIV-2 evolved the capacity to counteract human BST-2 [170]. Similarly, when a

SIVmac lacking a nef gene was passaged in macaques, BST2 imposed selection pressures that

selected for changes in Env that impart anti-BST2 activity [174,176]. These envelopes induce

the mislocalization and entrapment of BST2 in a perinuclear compartment [176].

Restriction factors target general viral signatures. SAMHD1, BST-2 and APOBEC3G

are evolutionarily and mechanistically distinct from one another, but share a common feature —

the means by which they inhibit viruses are relatively non-specific. For example, SAMHD1

inhibits viral replication indirectly by limiting the availability of precursors of DNA synthesis

[120,121,139,141,214], potentially affecting any virus for which DNA synthesis is essential [147].

Likewise, BST-2 can, in theory, “capture” any membrane-enveloped structure (e.g., a virion) as

it buds from the cell surface [192,214]. APOBEC3G acts on single-stranded DNA produced

during reverse-transcription, but there is no evidence that the enzyme has a selective
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preference for viral DNA over other single-stranded DNAs. In other words, none of these factors

targets a specific viral protein and consequently, viral resistance does not result from escape

mutations in a binding site or epitope. Instead, all three factors are targeted by viral accessory

proteins, and interactions with these viral antagonists are primary determinants of viral

sensitivity to restriction.

1. D. TRIM5a..

Identification of TRIM5S

The monkey block. Experiments to develop a non-human primate model for HIV-1

infection began to define a post entry block to lentivirus infection that would later be attributed to

TRIM5a. In contrast to chimpanzees, experimental cross-species transmissions of HIV-1 to

captive monkeys demonstrated that they were resistant to HIV-1 infection [216-219]. Cultured

monkey peripheral blood monocytes and monkey cell lines demonstrated that the observed

resistance to HIV-1 was an intrinsic cellular property. The isolation of an SIV from captive

macaques in the United States (SIVmac) demonstrated that monkeys were not generally
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resistant to lentiviruses [58]. Together, HIV-1, SIVmac and primate cells (including those of

humans) were used to characterize the lentivirus susceptibility factor (LV1).

Before the gene responsible for the LV1 block was identified, the viral and cellular

determinants were established. Viruses expressing heterologous envelopes demonstrated that

the block was independent of receptor usage or entry pathway [201]. Consistent with this

observation, the Gag protein was shown to govern sensitivity to the block [201]. The virally

encoded determinant was serially mapped from Gag, to capsid-p2 and finally to the first 204

amino acids of the capsid protein [201,220,221]. Additional evidence for a post entry block came

from the study of reverse transcription intermediates. These indicated that in restrictive cells the

accumulation of late reverse transcription products was inhibited [207,222,223]. All other

downstream events in the viral replication cycle were also blocked. These observations

suggested the block occurred in the cytoplasm of the target cell. Heterokaryons generated from

non-permissive and permissive cells indicated that the block was dominant and not due to

species dependent host factor incompatibilities [223-225]. Further support for an active

dominant block came from the observation that infectivity of a restricted virus could at least in

part be rescued using high-titered viruses or by saturating target cells with other restricted

viruses [223,224,226].
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The differential infectivity of HIV-1 and SIVmac on primate cells was used to identify

TRIMS5 as the cellular mediator of the LV1 block [49,125]. The restriction factor TRIM5a. was

discovered by screening human cells transduced with a rhesus macaque cDNA library for cells

that resisted HIV-1 replication [125]. A similar pattern of restriction was observed in cells derived

from owl monkeys, a New World primate species. Most other New World monkey species are

permissive for HIV-1 infection but not for SIVmac239 [227-229]. A unique property of the block

to infection in owl monkey cells led to the independent identification of TRIMS. The addition of

cyclosporine, an inhibitor of cyclophilin A, could render owl monkey cells permissive to HIV-1

infection [230]. Cyclophilin A is an HIV-1 cofactor that binds to the HIV-1 capsid [231-233].

Furthermore, mutations in capsid that disrupt the interaction of HIV-1 with cyclophilin A also

rescued HIV-1 infectivity in owl monkey cells [230]. These properties were used to identify a

unique mRNA transcript in owl monkey cells that encoded a TRIM5a-cyclophilin A fusion

protein. This fusion protein arose from a retrotransposition event that inserted a cyclophilin A

mRNA into the owl monkey TRIM5a locus [49].

TRIMS5 is a member of the tripartite motif containing super family of genes. The tripartite

motif is composed of an invariant sequence of domains, a RING, followed by at least one B-Box

and then a coiled coil domain [128,129] (Figure 1-6). In contrast to the predictable pattern of

domains within the tripartite motif, TRIM proteins encode a wide variety of C-terminal domains.
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The C-terminal domains are believed to give the TRIM proteins their substrate binding

specificities. The alpha isoform of TRIMS5, like a subset of TRIM proteins, encodes for a C-

terminal PRYSPRY/B30.2 domain [128] (Figure 1-6). This arrangement is shared among at

least 14 known human TRIM proteins. TRIM5s modified to lack a C-terminal PRYSPRY or the

delta isoform lack the capacity to restrict viruses [125].

While initially discovered by its anti-lentiviral activity, TRIM5a is broadly active against

many different retroviruses. Primate TRIM5as have been shown to restrict retroviruses from at

least four of the seven retroviral genera [125,229,234-236]. Remarkably, there are multiple

examples of a single TRIM5a ortholog with the ability to restrict viruses from at least three

retroviral genera [229,236,237]. These viruses may have last shared a common ancestor in

excess of a hundred million years ago [238]. This observation supports the notion that TRIM5a

must recognize a broadly conserved pattern common to retroviruses. Curiously, primate

TRIM5as often fail to restrict all viruses within a single retrovirus genus or may differentially

restrict closely related virus [60,61,125,234,235,239,240]. Retroviral restriction by TRIM5a is not

a property specific to primates. Endogenous expression of TRIM5a in many mammalian species

has been demonstrated to have anti-retroviral activity [227,241,242].
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RING B-box Coiled-coil PRYSPRY

Figure 1-6 Trim5a and the PRYSPRY domain. Top. A schematic representation of Trim5a.
The variable loops within the PRYSPRY (V1-4) are highlighted for emphasis. Bottom. Structure
of the rhesus macaque PRYSPRY domain (PDB:2LM3). Variable loops are labeled and colored
according to the top schematic. Structural images created in PyMol
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Evolution of the TRIM5ca PRYSPRY domain

The variable loops have evolved to target retroviral capsids. Comparisons between

the amino acid sequences of TRIM5a PRYSPRY domains have identified a pattern of

alternating conserved and variable regions. Among TRIM5a PRYSPRY domains there are four

stretches of amino acids that differ in their length and amino acid composition. For this reason,

these variable stretches are referred to as variable loops and are designated V1 to V4

[243,244]. Regions of conservation flank these variable stretches. This pattern is also observed

among other closely related TRIM proteins. For example, TRIMS is found on human

chromosome 11 in a cluster of highly related but functionally distinct TRIMS: TRIM22, TRIM6

and TRIM34. These genes are thought to have arisen via duplication of an ancestral gene.

Among these four TRIMs, the constant regions are nearly identical while the variable regions

differ in both length and sequence. It is therefore likely that different evolutionary constraints act

upon the variable and conserved regions. Both TRIM5a and TRIM22 have reported antiviral

activities and both have been shown to have evolved under strong positive selection [243,245].

All of the positively selected sites within the PRYSPRY domain can be mapped to the variable

regions.
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Reported structures of PRYSPRY domains put these observations in context.

Representative structures of this domain, including that of rhesus macaque TRIM5aq, indicate

that they share a conserved architecture [211,246-250]. The conserved regions of the

PRYSPRY domain map to a structurally conserved -barrel core. The variable regions map to a

series of loops that extend off of the p-barrel core. The structure of TRIM21 bound to its natural

ligand, IgG-Fc, serves as a conceptual framework for how the PRYSPRY domain of TRIM5a

may engage retroviral capsids. In this structure the variable loops are the critical mediators of

substrate binding [248].

The evolution of the TRIM5a. PRYSPRY domain across primates is consistent with the

notion that TRIM5a has evolved to restrict retroviruses. Retroviruses are a diverse viral family,

and as evidenced by HIV-1, they have the capacity to rapidly evolve. Fittingly, the variable

loops within the PRYSPRY domain of TRIM5a have been shown to have rapidly evolved under

positive selection [243]. Few amino acid differences are present within the conserved p-barrel

core, while the sequences of the variable loops differ in both length and amino acid composition

[243,244,251]. While the variable loops harbor the majority of positively selected sites, it should

be noted that insertions and deletions are typically excluded from standard measures of positive

selection. However, the maintenance and further evolution of insertions in TRIM5a indicate that

they have been selected for, likely by retroviruses. Based on the primate phylogeny it is likely
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that the diversity seen among primate TRIM5a orthologs is the result of different selective

events. These selective events were probably the result of different retroviruses.

Multiple lines of evidence have converged to implicate the involvement of the TRIM5a

variable loops in capsid targeting. Molecular approaches have involved mutagenesis or the

production of chimeric TRIM5a proteins by swapping select regions or entire variable loops

between TRIM5as [211,243,252-267]. All of these approaches have demonstrated that

modulation of the variable loop sequences can dramatically impact restriction. For example, a

single amino acid substitution in human TRIM5a. can confer the ability to restrict SIVmac239, a

virus that is normally resistant to human TRIM5a. [252,268]. Similarly, TRIM5as with chimeric

variable loops (exchanged between two TRIM5a) have been shown to restrict viruses in a

pattern more similar to the loop donor than the parental loop recipient [243,252-254,257,266].

Scanning mutagenesis has identified patches of amino acids within the variable loops that are

required for capsid binding and restriction [259,265]. Biochemically, NMR titration experiments

with a soluble rhesus TRIM5a. PRYSPRY domain and HIV-1 capsids have found chemical

perturbations in V1 and V2 consistent with conformational changes induced by capsid binding

[211].

Capsid encoded determinants of restriction
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Difficulties in studying the TRIM5a.-capsid interaction. While the TRIM5a variable

loops are clearly involved in capsid recognition, it is unclear how they recognize retroviral

capsids. Efforts to elucidate the interaction between capsid(s) and the PRYSPRY domain have

been impeded by the very nature of the interaction. For example, TRIM5a destabilizes capsid

complexes [208,213,269-271], making the pre-restriction complex difficult to isolate. The

interaction between TRIM5a and retroviral capsids is thought to be made up of a network of

high-avidity low-affinity interactions [210,211,246,271]. The binding site of the PRYSPRY

domain may include multiple capsid monomers spanning multiple hexamers/pentamers

[208,210,246,269,272]. Retroviral capsids have variable morphology and composition and the

binding of TRIM5a is likely templated by the capsid lattice [20,210,273,274]. Finally, there is

considerable genetic diversity found among the TRIM5as and retroviral capsids used to study

the interaction. For example, it is currently unclear how results obtained using human TRIM5a

and the gammaretrovirus murine leukemia virus relate to data obtained with rhesus TRIM5a and

the lentivirus HIV-1.

The interaction between TRIM5a and retroviral capsids is thought to be a high-avidity

low-affinity interaction. Sedimentation assays demonstrated that that TRIM5a does not co-

sediment with monomeric capsid (or does so very weakly) but does co-sediment with virions

[208,213]. This argues that the interaction may span multiple capsid monomers in the context of
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the higher ordered capsid lattice. TRIM5a has also been reported to exist in dimeric and other

higher order states [210,235,255,267,269,271,275-281] .Mutations that disrupt the dimerization

or oligomerization of TRIM5a have established a correlation between the ability to appropriately

multimerize and the ability to restrict retroviruses [271,277-279]. Two observations make the

most compelling argument for the high avidity-low affinity interaction model. First, in vitro TRIM5

(modified to be soluble) has been demonstrated to have an inherent property to self assemble

into a hexameric array [210]. The presence of a planar hexameric capsid array can serve as a

guide for TRIM5q lattice formation [210]. Second, NMR titration experiments involving soluble

rhesus PRYSPRY domains and HIV-1 capsid N-terminal domains have measured a weak

dissociation constant (in excess of 400 uM) [211,212].

Capsid features that modulate restriction. The interaction between TRIM5a and

capsid has been largely defined through mutagenesis. Mutations in capsid have been shown to

modulate TRIM5a. sensitivity [61,234,235,240,256,258,282-299]. While these efforts to map the

interaction between capsid and TRIM5a have used different viruses and different TRIM5as,

some general trends are apparent. A majority of the mutations that modulate TRIM5a sensitivity

can be mapped to the N-terminal domain of capsid for both primate lentiviruses

(HIV-1/HIV-2/SIVmac/SIVsmm/SIVagm) and gammaretroviruses (N-MLV/B-MLV/MoMLYV).

Specifically, sites that modulate TRIM5a sensitivity are enriched on surfaces that would make
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up the exterior of the capsid. On the surface of a single capsid monomer, the sites that

modulate TRIM5a. sensitivity can be over 25 A apart, yet have the same restricted phenotype.

These observations imply that for some viruses there may be multiple determinants of restriction

spread over the capsid surface. Recent NMR studies have confirmed that the PRYSPRY

domain of rhesus TRIM5a can weakly interact with the N-terminal domain of the HIV-1 capsid

[211]. In these NMR experiments the sites in the capsid most perturbed by the presence of

TRIM5a. were on the capsid surface [212].

TRIM5CypA. The naturally occurring TRIM5a-cyclophilin A gene fusion demonstrates

that TRIM5a can act as a surface recognition molecule. The productive interaction of cyclophilin

A with a loop on the lentivirus capsid surface has been exploited in the form of TRIM5-

Cyclophilin A fusion proteins multiple times over the course of primate evolution [45-50,231-

233,300]. Owl monkeys in the New World and macaques in the Old World express TRIM5Cyp

proteins [45-50]. Evidence exists that suggests two additional TRIMS-cyclophilin A gene fusions

may have existed millions of years ago, but have been lost in modern day primates [45]. All four

of these fusion proteins are the result of independent retrotransposition events that have

inserted cyclophilin A mRNAs into the TRIM5 locus. In the modern day TRIM5Cyp fusion

proteins, splicing replaces the C-terminal PRYSPRY domain with a C-terminal cyclophilin A

domain, effectively exchanging one viral recognition domain for another [46-51,251]
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The probable targets of TRIM5a. Taken together, the fact that TRIM5Cyp can restrict

viruses solely through capsid surface interactions, the prevalence and density of mutations

modulating TRIM5a sensitivity on the capsid surface, and recent findings using NMR, it is likely

that TRIMSa recognizes a unique retrovirus specific pattern on the capsid surface (reviewed

above). These studies support a series of major conclusions. First,it appears to generally take

less mutagenic steps to confer the restricted phenotype upon a resistant virus than it does to

confer the resistant phenotype upon a restricted (a virus can be made sensitive by a single

amino acid substitution, but there are fewer examples of a single amino acid substitution

rendering a virus resistant). For many naturally restricted viruses, multiple, possibly

independent, determinants of restriction are spread across the capsid surface. If the surface of

the capsid N-terminal domain is a major determinant of restriction, then the pattern created by

the higher ordered arrangement of capsid surface features must in some way explain the

discrepancy between the observed breadth of restriction and the specificity of restriction. Put

simply, the capsid must be both a rapidly evolving and conserved target.

1. E. CAPSID AS A RETROVIRAL TARGET FOR TRIM5a

The unique interaction between TRIM5a and capsid
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The capsid is a retrovirus specific target. It can be argued that the viral signatures

that are targeted by the aforementioned restriction factors can be divided into two categories;

those that target general viral processes and those that directly target a retroviral-specific

signature. The restriction factors SAMHD1, APOBEC3-family members, and BST2 exert their

restrictive potential by acting on general processes. SAMHD1 prevents DNA synthesis by

lowering cellular dNTP pools, APOBECS3 proteins target single stranded DNA, and BST2 tethers

enveloped viruses [122-124,127]. Due to the generality of the viral signatures they target, these

proteins have also been shown to act directly upon representative viruses outside of the

Retroviridae. SAMHD1 has been shown to restrict DNA viruses like poxviruses and

herpesviruses in myeloid cells [147,301]. While the in vivo consequences of APOBEC3 family

members against non-retroviruses has yet to be realized, they have been shown to have activity

against a variety of DNA viruses including human papillomaviruses [302,303], hepadnaviruses

(HBV) [304], herpesviruses [305] and parvoviruses [306,307] under some conditions. BST2 has

been shown to have a broad range of restriction for enveloped viruses, and the broadest range

of restriction for any of the discussed factors. Viruses restricted by BST2 include RNA viruses

such as filoviruses [308,309], New and Old World arena viruses [310,311], and DNA viruses

such as herpesviruses [312,313],
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Among the discussed lentiviral restriction factors, TRIM5a is unique in that it directly

targets a pattern created by the higher-ordered arrangement, or lattice, of capsid monomers

within the core. Therefore, the pattern created by the retroviral capsid lattice must have at least

four important properties. First, the pattern created by the higher ordered capsid structure must

be unlike any other higher ordered protein arrangement naturally found in cells. Second, the

pattern created by the capsid lattice must reflect a general pattern that is unique to the

Retroviridae. This is evidenced by the ability of TRIM5as to restrict viruses from multiple

retroviral genera while simultaneously lacking direct restriction activity against any other known

viral family. Third, for a factor like TRIMS5a to have evolved, its target must be stable through

deep evolutionary timescales. Finally, for a restriction factor like TRIM5a. to have been

continuously selected for and upon, escape from restriction must involve multiple simultaneous

mutations or escape mutations must be accompanied with a high fithess cost. Fittingly, its

target, the retroviral capsid, fulfills all of these criteria.

The involvement of capsid at most steps of retroviral infection

Assembly. The structural components of retroviral virions are encoded by the gag gene.

While all retroviruses encode for a Gag protein, the Gag proteins of the orthoretrovirinae are

cleaved into three major proteins. These proteins form three distinct layers within the virion. The
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matrix protein, which is myristoylated, forms a structured, yet incomplete lattice, along the inner

leaflet of the inner viral membrane [20-22,273,314]. The capsid protein condenses to form a

higher-ordered protein shell around the inner components of the virion. The inner components

include two viral genomes (normally identical or near-identical to each other) , which are coated

in the final major Gag derived protein, the nucleocapsid protein. Also within the higher-ordered

capsid shell are the reverse transcriptase and integrase enzymes. While the composition of

cleavage products varies between retroviral genera the order and timing of each cleavage event

are critical for the production of infectious virions [20,22,273].

Estimates for the number of gag proteins within the virion range from 2500-5000 [315-

318]. The number of capsid monomers within the virion is identical due to the one to one ratio of

capsid proteins to gag proteins. Of these 2500-5000 capsid monomers within the virion, atomic

resolution models of the HIV-1 capsid core suggest that it is comprised of approximately 1,056-

1,356 capsid monomers [319,320]. These models predict there to be 166-216 capsid hexamers

and exactly 12 pentamers within the capsid. The 12 pentamers create the necessary curvature

to close the otherwise hexameric lattice [274]. The asymmetric distribution of these 12

pentamers give lentiviral capsid cores their distinctive morphology that can be described as a

fullerene cone [274]. Multiple functional surfaces of the capsid protein contribute to a carefully

orchestrated series of cleavage events and conformational changes that liberate capsid proteins
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from their gag precursor and facilitate the condensation into a fully assembled fullerene cone

[19,20,273,274,320,321].

Reverse transcription. Following fusion, the core is deposited into the cytoplasm of the

target of the cell [97]. The diffusion of dNTPs through the core is thought to trigger reverse

transcription [13]. Reverse transcription is believed to occur to completion, or near completion

within the capsid shell [11]. This likely serves two purposes. The first is that the capsid core

traps the two viral genomes, reverse transcription intermediates, reverse transcriptase and

integrase within a protein shell. This keeps their local concentration high and prevents their

diffusion and the dissociation of the reverse transcription complex into the cytoplasm. Evidence

from TRIM5a restriction demonstrates that the capsid becomes permeabilized resulting in the

release of the capsid core’s internal components [11,12,208,322]. This is correlated with the

block to late reverse transcription products. Second, the capsid core prevents reverse

transcription intermediates from being sensed by pattern recognition receptors of the innate

immune system [323]. Importantly, the capsid is not an inert protein shell; rather it is a mediator

of critical interactions with cellular cofactors.

The capsid co-factor cyclophilin A. Primate lentivirus capsids have been shown to

efficiently bind to a number of cellular cyclophilins [231-233,291,324,325]. Cyclophilins make up

a superfamily of proteins that are present among all known cellular organisms [326].
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Functionally, they catalyze trans to cis isomerization of prolines relative to the peptide backbone

(peptidyl-prolyl isomerase activity), thus facilitating protein folding [326]. Of the reported

cyclophilin-capsid interaction partners two have been shown to positively influence primate

lentivirus infection in human cells [231,233,327]. The first is cyclophilin A (PPIA) which was

identified as the first capsid interacting protein [231] (the second is a cyclophilin A-like domain in

Nup358, discussed below). It has been shown to bind an elongated loop between a-helix 4 and

a-helix 5 that extends off of the capsid protein of lentiviral capsid proteins [232,233,300]. Due to

its interaction with cyclophilin A, this loop is colloquially referred to as the cyclophilin A binding

loop [300]. This loop is structurally unique to the capsid retroviruses of lentivirus genus

[300,324,328-333]. Fittingly, the capsid-cyclophilin A interaction is also unique to this genus.

Importantly among most lentiviruses, including endogenous lentiviruses dated to be at least 5-8

million years old, this loop has a proline rich sequence capable of binding cyclophilin A

[232,300,324,327,333,334]. The high affinity interaction between capsid and cyclophilin A leads

to efficient incorporation into virions in the producer cell [232,233]. While reports exist for the

requirement for cyclophilin A in both the producer cell and the target cell, it appears that the

stronger phenotype occurs in the target cell [335-346]. In human cells the presence of

cyclophilin A in the target cell is generally associated with an increase of infectivity for HIV-1.

One explanation for this interaction may be that it helps to shield it from human TRIM5a
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[292,339,347-350]. However, the requirement for cyclophilin A to enhance the infectivity of

HIV-1 is not absolute among human cell lines [282,287,335,339,340,344,349,351-357]. The

pattern of cell lines requiring cyclophilin A at least in part matches cell lines which express

cytosolic DNA innate sensors. Therefore the phenotype may at least in part be explained by the

observation that cyclophilin A binding helps to shield the reverse transcription complex from

innate sensors [323].

Capsid facilitates nuclear import. Lentiviruses can efficiently infect non-dividing cells

[2,14,15,18]. While numerous viral proteins have been implicated in this phenotype, the capsid

protein has been shown to be the major determinant [358]. Some details of the mechanisms

underlying this phenotype have come from a number of RNA interference screens [359-362].

Collectively, these screens have implicated the requirement of a number of nuclear pore

proteins, karyopherins, and karyopherin cargos for the efficient infection of cells by HIV-1.

The coordinated interactions of host proteins with lentiviral capsids shuttle primate

lentivirus capsids through a preferred nuclear import pathway. This pathway not only results in

efficient trafficking through the nuclear pore, but also influences the selection of integration

sites. Sampling of thousands of independent integration sites has shown that HIV-1 (and

presumably primate lentiviruses) are biased towards transcriptionally active regions of DNA and

transcriptionally active gene clusters [204]. Perturbation of the preferred nuclear import pathway
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either through depletion of the above cellular factors or through capsid mutations that disrupt the

interaction with the above factors can bias HIV-1 integration target site selection away from its

wild type pattern [204,327,363,364]. The transcriptional environment into which a lentiviral

provirus inserts can influence viral gene expression [204]. Fittingly, deviations from the preferred

pattern of integration are correlated with reduced replication [327,365].

Nup358/RANBP2. Two independent RNA interference screens implicated the

involvement of nuclear pore protein Nup-358/RANBP2 in efficient HIV-1 infection [359,360]. This

protein has a cyclopilin A-like domain that extends from the nuclear pore into the cytoplasm

[327]. The HIV-1 capsid protein, and the capsid proteins of other lentiviruses can bind to this

cyclophilin A-like domain via the 4-5 loop (cyclophilin A binding) [327]. The capsid-Nup-358

interaction has been implicated in the efficient nuclear trafficking of the pre-integration complex

as well as the appropriate integration target site biases that exist for the lentivirus genus of the

Orthoretrovirinae [327]. The relevance of the interaction between lentivirus capsids and the

cyclopilin A-like domain of Nup358 has recently been called into question [366]. While the

cyclopilin A-like domain of Nup358 may not be strictly required for nuclear import, it does indeed

interact with the 4-5 loop of the HIV-1 capsid and the capsids of other (but not all) lentiviruses

[327,366]. Itis currently unclear which (if any) additional specific contacts between Nup358 and

capsids contribute to lentivirus infection.
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CPSF6. Cleavage and polyadenylation specific factor 6 (CPSF6), is a proven capsid

interacting protein [367]. The interaction of capsid with CPSF6 was fortuitously identified in a

cDNA screen to identify restriction factors. A prematurely truncated and mis-spliced CPSF6

mMRNA gave rise to a cDNA that potently restricted HIV-1 [367]. This cDNA encoded an mRNA

that was lacking an arginine-serine rich domain that is required for nuclear localization [368].

Cytosolic localization is associated with primate lentivirus restriction [367,369,370]. CPSF6

directly binds lentiviral capsids. This interaction is mediated by a putative capsid interacting

domain. This domain contains a capsid binding peptide that is required for efficient HIV-1

nuclear import [363,370]. The structure of the CPSF6 capsid binding peptide in complex with the

HIV-1 capsid N-terminal domain has been determined and shown to bind in a groove along one

side of the monomeric capsid protein [363]. Both the structure and amino acid composition of

this pocket are highly conserved across primate lentiviruses [363].

Nup-153. Two of the four RNA interference screens have implicated the involvement of

Nup-153 as a mediator of HIV-1 infectivity [359,360]. The requirement for Nup-153 has been

confirmed for HIV-1 and extended to include additional primate lentiviruses [371]. Specific

capsid mutations in addition to chimeric HIV/MLV viruses established that the capsid protein

governs sensitivity to Nup-153 depletion [371]. The FG repeats at the C-terminus of Nup-153

have been demonstrated to directly bind to lentivirus capsids. This interaction has been mapped
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to the same binding pocket within the N-terminal domain of capsid that binds the CPSF6 capsid

binding peptide [372].

Host factor shield. While interactions with the above factors shuttle the preintegration

complex through the nuclear pore, some of these co-factor interactions also shield it from innate

sensors [323]. The interactions with cyclophilin A (and possibly the cyclophilin A-like domain of

Nup358) have been shown to reduce the detection of reverse transcription intermediates in the

cytoplasm [323]. The interaction of human CPSF6 with HIV-1 can pause reverse transcription

[323]. This is thought to delay reverse transcription until is within proximity of the nuclear pore,

reducing the potential exposure of the reverse transcription intermediates from innate sensors

[323]. These coordinated interactions with cellular co-factors prevent innate signaling and the

establishment of an antiviral state by the production of interferon stimulated gene products

(including restriction factors like BST2 [122,123]). Interferon signaling also establishes a local

anti-viral environment. Since primate lentiviruses more efficiently spread through cell-to-cell

transmission, interferon signaling in one cell may render adjacent cells more resistant to

infection.

The retroviral capsid is a conserved target
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Evolutionary constraints. As highlighted by the above examples, the capsid protein of

primate lentiviruses either actively participates or at minimum influences almost every step of

the replication cycle. As reviewed above multiple functional surfaces on the capsid protein are

dynamically required to orchestrate a number of conformational rearrangements and inter- and

intra- molecular interactions not limited to its role in Gag-dimerization, maturation, regulated

uncoating, and its interactions with various cellular cofactors that ultimately lead to proper

nuclear import and integration target site selection. Likely due to its relatively small size of

approximately 230 amino acids, these functional surfaces are often used for multiple purposes.

For example, the 4-5 loop productively interacts with cycolyphin A [231,232,300,327] and the

cyclophilin A-like domain of Nup-358. At least for the assembly of the betaretrovirus Mason-

Pfizer Monkey Virus, the capsid surfaces also mediate critical contacts prior to the condensation

of the capsid [321]. These interactions are also believed to exist for other retroviruses including

the primate lentiviruses [321]. The same binding groove mediates interactions with CPSF6 and

Nup-153 [363,372]. The first three alpha helices in the capsid C-terminal domain participate in

contacts required for Gag-Gag dimerization prior to assembly. In the context of the

hexamer/pentamer they participate in intra-hexamer contacts that effectively cradle the N-

terminal domain of an adjacent capsid monomer and between capsid hexamers/pentamers they

are the major mediators of the inter-hexamer contacts that provide both the stability and
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flexibility needed to form the core [19,20,22,319,320,373,374]. Therefore, the capsid would be

predicted to have a multitude of evolutionary constraints.

Structural conservation. The amino acid sequences of the capsid proteins of

orthoretroviruses bear little sequence identity. The notable exception to this observation is an

approximately 22 amino acid stretch within the C-terminal domain that participates in Gag-Gag

and multiple capsid-capsid interactions. The high degree of conservation between retroviruses

and some retrotransposons has led to this stretch of amino acids being termed “the major

homology region” or MHR. Despite the clear lack of sequence identity, the wealth of reported

orthoretroviruses capsid structures demonstrate that the overall capsid structure is highly

conserved [300,328,329,331,338,375]. To put this observation in context, conservative

estimates postulate that the last common ancestor of all extant members of the

Orthoretrovirinae existed between 70-100 million years ago. Despite the fact that among the

orthoretroviruses the amino acid sequence of the N-terminal domain is far more variable than

that of the C-terminal domain, reported structures of viruses from 5 of the 6 Orthoretrovirinae

genera illustrates that the N-terminal domains share a common fold [300,328,329,331,338,375].

This conservation makes the structures of these capsids superimposable (Figure 1-7B-D). In

particular, the presence of a -hairpin at the extreme N-terminus and a core composed of 5 a-

helices are invariant features of Orthoretrovirinae capsids (Figure 1-7B). Hexameric capsid
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structures have been reported for both B and N tropic MLV in addition to HIV-1. Together they

demonstrate that the higher ordered capsid species are also highly conserved.

[319,330,373,375] (Figure 1-8). Perhaps this conservation is fitting considering the difference

between the fullerene cone of lentiviruses and the sphere of gammaretroviruses is the

distribution of pentamers in the capsid [20,274,330].
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Figure 1-7. Structural conservation across Orthoretrovirinae capsid N-terminal domains.
(A) The HIV-1 capsid N-terminal domain (PDB: 1GWP). Notable features are labeled: The [3-
hairpin (BHP), a-helices 1-7 (aH), the 4-5 loop (4-5L) and 6-7 loop (6-7L). A structurally
conserved core of 5 a-helices is shown with a black line. (B) Conserved features of
Orthoretrovirinae capsid N-terminal domains. Structures of divergent Orthoretrovirinae capsids
aligned to HIV-1 (red). The variable surface features have been removed to display the
conserved 5 a-helix core and B-hairpin (boxed). (C) Structural heterogeneity is segregated from
structural conservation. Structures of divergent Orthoretrovirinae capsids aligned to HIV-1.
Variable surface structures are boxed. (D) Structures of Orthoretrovirinae capsids aligned to
HIV-1 (red) and separated by retrovirus genus. (PDB: Lenti-HIV-1-1GWP, Lenti-HIV-2-2WLV,
Lenti-PSIV-2XGU gamma-N-MLV-1U7K, gamma-B-MLV-3BP9, alpha-RSV-1D1D, delta-1QRJ,
beta-M-PMV-2KGF beta-JSRV-2V4X). Images created in PyMol.
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Figure 1-7. Structural conservation across Orthoretrovirinae capsid N-terminal domains.
Continued.
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Figure 1-8. Conservation of higher ordered capsid structures. Hexameric capsid structures
from the lentivirus HIV-1 and gammaretrovirus N-tropic MLV are superimposable. Top. A top
view of the superimposed structures. Bottom. A side view of the superimposed structures. PDB:

1U7K and 3GV2. Red: HIV. Cyan: MLV. Images created in PyMol
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The sites of major structural deviation found among the capsids of orthoretroviruses are

on the capsid surface. Variation among structural features is found on the opposite side of the

capsid surface from the highly conserved g-hairpin [300,328,329,331,338,375]. (Figure 1-7B-C).

Therefore the capsid surface has segregated regions of structural conservation and structural

heterogeneity. While variable between Orthoretrovirinae genera, these regions tend to be

structurally conserved within any single retrovirus genus. Reported Orthoretrovirinae capsid

structures differ in the presence of one or two surface a-helices. These surface a-helices also

differ in their orientation relative to the conserved 5-a-helix core. Variation is found in the length

of the linker between the final surface helix and the last a-helix of the N-terminal domain

(between helix 6 and 7 of primate lentivirus capsids). Finally, there is considerable

heterogeneity in the length and the conformation of an extended loop bridging a-helix 4 and the

first surface a-helix. This corresponds to the 4-5 loop for primate lentiviruses

[300,328,329,331,338,375].

These variances in structure are not without biological consequence. The corresponding

variable structures of lentiviruses are the same structures that facilitate the infection of non-

dividing cells (nuclear import), a phenotype that is a defining property of lentiviruses.

Specifically, the elongated 4-5 loop which extends off of the capsid surface into the cytoplasm

binds cellular cyclophilin A as well as the cyclophilin A-like domain of the nuclear pore protein
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Nup-358 [232,300,327]. Similarly, the primate lentivirus surface a-helices 5 and 6 create a

binding pocket and coordinate waters that facilitate the binding of the capsid binding loop of

CPSF6 [363,370]. Importantly, the orientation and sequence of the HIV-1 a-helices 5 and 6 are

predicted to be critical for this interaction. This same binding pocket also binds the FG-repeats

of the nuclear pore protein Nup-153 [372]. Considering that the lentivirus-specific structural

features are involved in efficient nuclear import it is possible that the corresponding structural

features of other retrovirus capsids mediate contacts with cellular cofactors. Perhaps the

structural similarities between the HIV-1 and Rous sarcoma virus capsid N-terminal domains

account for the observation that Rous sarcoma virus can weakly infect non-dividing cells [16].

Interestingly, the betaretrovirus MMTV has recently been reported to infect non-dividing cells

[17]. The mechanism by which MMTYV infects non-dividing cells appears to be different from the

canonical HIV-1 nuclear import pathway [17].

Fragility of capsid. As outlined above, the capsid participates in a number of dynamic

interactions that are required for optimal viral infectivity. Selection to maintain these interactions

would therefore impart a great number of evolutionary constraints upon the capsid protein.

Indeed, the capsid protein is the most conserved Gag protein within any one Orthoretrovirinae

genus. The capsid of the gammaretrovirus Moloney murine leukemia virus (MoMLV) has been

shown to be the least tolerant gag protein to insertional mutations [376]. Further characterization
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of insertion and point mutants within the MoMLV capsid demonstrated that most mutations

interfere with assembly [376,377]. Similarly, in the context of mutation, the HIV-1 capsid has

been reported to be extremely fragile. Specifically, the HIV-1 capsid is the least tolerant viral

protein ever analyzed by random single amino acid mutagenesis [378]. An overwhelming

majority of these mutations were shown to disrupt one or more steps in the assembly and

condensation of fullerene cone shaped core. These results are largely consistent with earlier

observations made from alanine-scanning mutagenesis for the HIV-1 capsid protein [379].

1. F. CONCLUDING REMARKS

Summary and findings

Summary. TRIM5a has evolved to restrict retroviruses through its interaction with the

viral capsid. The qualities of orthoretrovirus capsids match the qualities that one would predict to

be necessary to drive the evolution of an antiretroviral factor such as TRIM5a. Orthoretrovirus

capsids are an evolutionarily stable target that are generally intolerant to random mutations. The

evolution of Orthoretrovirinae capsids is constrained by the capsid protein’s direct involvement

or influence upon most steps of viral replication cycle. Conservation is seen at both the
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structural level across the Orthoretrovirinae and the sequence level within any one

Orthoretrovirinae genus. In the absence of obvious sequences common amongst TRIM5a

resistant or TRIM5a restricted viruses from across the Orthoretrovirinae, conserved structures

may account for the observed breadth of restriction. In parallel, sequence conservation among

Orthoretrovirinae genera, or subgroups within, such as primate lentiviruses, may account for the

specificity of restriction or resistance to TRIM5a. orthologs observed for some viruses. Finally,

based on the relationship between TRIM5a and retroviruses, it is likely that retrovirus infection

has driven the evolution of TRIM5a while the presence of TRIM5a has likely driven the

evolution of retroviral capsids.

Findings. Similar to a great body of previous work, | set out to define a binding site for

rhesus TRIM5a on the HIV-1 capsid protein. As an ultimate test of our understanding of this

interaction | sought to engineer a rhesus TRIM5a-resistant HIV-1 capsid. Unlike previous

approaches, | took a gain-of-sensitivity approach rather than assaying for a gain of resistance.

Specifically, | generated a series of mutations in the rhesus macaque adapted SIVmac239 virus.

These mutant SIVmac239 viruses were modified to express chimeric capsids proteins in which

whole regions or single amino acids were replaced with the corresponding sequences of the

HIV-1 molecular clone, HIV-1nl4.3. This allowed us to separate multiple determinants of

restriction across three major capsid surface features (f-hairpin, 4-5 loop and a-helix-6). This
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led to the generation of the first reported HIV-1 capsid resistant to rhesus macaque TRIM5a.

Furthermore, we identified two targets for rhesus TRIM5a.: one in the structurally conserved f3-

hairpin and another in a patch of amino acids on the capsid surface that are both highly

conserved in sequence and structurally unique to lentiviruses [380]. Conservation of this site

may be due to its position at the junction of the Cyclophilin A/Nup-358 cyclophilin A-like

domainand the CPSF6/Nup-153 binding sites [300,327,363,372].

Rhesus macaques have two TRIM5a variants, one reflective of an ancestral and ancient

state, while the other was more recently acquired during macaque evolution [251]. We observed

that only the more recently evolved variant gained the ability to restrict viruses with mutations in

lentivirus specific features (conserved surface patch). However, both alleles were capable of

restricting viruses with mutations in the highly conserved p-hairpin. This led us to propose an

evolutionary model in which all Old World monkey TRIM5as have an intrinsic ability to target the

pan-Orthoretrovirinae feature, the p-hairpin. We proposed that this accounts for the observed

breadth of TRIM5a restriction that can encompass multiple retroviral genera. Furthermore, we

suggest that this association allows other regions of TRIM5a to evolve virus-specific contacts,

such as the primate lentivirus specific conserved surface patch.

We and others noted that the site that functionally differentiates the two rhesus macaque

alleles has been heavily modified across members of a single clade of African primates, the
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Cercopithecinae [61,208,228,243,251,257]. To test our proposed evolutionary model and to

understand the viral factors driving the evolution of primate TRIM5a we studied this rapidly

evolving site within TRIM5a. We reconstructed an ancestral TRIM5a. as it may have existed 11-

16 million years ago, before the selective events took place. Into this isogenic and ancient

backbone we introduced these evolutionarily acquired changes. These modifications led to the

specific gain of ability to restrict Cercopithecinae SIVs. The restriction of non-SIV viruses was

largely unaffected. Our observations imply that specific Old World monkey TRIM5as evolved to

restrict viruses from a specific primate lentivirus lineage. Using the known primate phylogeny we

have concluded that selection by a specific lineage of primate lentiviruses occurred 11-16

million years ago. Thus, we speculate that Cercopithecine SIVs and primate lentiviruses are at

least as ancient.
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Chapter 2

Gain-of-Sensitivity Mutations in a TRIM5-Resistant Primary Isolate of Pathogenic SIV

Identify Two Independent Conserved Determinants of TRIM5a Specificity
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2. A. ABSTRACT

Retroviral capsid recognition by TRIM5 blocks productive infection. Rhesus macaques
harbor three functionally distinct TRIM5 alleles: TRIM5a¢%, TRIM5¢™" and TRIM5%PA. Despite
the high degree of amino acid identity between TRIM5a® and TRIM5a™" alleles, the Q/TFP
polymorphism results in the differential restriction of some primate lentiviruses, suggesting these
alleles differ in how they engage these capsids. Simian immunodeficiency virus of rhesus
macaques (SIVmac) evolved to resist all three alleles. Thus, SIVmac provides a unique
opportunity to study a virus in the context of the TRIMS repertoire that drove its evolution in vivo.
We exploited the evolved rhesus TRIM5a resistance of this capsid to identify gain-of-sensitivity
mutations that distinguish targets between the TRIM5¢® and TRIM5a"™" alleles. While both

alleles recognize the capsid surface, TRIM5a%and TRIM5a™"

alleles differed in their ability to
restrict a panel of capsid chimeras and single amino acid substitutions. When mapped onto the
structure of the SIVmac239 capsid N-terminal domain, single amino acid substitutions affecting
both alleles mapped to the B-hairpin. Given that none of the substitutions affected TRIM50.%
alone, and the fact that the B-hairpin is conserved among retroviral capsids, we propose that the
B-hairpin is a molecular pattern widely exploited by TRIM5a. proteins. Mutations specifically

affecting rhesus TRIM5a"™" (without affecting TRIM5a®) surround a site of conservation unique

to primate lentiviruses, overlapping the CPSF6 binding site. We believe targeting this site is an
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evolutionary innovation driven specifically by the emergence of primate lentiviruses in Africa

during the last 12 million years. This modularity in targeting may be a general feature of TRIM5

evolution, permitting different regions of the PRYSPRY domain to evolve independent

interactions with capsid

2. B. INTRODUCTION

The anti-retroviral activity of TRIM5a was discovered in a screen to identify rhesus

macaque cDNAs conferring resistance to HIV-1 replication [125]. Antiretroviral activity has since

been demonstrated for a large number of primate TRIMS orthologs, including prosimians, as

well as homologs from cow and rabbit [241,242,264,381]. While no single ortholog of TRIMS

universally restricts all retroviruses, the collective breadth of restriction, coupled with the

observation that some orthologs can restrict viruses from two or more genera, suggests that

TRIMS5 recognizes a conserved, pathogen-associated molecular pattern common to members of

the Retroviridae [229,236,381].

TRIM5a is composed of four domains: the RING, the B-Box and the Coiled-coil domains,

which make up the tripartite RBCC of TRIM proteins, and a C-terminal PRYSPRY domain

[128,129]. The PRYSPRY domain is thought to recognize the viral capsid [125,208,213]. In the

case of lentiviruses, the cone-shaped capsid is composed of 12 pentamers and approximately
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200 hexamers, each in turn comprised of identical copies of monomeric capsid (CA) protein

[274,319]. An HIV-1 CA monomer has two a-helical domains connected by a flexible linker

[382]. The N-terminal domain makes up the outer surface of the capsid and mediates

interactions with cellular cofactors [231,232,327,363,367,371,383].

Comparisons between reported CA structures from viruses representing five

Orthoretrovirinae genera show that the overall architecture of the N-terminal domain is

conserved, despite little conservation of protein sequence. All reported retroviral N-terminal

domain structures contain a conserved five a-helix core, from which a conserved surface

feature, the g-hairpin, protrudes into the cytoplasm. Structural variation can be found among

additional features on the CA surface. These differences include the presence and arrangement

of 1-2 additional a-helices and/or the presence of an extended loop connecting helices 4 and 5

(4-5 loop) [328-331,338,384].

Reports suggest that multiple sites within retroviral CAs modulate TRIM5a. sensitivity

[61,234,235,240,256,258,282-299]. The majority of these sites map to the N-terminal domain

and are enriched within the CA surface features. Perplexingly, engineered CA mutations,

naturally occurring variants, and escape mutations can have similar phenotypes even when

separated by distances in excess of 25 A. Understanding how these sites relate to one another
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is critically important for defining how TRIM5a recognizes retroviral capsids, and how viruses
evolve to evade TRIM5a restriction.

We previously reported that the TRIMS locus of rhesus macaques (Macaca mulatta) is
highly polymorphic, and that the different allelic lineages of rhesus TRIM5 (rhTRIM5) have been
maintained by long-term balancing selection [46,251]. Based on functional assays and gene
association studies, rhTRIMS5 alleles can be grouped into 3 classes, rhTRIM5a™", rhTRIM5¢.®
and rhTRIM5®PA [47,48,50,51,61,257,385]. When tested against a panel of primate lentiviruses,
the 3 alleles give differing patterns of restriction [61,251,257] — an indication that rhTRIM5S has
at least 3 distinct (or incompletely overlapping) targets on the lentiviral CA protein.

SIVmac emerged in captive macaque colonies in the 1970s, most likely the result of an
unintentional interspecies transmission of SIV from sooty mangabeys (SIVsm) [23,58,386,387].
We previously reported that SIVsm isolates are resistant to rhTRIM5a%, but sensitive to
rhTRIM50."" and rhTRIM5%" alleles [61]. Because rhTRIM5a" ", rhTRIM50% and rhTRIM5®YPA
likely have deferring targets within CA and because all are present at moderate-to-high
frequency, emergence of SIVmac in rhesus macaque colonies required adaptations permitting
simultaneous resistance to all three. Thus, comparisons between SIVmac and other restricted

isolates provide a unique opportunity to understand the basis of recognition by TRIM5a proteins
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and to identify specific features of CA that determine sensitivity and resistance to rhTRIM5a.-
mediated restriction.

The structural basis for CA recognition by rhTRIM5* is clear: the cyclophilin A domain
(CypA\) specifically binds the 4-5 loop [300,333]. In contrast, rhTRIM5a." " and rhTRIM5a®
interact with capsids via a C-terminal PRYSPRY domain, but the basis for capsid recognition by
TRIM5 PRYSPRY domains remains poorly understood. There are several factors that
complicate studies of the interaction. For example, TRIM5a destabilizes capsid complexes
[208,213,269-271], the nature of the interaction is believed to be high avidity and low affinity
[210,211,246,271], the interaction site may extend beyond a single CA monomer or hexamer
[208,210,246,269,272], retroviral capsids and presumably the TRIM5a lattice surrounding them
have variable morphology and composition [20,210], and there is considerable diversity among
TRIM5a. orthologs and retroviral CA sequences.

To investigate how TRIM5a recognizes retroviral CAs, we combined genetic, phylogenic
and structural investigations with an alternative mutational strategy to separate and map the
determinants for the differential restriction of HIV-1 and SIVmac by rhTRIM5a alleles. The
resolution of our mapping, together with the structural determination of the SIVmac239 CA N-
terminal domain and consideration of primate lentivirus diversity, allowed us to identify two

conserved CA surface elements that appear to be targets of rhTRIM5a recognition. The first, the
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[-hairpin, is a structural feature that is present in all reported retroviral CA structures. Mutations
in the B-hairpin affected targeting by both rhTRIM50 and rhTRIM5a."™" alleles. The second
element, a patch of highly conserved amino acids among primate lentivirus CAs, may be a

unique target of the more recently evolved rhTRIM5a™ "

allele. Strikingly, this patch is a surface-
exposed extension of the recently identified CPSF6 binding site [363]. Therefore, similar to the
exploitation of the interaction between cyclophilin A and Nup358 by TRIM5%¥"", it appears that
rhTRIM5a'" has evolved to target the binding site of a required cellular cofactor. Taken
together, the observations made from investigating the differential breadth and specificities of

rhTRIM5a alleles have revealed a complex evolutionary relationship between retroviruses and

TRIM5aq. orthologs.

2. C. RESULTS
Differential restriction by the rhesus TRIM5a® and TRIM5a ™" alleles.

Differential restriction by rhTRIM5a® and rhTRIM50."" has been mapped to a length
polymorphism in the PRYSPRY domain (TFP339-341Q) [257]. Despite the fact that the protein
sequences are >98% identical, the rhTRIM5a® and rhTRIM5a"" alleles yield different patterns
of restriction when tested in parallel against divergent retroviruses [61,251,257,385]. We tested

both alleles against multiple primate lentiviruses and found that even among these related viral
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strains, the rhTRIM5a® and rhTRIM50."" alleles give different patterns of restriction (Figure 2-
1). Specifically, rhTRIM5a restricted a human viral isolate, HIV-1nl4.3, but failed to restrict any
of the lentiviruses isolated from Cercopithecine primates (SIVmac239 from rhesus macaques,
SIVsmEO41 and SIVsmE543-3 from sooty mangabeys, and SIVagmTAN-1 from African green
monkeys) or HIV-2ROD (which originated by cross-species transmission of SIVsm [26]). In
contrast, hTRIM5a.™™" restricted HIV-1nl4.3, SIVsmE041, SIVsmE543-3, SIVagmTAN-1 and to
a lesser extent, HIV-2ROD. Only the rhesus macaque isolate, SIVmac239, was resistant to both
alleles. Thus, while both alleles are functional, the differing patterns of restriction are consistent
with the hypothesis that rhTRIM50® and rhTRIM5a.™" proteins differ in the way they recognize

primate lentivirus CAs.
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Figure 2-1. Differential restriction of primate lentiviruses by rhesus TRIM5a."" and
TRIM50.® alleles. GFP reporter viruses were used to infect CRFK cells expressing the rhesus
TRIM50." allele mamu3 (TFP) and the rhesus TRIM50® allele mamu4 (Q). Infectivity on empty
vector control cells is shown (Ctrl). (A) HIV-1nl4.3. (B) SIVmac239. (C) SIVsmEQ041. (D)
SIVsmES543-3. (E) SIVagmTan-1. (F) HIV-2Rod. Infections were done in triplicate. Error bars

indicate SEM. These results are representative of at least 3 independent experiments.
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Individual surface elements of capsid determine restriction by TRIM5a.

HIV-1 and SIVmac239 had opposite restriction profiles when tested for restriction on
rhTRIM50. expressing cells. HIV-1nl4.3 was restricted by both rhTRIM50.™™" and rhTRIM5¢®
alleles, whereas SIVmac239 was resistant to both alleles. At least three lines of evidence
support the existence of multiple sites of rhTRIM5a recognition within the HIV-1 CA. First, HIV-1
is restricted by both rhTRIM50."" and rhTRIM50 alleles while other tested primate lentiviruses
are resistant to the rhTRIM50% allele. Second, attempts to evolve an HIV-1 with resistance to
rhTRIM5a have not yielded fully resistant viruses [294], while other viruses have successfully
evolved resistance to rhTRIM5a-mediated restriction with genuine escape mutations both in
vitro and in vivo [61,240]. Third, mutagenesis approaches in which elements of the SIVmac239
CA were inserted into the HIV-1 CA resulted in rhTRIM5a restricted viruses [282,283,289,290].
With 79 amino acid differences between the two viruses (Figure 2-2A), we hypothesized that
isolating each determinant would allow us to resolve the specific amino acids involved in
rhTRIM5a recognition at each target site. We therefore chose to take an alternative approach,
based on identifying gain of sensitivity mutations of the inherently rhTRIM5a-resistant
SIVmac239 CA. We inserted individual features of the HIV-1nl4.3 CA into the SIVmac239 CA

and measured the impact on restriction.
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A Beta Hairpin

10, 20 30 40
HIV-1nl4.3:PIVONLQGOMVHQAISPRTLNAWVKVVEEKAFSPEVIPMFSALSEG

SIVmac239: PVQQIG-GNYVHLPLSPRTLNAWVKLIEEKKFGAEVVPGFQALSEG

Helix 1 Helix 2
4-5 Loop

50 60 70 80 90 100
ATPQODLNTMLNTVGGHQAAMOMLKETINEEAAEWDRLHPVHAGPIAPGOMREPRGSD
CTPYDINQMLNCVGDHQAAMQIIRDIINEEAADWDLQHPQP-AP-QQOGQLREPSGSD

Helix 3 Helix 4 Helix 5
Helix 6 6-7 Loop NTD-End
110 120 130 140 150 160
IAGTTSTLOQEQIGWMTH-NPPIPVGEIYKRWIILGLNKIVRMYSPTSILDIRQGPKE
TAGTTSSVDEQIQWMYRQONPIPVGNIYRRWIQLGLOKCVRMYNPTNILDVKQGPKE
— Helix 7

CTD-Start

170 180 190 200 210
PFRDYVDRFYKTLRAEQASQEVKNWMTETLLVQNANPDCKTILKALGPGATLEEMMT
PFQSYVDRFYKSLRAEQTDAAVKNWMTQTLLIQNANPDCKLVLKGLGVNPTLEEMLT

Helix 8 Helix 9 Helix 10 Helix 11

220 230
ACQGVGGPGHKARVL
ACQGVGGPGQKARLM

B

Figure 2-2. Distribution of amino acid differences between HIV-1ni4.3 and SIVmac239.

(A) Sequence alignment of HIV-1nl4.3 and SIVmac239 CAs. Surface features are indicated on

the top, internal a-helices on the bottom. Amino acid differences between the two viruses are in
bold type. (B) Structure of the HIV-1nl4.3 N-terminal domain (PDB: 3GV2). The g-hairpin (BHP),
the linker connecting the S-hairpin to helix 1 (linker), helix 6 (h6) and 4-5 loop (4-5L) are

indicated. Additional a-helices are numbered aH1-aH7. Residues that are identical in HIV-

1nl4.3 and Slvamc239 are in red, residues that differ are in blue.
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The ability of TRIM5a orthologs to restrict highly divergent retroviruses with little to no
sequence identity suggests TRIM5a may target conserved, structural elements of CA. All
reported retroviral N-terminal domain structures have a conserved five a-helix core. To
determine whether differences within the five a-helix core impact rhTRIM5a recognition, we
generated SIV-HIVinerior, bY replacing most of the five a-helix core of SIVmac239 with that of
HIV-1nl4.3. This virus retained the SIVmac239 residues at the first and last amino acid of each
a-helix (Figure 2-3). We then tested this virus for restriction by all verified rhTRIM5a."" (n=3)
and rhTRIM50% (n=2) alleles. This mutant was 2.3-fold more sensitive to rhTRIM5a""" than the
SIVmac239 parent (Figures 2-4A-C and Figure 2-5). This differed markedly from SIV-HIVgyrtace,
in which three surface elements, the g-hairpin, 4-5 loop and helix 6, were derived from
HIV-1nl4.3. This virus was restricted by all rhTRIM5a. alleles tested, at levels similar to
HIV-1nl4.3 (Figures 2-4A-D).

Because SIV-HIVgyace Was phenotypically similar to HIV-1nl4.3, we asked whether a
reciprocal chimera was sufficient to render HIV-1nl4.3 restriction resistant. Therefore, we
replaced the HIV-1nl4.3 CA surface features with the three SIVmac239 surface features (the
[-hairpin, 4-5 loop and helix 6) to create HIV-SIVqyrace (Figure 2-3). This HIV-1 variant differed
from HIV-1nl4.3 by 28 amino acids and was highly resistant to restriction by rhTRIM5a."" " and

rhTRIM50® alleles (Figure 2-4E). Within the linker that connects the S-hairpin to helix 1,
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HIV-1nl4.3 and SIVmac239 differ at three positions (amino acids 13-15) (Figure 2-2 and Figure

2-3). Using a second HIV-1-SIV chimera, HIV-SIVgyrace2s, We determined that these three

differences do not influence restriction (Figure 2-4F). To our knowledge, HIV-SIVgyace and

HIV-SIVaurace2s represent the first description of an HIV-1 strain resistant to all allelic classes of

rhTRIMS. Titration of these viruses and abrogation assays confirm that resistance was not due

to saturation of rhTRIM5a in the target cell lines (Figures 2-5 and 2-6).
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Figure 2-3. Amino acid alignment of chimeric viruses.

Amino acid sequences of chimeric viruses used in this manuscript aligned to SIVmac239. Black
lettering indicates unique SIVmac239 amino acids. Red lettering indicates unique HIV-1nl4.3
amino acids. Gray dots indicate conserved positions between SIVmac239 and HIV-1nl4.3.
Hyphens were inserted to preserve the alignment in cases of insertions/deletions. Numbered
rows correspond to the following viruses: 1. SIV-HIV nterior 2. SIV-HIVgyrace 3. SIV-HIVyy, 4. SIV-
HIVonpara, 5. SIV-HIV4s. 6. SIV-HIV}h6 7. HIV-SIVgyrtace 8. HIV-SIVyraceas 9. SIVy210. SIVazy 11.
SIVisn 12. SIVgel 13. SIVazq 14. SIVnga 15. SIVyiom 16. SIVagey 17. SIVpgzy 18. SIVagsa 19.
SIVasoc 20. SIV911 21. SIVagoa 22. SIVqgzp 23. SIVigem 24. SIVs1o0r 25. SIVs107 26. SIVyq41L 27.
SIVb112q 28. SIVai1ec 29. SIVy11g7r 30. SIVR120n4 31. SIVRizon 32. SIVai21a 33. SIVaizon 34. SIVN123p
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Figure 2-4. Rhesus TRIM5as recognize the capsid surface.

The indicated GFP reporter viruses were used to infect CRFK cells expressing rhesus
TRIM50."" alleles mamu1, mamu2 and mamu3 (TFP) and the TRIM5a.° alleles mamu4 and
mamub (Q). Infectivity on empty vector control cells is shown (Ctrl). (A) HIV-1ni4.3. (B)
SIVmac239. (C) SIV-HIViqterior - (D) SIV-HIVsyrtace- (E) HIV-SIVgyrtace- (F) HIV-SIVgyracezs. (G) SIV-
HIVphp. (H) SIV-HIVphpa.7.(1) SIV-HIV4.s.. (J) SIV-HIVye. Infections were done in triplicate. Error
bars indicate SEM. These results are representative of at least 3 independent experiments.
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Virus Capsid Volume Used | ng capsid %GFP+ Cells %GFP+ Cells %GFP+Cells
Production | (ul) used Control Cells mamu1 cells mamu4 cells
ug/ml

SIVmac239 2.06 2.0 4.1 20.73 18.34 30.24

HIV-1nl4.3 2.81 15.8 44.5 17.83 0.50 0.42

SIV-HIVinterior 0.31 185.0 27.8 20.63 7.41 39.3

SIV-HIVsurface 0.15 92.0 28.5 18.5 0.43 0.25

SIV-HIVbhp 0.37 450 166.5 9.20 1.1 5.20

SIV-HIVbhpQ7A | 0.09 30.0 2.7 10.74 0.88 3.05

SIV-HIV4-5L 2.88 1.8 5.1 20.0 0.45 6.81

SIV-HIVh6 0.92 36.5 33.6 25.37 0.65 1.31

HIV-SIVsurface 1.20 450.0 535.5 22.17 11.02 28.17

HIV-SIVsurface25 0.96 223.0 211.8 15.45 10.19 17.85

SIV-V2| 1.10 3.5 3.85 19.71 13.93 27.63

SIV-Q3V 1.01 228 250.8 16.23 3.74 6.09

SIV-I5N 1.39 12.5 17.4 18.42 2217 29.88

SIV-G6L 0.80 25 20 15.86 2.33 5.16

SIV-A7Q 0.54 7.8 4.5 21.02 2.43 31.56

SIV-N9Q 1.38 2.3 3.2 17.62 9.25 26.69

SIV-Y10M 2.10 2.2 4.6 21.78 5.40 32.37

SIV-Q86V 1.90 2.7 5.1 23.91 6.80 35.53

SIV-P87H 1.60 4.4 7.1 21.16 3.21 31.49

SIV-A88A 1.55 12.5 19.4 20.99 16.42 31.86

SIV-A89G 2.15 5.2 11.2 16.74 3.56 25.36

SIV-A91I 2.01 3.3 6.6 22.67 4.03 33.50

SIV-Q92A 3.48 1.9 6.6 18.69 18.23 28.62

SIV-Q93P 5.46 3.3 18.0 20.38 7.54 32.63

SIV-L96M 3.58 3.1 11.2 25.34 3.18 36.27

SIV-S100R 1.93 3.2 6.1 17.84 1.53 28.62

SIV-S110T 1.94 2.2 4.3 16.90 8.97 23.71

SIV-V111L 2.11 1.9 4.1 14.27 2.50 12.27

SIV-D112Q 1.16 4.1 4.8 23.49 3.02 25.42

SIV-Q116G 2.69 1.7 4.6 19.11 6.11 27.88

SIV-Y119T 0.89 45.0 40 20.26 24.02 31.29

SIV-R120H 0.45 ND ND ND ND ND

SIV-R120N 0.51 300.0 150 31.46 38.54 42.54

SIV-Q121A 1.22 25.0 30.3 23.34 10.88 35.30

SIV-Q122N 3.20 2.0 6.4 19.83 23.56 28.96

SIV-N123P 0.21 ND ND ND ND ND

Figure 2-5. Characterization of viruses. The infectivity and capsid antigen content of viruses
presented in this manuscript are provided. Capsid antigen concentration was determined by p24
and p27 antigen capture ELISA (Advanced Bioscience Laboratories, Rockville MD.). All viruses
in which the C-terminal domain was derived from HIV-1 were used with p24 antigen capture Kkit,
while all viruses in which the C-terminal domain was derived from SIVmac239 were tested using
a p27 antigen capture kit.
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Figure 2-6. Surface feature chimeras do not abrogate TRIM5a activity. Two independent
saturation controls were done to insure that attenuated viruses did not abrogate TRIM5a
activity. (A) Titration curves on CRFK-Neo control cells (Black lines I-1V) and mamu1
(rhTRIM5a"™") expression cells (red lines I-IV) were carried out. Data points are the average of
3 infections. Error bars indicate the S.E.M. 50,000 cells were seeded in a 24 well plate in 0.5 ml
of media. Infections were carried out in 0.2 ml media and harvested for FACS 40 hours post
infection. (I) SIVmac239. (ll) HIV-1n14.3. (Ill) HIV-SIVgyrace- (IV) HIV-SIVgyrace25. Notably there is
little or no deviation between the apparent infectivities of SIVmac239, HIV-SIVgyrace and HIV-
SlVsurtacezs ON control cells and on mamu1 expressing cells at every concentration of virus
tested. There is a very large difference between the apparent infectivity of HIV-1nl4.3 on control
cells and mamu1 (rhTRIM50."™") cells. (V) Graphs I-IV graphed together. Importantly, despite
the attenuation of HIV-SIVgyrace and HIV-SIVqyrace2s their curves fall inside the saturating curve
for HIV-1nl4.3 on mamu1 cells. (B) Two color abrogation assays were conducted under identical
conditions to those in Table 2-1 and Figures 2-1 and 2-4. Cells were harvested at 30 hours post
infection. ldentical amounts of HIV-1, SIVmac239-S100R, HIV-SIVgyrace and HIV-SIVgyrface2s tO
those used in Figure 2-4 and Table 2-1 were used. Additionally, the same concentration (ng of
capsid) as the most attenuated mutant, HIV-SIVgyrace, Was used for the two rhTRIM5a restricted
viruses HIV-1nl4.3 and SIVmac239 S100R. Cells were co-infected with a fixed concentration of
a HIV-1 CFP reporter virus. Values for GFP and CFP positive cells are separated into two
columns (“GFP” and “CFP”) for ease of viewing, but the values are from the same co-infection.
Under all conditions an enhancement of infectivity for the CFP reporter virus on restrictive cells

TP and rhTRIM50®) was not observed. Therefore, despite high

mamu1 and mamu4 (rhTRIM5a
concentrations of virus, our experimental conditions did not saturate TRIM5a. Bar graphs

represent the average of 3 independent infections. Error bars indicate the S.E.M
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To examine the individual contributions of each of the three surface features to
restriction, we produced a series of SIVmac239 CAs each grafted with a single HIV-1nl4.3
surface feature. To take into account the fact that the S-hairpin is one amino acid shorter in
SIVmac239, we generated two SIV variants: SIV-HIVyh,, with a full length HIV-1nl4.3 g-hairpin,
and SIV-HIVphpara, With a single amino acid deletion in the HIV-1nl4.3 g-hairpin. We also
generated SIVmac239 variants with the HIV-1nl4.3 4-5 loop or helix 6 (SIV-HIV45_and
SIV-HIV,s, respectively). Rhesus TRIM5a™ " alleles restricted all four of these viruses
(SIV-HIVpnp, SIV-HIVphpara , SIV-HIV4s5., and SIV-HIV6). With the exception of SIV-HIVyg, the
chimeras had little effect on restriction by rhTRIM50® (Figure 2-4G-J). Together, these mutants
suggest that the HIV-1 restriction-sensitive and SIVmac239 restriction-resistant phenotypes

involve contributions from all three capsid surface features.

Capsid mutagenesis reveals differences in restriction by TRIM5a" " and TRIM50.°.

Based on results obtained from the HIV-SIVgace2s chimera, we generated a series of
SIVmac239 CA mutations in which the amino acid at each of the 25 positions of interest was
substituted with the amino acid found at the homologous position in HIV-1nl4.3 (Figures 2-2A, 2-
4F, 2-3, 2-5 and Table 2-1). The length of the SIVmac239 and the HIV-1nl4.3 CAs sequences

are different. Relative to the other there are insertions and deletions that are distributed across

95



the capsid surface features. Therefore all mutant viruses are named according to the sequence
alignment in Figure 2-2A. Table 2-1 details the relationship between the mutant SIVmac239
virus numbering and the numbering for the HIV-1nl4.3 and SIVmac239 CAs. Two of the 25
mutations in the SIVmac239 CA, R117H and N123P, resulted in loss of infectivity. Although a
His is found at position 117 in HIV-1nl4.3, an Asp is more common among HIV-1 isolates. We
found that an SIVmac239 in which R117 was substituted with Asp instead of His retained
infectivity (Figure 2-5).

The 24 infectious SIVmac239 variants with single amino acid substitutions in CA were

PP and rhTRIM50®. Restriction was quantified by

tested for sensitivity to restriction by rhTRIM5a
determining the level of infectivity relative to SIVmac239 (Table 2-1). Only two mutant viruses
single amino acid substitutions (SIVmac239q3v and SIVmac239g6.), both in the S-hairpin,
resulted in gain-of-sensitivity to both rhTRIM5a."" and rhTRIM5a®. There were 12 additional
mutations that caused gain-of-sensitivity to rhTRIM5a.™ ", but not to rhTRIM50°. These
mutations were spread among all three CA surface features. Together these results indicate
that the targets of the two alleles partially overlap, and that the overlap involves elements within
the S-hairpin. The observation that a large number of residues outside of the S-hairpin

TFP

exclusively affect hTRIM50."™" without altering rhTRIM5a2 sensitivity raises the possibility that

rhTRIM50."" either has a larger footprint on the CA surface than rhTRIM5a%, or that it has the
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capacity to target more than one determinant in CA. Most notably, there were no mutations that
affected only the rhTRIM50® allele (that is, none of the mutations tested caused gain-of-
sensitivity to rhTRIM5a® but not to rhTRIM50."™"). This trend was mirrored among the 14 other
viruses tested, including both naturally occurring viruses and chimeric viruses generated for this

study (Figures 2-1 and 2-4).
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Table 2-1. Single amino acid mutants reveal differences in restriction by TRIM5'"" and
TRIM5®. The amino acid numbering of mutant viruses corresponds to the alignment in Figure 2-
2A. Numbering of mutated residues corresponding to the SIVmac239 capsid (Accession
number M33262) and HIV-1nl4.3 (Accession number M19921.2) are also provided. All values
are shown as fold-restriction relative to parental SIVmac239. The values are the result of 3
independent experiments, each done in triplicate. The error represents the standard deviation

between these 9 infections. N.D - mutant was not infectious and was not analyzed.

Mutant virus | SIVmac239 Residue | HIV-1nl4.3 Residue | TFP Q

V2I V2 12 1.21+0.08 | 1.020.14
Q3v Q3 3V 5.58+0.92 | 5.42 +0.05
ISN 15 N5 0.70£0.05 | 0.86 +0.08
Gé6L G6 L6 8.37+1.46 | 6.59 +£2.28
A7Q A Q7 7.73£1.35 | 0.96 +0.15
NOQ N8 Q9 1.82+0.21 | 1.09 +0.20
Y10M Y9 M10 3.41 +0.07 | 0.94 +0.11
Qs6eVv Q85 V86 3.14+0.31 | 0.99 +0.05
P87H P86 H87 5.73+£1.06 | 0.95+0.17
A88A A A88 1.12 £0.10 | 0.9510.04
A89G A87 G89 4.08 +0.50 | 0.94 £0.14
A91] A 191 4.53 +0.56 | 0.91 +0.22
Q92A Q89 A92 0.95+0.20 | 1.00 +0.21
Q93P Q90 P93 2.53+0.28 | 1.01+0.24
L96M L93 M96 7.12 £0.58 | 1.03 £0.08
S100R S97 R100 10.80 +2.46 | 0.95 £0.20
S110T S107 T110 1.6 £0.23 1.01 £0.18
V111L V108 L111 6.01 £0.09 | 2.11+0.37
D112Q D109 Ql12 7.15+0.76 | 1.39+0.25
Q116G Q113 G116 2.83+0.16 | 1.05+0.15
Y119T Y116 T119 0.73 £0.03 | 0.94 +0.07
R120H R117 H120 N.D. N.D.
R120N R117 H120 0.71+0.08 | 1.04 £0.14
Q121A Q118 A 1.79+0.13 | 0.91+0.13
Q122N Q119 N121 0.75+0.07 | 1.01 £0.09
N123P N120 P122 N.D. N.D.
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Structure of the SIVmac239 CA N-terminal domain.

To provide a relevant structural context for evaluating the mutagenesis results, we
determined the structure of the SIVmac239 CA N-terminal domain (Figures 2-7A, 2-8, 2-9 and
Table 2-2). The SIVmac239 CA N-terminal domain was very similar to reported structures of
HIV-1 (PDB: 2X2D) (RMSD at Ca positions: 2.29A) and HIV-2 (PDB: 2WLV) (RMSD at Ca
positions: 1.42A) (calculations used SuperPose [388]) . In particular, the five a-helices of the
SIVmac239 N-terminal domain core did not deviate from those of HIV-1 or HIV-2, consistent
with the observation that the SIV-HIVinerior chimera remained largely resistant to restriction

(Figure 2-4C).
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Table 2-2. Crystallography refinement statistics.
Table generated by Aaron G. Schmidt

SIVmac239 CA NTD

Data Collection

Resolution, A

Wavelength (A)

Space Group

Unit cell dimensions (a, b, c), A
Unit cell angles (a, B, y) °
mean l/o

Rsym

Completeness, %

Number of reflections
Redundancy

Refinement

Resolution, A
Number of reflections:
Working

Free

Rwork, %

Rfree, %
Ramachandran plot,
% favored

% disallowed

Rmsd bond lengths, A
Rmsd bond angles, °
Average B-factor

APS ID-24-E
50-2.9 (2.95-2.90)
0.9792
P212121
24.61, 56.66, 102.57
90,90,90
17.17 (3.0)
0.063 (0.365)
99.46 (95.10)
15,453
4.4

2.9

3,345
152
25.4
29.2

89.1 (123/138)
0.72 (1/138)
0.0111
1.37
109.3

Note: values in parentheses denotes highest resolution shell
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Figure 2-7. Structure of the SIVmac239 capsid N-terminal domain:

(A) Structure of the SIVmac239 CA N-terminal domain at 2.9 A resolution. There was no clear
density for Pro88, and thus, it was omitted from the structure. A dashed line is used to indicate
its place. (B) Comparison of the SIVmac239 g-hairpin and 4-5 loop to all other wild type HIV-1
and HIV-2 X-ray structures deposited in the PDB. HIV-1 structures are colored dark gray, except
PDB: 2X2D, which is colored red (and used in all subsequent comparisons). HIV-2 structures
are colored light gray, and the SIVmac239 N-terminal domain is colored blue. (C and D)
Locations of amino acids mutations associated with rhesus TRIM5a® (C) and rhesus TRIM50.""
(D) restriction from Table 2-1. Blue spheres indicate amino acid differences that do not impact
TRIM5aq. restriction. Orange spheres show the location of mutations associated with 2.5-5 fold
gains in sensitivity to rhesus TRIM5a. relative to SIVmac239. Red spheres indicate positions

associated with >5 fold gains in sensitivity to rhesus TRIM5a. Images created in PyMol.
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Figure 2-7. Structure of the SIVmac239 Capsid N-terminal domain: continued.
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Figure 2-8. B-factor analysis of SIVmac239 structure. Average B-factor plot of each residue
included in the final model. The B-hairpin and 4-5 loop are delineated as reference points. (B)
Visual “heat-map” of average B-factors. Dark blue’s indicate lowest B-factors dark red indicates
the highest B-factors. Residue 88 was removed from the structure due to lack of clear density
and is indicated by the dashed red line. Images created in PyMol. Figure and legend generated
by Aaron G. Schmidt
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Figure 2-9. Electron density maps of key regions in the SIVmac239 structure. (A) the G-
hairpin, residues 1-14. (B) the 4-5 loop, residues 83—100—residue 88 has been removed from
the structure as there was no clear electron density (C) the “conserved patch” residues 95-116
(D) isolated residues 94—-106 and (E) 106—116. All images are 2Fo-Fc maps and are contoured
at 1.50 throughout for consistency. Structure factors and the final model have been deposited in
the Protein Data Bank accession 4HTW. All images created in PyMol Figure and legend
generated by Aaron G. Schmidt.
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Since the amino acids governing rhTRIM5a restriction mapped to the CA surface, we
were particularly interested in structural differences between SIVmac239 and HIV-1 in the g-
hairpin, 4-5 loop and helix 6. We compared the SIVmac239 CA N-terminal domain structure to
all of the previously reported wild type HIV-1 and HIV-2 CA N-terminal domain structures in
which the surface features were properly folded (Figure 2-7B and Figure 2-9). This dataset
includes structures of CA monomers, CA monomers from cyclophilin A bound HIV-1 CAs, HIV-1
hexamers and HIV-1 pentamers. From this analysis, we found a clear distinction between the
HIV-1 structures and those of the more closely related HIV-2 and SIVmac239. Specifically, the
4-5 loops and g-hairpins formed two clusters; one composed of HIV-1 structures, and the other
composed of SIVmac239 and HIV-2 structures. Measurements between the HIV-1 Ca of Gly94
or GIn95 and the corresponding Gly91 and GIn92 of SIVmac239 indicate that these two groups
are separated by 3.3-11 A in the structural alignment. Similarly, measurements between the Ca
of HIV-1 Gly8 and the homologous SIVmac239/HIV-2 Gly7 show the two groups are separated
by 4-8.5 A in the structural alignment (Figure 2-7B). These CA structural differences may help to
explain the observed changes in restriction between the reciprocal SIV-HIVgyace and
HIV-SIVgurace Chimeras (Figures 2-4D and 2-4E)

To determine the spatial arrangement of the single amino acid substitutions associated

with rhTRIM5a restriction, we mapped the restriction data for rhTRIM5a®and rhTRIM5a.™ " onto
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the structure of the SIVmac239 N-terminal domain (Figures 2-7C and 2-7D respectively) as well
as the structure of the HIV-1 CA hexamer (Figure 2-10). The two individual point mutations
associated with rhTRIM5a restriction were confined to the -hairpin and were within 10 A of
each other. This differed from rhTRIM5a."", which in addition to being affected by the same two
sites in the S-hairpin, also recognized amino acid substitutions outside the g-hairpin, spanning

approximately 30 A of the CA surface.
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Figure 2-10. Mutations modulating TRIM5a sensitivity mapped to the HIV-1 hexamer.
Mutations from Table 2-1 mapped to the HIV-1 hexamer structure 3GV2. Restriction data for
mutant viruses tested against the rhesus TRIM5a""" allele mamu1 (A) and the rhesus TRIM5a.
allele mamu4 (B). Positions that were mutated on the capsid surface and were <2.5 fold more

Q

sensitive to TRIM5aq. restriction than SIVmac239 are shown in gray spheres Orange spheres
show the location of mutations associated with 2.5-5 fold gains in sensitivity to rhesus TRIM5a.
Red spheres indicate positions associated with >5 fold gains in sensitivity to rhesus TRIM5q.

Images created in PyMol.
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TFP sensitivity surround a conserved capsid patch.

Residues influencing rhesus TRIM5a
In contrast to rhTRIM50%, we found that rhTRIM50.""" restricts at least three
phylogenetically distinct primate lentiviruses: HIV-1, SIVagmTan, and SIVsm (Figure 2-1).
While single amino acid substitutions affecting rhTRIM50® were confined to the -hairpin,

substitutions that increased sensitivity to rhTRIM5a.™™"

were spread across the N-terminal
domain surface (Figures 2-7C and 2-7D). Based on these two observations, we hypothesized
that rhTRIM5a" " may have evolved to target a conserved element(s) unique to the primate
lentivirus CA N-terminal domain. To identify uncharacterized sites of primate lentivirus
conservation, we generated an alignment of CA N-terminal domains using one representative
virus from eleven different primate lentivirus lineages (Figure 2-11). We then scored the number

of unique amino acids found at each position, and mapped the results onto the SIVmac239

structure (Figure 2-12A).
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Majority PIVRNN-QQPVHQPLSPRTLNAWVKXVEEKKFSPEXVPMFQALSEGCIPYDINQMLNATIGDHQGAMQITKDXINEEAAEW

10 20 30 40 50 60 70 80
SIVmac239 . VOQIG-GNY. .L.ceeeeeeannn LI..... GA.V..Gevevennn Teeeoeennn CV....A..... R.I...... D. 79
HIV-1 «e.0Q.I0G.M...AT..cccunnn V....A....VI...S..... AT.Q.L.T...TV.G..A...ML.ET........ 80
SlVeol ce e TGP-.G.vveennnnnn G....C..-GGIA.SLA...L.Y.T.A.A..M.L...ILDT...FP.VL..E..KK.E.Y 78
SIViho LI.E.-.RW..T...... IQT...I..DRGWK..T.A..S..T.KAL.D.L.V.ciuteeeeeencnnnn H.V..G... 79
SIVagm V.00.-N.W.e.Teeeeeoeannnn T....R.GA.I..coueuennn LSeeeeennn Veeeeeooeeann EV..D...Q. 79
Slvgsn  ..... AQG.FQ..A.NS.V.KT..SI...... A..T.AL....T...... Meoooon V..Y...Ve.... V...Q.... 80
SIVwrc .VL.TA-.G.QWD...... IQT...HI.DRG.GA.S..F.A..TDRALSH...TL..N..... A.ieeeen Iv...IQ.. 79
Sivdrl ..QVW.-. . A...AT. ... VI...... AV....L....... Seeeeeccoccccnnne L..V..I...... D. 79
SlVmand2 ..QVI.-.T....GIl.......... Cliceceses I....Teeeeeennns L.Gevevooonnnn L..V..V...... D. 79
SIvVdeb ..L.0G-..F..M..... IVKT.INA...cooeen I..L..V.A...T..... GL.....o | Veeeeoonn 79
SiVtal ..I..AQ..YQ..A....L.KT.IATI..... A..T.AL.S..A.iececcocannns B I...Q.... 80

Majority DLQHPQPXGPXPQGQLREPSGSDIAGTTSSVEEQIEWTTRQ----QXPVDVGXIYRRWVILGLQKCVKMY

90 100 110 120 130 140 15
SIVMac239 « e e o o o o “A.=Qiccetctccrtccccoccns D...Q.MY..----.N.IP..N..... IQ.eeeenn R..

HIV-1 .RV..VHA..IAP..M...R.cooccnnn TLQ...G.M.N-==—= NP.IP..E..K..I....N.I.R..
SlVveol ..L..V-00.00..A..Q.TA...T.N....A..VA.GE-====——=— .I--AN...G.IVQS.E.VIQIA
SIViho .R....QQ0PAQ.G.G..T.NAT.V..V..T....LA...AD-———- Teoeoo K..KE...QAME.V.RIH
SIVagm .IT..P.A..L.A....D.Recccccc.... Aceeoos FNA----NPR....R...G......ccccenn
SlIVgsn ..L....AA.Q.VAG..D...A....V..TPN..... I...-—=-NN..N.AD...K.I..... R.....
SIVwrc .RT...AA..IAP..M.Q.T...... V.A...DELA.LAQN--——— P..... S..K LR....V.QI.
SIvdrl .RR...V-..L...V..N.v.oeeeennnn IT.oceeeneen A----.DSIN..A Q..V .R..T.
SlVmand2 ..R..PV-..M...V..N.T.N........ Toceeeeneenn -—--.DQ.N..G..KQ.IV....... S..
SIVdeb  ...... QQP--. ... A..... N.T..... A.M..PAGQOG.G.T...Q.cceeucennn R.....
SlVtal .OM...I-..L.A...... R TPA..V.eeonn -—==.N..... S..K....I...R.....

Figure 2-11. Amino acid alignment of divergent primate lentiviruses.

Primate lentiviruses from eleven different lineages are aligned corresponding to the published

alignment found in the Los Alamos Sequence database. The majority sequence is depicted at

top. An “X” indicates that there is no amino acid majority at that position. Accession numbers:

SIVmac239-M33262, HIV-1-K03455, SIVcol-AF301156, SIVIho-AF075269, SIVagm-U58991,

SIVgsn-AF468658, SIVwrc-AM745105, SIVdrl-AY159321, SIVmand2-AY 159322, SIVdeb-

AY523865, SIVtal-AM182197
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TFP restriction ring a conserved surface

Figure 2-12. Mutations modulating rhesus TRIM5a
patch: (A) Top row: Orientations of the SIVmac239 capsid used for Figure 2-12A. Middle row:
Surface representation of the SIVmac239 capsid N-terminal domain colored to reflect amino
acid conservation across divergent primate lentiviruses. The number of unique amino acids
found at each position in an amino acid alignment of eleven divergent primate lentiviruses
(Figure 2-11) was scored and colored according to the legend: Orange =4 unique amino acids
at the specified position, yellow 3 unique amino acids at the specified position, light gray 2
unique residues at the specified position and dark gray 1 amino acid (100% conservation) at the
specified position. The location of the conserved surface patch is indicated by dashed lines.
Bottom panel: Locations of mutations that are associated with a >2.5 fold gain in sensitivity to
rhTRIM5a'" are shown in dark red. (B) Atomic view of the conserved surface patch. For
reference the SIVmac239 and HIV-1 (2X2D) ribbon diagrams are shown in light blue and pink,
respectively. The amino acids that make up the conserved surface patch are shown in sticks
that are colored according to the capsid ribbon diagram, SIVmac239 in light blue and HIV-1 in

TFP

light red. Variable positions shown to modulate rhesus TRIM5a' ™" sensitivity are colored in dark

blue (SIVmac239) and dark red sticks (HIV-1) for emphasis. Images created in PyMol.
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Figure 2-12. Mutations modulating rhesus TRIM5a ™"

restriction ring a conserved surface
patch: continued.
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Despite significant sequence diversity among primate lentiviruses, we found a cluster of
conserved residues on the CA surface. This site overlapped with the structurally conserved C-
terminus of the 4-5 loop, and helices 5 and 6. In SIVmac239, this patch is composed of residues
Lue93, Arg94, Pro96, Gly98, Asp100, lle101, Ala102, Gly103, Thr105, Ser106, Ser107, Glu110,
GIn112 and Trp114 (Figures 2-12, 2-8, 2-9, and 2-11). This patch of conservation extends into a
larger site of conservation formed by a-helices 3, 4 and 5. This site of conservation has recently
been identified as the binding site for nuclear import factor CPSF6 [363]. Mutation SIVmac239

viruses that were restricted rhTRIM5¢.""

greater than 2.5-fold include SIVmac239s+gor,
SIVmac239y1111, SIVMac239p112q and SIVmac239q116s, Which positionally ring the boundaries of
this patch, and SIVmac239qssy, SIVMac239ps7h, SIVMac239ases, SIVMac239,qq;, SIVMac239qesp
and SIVmac239, 46w Which correspond to amino acids in the 4-5 loop just above the patch (Table
2-1, Figure 2-12 and Figure 2-9). In the immediate vicinity of the surface exposed conserved
patch there were three observed trends for amino acid substitutions that influenced
rhTRIM5a'"" restriction: 1) mutations in the variable regions of the 4-5 loop, 2) amino acid
differences at the periphery of the surface patch, and 3) amino acid differences extending into
the surface patch.

There were five amino acid substitutions within the highly variable regions of the 4-5 loop

that had an impact on rhTRIM5a."" restriction. The SIVmac239 4-5 loop, like that of HIV-2, is
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positioned further over the conserved surface patch than that of most HIV-1 loops. (Figures 2-

7B and 2-12B). It has been documented that amino acid substitutions can alter the conformation

or the dynamics of the 4-5 loop [334,389]. It is therefore possible that the mutations in

SIVmac239qsev, SIVMac239ps7y, SIVMac239ases, SIVMac239,9¢and SIVmac239qg3p may alter

the conformation or dynamics of the 4-5 loop in such a way as to enhance rhTRIM5a

recognition of the conserved surface patch.

Structurally, the surface patch was conserved across SIVmac239, HIV-1 and HIV-2. The

C-terminus or the 4-5 loop, helix 5 and helix 6 were in very close agreement with the structures

of HIV-1 and HIV-2, indicative of strong selection to preserve the overall architecture and amino

acid composition of this site. Rather than changes to the structure or sequence of the patch, a

majority of substitutions that altered rhTRIM5a.™™"

sensitivity were found at its periphery. For
example, we found that altering Ser97 in SIVmac239 to the corresponding HIV-1 Arg had the
largest effect of any single substitution tested. An Arg at this position is found in an
overwhelming maijority of reported SIVsm sequences, and importantly, the Arg to Ser mutation

PP_mediated

was found to be a critical adaptive change acquired by SIVsm to evade rhTRIM5a
restriction in vivo [61]. In HIV-1 and HIV-2 an Arg at this position contributes to a hydrogen bond

bridging the base of the 4-5 loop. In SIVmac239 the corresponding Ser97 does not participate in

a similar contact, but rather, it appears to engage in additional contacts within helix 5 which are
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not observed in HIV-1 or HIV-2. SIVmac239 Asp109 and HIV-1 GIn112 are oriented similarly,
however the presence of an acidic group would alter the chemical environment at the periphery
of the patch (Figure 2-12B). There was no obvious difference to explain why the V111L mutant
in helix-6 was six-fold more sensitive to restriction than parental SIVmac239. Perhaps slight

TFP

differences between the side-chains of these residues can impact rhTRIM5a " restriction.

Two substitutions that were associated with increased rhTRIM50." "

sensitivity extend
into the conserved surface patch itself. We found that substituting the Leu at position 93 (which
sits over the surface patch) for the less-bulky Met residue resulted in a 7-fold gain in sensitivity
to rhTRIM5a.""" (Figure 2-12B and Table 2-1). Notably, Leu93/Met96 cover Trp114 and Arg94,
both of which are absolutely conserved among primate lentiviruses. Finally, SIVmac239 residue
GIn113 reaches deeper into the patch than the corresponding Gly116 in HIV-1nl4.3 (Figure 2-
12B).

Together, mutagenesis and structural data suggests that hTRIM5a™ " targets a
surface-exposed patch of CA that is conserved in both structure and sequence across primate
lentiviruses. Furthermore, differences between SIVmac239 and HIV-1 at the periphery of this
patch account for their differential sensitivity to rhTRIM5a' ". At the same time, TRIM5a" " and

TRIM50® are both affected by changes in the -hairpin, suggesting that restriction by both

alleles involves recognition of this conserved feature of retroviral CAs
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Evolution of TRIM5a ™.

To reconstruct the evolutionary origins of the Q/TFP polymorphism, we analyzed

multiple primate TRIM5a sequences. We found that GIn341 in rhTRIM5a is present at the

homologous location in TRIM5a of hominoids (Homo sapiens and Pan troglodytes), colobines

(C. guereza and P. nemaeus) and macaques (M. mulatta and M. fasicularis) (Figure 2-13). In

contrast, the insertion is found only in Papionins, including sooty mangabeys (Cercocebus atys),

baboons (P. anubis), geladas (T. gelada), mandrills (M. sphinx), Barbary macaques (M.

sylvanus), rhesus macaques (M. mulatta) and crab-eating macaques (M. fasicularis). Therefore,

the insertion most likely originated in a common ancestor of the Papionini. Strikingly, a 60-

nucleotide insertion/duplication at an identical position is found in TRIM5 of Cercopithecini (E.

patas and other Cercopithecus species.). We therefore cannot rule out an earlier origin of the

insertion in a common ancestor of the Cercopithecini and Papionini. Together, these

observations give a range of insertion times between 9.8 and 11.6 million years ago (Figure 2-

13) [84]. Thus, GIn341 is the ancestral state at this position, and TFP is the evolutionarily

TFP

derived state — consistent with our hypothesis that rhTRIM5a" ™" alleles may be the result of

selection to recognize the CA of primate lentiviruses.
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Figure 2-13. Evolutionary origins of the TRIM5a." "

allele. A Cladogram depicting the
evolutionary relationships among TRIM5 coding sequences from 16 extant primate species.
Major divergence times are in bold, approximate dates of events discussed in the text are
indicated with arrows. For each species/allele, the amino acid sequence corresponding to
residues 335-346 (relative to rhesus TRIMS) is shown; species names followed by numbers
indicate multiple alleles. Residues with dN/dS >1 and a high posterior probability of positive

selection are indicated by t (posterior probability >99%) or * (posterior probability >95%).
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We also noted considerable variation in the first codon of the inserted element itself,
finding (in addition to TFP) orthologs encoding SFP, MFP and LFP among extant species
(Figure 2-13). To ask whether this variation is consistent with continued positive selection since
the time of insertion, we calculated dN/dS for each codon in the PRYSPRY domain using an
alignment representing sixteen species of old world primate, including 4 species for which
multiple haplotypes are available (M. mulatta, M. sylvanus, P. anubis and C. atys). We identified
five codons in the PRYSPRY (332, 334, 337, 339 and 341) with high posterior probabilities of
positive selection, including two in the 6 b.p. insertion itself (339 and 341), a pattern consistent

with sequences evolving under continuous or repeated cycles of positive selection.

2. D. DISCUSSION

Rhesus macaques have three functionally distinct TRIM5 alleles, rhTRIM5a."",
rhTRIMSaQ, and rhTRIM5®YPA [46-48,50,51,251]. Of these, the structural basis for recognition of
CA by rhTRIM5%" is best understood, and is attributed to interactions between the CypA
domain and the 4-5 loop [300,333]. In contrast, CA recognition by C-terminal PRYSPRY

domains, such as those found in rhTRIM50."" and rhTRIM50%, is not well understood. Using

genetic, mutagenic, and structural approaches we found evidence that restriction by rhTRIM5a
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proteins involves at least two structurally conserved elements of the primate lentivirus CA N-
terminal domain.

There are four possible phenotypes for viruses that encounter rhTRIM5a.™" and
rhTRIM50% alleles: resistance to both, sensitivity to both, and sensitivity to one or the other but
not both. We observed only three of the four possibilities: resistance to both (SIVmac239),
sensitivity to both (HIV-1nl4.3), and sensitivity to rhTRIM50.""" but resistance to rhTRIM5¢.®
(SIVagmTAN, SIVsmEQ4, SIVsmES543 and HIV-2Rod) (Figure 2-1). We did not observe the

TP combined with sensitivity to rhTRIM5a®. Moreover, none of

converse, resistance to rhTRIM5a
the 34 chimeric viruses assayed displayed a rhTRIM5a"™" "/rhTRIM50.%®" phenotype, and
there are no reports of other retroviruses displaying a rhTRIM5a" F " /rhTRIM5a % %"
phenotype. In fact, the only mutations in SIVmac239 that resulted in sensitivity to rhTRIM5¢.®
also resulted in sensitivity to rhTRIM5a"" " (Figures 2-4, 2-5 and Table 2-1).

The substitutions that increased sensitivity to both alleles map to the g-hairpin of CA.
Structurally, the S-hairpin is the most conserved retroviral surface feature and is present in
structures from five different genera [328-331,338,384]. Thus, it appears that the g-hairpin is a
retrovirus-associated molecular pattern by which TRIM5a evolved to “recognize” retroviruses. In

TFP

support of these hypotheses, we note that experimental evolution of a rhTRIM5a'""-resistant

N-MLV in cell-culture selected for a single change in the g-hairpin of the MLV capsid [240].
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When we superimposed the MLV and lentiviral CA structures, the identified resistance mutation
in MLV overlaps with Y9, a residue we identified in the SIVmac239 p-hairpin that modulates

recognition by rhTRIM5a.""" (Figure 2-14).
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Figure 2-14. Structural comparison between SIVmac239 and MLVs with differential
restriction by rhesus TRIM5a. (A) S-hairpin of N-Tropic MLV (PDB: 1U7K) with residue L10
shown in sticks and spheres (B) S-hairpin of the N-MLV L10W mutant (PDB:2Y4Z) that is
rhesus TRIM50."™" resistant, 10W shown in sticks and spheres. (C) -hairpin of HIV-1
(PDB:2X2D) with M10 shown in sticks and spheres. (D) SIVmac239 S-hairpin Y9 shown in
sticks and spheres. (E) Structural alignment of rhesus TRIM5a sensitive N-MLV with HIV-1. (F)
Structural alignment of the rhesus TRIM5a resistant N-MLV L10W with SIVmac239. Images
created in PyMol.
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In addition to substitutions in the g-hairpin that increased sensitivity to both rhTRIM50.%
and rhTRIM50."™", there were twelve additional mutations specifically associated with
rhTRIM5a™"" restriction (Table 2-1). We interpret this to mean that the rhTRIM50."" allele has
retained the CA-recognition capacity of rhTRIM5a, but has evolved to interact with an
additional target or targets in the lentiviral CA. These mutations map to surface features that
distinguish primate lentivirus CAs from other retroviral CAs. Specifically, these substitutions ring
a spatially clustered group of amino acids that are conserved across primate lentiviruses,
altering this site at its periphery.

Interestingly, these mutations also overlap the binding sites of lentivirus-specific cellular
cofactors, including CypA, NUP358 and CPSF6; notably, when these factors are fused to a
TRIM5 RBCC, the resulting fusion proteins function as restriction factors [300,333,363,370,390].
Primate lentiviruses have extended 4-5 loops that productively interact with at least two cellular
cyclophilins, CypA and the CypA-like domain of a nuclear import factor, NUP358 [232,327]. In
nature, these interactions have been independently exploited at least four times during primate
evolution in the form of TRIM5-CypA fusion proteins, two of which have been maintained in
modern day lineages of owl monkeys and macaques [45-51,391]. SIVmac239 residue Ala86
corresponds to Gly89 in the HIV-1 CypA binding motif, while SIVmac239 GIn88 and GIn89 are

previously identified sites of an adaptive change permitting SIVmac to resist rhTRIM5YP*
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restriction [61,232]. We demonstrate that both of these sites influence rhTRIM5a™ " restriction
(Table 2-1). Resistance mutations to both rhTRIM5%"* and rhTRIM50."" may explain why
SIVmac239 does not utilize Nup358, which is required by other primate lentivirusess for efficient
nuclear import and optimal target site integration [327].

The conserved surface patch is an extension of the CPSF6 binding site, which is
conserved among primate lentiviruses [363]. Our data suggest that this site is targeted by the
rhTRIM5a™™ PRYSPRY domain (Figure 2-12). We therefore propose that the targeting of this
site is analogous to exploitation of the CypA binding site in the 4-5loop by rhTRIM5%", since
rhTRIM5a' " also exploits a critical, conserved CA interface that is necessary for its interaction
with a host co-factor that facilitates lentiviral replication.

Recent structural determination of the rhesusTRIM5a PRYSPRY domain shows the four
discrete variable regions are arranged on the surface of a f-sandwich core [211,246]. Ohkura et
al. reported that the variable regions may make independent contributions to CA recognition
[266]. Thus, differences in targeting by the rhTRIM5a® and rhTRIM5a." proteins may reflect
contributions from different regions of the PRYSPRY domain. For example, the TFP insertion in
variable region 1 (V1) may directly confer specificity for the conserved face of lentiviral CAs,

TFP

whereas the interactions of both rhTRIM50."™" and rhTRIM5a® with the -hairpin may involve

contributions from one or more of the other variable loops.
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The original insertion in V1 that gave rise to rhTRIM5™"

in modern macaques arose
after the Cercopithecinae-Colobinae split, but prior to divergence of the Macaca and Papio
lineages, providing an estimate for the time of insertion between 9.8 to 11.6 million years ago
[84]. In contrast, the TRIM5*** allele has only been found in Asian macaques, but not in
Barbary macaques or any other old world primates [46-48,50,51,392], and may therefore have
arisen less than 5-6 million years ago, after the lineage leading to Asian macaques (Macaca
sp.) diverged from the African lineages [84]. These dates, and the observation that rhTRIM5a.™™"
and rhTRIM5%P target lentiviral-specific features of CA, constitute indirect but compelling
evidence that viruses related to modern primate lentiviruses were infecting ancestral primates
as far back as 12 million years ago, driving selection of TRIMS variants with enhanced capacity
to restrict lentiviral replication. Recently, similar conclusions were independently obtained from a
study of APOBEC3G variation in Old World monkeys [44]. Endogenous lentiviral sequences
found in the genomes of European brown rabbits [52], Malagasey lemurs [53] and weasels
[54,55] support the conclusion that lentiviruses were extant at this time, and structural studies
indicate that the CA proteins of at least two of these (RELIK and pSIVgml) were very similar to
modern lentiviruses [324].

The natural history of African primate lentiviruses, and the species that harbor them,

suggests lentiviruses were a driving force for the selection and maintenance of TFP-like
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TRIM5q. alleles during the last 12 million years. Based on these observations, we propose an
evolutionary model in which different regions of the PRYSPRY can evolve independently to
recognize different features of retroviral CAs (Figure 2-15). p-hairpin recognition was
conserved between the ancestral TRIM5a® allele and the evolutionary derived rhTRIM5a.""
allele. Therefore, it is likely that the region encompassing the Q/TFP polymorphism in variable
loop 1 (V1) does not contribute to S-hairpin recognition. Instead, this region may be free to make
additional contacts with the CA. Due to its dynamic and unstructured nature, V1 may readily
tolerate mutations and insertions (such as the 6-nucleotide insertion) affording the molecule
enhanced evolutionary plasticity [211,246]. The SIV-HIV,¢ mutant was restricted by rhTRIM5a,
implying that the rhTRIM50% PRYSPRY could recognize one edge of the conserved surface
patch (Figure 2-15A). The modern day presence of TRIM5a orthologs with the 6-nucleotide
insertion indicate that the insertion event conferred a selective advantage (likely against primate
lentiviruses). The simplest explanation is that the insertion allowed V1 to make additional
contacts or possibly even extend beyond helix 6 and further into the conserved surface patch.
We have shown that the first and last positions of the rhesus TFP polymorphism have been

under positive selection, indicative of continued refinement of its ability to recognize the

conserved surface patch over evolutionary time.
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This model is likely a snapshot of a larger evolutionary scenario in which an ancestral

PRYSPRY domain may first have acquired the ability to recognize a highly conserved retroviral

CA element (such as the S-hairpin). On top of this intrinsic recognition ability, modularity of

TRIM5a. proteins allowed them to explore additional targets on the CA surface in response to

pressures from specific viruses or viral families, perhaps by taking advantage of inherent

plasticity within the variable loops (Figure 2-15B). Such a process, played out over the course of

tens of millions of years of evolution, could help to explain both the collective breadth and

species-specificity of modern primate TRIM5a. proteins.
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Figure 2-15. A Proposed model for the evolution of novel TRIM5a variants. The
rhTRIM50 alleles and the rhTRIM5a"™ alleles share the ability to recognize lentiviral -
hairpins. The rhTRIM5a" " alleles evolved to recognize the conserved surface patch. We
believe this observation underscores an inherent uncoupling between capsid recognition
modules within the PRYSPRY domain. The g-hairpin is a conserved feature found in all
reported retroviral capsid structures, and therefore a convenient target for host proteins that
evolve to recognize a broad range of retroviruses. We believe g-hairpin targeting is a conserved
feature of TRIM5a proteins and allows for the evolution of specificity of capsid recognition. (A)
Evolution of conserved surface patch recognition. The rhTRIM50 allele is capable of strongly
recognizing the S-hairpin (dark red) and able to engage in a weaker contact (pink) with helix 6,
at one edge of the conserved surface patch. Recognition of these two features is conserved
between rhTRIM5a and rhTRIM5a™ " alleles and therefore unaffected by the Q/TFP
polymorphism. The region of the PRYSPRY that encodes for the intrinsic g-hairpin recognition
module is colored light blue and the module that can adapt to specific viruses is colored dark
blue. We propose that the polymorphic region of variable loop 1 (V1) is uncoupled from intrinsic
fS-hairpin recognition (by of another region within the PRYSPRY) allowing it to tolerate mutations

such as the 6 nucleotide insertion. In this model, the rhTRIM5a." "

allele engages in similar
contacts as the rhTRIM5a% allele, but has gained the ability to target the conserved surface
patch (dark red). (B) The ability to recognize a conserved retroviral element, even if it allows
very weak associations retroviral capsids, can allow for the selection of additional capsid binding
modules within the PRYSPRY domain allowing it to adapt to specific retroviral pressures.
Hypothetical adaptation to different retroviral targets are depicted as differently colored
PRYSPRY domains. Together this process could lead to the breadth and specificity observed
among TRIM5a orthologs. For simplicity this model is depicted with one PRYSPRY domain
recognizing one capsid monomer, although the stoichiometry or orientation of TRIM5a binding
is not know at this time.
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A Trim5a® -PRYSPRY Trim5a™P -PRYSPRY
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Retrovirus 1 Retrovirus 2 Retrovirus 3

Figure 2-15. A Proposed model for the evolution of novel TRIM5a variants. Continued.
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2. E. METHODS

Cell Lines

Crandell-Rees Feline Kidney (CRFK) cells and Human Embryonic Kidney 293T/17

(HEK293T/17) cells were obtained from American Type Culture Collection (Manassas, VA) and

grown in DMEM/10% FBS. CRFK cell lines stably expressing N-terminally HA-tagged TRIMS

orthologs were previously described [61]. Stable cell lines were maintained in DMEM/10% FBS

supplemented with 0.5 mg/ml G418. All cultured cells were maintained at 37°C with 5% CO..

Virus Production

All single-cycle viruses were produced in HEK293T/17 cells by cotransfection of the appropriate

viral plasmid and pVSV-G (Clontech Laboratories, Mountain View, CA), using the GenJet

transfection system (SignaGen; ljamsville, MD). Culture supernatants containing the single-

cycle, GFP/EGFP expressing, VSV-G-pseudotyped virions were titered on untransfected CRFK

cells; supernatant volumes resulting in approximately 25% GFP/ EGFP+ CRFK cells were used

for infectivity assays on the cell lines expressing the indicated TRIM5a. Information regarding

viral infectivity appears in Figure 2-5.
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The CFP expressing HIV-1 lentiviral vector was made from 293T transfection of a 3:2:1 plasmid
ratio of pNL-ECFP/CMV-WPREDU3 [229], pCD/NL-BH*DDD [393] and pVSV-G (Clontech
Laboratories, Mountain View, CA) (pNL-ECFP/CMV-WPREDU3 and pCD/NL-BH*DDD were

kindly provided by Dr. Jakob Reiser, Louisiana State University Health Sciences Center).

Infectivity Assays

Stably expressing TRIM5 CRFK cells were seeded at a concentration of 5x10* cells per well in
12-well-plates and infected with the appropriate amount of VSV-G pseudotyped, single-cycle,
GFP/EGFP expressing viruses. All infections were done in triplicate. After 2 days, expression of
GFP/EGFP was analyzed by fluorescence-activated cell sorting (FACS) performed on a
FACSCaliburTM flow cytometer (BD, Franklin Lakes, NJ), and data were analyzed using FlowJo
software (Tree Star, Inc., Ashland, OR). Viral titers were determined using the appropriate p24
(HIV-1) or p27 (SIVmac) antigen capture kit from Advanced Bioscience Labs (Rockville, MD).

Information regarding viral titers appears in Figure 2-5.

Protein Expression and Purification
A codon optimized N-terminal fragment of the SIVmac239 capsid corresponding to residues 1-

144 was synthesized with a C-terminal factor Xa cleavage site and 6x-His Tag by GENEART
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(Regensburg, Germany). Using engineered Xbal and Xhol sites the N-terminal fragment was

cloned into pET303 (Invitrogen) and expressed from BL21(DE3) E. coli cells. The SIVmac239

capsid was purified by Ni-NTA agarose (Qiagen) followed by gel filtration chromatography on a

Superdex 200 column (GE Healthcare). The C-terminal 6x-His tag was removed by treatment

with factor Xa (New England Biolabs), re-purified by orthogonal Ni-NTA agarose

chromatography and gel filtration chromatography.

Crystallization

Purified SIVmac239 capsid protein was crystallized by the hanging drop method over a

reservoir solution containing 10 %(w/v) PEG 2000 MME, 10 mM nickel chloride and 100 mM

Tris, pH 8.5 at 24°C. Crystals were harvested from 0.2ul drops and cryoprotected by addition of

10-15% PEG 400 or glycerol to the reservoir solution, then flash cooled in liquid nitrogen.

Protein concentration ranged from 10-15 mg/ml.

Structure Determination and Refinement

We recorded diffraction data at beamline 24-ID-E at the Advanced Photon Source. Data sets

from individual crystals were processed with HKL2000 [394]. Molecular replacement (MR) was

carried out with PHASER [395] using the HIV-2 capsid as an initial search model. One molecule
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of SIVmac239 completes the asymmetric unit. Refinement was carried out using PHENIX

[396,397] and all model modifications were done in COOT [398]. Initial rigid body refinement

followed by simulated annealing and positional refinement was done. The 4-5 loop (residues 83-

97) was initially removed from the model and rebuilt into modest density. There was no clear

density for residue proline 88 and it was omitted from the structure. The model was further

refined by additional cycles of positional and B-factor refinement, followed by TLS. The quality

of the data was assessed using MolProbity [399]. Data collection and refinement statistics can

be found in Table 2-2. Coordinates and diffraction data have been submitted to the PDB,

accession number: PDB:4HTW.

Sequence Analysis

TRIM5a. sequences were identified by BLAST search of the non-redundant nucleotide

database, aligned in Geneious Pro v.5.5.4 using the Translation Align option. The alignment

was adjusted manually, converted back to nucleotide and the best-fit tree identified with

MrBayes. dN/dS analysis was performed with CODEML in v4.4 of PAML [400].

Plasmids and Mutagenesis
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The SIVmac239-based retroviral vector pV1EGFP (gift from Hung Fan, University of California,

Irvine, CA) was previously modified to contain a functional gag-pol ORF [61]. The following

reagent was obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH:

pNL4-3-deltaE-EGFP (Cat# 11100) from Drs. Haili Zhang, Yan Zhou, and Robert Siliciano [401].

All single cycle chimeric viruses are in either the pV1EGFP-SIV or HIV-1nl4.3 pNL4-3-deltaE-

EGFP background as indicated. To facilitate the rapid production of chimeric viruses, a capsid

and gag shuttle vector system was engineered through DNA synthesis by GENEART

(Regensburg, Germany). Silent nucleotide changes within the capsid allowed for chimerization

between capsids from either virus (Figure 2-16). All chimeric capsids with the exception of

single amino acid point mutants were produced through gene synthesis by GENEART

(Regensburg, Germany) and were then cloned into the proper viruses using our shuttle vector

system. Single amino acid substitutions on the SIVmac239 surface were made using site

directed mutagenesis. The S100R mutant was described in a previous publication [61].

A CFP expressing HIV-1 derived lentiviral vector was created for abrogation assays. A CFP

gene was introduced into using Agel an Xhol sites into pNL-EGFP/CMV-WPREDU3 [229], a

vector based on pNL-EGFP/CMV (which features the WPRE element for increased mRNA

stability and a deleted U3 region for added safety).
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Figure 2-16. Schematic of synthesized genes and cloning strategy used to generate
chimeric viruses: All constructs were synthesized by GENEART (Regensburg, Germany).
Numbering corresponds to the standard HXB2 and SIVmac239 numbering, respectively. For
efficient exchange of capsids between viruses and chimerization within capsids silent nucleotide
changes were made in both viruses creating identical restriction sites. Naturally occurring
restriction sites at the ends of the shuttle vector are used for insertion into the proper parental
virus. Amino acid differences at the N-terminus of the CA protein did not allow us to use a single
common enzyme for this site. Instead SIVmac239 constructs use a BsrGl site while HIV-1nl4.3
constructs use an Mfel site. Two additional shuttle vectors were made to accommodate either
N-terminus in both SIVmac239 and HIV-1nl4.3 backbones.
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Figure 2-16. Schematic of synthesized genes and cloning strategy used to generate

chimeric viruses. Continued.
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Chapter 3
Evolution of Lentivirus-Specificity in Old World Monkey TRIM5a.s Establishes 11-16
Million Years of Continuity Between Ancient and Modern SIVs
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3. A. ABSTRACT

TRIM5a. is a host encoded protein that has evolved to block retroviral infection. TRIM5a. inhibits

replication at the reverse transcription step by directly binding to retroviral capsids and inducing

their premature uncoating. Retroviral recognition by TRIM5a is mediated by the C-terminal

PRYSPRY domain. Within this domain, a series of four variable loops are highly enriched for

positively selected sites and polymorphisms, including single nucleotide and length variations.

We observed a unique pattern of evolution in the first variable loop (V1) of Cercopithecinae

primate TRIM5as. At a specific position within V1, a single GIn has been maintained over 30+

million years of Old World primate evolution. In contrast, among the Cercopithecinae, this GIn

has been replaced by a substitution and modified by two independent insertions. Phylogenetic

analysis suggests modifications to the ancestral Gln began 11-16 million years ago in two

different Cercopithecinae lineages. These modifications were then followed by further bursts of

evolutionary refinement. To determine the selective forces that drove these adaptive changes

we reconstructed an ancestral Cercopithecinae TRIM5a as it may have existed prior to the

replacement of GIn. Into this Trim5a we introduced the acquired Cercopithecinae V1

modifications. We then screened this panel of ancient and modern day V1-matched

Cercopithecinae Trim5as against a diverse panel of extant retroviruses. Strikingly, the

evolutionarily acquired Cercopithecinae modifications specifically conferred the ability to restrict
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present day Cercopithecinae SIVs but did not affect the restriction of other retroviruses. Further

characterization of Cercopithecinae TRIM5as suggests that targeting a single site in capsid that

sits at the junction of four positively acting lentivirus-specific cellular cofactor binding sites was

twice acquired in two independent Cercopithecinae lineages. Taken together, our findings

suggest these evolutionary innovations reflect the emergence of SIVs among Cercopithecinae

primates 11-16 million years ago. For the first time our findings establish a connection between

ancient and modern SIVs among primates. The recurrent selection we observed suggests that

like modern SIVs, these ancient SIVs repeatedly crossed between species and caused disease.

Therefore, the events leading to HIV infection in humans are likely the continuation of an 11-16

million year old pattern of transmission within and between host lineages.
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3. B. INTRODUCTION

Within the past century, simian immunodeficiency virus (SIV) from chimpanzees have

been transmitted to humans on at least 3 occasions, one of which resulted in the global HIV-1

epidemic [26,28,29,43]. Multiple independent cross-species transmission events involving SIVs

from sooty mangabeys resulted in HIV-2 in humans and SIVmac in captive macaque colonies

[23-26,28]. These recent examples of cross-species transmission, adaptation and the

dissemination of a virus throughout a population are a continuation of an ancient pattern. Over

40 primate lentiviruses (HIVs and SIVs) have been identified, all from African primates [23-

25,27]. Like HIV and SIVmac, these viruses also share a history of cross-species transmissions,

evidenced by the fact that the primate lentivirus phylogeny is incongruent with that of their hosts

[23,26,27,29,38,56,57].

While the clinical outcome of primate lentivirus infection varies, there is a general trend

in which pathogenic infections are associated with a recent acquisition of a primate lentivirus.

For example, higher mortality rates are observed among humans infected with HIV-1 or HIV-2,

chimpanzees infected with SIVcpz, rhesus macaque species infected with SIVmac and pig-

tailed macaques infected with SIVagm [23-25,38,58,64,66]. In contrast, primates believed to be

long-standing hosts of a particular SIV typically do not present any overt clinical symptoms of

infection [24,25,27]. The evolutionary timescales for the process of coevolution between primate
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lentiviruses and hosts are largely unknown. While endogenous lentiviruses in rabbit, ferret and

lemur genomes establish that lentiviruses existed 5-12 million years ago, it is not clear when the

primate lentiviruses first appeared as a distinct lineage. The molucular dating of selective events

in antiretroviral genes may provide compelling, yet indirect evidence of the existence of ancient

lentiviruses [44].

TRIM5a. is a host restriction factor that can suppress the cross-species transmission of

primate lentiviruses [61,77]. It mediates a potent post-entry pre-integration block to retroviral

infection that is dependent upon recognition of the viral capsid [125]. TRIM proteins are named

for their shared tripartite domain structure composed of a RING, B-box and coiled-coil domains

[128,129]. The antiviral a isoform of TRIM5 encodes for a C-terminal PRYSPRY/B30.2 domain

that acts as a viral recognition domain [125,208]. Among primates, the TRIM5a PRYSPRY

domain has evolved under strong positive selection [243,251,380]. A majority of these positively

selected sites reside within the PRYSPRY’s four variable loops (V1 to V4) [211,243,380]. These

variable loops are thought to directly mediate contacts with retroviral capsids (CA).

The maijority of positively selected sites in Old World primate TRIM5as map to the first

variable loop (V1) [211,243,380]. While the sequence of V1 varies between Old World primates,

length variations are only found among Cercopithecinae primates [243,244,251]. Importantly,

insertions/deletions (indels) are excluded from standard measures of positive selection.
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However, the maintenance of inserted amino acids in multiple Cercopithecinae primate species

implies that they may have conferred selective advantages. Among Cercopithecinae primates,

two independent insertions (a 20 amino acid and a 2 amino acid insertion) have occurred at or

adjacent to TRIM5a position 339 in V1. Among all non-Cercopithecinae Old World primates, the

homologous position 339 invariably encodes a Q. We refer to this site and adjacent positions as

the V1-patch. Recently, we proposed that the 2 amino acid insertion as it is found in rhesus

macaque TRIMSa (which replaced Q with TFP at positions 339-341) evolved to target a highly

conserved cluster of amino acids in lentivirus capsids [380]. We therefore hypothesized that

variation at position 339 among Cercopithecinae primates may be the result of selective

pressure exerted by ancient primate lentiviruses. Establishing a correlation between selective

events in the evolution of V1 in Cercopithecinae TRIM5a and specificity for modern SIVs of

Cercopithecinae primates would provide evidence that a common ancestor of SIVs existed 11-

16 million years ago.

Using phylogenetic techniques we reconstructed the evolutionary history of the TRIM5a

V1 patch. We established that a Q (henceforth “V1-Q”) corresponding to position 339 in

Cercopithecinae TRIM5as represents the state that was present in the ancestor of all Old World

primates 30+ million years ago [34,35]. TRIM5a V1-Q has remained unmodified in all but one

African primate lineage, the Cercopithecinae, which includes: guenons, African green monkeys,
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baboons, mangabeys and macaques. While TRIM5q. alleles with V1-Q have been preserved

among Cercopithecinae primates, Q has also been replaced by a Q to G substitution (V1-G)

and overwritten by a two amino acid insertion (V1+2aa). Moreover, sometime subsequent to the

Q to G substitution, a 20 amino acid insertion occurred adjacent to the G (V1-G+20). We

determined that selection against V1-Q began 11 and 16 million years ago in two different

Cercopithecinae lineages [34,35]. Using a reconstructed ancestral TRIM5q., predicted to have

existed prior to the evolution of the V1-patch modifications, we demonstrate that these

modifications were sufficient to specifically impart the ability to restrict extant Cercopithecinae

SIVs. We interpret our findings to mean that ancient Cercopithecinae SIVs were present in

Cercopithecinae primates at least 11-16 million years ago. Importantly, this is the first report

linking ancient and modern SIV lineages. We observed recurrent selection in multiple

independent Cercopithecinae lineages. This implies that like modern primate lentiviruses, these

ancient Cercopithecinae SIVs were crossing between species and causing disease [34,35].

Furthermore, TRIM5as from two independent lineages of modern day Cercopithecinae primates

appear to have converged upon targeting a lentivirus specific site that sits at the junction of four

cellular cofactor binding sites [232,300,327,363,372]. Thus, it appears that Cercopithecinae

primate TRIM5as have independently evolved to recognize a highly conserved capsid interface

[363,380].

142



3. C. RESULTS

Dating selective events in the Cercopithecinae TRIM5a variable loop 1 patch

Among reported Old World primate TRIM5a. sequences, the length of variable loop 1

(V1) is constant in all but one primate lineage, the Cercopithecinae. Among some

Cercopithecinae primate TRIM5as at least two independent insertion events appear to have

occurred at or adjacent to TRIM5a position 339. Due to the length polymorphisms in this region

we will refer to this site, centered on Cercopithecinae TRIMSa postion 339, as the V1-patch

(Figure 3-1). To reconstruct the evolutionary events that have led to the diversification of the

Cercopithecinae V1-patch we generated a sequence alignment and a corresponding

phylogenetic tree of Old World primates for which TRIM5a. sequences have been reported

(Figure 3-1). To build a more robust phylogeny we additionally sequenced previously unreported

TRIM5as from individuals representing five additional Cercopithecinae species. These included

four guenon species, Cercopithecus wolfi (Wolf's Guenon n=3), Cercopithecus cephus

(mustached guenon n=1), Cercopithecus ascanius (Schmidt’'s guenon n=2), Cercopithecus

neglectus (De Brazza's monkey n=1), and a mangabey Cercocebus torquatus (Red-Capped

Mangabey n=1). The V1-patch features of 28 Old World primate species are indicated on the

phylogenetic tree in Figure 3-1.
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Figure 3-1. Phylogeny and TRIM5a V1 patch sequences of Old World primates. (A)

Sequence alignment of select OWM Trim5alpha variable loop 1 sequences. The rapidly

evolving V1 patch is indicated and novel sequences are bolded. (B) Phylogeny of select Old

World primates and key evolutionary events in Trim5a variable loop one are indicated on the

tree. Common species names are indicated at the branch tips. An

I3

indicates full length Trim5a

sequences reported in this manuscript. Relevant sequences in variable loop one are indicated.

The super families, families and tribes of these primate species are indicated.
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From the phylogeny and TRIM5a sequence information we were able to infer the series

of events that led to the present day V1 patch diversity. Examples of TRIM5as with a Q (V1-Q)

in the V1-patch corresponding position 339 in Cercopithecinae TRIM5ass are present in every

Old World primate lineage (Figure 3-1). Therefore, we infer that V1-Q is the ancestral residue at

this position, and reflects the sequence that was present in the last common ancestor of all Old

World primates. While V1-Q has been replaced in some Cercopithecinae TRIM5as, V1-Q is still

found in TRIM5as from multiple Cercopithicini and Papionini species. We conclude that V1-Q

represents the most likely ancestral state of TRIM5a position 339 in all extant Cercopithecinae

species. V1-Q, together with other V1-patch variants, has been preserved through long term

balancing selection within the Cercopithecinae. Thus, V1-Q has remained unmodified for over

30+ million years in every major Old World primate lineage except the Cercopithecinae, where it

co-exists with other variants such as V1-G, V1-G+20aa, and V1-Q+2aa [34,35].

In contrast to the highly conserved V1-Q found in all Old World primate lineages,

diversity found within the V1-patch is a unique feature of Cercopithecinae TRIM5as (Figure 3-1).

The Cercopithecinae include two tribes, the Cercopithicini and Papionini. Cercopithicini V1-

patch variants all share a common V1-Q to G substitution (V1-G), while Papionini V1-patch

variants all share a two amino acid insertion (V1-Q+2AA). No evidence of either feature exists

outside of the tribe in which it is found (Figure 3-1). We hypothesize that these present day

145



variants within the V1-patch are due to the continued selection upon two tribe specific V1

modifications.

Two major V1-G orthologs are present among Cercopithicini TRIM5as. The first is the

unmodified V1-G that is found in some guenon species. The second is a modified form of V1-G

that is found in African green monkeys and some Pata’s monkeys, in which there has been a

duplication of sequence resulting in the insertion of 20 additional amino acids (V1-G+20aa)

(Figure 3-1). Inter- and Intra- species differences in these 20 residues indicate that the inserted

sequences have continued to evolve after the duplication event. The presence of G at the

homologous position in the TRIM5a of guenons, African green monkeys and some Pata’s

monkeys allowed us to date both evolutionary events. We infer that V1-G was present between

8 and 16 million years ago, while the insertion event leading to G+20 likely occurred between 5

and 14 million years ago (Figure 3-1).

In the Papionini, there are examples of TRIM5a V-Q+2aa orthologs in every genus. This

indicates that the insertion was at least present in the last common ancestor of all extant

Papionini species 8-15 million years ago (Figure 3-1). Following the insertional event, this

modified patch continued to evolve, resulting in the V1-SFP/TFP/PFP/LFP/MFP derivatives

currently found in nature. Rapid selection has obscured the sequence of the initial insertion and

some of its potential evolutionary intermediates. One possible evolutionary pathway is illustrated
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in figure 3-2. In short, the insertion arose from a duplication of adjacent sequence resulting in

V1-QFQ, which became PFP followed by SFP. TRIM5a-V1-TFP could have arisen from either

PFP or SFP. Together, the V1-SFP in baboons and mangabeys and V1-TFP in numerous

macaque species are the only V1-2aa derivatives found in multiple species. Thus, V1-SFP and

V1-TFP are the most commonly found V1+2aa patch features found in nature (Figure 3-1).
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Figure 3-2. Proposed order of evolutionary steps for the evolution of the two amino acid
insertion. A Q at position 339 was overwritten by a two amino acid insertion in an ancestor
common to all extant Papionini species. (A) The sequences of rhesus Trim5a V1-Q (top) and
rhesus TRIM5a V1-TFP are provided for reference. (B) The sequence of the predicted ancestral
TRIM5a V1-Q. (C) We propose that the initial insertion event was due to the duplication of two
codons corresponding to TRIM5a positions 338 and 339 (FQ) (underlined in black). Residues
339-341 would then encode for QFQ (underlined in red). (D) Single nucleotide substitutions in
codons 339 and 341 alter the sequence of 339-341 to encode for QFP or PFQ. (E) A second
single amino acid substitution results in PFP. This variant has been found in baboon TRIM5a
sequences. (F) Single amino acid substitutions in codon 339 result in SFP, TFP, MFP, LFP. All
of these sequences are found among the Papionini primates. It is unclear whether TFP arose
from PFP or SFP. Black lettering corresponds to unmodified sequences that are present in
modern day Cercopithecinae primates. Red lettering indicates nucleotide substitutions that alter
the above sequence. Blue lettering indicates that the corresponding sequences are found in

nature. Green lettering indicates hypothetical intermediates.
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When TRIM5a. protein sequences are compared among Old World primates, diversity

within the V1 patch is unusual. However the timing and phylogenetic relationship between V1

patch modifications are quite remarkable. In contrast to V1-Q which has remained constant for

30+ million years, the V1 patch was twice modified in two independent Cercopithecinae

lineages in the space of 1.1-4 million years [34,35]. These V1 modifications then continued to

evolve. These evolutionary signatures may signify the emergence of a significant source of

selective pressure that was acting upon multiple independent primate lineages.

The Cercopithecinae variable loop 1 patch specifically affects the restriction of modern

day Cercopithecinae SIVs

We predict that the last common ancestor of all Cercopithecinae TRIM5as had a Q at

the position corresponding to 339. Using phylogenetic methods we reconstructed the sequence

of this ancestral TRIM5a.. A number of substitution models and methods for generating

phylogenetic trees were used. All predictions of the last common node to all Cercopithecinae

TRIM5as agreed on a single sequence within the PRYSPRY domain. In the rest of the protein,

only the residue at position 69 (in the linker between the ring and b-box domains) was

ambiguous. This position was predicted to be either an R or a Q; an R is found among the
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modern hominoidea, colobinae and the Cercopithecinae species Macaca sylvanus (Barbary
macaque), while all other Cercopithecinae encode for a Q at this position.
Next, we synthesized a cDNA encoding the predicted ancestral TRIM5a of

Cercopithecinae monkeys (ancTRIM5a"'%)

and tested its ability to restrict a diverse panel of
retroviruses (Figure 3-3). We also modified ancTRIM5a."'® to compare the impact of each
Cercopithecinae V1 modification on restriction in an isogenic context (i.e., in the absence of

other evolutionary modifications). Derivatives of ancTRIM5a"'®

included the Cercopithicini V1
modifications, V1-G and V1-G+20, which we refer to as ancTRIM5¢.%V'¢ and ancTRIM5a.2V'¢*2°,
The 20 inserted amino acids exactly recreate the original duplication (such that the duplicated
sequences are still identical) and do not include the additional diversification seen in modern
day TRIM5q orthologs. We also made ancTRIM50."'? derivatives with additional V1 patch
modifications seen/predicted to have been in Papionini species, including QFQ, PFP, SFP and
TFP (ancTRIM5a®'¥ 9, ancTRIM502Y"P"" ancTRIM502'S™" and ancTRIM5a®Y"™F). Al of
these HA-tagged TRIM5as were used to generate stably expressing CRFK cell lines.

Cell lines that stably express modern day HA-tagged Cercopithecinae TRIMS5as were
also generated. These included TRIM5as with the V1-G modification from Mustached guenons

(mus), De Brazza’s monkeys (deb) and two alleles from Schmidt’'s guenon (Sch1 and Sch2).

TRIM5a. V1-G+20s were cloned from vero (AgmV) and COS-1 cells (AgmC). TRIM5as with the
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V1-SFP modification came from sooty and red-capped mangabeys (ceat-1 and Rcm

respectively). Rhesus TRIM5a. (mamu1) was the modern day V1-TFP derivative.

Cercopithecinae TRIM5a orthologs with an unmodified V1-Q were included from rhesus

macaque (mamu5) and Wolf's guenon (wlif) TRIM5as. Human TRIM5a (V1-Q) was included as

a non-Cercopithecinae out-group.

A diverse panel of retroviruses was assembled to assay the restrictive properties of

these 19 TRIM5a proteins. The viruses tested included: the avian alpharetrovirus Rous sarcoma

virus (RSV); two murine gammaretroviruses, the N-tropic and B-tropic strains of murine

leukemia virus (MLV), the Cercopithecinae betaretrovirus Mason-Pfizer monkey virus (MPMV),

the non-primate lentiviruses feline immunodeficiency virus (FIV) and equine infectious anemia

virus (EIAV), and two human lentiviruses, human immunodeficiency virus -1, strain nl4.3 (HIV-

1nl4.3) and human immunodeficiency virus -2, strain Rod (HIV-2rod). Simian immunodeficiency

viruses (SIVs) isolated from Cercopithecinae primates were also included. Infectious SIVs were

produced from either authentic molecular clones or modified molecular clones engineered to

express the capsids of other Cercopithecinae SIVs. These included the Cercopithicini SIVs from

mustached guenons (SIVmus) and African green monkeys (SIVagmTan-1, SIVagmVer, and

SIVagmGrv) and Papionini SIVs included the macaque-passaged sooty mangabey SIV
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(SIVsmE543), the rhesus macaque SIV (SIVmac239), the stump tailed macaque SIV (SIVstm)
and an SIV from a red-capped mangabey (SIVrcm).

The 19 TRIM5a expressing cell lines were assayed for the ability to restrict each of the
above 16 viruses. All TRIMSas were functional, and each TRIM5a-expressing cell line was able
to restrict viruses from multiple retroviral genera (Figure 3-3). With the exception of RSV, every
virus was restricted by at least one of the TRIMSa proteins tested. Except for the SIVs, the
retroviruses were either almost always resistant to a majority of the 19 TRIM5as, or almost
always sensitive to a majority of the 19 TRIM5as (Figure 3-3). For example, N-MLV was
sensitive to all 19 TRIM5a proteins, while RSV was resistant to all 19. Including the
ancTRIM50."'® and its derivatives, the Cercopithecinae TRIM5as shared a capacity to restrict N-
MLV, FIV and EIAV. With the exception of waTRIMS(xQ, these TRIM5as also all restricted HIV-1
(Figure 3-3). Therefore, the capacity to restrict these viruses is an ancient and conserved
property of all Cercopithecinae TRIM5as. Importantly, these results demonstrate that restriction

of these retroviruses are independent of the sequences found in the V1 patch.
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Figure 3-3. Patterns of restriction by ancient and modern Trim5as. The restrictive potential
of ancestral, modified ancestral, and modern Trim5as was measured against a panel of non-
lentiviruses and lentiviruses. A Heat map showing the level of restriction of the indicated virus
with the corresponding Trim5a variant. Each data point is the average of at least three

independent experiments.
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The 8 Cercopithecinae SIVs were variably restricted by the 19 TRIM5as (Figure 3-3). In
contrast to the 8 non-SIV retroviruses tested, there was a strong correlation between the
restriction of Cercopithecinae SIVs and the sequence of the V1 patch. The sufficiency of the V1
patch to confer the ability to restrict SIVs was demonstrated by the gain of SIV restriction by the
modified ancestral TRIM5as (ancTRIM502Y'™ ancTRIM50%Y'® and ancTRIM5a%/"®*%) over
the non-restrictive, unmodified ancestral TRIM5a (ancTRIM50."'?). The patterns of resistant or
restricted viruses for the ancestral TRIM5as resembled those of the present day TRIM5as with
matched V1 patch sequences (Figure 3-3). For example, both ancient and modern
Cercopithecinae TRIM5as with either V1-Q or V1-SFP lacked the ability to restrict
Cercopithecinae SIVs. In contrast, both ancTRIM50%¥""" and rhTRIM5a."™" were broadly
restrictive against SIVs and had nearly identical patterns of restriction. Similarly, ancTRIM5¢.%"'®
gained the ability to restrict a subset of SIVs matching those of musTRIM50° and sch1TRIM5C.
Finally, ancTRIM502"'¢*? restricted a subset of SIVs that were also restricted by
agmCTRIM5a°"?° and agmVTRIM5a°?° (Figure 3-3). Specificity was further demonstrated by
three observations: first, ancestral TRIM5as never restricted viruses that their matched, modern
day TRIM5a was unable to restrict; second, not every V1 modification led to SIV restriction;

third, restriction was not observed when an SIV was tested on the TRIM5a from its natural host

(regardless of V1 modificaiton) (Figure 3-3).
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Convergent evolution in Papionini and Cercopithecini TRIM5as capsid recognition

A majority of the tested TRIM5as restricted HIV-1nl4.3 but not SIVmac239. We
previously generated a series of viruses with chimeric SIVmac239-HIV-1nl4.3 CAs to map the
CA encoded determinants of restriction by rhTRIM50 and rhTRIM5a""" [380]. We used this
pre-existing library of CA mutants to map the determinants of restriction for 12 representative
TRIM5as. These included 9 TRIM5as that restricted HIV-1nl4.3 but not SIVmac239
(ancTRIM5a"'?, ancTRIM5a %" ancTRIM5a®"™" ancTRIM50%Y'® smTRIM50.°™,
rhTRIM50%, rhTRIM50."", musTRIM50€ and sch1TRIM5a.%). We also tested ancTRIM5¢.4"'¢*%,
which restricted SIVmac239 5 fold, because it was the only TRIM5a. with the V1-G+20 feature
that did not restrict both viruses in excess of 100-fold. We also included wa'I'RIMSaQ, which did
not restrict either virus, as a control for non-specific restriction, and huTRIM50° as a
non-Cercopithecinae TRIM5a for comparisson.

We previously demonstrated that CA surface elements (f-hairpin, 4-5 loop, helix 6 and
6-7 loop) largely governed restriction, and that the resistant or restricted phenotype could be
transferred between viruses by the exchange of these features [380]. To determine whether
recognition of the CA surface was an ancient and conserved property of Cercopithecinae
TRIM5as, we assayed the 12 TRIM5as for their ability to restrict HIV-1nl4.3, SIVmac239,

SIVmac239 with the HIV-1nl4.3 CA surface (SIV-HIVgyrtace) and HIV-1nl4.3 with the SIVmac239
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CA surface (HIV-SIVgyracezs). For all TRIM5as, SIV-HIVgyace Was as sensitive to restriction as

HIV-1nl4.3. Conversely, HIV-SIVqrtace2s resisted restriction, similar to SIVmac239. These results

demonstrate that CA surface recognition is conserved between ancient and modern primate

TRIM5as (Figure 3-4).

156



1’?,‘00, Ancestor (Q) 1%;00, Human (Q) 1% Rhesus (Q)

1009 1004
104 10
1.L 1..:1_-_-_-. 1
BOO, Ancestor-TFP EOO, Rhesus (TFP)
1007 1007
109 104 [SIVmac239
B HIV-1n14.3
4 1 [l SIV-HIVsurface
1'3001 Ancestor-SFP 1%?)01 Sooty Mangabey-SFP W HIV-SIVsurface25
S
8 1004 1003
?
i
©
LL 4
H | J -
1000y Ancestor-G 1000y Mustached Guenon (G) 4400, Schmidt’s Guenon (G)
1004 1004 10
10 1
< 1
500’ Ancestor-20aa 1'600, Wolf's Guenon (G)
1004 1004
103 103
1-|:|—l—'—. L OO eEme

Figure 3-4. Capsid surface features are the major determinant of Old World monkey
TRIM5a restriction. A subset of Trim5as that differentially restrict HIV-1nl4.3 and SIVmac239
were identified. We tested these Trim5as with chimeric viruses to determine whether the major
determinant of this phenotype was the surface of the capsid protein. Human and Wolf's guenon
Trim5as which did not restrict either virus were also included. Cell lines were infected with wild
type SIVmac239, HIV-1nl4.3, SIV with the HIV-1 surface (SIV-HIVsurface), HIV with the SIV
surface (HIV-SIVsurface25), or with an interior chimera in which the internal alpha-helices of
SIVmac239 were replaced with those of HIV-1 (SIV- HIVinterior). These viruses were previously

described [380]. Fold restriction was graphed for each virus.
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There are 25 amino acid differences between HIV-1nl4.3 and HIV-SIVgyface25. TO map
the specific sites that modulate restriction we tested a series of 25 SIVmac239 variants in which
the amino acid at each of the 25 positions was substituted with the amino acid found at the
corresponding position in HIV-1nl4.3 (Table 3-1) [380]. Of these viruses, 23 were infectious and
were assayed for sensitivity to restriction by the 12 TRIM5as (Figure 3-5). Nine of the 12
TRIM5as tested restricted the two viruses with mutations in the p-hairpin (SIVmac239q3v and
SIVmac239ge.) greater than 5 fold (Figure 3-5). A 10", schTRIM5a® only restricted the
SIVmac239s6. mutant virus greater than 5 fold. Restriction of these viruses is unlikely to be
artifactual, as they were not restricted by wifTRIM5a.%. These results support our published
prediction that g-hairpin recognition is an ancient and conserved property of Old World primate
TRIM5as [380].

In contrast to the observations in Figures 3-3 and 3-4, we noticed that the ancestral
TRIM5as generally restricted fewer mutant viruses than the modern day TRIM5as with the
same V1 feature (Figure 3-5). This may reflect the stringency of assaying for the impact of a
single amino acid substitution in an otherwise resistant CA. It is possible that restriction of SIVs
or the surface swapped viruses is due to multiple determinants on the CA surface. Interestingly
a virus with a mutation in helix 6 SIVmac239y411., was variably restricted by the ancestral

TRIM5as. While ancTRIM502 and ancTRIM502"'® restricted this virus, ancestral TRIM5as with
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V1 loop length alterations (V1+2aa and V1 G+20) lost the ability to restrict this virus (Figure 3-

5). This may indicate that upon CA binding, V1 is positioned in the vicinity of helix-6.
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Figure 3-5. Capsid targeting of select Old World monkey TRIM5as. The Trim5as were
screened against a panel of SIVmac239 viruses with single amino acid substitutions on the
capsid surface (Table 3-1). These Trim5as are separated by tribe. Viruses restricted greater
than 5 fold by the indicated Trim5as are colored red. Gray squares indicate less than 5 fold
restriction. Trim5a-Ancestor-20aa restricts SIVmac239 approximately 5-7 fold, for this TRIM5a
only, red boxes correspond to modified viruses that were restricted greater than 18 fold and

gray squares indicate less than 18 fold restriction.
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Table 3-1. Relationship between mutant virus numbering SIVmac239 and HIV-1nl4.3. The
amino acid numbering of mutant viruses corresponds to the alignment in Figure 2-2A.
Numbering of mutated residues corresponding to the SIVmac239 capsid (Accession number
M33262) and HIV-1nl4.3 (Accession number M19921.2) are also provided.

Mutant SIVmac239 | HIV-1nl4.3
virus Residue Residue
V2I V2 12
Q3v Q3 3V
ISN 15 N5
Gé6L G6 L6
A7Q A Q7
N9Q N8 Q9
Y10M Y9 M10
QseVv Q85 V86
P87H P86 H87
A88A A A88
A89G A87 G89
A91] A 191
Q92A Q89 A92
Q93P Q90 P93
L96M L93 M96
S100R S97 R100
S110T S107 T110
V111L V108 L111
D112Q D109 Q112
Q116G Q113 Glle
Y119T Y116 T119
R120H R117 H120
R120N R117 H120
Q121A Q118 A
Q122N Q119 N121
N123P N120 P122
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The modern TRIM5as that restricted SIVmac239 point mutant viruses in addition to
SIVmac239q3y and SIVmac239g6. Were the same TRIMSas that restricted Cercopithecinae SIVs
(Figures 3-3 and 3-5). While each TRIM5a restricted a unique subset of SIVmac239 point
mutant viruses, it appears that Papionini (thTRIM5a'" ") and Cercopithecini TRIM5as
(musTRIM50° and sch2TRIM50.) have independently evolved to target similar or overlapping
CA features. All three restricted SIVmac239a7q, a virus with an insertion in the p-hairpin (Figure
3-5 and 3-6A). The three TRIM5as also shared the capacity to restrict SIVmac239ps74 and
SIVmac239p1120. In addition, rhTRIM5a™™ and sch2TRIM5a.° also restricted SIVmac239so0r, @

key site of escape mutations from rhTRIM5a." "

restriction in vivo [61]. Of note,
ancTRIM502V"¢"? also gained the ability to restrict SIVmac239,7q and SIVmac239, g6 (Figure 3-
5 and 3-6A).

Positionally the mutations in viruses SIVmac239ps74, SIVmMac239, gem, SIVMac239s1gor,
and SIVmac239p112 map to the periphery of a site that is highly conserved across primate
lentiviruses [380]. The conservation of this site may be related to its position at the junction
between two critical CA interfaces that mediate interactions with cellular cofactors that

specifically interact with lentiviruses. These cofactors facilitate efficient nuclear import and shield

the reverse transcription intermediates from innate sensors (Figure 3-6B) [231-
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233,300,323,327,363,372]. Taken together, the correlation between restriction of SIVs and the

spatial arrangement of sites that modulate restriction suggests that these TRIM5as have

evolved to target viruses similar to present day Cercopithecinae SIVs. Furthermore, it appears

that both Papionini and Cercopithecini TRIM5as have independently evolved to exploit the

same conserved site that is both structurally and functionally unique to lentiviral capsids.

163



Figure 3-6. Convergent evolution in capsid targeting among Old World monkey TRIM5as.
Both Cercopithecini and Papionini TRIM5as have independently gained the ability to restrict
viruses with mutations that sit at the junction of two sites that mediate interactions with cellular
cofactors. (A) Left a Venn diagram showing the overlap between mutations resulting in
restriction for the ancestral Trim5a-V1Q and Cercopithecini and Papionini Trim5as from figure
3-5. Mutations resulting in restriction by at least two groups of Trim5as are colored red. Right.
Amino acid substitutions colored red mapped to the SIVmac239 capsid N-terminal domain
structure (PDB: 4HTW). (B) Relationship between mutations modulating Trim5a sensitivity and
cellular cofactor binding sites mapped to the HIV-1 hexamer (3GV2 and 2X2D). Notably, the
ability to recognize mutations at SIVmac239 amino acid positions P86, L93, S97, D109 were all
independently gained in Cercopithecini and Papionini Trim5a evolution. These sites, in addition
to V111L, sit at the junction of the CPSF6/Nup-153 and Nup-358 CypA like domain/CypA
binding sites. Amino acids involved in these interactions are colored according to the key.

Structural Images created in PyMol.
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Figure 3-6. Convergent evolution in capsid targeting among Old World monkey TRIM5as.

Continued.
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3. D. DISCUSSION

The TRIMS gene of Old World primates has evolved under strong positive selection

[243]. Among Old World primates, V1 in the PRYSPRY is the most rapidly evolving feature

[243,380]. This loop not only contains a prominent cluster of positively selected sites, but

Cercopithecinae primates also harbor lineage specific length variations [243,244]. Analytically,

these variances in length are typically excluded from standard measures of positive selection.

However, the maintenance and the continued evolution of these length variants across multiple

Cercopithecinae linages argues that these modifications were strongly and repeatedly selected

for, by retroviruses.

We focused on a unique site of recurrent evolution among Cercopithecinae TRIM5as

that we refer to as the V1 patch. While this position was included in larger previously described

V1 patches, we specifically focused on modifications that altered the sequence of

Cercopithecinae TRIM5a position 339 or immediately adjacent residues [243,254,265]. Based

on our present understanding of primate phylogeny and TRIM5a sequence information, we

conservatively estimate that this patch began to diversify approximately 11-16 million years ago

[34,35]. The diversification of this site stands in stark contrast to the Hominoidea and Colobinae

TRIM5as which have remained invariant for 30+ million years [34,35]. In contrast, this patch

appears to have been twice modified in two independent Cercopithecinae lineages within a
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narrow 1.1-4 million year window. Both of these tribe specific modifications have continued to
evolve.

We tested the restrictive properties of a predicted ancestral TRIM5a that represents the
sequence of TRIM5aq. as it existed just prior to the diversification of the V1 patch. This TRIM5a,
which we called ancTRIMSaQ, was functional against a diverse panel of retroviruses, but lacked
the ability to restrict Cercopithecinae SIVs (SIVmac239, SIVsmmES43, SIVagmTan-1,
SIVagmGrv, SIVagmVer, SIVmus, SIVstm, SIVrcm). We introduced the Cercopithecinae V1
patch derivatives into this TRIM5a and observed a specific gain in the ability to restrict these
same Cercopithecinae viruses. Importantly, these gains matched those of present day TRIM5as
with the same V1 sequence (ex. ancTRIM50."" and rhTRIM5a.™" had very similar patterns of
restriction) (Figure 3-3). For both ancient and modern TRIM5ass there was no correlation
between the sequence of the V1 patch and the restriction of retroviruses other than the SIVs. In
contrast, V1 patch sequences were strongly correlated with the ability to restrict specific
Cercopithecinae SIVs. We did not observe a gain of restriction among an even more diverse
panel of 8 non-Cercopithecinae SIV retroviruses.

Among the 12 TRIM5as tested, almost all were capable of restricting two mutant
SIVmac239 viruses (Q3V and G6L) with substitutions in the p-hairpin (Figure 3-5 and 3-6A).

This supports our previously proposed model in which the p-hairpin, a highly conserved
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structure in retroviral capsids, is part of a retrovirus-specific pattern widely exploited by TRIM5a.

proteins [380]. With the exception of SIVmac239y441., SIVmac239 viruses with mutations

outside of the p-hairpin were only restricted by those TRIM5as that also restricted

Cercopithecinae SIVs (Figures 3-3 and 3-5). Our data using mutant viruses suggests that both

Papionini and Cercopithecini TRIM5as have independently evolved to target similar regions of

the primate lentivirus capsids (Figure 3-6A). When these positions are mapped to the structure

of the HIV-1 hexamer, they occupy a single face of the capsid protein (Figure 3-6B).

Substitutions affecting restriction are largely absent on the opposite CA face (Figure 3-6B). The

positioning of these sensitizing mutations in capsid is significant. Most of these sites are found

at the junction of two cofactor binding sites that are important for optimal lentivirus replication —

the binding sites for CypA/Nup358 CypA-like domain and CPSF6/Nup-153 [300,327,363,372].

The broader implication of these observations is that primate TRIM5as may have widely

evolved to specifically exploit a conserved site that governs lentivirus specific interactions with

cellular cofactors. These findings suggests that unlike at least one element of TRIM5a which

has evolved to generally recognize retroviruses through the p-hairpin, the V1 loop evolved to

make very specific viral interactions. Together, these observations support our previously

proposed model for the evolution of novel TRIMS5a variants among Old World primates [380].
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Our observations strongly suggest that the rapid evolution of the TRIM5a V1 patch was

driven by ancient retroviruses whose CAs share a common set of attributes with present day

Cercopithecinae SIVs, distinct from any of the other retroviruses tested. The most parsimonious

explanation for our observations is that these evolutionary innovations were selected for by

ancient Cercopithecinae SIVs. Thus, the earliest selective events may signify the emergence of

SIVs among the Cercopithecinae. This conclusion, for the first time, establishes continuity

between ancient and modern S|V infection among Cercopithecinae primates. Temporally, we

can date waves of selection in multiple independent Cercopithecinae lineages to similar periods

of time. From these observations it is easy to envision an evolutionary scenario where ancient

SIVs were dynamically transmitted between species resulting in pathogenic infections. This

would mean that the repeated patterns of cross-species transmission, viral adaptation, and viral

dissemination observed in nature today are the continuation of an ancient 11-16 million year old

pattern. Furthermore, it implies that the propensity to cross between species may be an inherent

property of primate lentiviruses.

The patterns of pathogenesis associated with Cercopithecinae SIVs support our

hypothesis that Cercopithecinae SIVs drove the evolution of the V1 patch. The only documented

pathogenic SIV infections have arisen from the successful cross-species transmission of

Cercopithecinae SIVs [24-29,58,59]. This includes the HIV-1/SIVcpz/SIVgor lineage which is a
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recombinant between two Cercopithecinae SIVs [29], and the SIVmac viruses which came from

sooty mangabeys. Thus it is conceivable that the cross-species transmission of ancient SIVs

carried the same pathogenic potential. In contrast, many modern Circopithecinae species that

are predicted to have harbored specific SIVs for a sufficient period of time to have coevolved to

a state of apparent apathogeneses (e.g. sooty mangabeys and African green monkeys) are also

found in the Cercopithecinae [24,25].

Currently, no direct evidence linking ancient SIVs to present day SIVs exists. However,

our predictions fit within the greater context of both known and predicted (pre)history of the

lentiviridae. Direct molecular evidence from three endogenized lentiviruses indicates that at

least three extant lentiviral lineages existed on multiple continents 5-15 million years ago [52-

55]. Distinct Cercopithecinae SIV lineages are believed to have existed prior to the isolation of

Bioko Island from the African continent 10,000 years ago [42]. Indirect evidence of ancient

lentiviral infection in Old World primates has largely come from the study of patterns of selection

in genes with known anti-lentiviral activity. While these studies have found compelling evidence

to support the existence of ancient lentiviruses, they cannot unambiguously determine if primate

lentiviruses were the selective force. Binding to Cyclophilin A is a ubiquitous property of lentiviral

capsids [291,324,402]. The pro-viral interaction between CA and Cyclophilins may have been

exploited by an ancient TRIMS5-CypA fusion protein dated to approximately 30 million years ago
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[45]. Similarly, studies of APOBEC3G have identified selective events dated to 5-12 million

years ago that disrupt the interaction with SIV Vifs [44]. However, as with cyclophilin A, other

lentiviruses encode Vif proteins that may exploit and therefore select upon a common or

overlapping interface. Importantly, restriction by TRIM5a is the result of a specific and

productive interaction between TRIM5a and CA. Our conclusions are based upon assaying for

this specific interaction, which was only observed with Cercopithecinae SIVs, giving us higher

confidence that these evolutionary derived changes were specifically selected for by ancestors

of these viruses.

Finally, we acknowledge that it has become very common in the field of indirect

paleoviriolgy to infer ancient molecular interactions based solely on modern data; the risk is that

alternative hypotheses including convergent or parallel evolution involving unidentified or extinct

viruses cannot be ruled out. However, in our study we consistently observed a strong correlation

between the independently derived V1 patch changes and the restriction of Cercopithecinae

SIVs, and at the same time, we observed a clear lack of correlation among a diverse panel of

other retroviruses, including other primate lentiviruses from apes. Our conclusions are also

based upon assaying for the outcome of a very specific interaction between CAs and TRIM5as.

Taken together our findings strongly support the conclusion that ancient Cercopithecinae SIVs

started driving the evolution of TRIM5a V1 approximately 11-16 million years ago, and that the

171



extant versions of V1 found in nature today are the direct result of continuous adaptive

refinement [34,35].

3. E. METHODS

Cell lines

TRIM5aq. variants were isolated from: African green monkey kidney cell lines COS-1 and Vero,

grown in DMEM/10% FBS.Skin fibroblast cell lines derived from primate species were obtained

through Coriell Cell Repositories (Camden, NJ) and cultured according to specification.

Cercocebus torquatus (Red-Capped Mangabey, PR00485), Cercopithecus cephus (mustached

guenon, PR00531), Cercopithecus ascanius (Black-cheeked white-nosed monkey PR00566

and PR00634), Cercopithecus neglectus (De Brazza's monkey, PR01144), Cercopithecus

wolfi (Wolf's guenon PR00486, PR00530 and PR01241). Crandell-Rees feline kidney (CRFK)

cells and human embryonic kidney 293T/17 (HEK293T/17) cells were obtained from American

Type Culture Collection (Manassas, VA) and grown in DMEM/10% FBS. CRFK cell lines stably

expressing N-terminally HA-tagged TRIMS orthologs were maintained in DMEM/10% FBS

supplemented with 5 uyg/ml Puromycin.

RNA Isolation
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RNA was extracted using Trizol regaent (Ambion/life technologies). cDNA was prepared using a

Transcriptor First Strand cDNA Synthesis Kit (Roche) using an anchored-oligo(dT)4g primer.

TRIM5a. cDNAs were amplified and N-terminally HA-tagged using TRIM5-F-

GCGGAATTCGCCACCATGTACCCATACGACGTCCCAGACTACGCTGGCGGCGCTTCTGGA

ATCCTGCTTAATGTAAAG AND TRIM5-R-

ACCATCGATGGCTCAAGAGCTTGGTGAGCACAGAGTC primers. PCR amplicons were

directly coloned into pLPXC (Clonetech) using EcoRI and Clal sites.

Plasmids

TRIM5as were cloned into pLPXC using EcoRI and Clal sites. Retroviral GFP reporter viruses

were produced from the following plasmids. HIV-1 was produced from the following reagent that

was obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: pNL4-3-

deltaE-EGFP (Cat# 11100) from Drs. Haili Zhang, Yan Zhou, and Robert Siliciano [401]. The

pV1EGFP derivatives encoding the 5’ region of SIVmac239, SIVsmE543, SIVstm/37.16 were

previously described [403].N-tropic or B-Tropic MLVs from either pCIGN or pCIG-B and pLXIN-

EGFP (gifts of Jonathan Stoye, Medical Research Council, London, U.K.). Rous sarcoma virus

(RSV) [404] (Addgene plasmid 13878, courtesy of Constance Cepko, Harvard Medical Schoal,

MA) Equine infectious anemia virus (EIAV) pEV53D and pEIAV-SIN6.1 CGFPW (Addgene

plasmids 44168 and 44171 courtesy of John Olsen, University of North Carolina) [405,406].
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Feline immunodeficiency virus (FIV) pFP93 and pGINSIN (gifts from Eric Poeschla, Mayo Clinic)
[407,408]. The first 205 amino acids of the pNL43DeltaE-GFP Capsid were replaced with the
following SIV capsids: SIVrcm (AF349680), SIVagmVerv (L40990), SIVagmGrv (M66437) and
SIVmus-1 (AY340700). These capsids were synthesized as Strings by GeneArt/Life
Technologies and cloned into pNL43DenvGFP using a previously described shuttle vector [380]
HIV-1nl4.3-SIVmac239 chimeric viruses were previously described [380].

Virus production

All single-cycle viruses were produced in HEK293T/17 cells by cotransfection of the appropriate
viral plasmid(s) and pVSV-G (Clontech Laboratories, Mountain View, CA), using GenJet
(SignaGen; ljamsville, MD). Viral supernatants were tittered on CRFK cells; supernatant
volumes resulting in approximately 25% GFP/EGFP+ CRFK cells were used for infectivity
assays on the cell lines expressing the indicated TRIM5a.

Infectivity assays

Stably expressing TRIM5 CRFK cells were seeded at a concentration of 5x10* cells per well in
24-well-plates and infected with the appropriate amount of VSV-G pseudotyped, single-cycle,
GFP/EGFP expressing viruses. After 2 days, expression of GFP/EGFP was analyzed by

fluorescence-activated cell sorting (FACS) performed on a FACSCaliburTM flow cytometer (BD,
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Franklin Lakes, NJ), and data were analyzed using FlowJo software (Tree Star, Inc., Ashland,

OR).

Phylogenetic Reconstruction

A comprehensive nucleotide alignment for 78 full-length Old World Primate TRIM5as was

generated. A maximum likelihood phylogenetic tree was generated using the HKY85 substation

model [409] and 1,000 bootstrap replications. This tree was used as the input for ancestral node

reconstruction via FASTML server (http://fastml.tau.ac.il/ ) [410-412]. The node corresponding to

the split between Papionini and the Cercopithecini TRIM5as was used as the ancestral

TRIM5a.. Node predictions were done in the absence of indel reconstruction. A predicted Q was

placed position 339.
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Chapter 4: General Discussion
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4. A. LENTIVIRUSES ARE ANCIENT

Evidence of ancient primate lentiviruses. In addition to primates, extant lentiviruses

exist in feline, equine, bovine, ovine and caprine species. Each of these groups harbor

phylogenetically distinct lentivirus lineages, with the exception of ovine and caprine lentiviruses

which form a single lentivirus lineage. Endogenous lentivirus sequences have been found in the

genomes of lagomorphs, mustelids and Malagasy lemurs [52-55]. These sequences indicate

that distinct lentivirus lineages have existed for at least 8-12 million years. Among all known

lentiviruses, both extant and endogenous, the endogenous lemur virus PSIV is most closely

related to modern primate lentiviruses [53,324]. Based on the lemur phylogeny and molecular

clock estimates, this virus is predicted to have colonized lemur genomes 5-8 million years ago.

It should be noted that this estimate is for the time of endogenization and does not date the

emergence or extinction of this viral lineage.

The isolation of Madagascar from Africa occurred approximately 130 million years ago,

while Prosimians likely colonized Madagascar approximately 70 million years ago [413]. Itis

unclear whether PSIV was present prior to the primate colonization of Madagascar, carried with

the first primates to Madagascar, or introduced to the Malagasy ecosystem at a more recent

date [53]. In the phylogeny of lentiviruses, PSIV is basal to extant primate lentiviruses. While the

genomes of theses proviruses are degraded, this virus appears to lack many of the
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characteristic accessory genes of present day primate lentiviruses. Structurally, the capsid N-

terminal domain is similar to other capsids from lentiviruses [324]. While in some respects it is

more similar to HIV-1 and HIV-2 than other lentivirus capsids, it also lacks some features

commonly found in present day primate lentiviruses such as an elongated 4-5 loop [324]. The

existence of PSIV in some lemur genomes establishes that viruses related to extant primate

lentiviruses existed 5-8 million years ago it is unclear whether PSIV represents their

predecessors or whether it represents a separate evolutionary branch.

A pattern of recurrent positive selection in the APOBEC3G gene of Cercopithecidae

primates (Old World monkeys but not apes) is consistent with the presence of an antagonizing

Vif protein [44]. These positively selected sites are found on a common Vif interaction face of

APOBEC3G [44,197,199,200,205,206]. Using the primate phylogeny some selective events

have been dated to 5-12 million years ago, which is consistent with the ages of known

endogenous lentiviruses [44,52-55]. While it is likely that a Vif protein selected for these

adaptations, it is unclear whether the Vif protein came from viruses related to modern day

primate lentiviruses. A Vif gene is present among all extant lentivirus lineages with the exception

of equine lentiviruses (EIAV) [1,2,18]. While divergent, these Vifs are thought to have shared a

common ancestor and therefore may exploit similar or overlapping interfaces on APOBEC3G.
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For example, selection by a Vif protein found in felines may alter the binding surface used by

primate lentivirus Vif proteins.

To date, no direct evidence exists linking ancient primate lentiviruses to the extant

primate lentiviruses found in Africa today. Our results reveal a strong correlation between

specific, evolutionarily derived changes in the TRIM5-V1 loop of Cercopithecinae monkeys that

occurred between 11-16 million years ago and the restriction of modern SIVs from

Cercopithecinae hosts. Importantly, these changes did not correlate with restriction of

retroviruses representing any other genus, or non-Cercopithecinae lentiviruses. Rather than

assaying for the failure of two proteins to interact (like Vif-APOBEC3) we observed specific

gains in ability to restrict a single group of viruses, the Cercopithecinae SIVs. The most

parsimonious explanation for these findings is that ancient Cercopithecinae SIVs were present

in Cercopithecinae primate species at least 11-16 million years ago. Therefore, primates and

primate lentiviruses may have been coevolving for at least this long. For selection to have

occurred, ancient SIV infection must have been pathogenic. Together with the observation that

selection occurred in two independent Cercopithecinae lineages, the Papionini and the

Cercopithecini, our findings imply that like modern day SIVs, these ancient SIVs spread through

cross-species transmission.

179



Implications of the ancient origin of primate lentiviruses. Our observations provide

evidence supporting the notion that SIVs have infected Cercopithecinae primates for the past

11-16 million years. However this is a single SIV lineage among a single group of primates. At

least three major primate lentivirus lineages exist: SIVs similar to SIVsm/SIVrcm, SIVs similar to

SIVgsn/SIVmus/SIVmon and SIVs similar to SIVscol/SIVwrc/SIVolc [27]. Numerous

recombinant lineages including that of SIVcpz/SIVgor/HIV-1 are also present [27,29]. It is

therefore very likely that the last common ancestor of all primate lentiviruses is older than the

single SIV lineage that we predict was present among Cercopithecinae SIVs 11-16 million years

ago.

We observed a pattern of strong and recurrent selection in a single gene, TRIM5aq, in

response to Cercopithecinae SIVs. If the relationship between primates and their SIVs is ancient

then it is likely that other genes have also evolved to antagonize primate lentivirus infection.

These genes may include other restriction factors, innate sensors or maybe even genes of the

adaptive immune system. Unique Old World primate gene variants that have arisen in the past

11-16 million years should be considered in the context of ancient primate lentivirus infection. It

is also accepted that primates which apathogenically harbor SIVs must have coevolved with a

particular primate lentivirus for “a long period of time” [23-27]. Our findings suggest that these
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timescales may span many millions of years. The genetic determinants of this apparent

commensal relationship are not understood, but are of great medical interest.

If primate lentiviruses are indeed at least 11-16 million years old, then the Lentivirus

genus of retroviruses must be far more ancient. At these time scales molecular clock estimates

break down and cannot provide accurate divergence dates [414]. Without evidence of

endogenous lentiviruses we can only speculate about the true age of the Lentiviruses. It

appears that lentiviruses are endogenized at lower frequencies than viruses from some other

retrovirus genera. Nonetheless, considering the genetic diversity both at the sequence level as

well as in the genome structure of known lentiviruses it is clear that this retroviral genus must be

significantly older than the Cercopithecinae SIVs.

4. B. AWORKING MODEL FOR TRIMS5a BINDING

TRIM5a recognizes the capsid surface. In Chapter 2 we proposed an evolutionary

model to describe how novel TRIM5q variants, like rhesus TRIM50.™"

, could have evolved
[380]. We believe that the breadth of TRIM5a. restriction may be related to detection of the f3-
hairpin. This structural feature is conserved across the capsids of the Orthoretrovirinae [328-

331,338,384]. We hypothesized that contacts with this conserved structural feature could allow

other regions within the PRYSPRY domain to evolve additional contacts with the capsid protein.
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These contacts could be specific for certain viruses or groups of viruses. Together, this modular

recognition could account for the observed breadth and specificity of TRIM5a. mediated

restriction. In Chapter 3 we tested this model by mapping the determinants of restriction for

other Old World monkey TRIM5as. These findings were consistent with our proposed

evolutionary model [380]. Evidence from a diverse panel of 11 Old World Primate TRIM5as,

suggests that the capsid surface is the major determinant of resistance or sensitivity. Of these

11 different TRIM5as, 9 restricted two SIVmac239 viruses with single amino acid substitutions

in the B-hairpin (Q3V and G6L), and a 10th restricted one of these viruses (G6L). Mutations

outside the B-hairpin that resulted in restriction encircle a highly conserved patch of amino acids

that sits at the junction of two cellular co-factor binding sites, CPSF6/Nup-153 and cyclophilin

A/Nup-358 cyclophilin A-like domain [300,327,363,372]. Targeting of this site independently

evolved in two primate lineages [47-51,61,257,385]. Importantly, both natural and synthetic

TRIM5-fusion proteins that exploit either cofactor binding site are broadly restrictive against

lentiviruses but not other retroviruses [47,48,50,51,61,257,327,370,372,385].

Natural exploitation of cofactor binding sites. Both the structural basis and

evolutionary forces that have selected for TRIM5Cyp proteins are clear. Structurally, the

cyclophilin A domain binds the proline-rich 4-5 loop of lentivirus capsids [232,300,333,334,363].

Evolutionarily, the interaction of lentiviruses and cyclophilin A is an ancient and conserved

182



property [260,291,324]. Two endogenous lentiviruses thought to have existed in an extant form

at least 5-12 million years ago also engage cyclophilin A and can be restricted by TRIM5Cyp

fusion proteins [52,53,324]. For modern lentiviruses the interaction with cyclophilin A in the

cytoplasm as well as the cyclophilin A-like domain of Nup-358 are required for optimal infectivity

and viral spread in tissue culture [232,233,323,327]. To date, no other Orthoretrovirinae capsid

outside of the Lentiviruses has been shown to efficiently interact with cyclophilin A. Thus, the

fusion of TRIM5 to a CypA domain leads to the generation of a broadly restrictive anti-lentivral

factor.

Intelligent design of synthetic TRIMS5s. Similarly, synthetic TRIM5a- fusions of

lentivirus specific capsid interacting proteins can also generate broadly restrictive anti-lentiviral

proteins. Like naturally occurring TRIM5Cyp proteins, these synthetic restriction factors owe

their pan-lentivirus breadth of recognition to the conservation of capsid co-factor binding sites.

Fusion of cellular cyclophilin A (PPIA) or the CypA-like domain of Nup-358 toTRIMS5 creates

artificial TRIM5CypA fusion proteins that bind to lentivirus capsids in a similar manner as

naturally occurring TRIM5Cyps [327,333,334,390,415,416]. The capsid binding domain of

CPSF6 has also been fused to the tripartite motif of TRIMS resulting in a broadly restrictive anti-

lentivirus factor [370]. Presumably, at least part of the interaction involves the binding of the

capsid binding peptide to a highly conserved pocket on the side of the capsid protein [363]. This
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pocket is an extension of the conserved surface patch we identified in Chapter 2. In a structure

of the capsid protein in complex with the CPSF6 capsid binding peptide, the peptide adopts a

conformation strikingly similar to a small molecule inhibitor, PF-3450074, that modulates capsid

stability and virion infectivity [363,417-419]. PF-3450074 was used as the final proof that the

FG-repeats of Nup-153 bind the same binding pocket. Fittingly, the fusion of the FG-repeats of

Nup-153 to the tripartite motif of TRIM5a also yielded a broadly restrictive anti-lentiviral factor

[372].

In regard to their interactions with lentivirus capsids, natural and synthetic TRIMS5 fusion

proteins share a number of commonalities. First, restriction, albeit broad, is limited to

lentiviruses. Second, they all exploit highly conserved features of the lentivirus capsid protein.

These sites are conserved because they mediate multiple interactions with cellular co-factors.

Furthermore, mutations in both the cyclophilin A binding loop as well as the CPSF6/Nup-153

capsid binding loop also impact virion assembly, nuclear import, and integration site biases

[327,364,371,372,378,379]. Third, these interactions are fairly well characterized because they

involve the interaction of a single capsid monomer and a single capsid interaction domain.

Fourth, single amino acid substitutions are largely sufficient to disrupt restriction, without entirely

ablating virus infectivity in tissue culture [49,327,363,367,372]. Similarly, SIVmac evolved

resistance to rhesus TRIM5Cyp through alterations in the 4-5 loop [61]. This virus has become
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cyclophilin A and Nup-358 independent while maintaining pathogenicity

[60,232,233,327,333,403].

A model for TRIM5a recognition. Aspects of the TRIM5a-capsid interaction are both

similar to and distinct from the above factors. For example, like the above TRIM5-fusion

proteins, the breadth of restriction by any TRIM5a ortholog is broad. However, unlike the above

factors, this breadth encompasses retroviruses from multiple retroviral genera. For both, breadth

of restriction is a product of a highly conserved target. While the TRIM5-fusion proteins bind a

single capsid monomer, it is hypothesized that the binding site of TRIM5a includes binding sites

on multiple capsid monomers in the context of the capsid lattice [208,210,213,420]. Our results

in Chapter 2 along with the observations of many other groups support the notion that TRIM5as

recognize multiple features of the capsid protein (reviewed above). This observation is mirrored

by the fact that single amino acid substitutions rarely render restricted capsids resistant to

TRIM5a mediated restriction. This is in contrast to the TRIM5-fusion proteins that recognize a

single target on capsid and whose recognition can be disrupted by singe amino acid

substitutions. Our observations together with a great body of work including how these factors

bind has led us to propose how TRIM5a. recognizes retroviral capsids.

We believe that the Old World monkey TRIM5a PRYSPRY domain makes at least one

contact with the p-hairpin. The p-hairpin is a conserved structural feature that is present in
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viruses from at least 5 Orthoretrovirinae genera [328-331,338,384]. Thus, recognition of the f3-
hairpin could account for the observed breadth of TRIM5a mediated-restriction that can span
multiple retroviral genera. In the structure between TRIM21 and the IgG-Fc, the variable loops
corresponding to TRIM5a. V2 and V3 do make contacts with -sheets and a small loop with
some B-sheet characteristics [248].

In the context of the hexamer the B-hairpins of the monomers form a ring around the 6-
fold axis of symmetry. Due to their proximity to one another we cannot distinguish whether
capsid recognition is dependent upon one or more p-hairpins in a single hexametric unit. The
distance between p-hairpins of two adjacent capsid hexamers is too great for a single
PRYSPRY domain to engage both simultaneously; the maximum length of the PRYSPRY
domain is approximately 45 A while the distance between p-hairpins in adjacent hexamers is
approximately 90 A. However, TRIM5a binds to capsids as a dimer and this could allow for the
PRYSPRY domain of each monomer to engage f-hairpins on adjacent hexamers [210,421].

This model is supported by two studies in which N-MLV evolved resistance to rhesus
and human TRIM5a. [239,240]. In general, it appears that less acquired mutations were required
to resist rhesus TRIM5a (which may have evolved to target primate lentiviruses) than human
TRIM5a.. However, in both experiments mutations in both the p-hairpin as well as the

corresponding regions of N tropic MLV to the conserved surface patch were selected for during
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the escape from human/rhesus TRIM5a. restriction [239,240]. Interestingly, while similar escape
mutations were selected for in the p-hairpin, escape mutations were varied in the homologus
structures to the lentivirus conserved surface patch. We interpret this overlap to mean that the
p-hairpin is indeed the source of the observed breadth of restriction. Furthermore, this model of
binding supports the notion that specific capsid-TRIM5a contacts can evolve in addition to the §-
hairpin.

While the B-hairpin accounts for the observed breadth of restriction, it cannot account for
the specificity of restriction. Specificity of the TRIM5a-capsid interaction is demonstrated in two
ways, both suggesting that TRIM5as target lineage specific capsid features. First, TRIMS5as
often fail to restrict closely related viruses such as N-tropic and B-tropic MLVs. Second, some
TRIM5as have the ability to broadly restrict a number of viruses within a single retroviral genus.

This is seen for rhesus TRIM5a,"°

, which in Chapters 2 and 3 restricted every primate lentivirus
except the macaque adapted SIVmac239. Our observations from Chapter 2 allowed us to
conclude that rhesus TRIM5a."™" evolved to target a patch of amino acids on the capsid surface
that are highly conserved in both composition and structure across primate lentiviruses. In

Chapter 3 we found that both Papionini and Cercopithecini TRIM5as have independently

evolved to target this exact site.
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Our results with Cercopithecinae TRIM5a proteins are consistent with the hypothesis

that the PRYSPRY domains of TRIM5a recognize the capsid surface. We propose that capsid

recognition involves both specific contacts with the capsid B-hairpin and with the conserved

surface patch that sits at the junction of two cofactor binding sites. When sites modulating

TRIM5a sensitivity are mapped onto an HIV 1 capsid hexamer they form a pinwheel pattern that

radiates from a central ring formed by the B-hairpins (Figure 4-1A). Cofactor binding sites

closely match this pattern (Figure 4-1A). Importantly, the pinwheel analogy is used to

emphasize that the arrangement of both sites modulating interactions with cellular cofactors and

those that modulate sensitivity to TRIM5a radiate from a central B-hairpin ring with the same

handedness. When this pattern is placed in the context of known structures (capsid lattice,

PRYSPRY domains, the B-box and coiled-coil) a potential model for TRIM5a becomes

apparent.

Structures of the TRIM5a B-box and coiled-coil form an antiparallel dimer [421,422]. This

observation is supported by electron microscopy studies [210,422]. When two rhesus TRIM5a

PRYSPRY domain structures are docked into the structure of the B-box and coiled-coil (through

a shared helix) the two PRYSPRY domains are found within close proximity [422], and the two

PRYSPRY domains are antiparallel relative to each other. In this model, the distance between

PRYSPRY domains is too small to bridge B-hairpins of adjacent hexamers. However, if the B-
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box + coiled-coil structure is placed across the 2-fold axis of symmetry of a single capsid

hexamer, the PRYSPRY domains overlap with the B-hairpins of adjacent capsid monomers

(Figure 4-1B). In this model, the antiparallel arrangement of the PRYSPRY domains matches

the handedness of the sites that modulate TRIM5a sensitivity (Figure 4-1B). Based on the

relative sizes of the primary components, a PRYSPRY domain can sit centered on the 3-hairpin

of one capsid monomer and the first variable loop (V1) can fill the volume of the gap between

that monomer an adjacent capsid monomer (Figure 4-1B). This arrangement places V1 near the

conserved surface patch that sits at the junction between the cellular cofactor binding sites of

the second capsid monomer. Due to the handedness of the mutations that modulate TRIM5a

sensitivity, the antiparallel arrangement of the PRYSPRY domains allows the second PRYSPRY

domain to make the same contacts on the opposite side of the capsid hexamer.
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Sites modulating:
B TRiIM5a  [] CypA&Nup-358  [IJ] CPSF6 & Nup-153

Figure 4-1. Model for TRIM5a Binding. A. A single capsid hexamer (gray)in the context of a
capsid lattice (pink and green). Top (left) and side (right) views are shown. In the side view two
capsid hexamers have been removed to view the gray hexamer. Sites that modulate
interactions with capsid binding proteins are colored according to the key below. B. A model
TRIM5a Binding based on structures of the B-Box and coiled-coil dimer (gold and orange) and
two PRYSPRY domains dark (dark purple and magenta). PDB 3GV2, 2X2D, 3J3Y, 4TN3,
2LLM3. Images generated in PyMOL.
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The conserved surface patch sits at the junction between the cyclophilin A/Nup358

cyclophilin A-like domain and the CPSF6/Nup-153 binding sites [300,327,333,334,363,372].

Selective pressure to preserve interactions with these cofactors likely explains the conservation

of this region. Considering that mutations outside of the cyclophilin A binding loop modulate

TRIM5a. sensitivity we do not believe that the PRYSPRY domain binds to capsid by directly

engaging the 4-5 loop in a manner reminiscent of cyclophilin A. However we have noted

similarities between the V1 loop of Cercopithecinae TRIM5as and factors that bind to the

CPSF6/Nup-153 binding site. Convergent structures among the interaction partners of this

binding pocket have been previously observed [363]. In complex with capsid, the capsid binding

peptide of CPSF6 adopts a conformation very similar that of the small molecule inhibitor PF-

3450074 [363,417]. A phenylalanine at position 321 in CPSF6 makes extensive contacts with

the hydrophobic interior of the CPSF6 binding pocket (Figure 4-2A). Similarly a phenyl group of

PF-3450074 occupies the same position when in bound to the HIV-1 capsid. In the capsid-

bound CPSF6 peptide the side chain for L315 makes very similar hydrophobic contacts within

HIV-1 a-helix 4 as a second phenyl group of PF-3450074. The acetyl group of PF-3450074

mimics the peptide oxygen of CPSF6-Q319. In both instances these oxygens form a hydrogen

bond with HIV-1 capsid residue K70.
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The V1 loop of rhesus macaque TRIM5aq. is predicted to be highly dynamic and the

reported structure was solved by NMR in the absence of capsid [211]. Even in the absence of

its capsid ligand this loop adopts a conformation similar to that of the CPSF6 capsid binding

peptide and PF-3450074 [211,363,417] (Figure 4-2A). The structures of all three capsid

interacting factors can be aligned (Figure 4-2B). In this proposed model of rhesus TRIM5a

binding F338 can be alighed to CPSF6 F321 and the phenyl group of PF-3450074. Notably, this

phenylalanine is absolutely conserved across Old World monkey TRIM5as. The R-groups of

rhesus TRIM5a L337 and the methyl group of A333 form a hydrophobic surface similar to that of

the 2-methyl-indol group of PF-3450074. The peptide oxygen of L337 is also positioned similarly

to the acetyl group of PF-3450074 and the peptide oxygen of CPSF6 Q319 (Figure 4-2B).

Among Old World monkey TRIMSas L337 is also highly conserved. Therefore, it is possible that

upon capsid binding V1 can adopt a conformation that can mimic these capsid binding factors.
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2-methyl-indol Acetyl

*

Phenyl
Phenyl

PF-3450074

C
* *%* *k*k*x*%
Human Nup-153 SSAFQFGSSTTNFNFTNN
Rhesus O GTL..-—-.L....YCTG
Ancestor Q GTL..---.L....YCTG
Guenon G GTL.G---.L....YCTG
Rhesus TFP GTL.T.-P.L....YCTG
Agm G+20 G.S.G=---.L....YCTG
Human Q GTRY.—---TFV...YCTG

Figure 4-2. Similarities between capsid interaction proteins and rhesus TRIM5a. (A)
Structural similarities between variable loop one (V1) of rhesus TRIM5a, the CPSF6 capsid
binding peptide and PF-3450074 (PDB: 2LM3, 4B4N, 2XDE). Key amino acids and functional
groups are labeled. An “*” denotes an oxygen that is predicted to make contacts with the HIV-1
capsid. (B) A pairwise structural alignment of the structures in A. Left. Rhesus TRIM5a V1 and
the CPSF6 capsid binding peptide. Middle. Rhesus TRIM5a V1 and PF-3450074. Right. The
CPSF6 capsid binding peptide and PF-3450074. (C) Sequence similarity between rhesus
TRIM5a V1 and residues 1423-1440 Nup-153. Multiple primate TRIM5a V1 sequences aligned

to Nup-153. Asterisks indicate sites of identity or similarity, “.” indicate identity and “-” denote

gaps. Structural Images created in PyMol.
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The FG-repeats of Nup-153 are also predicted to bind to this same site [372]. Its

interaction can be outcompeted by PF-3450074 in vitro. We have also noticed that the amino

acid sequence of rhesus TRIM5a V1 and other old world monkey TRIM5ass are similar to a

stretch of amino acids in Nup-153. Rhesus TRIM5a residues 335-351 can be aligned to Nup-

153 residues 1423-1440 (Figure 4-2C). These residues are found in the segment of Nup-153

that appears to mediate its interaction with HIV-1 [372]. Interestingly, the stretch of amino acids

in TRIM5a that resembles Nup-153 has been duplicated in the G+20 insertion found in African

green monkeys and Pata’s monkeys [243,244].

Our assignment of V1 to this cofactor binding site is highly speculative. However, the

commonalities between V1 and known interactors of this binding pocket are striking. These

observations fit with our mutagenic data from Chapters 2 and 3. From our observations, V1 is

clearly involved in making primate lentivirus specific capsid contacts. This proposed model of

binding matches observations from NMR titration experiments between the N-terminal domain

of the HIV-1 capsid and the rhesus PRYSPRY domain [211,212]. The addition of capsid causes

chemical perturbations in amino acids in V1 [211]. Conversely, the addition of the rhesus

PRYSPRY domain to HIV-1 capsid N-terminal domains causes chemical shifts on the capsid

surface around the conserved patch [212]. Perhaps a structure of V1 in complex with capsid will

one day support our speculations.
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4. C. OTHER CAPSID TARGETING RESTRICTION FACTORS

FV1 and MX2. The exact qualities of capsid that permitted the evolution of a factor such

as TRIM5a have also facilitated the evolution of other capsid targeting anti-retroviral factors.

Many of the evolutionary constraints acting upon primate lentiviruses are also likely present for

capsids of other members of the orthoretroviridae. Despite the absence of well characterized

capsid binding cellular cofactors, the dynamic exchange of inter- and intra- capsid interactions

during assembly surely imparts a number of constraints. The sum of these constraints has

resulted in a viral capsid protein that has been largely intolerant of mutation [273,376-379].

While the capsid sequences of members of each Orthoretrovirinae genus are divergent, their

capsids are structurally conserved [324,328-331,338]. This conservation extends to the

hexamers that make up all but 12 of the higher ordered building blocks of capsid [330,373,375].

A growing body of evidence, including the results presented here, supports the notion that the

pattern created by the higher ordered arrangement of the capsid lattice is a highly conserved

and uniquely retroviral pattern. The stability of this structure over deep evolutionary time has

been exploited by other anti-retroviral factors.

The cross-strain transmission of the gammaretroviruses (Friend murine leukemia virus)

between laboratory strains of mice identified a number of restriction factors, before the

discovery of the first primate lentivirus, HIV-1 [423-429]. One particular block, FV1 (named for
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its restriction of Friend murine leukemia virus) [428-431], acts in a way reminiscent of TRIM5a..

A more accurate statement is that TRIM5a acts in a manner reminiscent of FV1. It should be

noted that the FV1 block was identified and characterized before the presence of TRIM5a was

fully appreciated. The characterization of the FV block laid much of the conceptual framework

that would later be applied to define the LV1 block and identification of TRIM5a..

Through genetics it was determined that FV1 was a heritable, dominant acting, intrinsic

property of cells from resistant mice [428-431]. The block was shown to be saturable and

dependent on the sequence of the viral capsid [432-437]. Importantly, the block was dependent

upon the higher ordered arrangement of capsid in the context of the capsid core [438,439]. FV1

acts at a post-entry and pre-integration step that is distinct from that of TRIM5a [226,440-442].

The concept that different inbred mouse strains harbored distinct alleles with unique anti-

gammaretrovirus specificities preceded many of the properties later discovered for TRIM5

[428,429,443]. Interestingly, FV1 is not a TRIM protein but rather a coopted remnant of an

endogenous retrovirus gag gene [444].

Despite the fact that FV1 bears no genetic similarity to TRIM5, both appear to engage

capsids in a similar manner. Mutations in MLVs affecting both TRIM5 and FV1 sensitivity map to

the capsid surface, which is nicely illustrated by Ohkura and collogues in 2011 [239,240]. While

the dimensions are different from TRIM5a, FV1 forms a regular lattice on MLV capsid tubes
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[319,445]. Furthermore, both TRIM5a and FV1 form dimers that are largely alpha helical and

antiparallel [421,422]. While FV1 was once thought to only act on gammaretroviruses, it has

recently been demonstrated that some variants can restrict supmaretroviruses and lentiviruses

[446]. Thus, like TRIM5a, FV1 orthologs have the capacity to broadly restrict retroviruses.

In addition to FV1, the recently characterized anti-lentiviral protein MX2 is believed to

target lentiviral capsids [447-450]. Mutations throughout the capsid protein can modulate

sensitivity to MX2 [447-450]. Notably some mutations are in positions that may not be

accessible for a factor as large as MX2 to bind in the context of the fullerene cone of TRIM5a.

[320,449,451]. MX2 is also predicted to adopt a long alpha helical structure, perhaps similar to

FV1 and TRIM5a [421,422,448,451]. While immunoprecipitation experiments hint that

monomeric capsid protein can interact with exogenously expressed MX2 [448], it will be

interesting to see how MX2 mediated restriction compares to FV1 and TRIM5a..

Thus it appears that the evolutionary stability of the capsid structure has been widely

exploited by antiretroviral factors. As evidenced by the overwhelming number of endogenized

retroviruses in the genomes of eukaryotes and the number of characterized extant retroviruses,

it is clear that the Retroviridae has been a successful viral genus [452-454]. The evolutionary

history of the Retroviridae and eukaryotes may extend in excess of 400 million years [238].

197



Considering the evolutionary stability of orthoretrovirinae capsids, it would not be surprising to

this author if additional capsid dependent blocks to retrovirus infection are identified.

4.D. TRIM5a: THE BIG PICTURE

Integrated immunity. It is important to note that host restriction factors are not insular

acting proteins as they were discussed above. Rather, they contribute to a multilayered

organismal defense system. At least two restriction factors, TRIM5a and BST2, have the

capacity to signal through the same cascades as innate sensors [272,455,456]. This is likely

due to the specificity of the processes they target: retroviral capsids and viral budding. Signaling

through these pathways not only upregulates the expression of other restriction factors and

other antiviral factors in the infected cell but also in adjacent cells due to autocrine and

paracrine signaling of the interferon pathway.

TRIM5a and BST2 may also modulate the adaptive immune response. Aside from the

requirement of certain cytokines for the maturation of the immune response, these factors may

influence the T-cell and B-cell responses. BST2 entrapment of virions on the cell surface can

theoretically expose viral antigens to B-cells [122,123]. In macaques vaccinated with

SIVmac239ANef, which is unable to counteract rhesus BST2, there are higher titers of

antibodies that mediate antibody-dependent cell-mediated cytotoxicity [177]. The higher
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antibody-dependent cell-mediated cytotoxicity titers correlate with protection from SIV infection

in vivo. Similarly, modified HIV-1 viruses lacking the ability to antagonize BST2 have increased

levels of antibody-dependent cell-mediated cytotoxicity in vitro [178].

We and others have demonstrated that single amino acid substitutions in an otherwise

TRIM5aq. resistant capsid are sufficient to lead to viral restriction (reviewed above). Therefore, a

TRIM5a. that does not restrict a virus may still place a “cap” upon capsid diversity in vivo. In

instances where regions with the potential to be recognized by TRIM5a. overlap with cytolytic T

lymphocyte epitopes, escape mutations may be limited or come at the cost of sensitizing a

resistant capsid to TRIM5a mediated restriction. Known cytotoxic T lymphocyte epitopes

overlap the conserved capsid surface patch and p-hairpin in both humans and rhesus

macaques [457-467]. Indeed, some escape mutations in cytotoxic T lymphocyte epitopes lead

to increased human TRIM5a. sensitivity [468-470]. Natural killer cells can select for viral

peptides that bind to inhibitory KIRs when presented on MHC to prevent natural killer cell

mediated Killing. Specific KIRs in humans can select for changes in the g-hairpin [471].

Understanding the impact of a TRIM5a mediated “cap” on capsid diversity may be critical for the

development of vaccines against primate lentiviruses.

Human TRIM5a. At times it is tempting to place our observations in the context of

humans and human viruses, however homo sapiens are indeed primates whose evolutionary
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history is hardly unique among the other approximately 500 primate species [37]. At times

human TRIM5a is discussed as being inferior to some primate TRIM5as primarily because it

cannot restrict HIV-1 and a handful of common SIV molecular clones. Human TRIM5a has

clearly evolved with purpose [243]. Thus, while HIV-1 has evaded human TRIM5a mediated

restriction we will never know of the pandemics it has prevented. Human TRIM5a. is capable of

restricting isolates of HIV-2 [288,348,472-475]. Specific mutations in the HIV-2 capsid are

associated with lower viral loads in vivo [288]. These viruses are more sensitive to human

TRIM5a than capsids associated with high viral loads in vivo [288]. Furthermore, while human

TRIM5a. does not restrict most HIV-1 isolates, its presence likely places a “cap” on viral

diversity. While HIV-1 is usually weakly restricted by human TRIM5a. in overexpression

experiments our observations as well as others support the notion that very few amino acid

substitutions would be required for HIV-1 to become restricted. Thus, human TRIM5a may play

an important role in vivo.

Human TRIM5a, like that of non-Cercopithecinae TRIM5as, has V1-Q in the rapidly

evolving patch of amino acids (Chapter 3). However, in contrast to other TRIM5as with this

feature, human TRIM5a has the capacity to restrict Cercopithecinae SIVs. Human TRIM5a

restricted SIVs from both sooty and red-capped mangabeys. Thus, human TRIM5a is more

restrictive than TRIM5as from wolf's guenon, sooty mangabey, red-capped mangabey, rhesus
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TRIM50% (Chapter 3). Importantly, the activity of human TRIM5a cannot be discounted when
studying human retrovirus infection.

Heterozygous advantage. Along similar lines we cannot impose observations made
from studying a single primate species upon all primates. In contrast to many primate species
there appears to be less allelic diversity among human restriction factor genes. In contrast to
humans, during Cercopithecinae primate evolution multiple TRIM5a. variants were maintained
through long term balancing selection (Chapter 3 and [251]). Within a single species, rhesus
macaques, there are three TRIM5 allelic classes that differ in their capsid binding specificities
[46,47,51,61,251,257,380]. These allelic classes can be further subdivided into a number of
distinct alleles [251]. A moderate to high frequency of distinct TRIM5a. alleles are also found in
other macaque species, sooty mangabeys, and likely Schmidt’'s guenons (Chapter 3 and [46-
48,51,243,251,257,476-479])). It is important to note that large genotyping surveys for other
primate species have not been conducted. However, from these observations there appears to
be recurrent selection to maintain multiple TRIM5a alleles. Our findings in Chapters 2 and 3
indicate that rhesus macaque and Schmidt’'s guenon TRIM5as restrict different subsets of
viruses or mutants thereof. Similar findings have been observed for sooty mangabey TRIM5a

alleles [251].
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The high frequency of TRIM5a alleles in captive rhesus macaques influenced the
emergence of SIVmac [60,403]. This virus has clearly made multiple adaptations to evade at
least two rhesus TRIMS variants. This may have come at the expense of interacting with the
Nup-358 cyclophilin A-like domain [61,327]. TRIM5a. genotype influences viral loads of animals
inoculated with SIVsmm viruses [60,61,385]. Heterozygous advantage for TRIMS has been
demonstrated in vivo [61]. The strongest reduction of viral loads in SIVsmm infected rhesus
macaques is found in animals with two different restrictive alleles, rhTRIM5a™" an rhTRIM5<YPA
[60,61,385]. Furthermore, experimental infections recreating the initial SIVsmm-rhesus
macaque transmission that gave rise to SIVmac indicate that some animals with restrictive
alleles can suppress viral loads below the limit of detection [61,480]. These observations
together with the selection to maintain multiple TRIM5a alleles suggests allelism among
restriction factors may influence cross-species transmission events or the emergence of new
viruses in nature. Thus, as we embark upon conservation efforts for endangered primate

species, efforts to persevere allelic diversity of restriction factors should be considered.

202



REFERENCES

1. Coffin JM (1992) Genetic diversity and evolution of retroviruses. Curr Top Microbiol

Immunol 176: 143-164.

2. Goff SP (2006) Retroviridae: The Retroviruses and Their Replication. In: Knipe DM,

Howley PM, editors. Field's Virology. 5 ed. Philadelphia: Wolters Kluwer

Health/Lippincott Williams & Wilkins. pp. 1999-2070.

3. Dalgleish AG, Beverley PC, Clapham PR, Crawford DH, Greaves MF, et al. (1984) The CD4

(T4) antigen is an essential component of the receptor for the AIDS retrovirus.

Nature 312: 763-767.

4. Klatzmann D, Champagne E, Chamaret S, Gruest ], Guetard D, et al. (1984) T-lymphocyte

T4 molecule behaves as the receptor for human retrovirus LAV. Nature 312: 767-

768.

5. Alkhatib G, Combadiere C, Broder CC, Feng Y, Kennedy PE, et al. (1996) CC CKR5: a

RANTES, MIP-1alpha, MIP-1beta receptor as a fusion cofactor for macrophage-

tropic HIV-1. Science 272: 1955-1958.

203



6. Choe H, Farzan M, Sun Y, Sullivan N, Rollins B, et al. (1996) The beta-chemokine

receptors CCR3 and CCR5 facilitate infection by primary HIV-1 isolates. Cell 85:

1135-1148.

7.Deng H, Liu R, Ellmeier W, Choe S, Unutmaz D, et al. (1996) Identification of a major co-

receptor for primary isolates of HIV-1. Nature 381: 661-666.

8. Doranz B]J, Rucker ], Yi Y, Smyth R], Samson M, et al. (1996) A dual-tropic primary HIV-1

isolate that uses fusin and the beta-chemokine receptors CKR-5, CKR-3, and CKR-2b

as fusion cofactors. Cell 85: 1149-1158.

9. Dragic T, Litwin V, Allaway GP, Martin SR, Huang Y, et al. (1996) HIV-1 entry into CD4+

cells is mediated by the chemokine receptor CC-CKR-5. Nature 381: 667-673.

10. Chen Z, Zhou P, Ho DD, Landau NR, Marx PA (1997) Genetically divergent strains of

simian immunodeficiency virus use CCR5 as a coreceptor for entry. ] Virol 71: 2705-

2714.

11. Hulme AE, Perez O, Hope T] (2011) Complementary assays reveal a relationship

between HIV-1 uncoating and reverse transcription. Proc Natl Acad Sci U S A 108:

9975-9980.

12. Kutluay SB, Perez-Caballero D, Bieniasz PD (2013) Fates of retroviral core components

during unrestricted and TRIM5-restricted infection. PLoS Pathog 9: e1003214.

204



13. Hu WS, Hughes SH (2012) HIV-1 reverse transcription. Cold Spring Harb Perspect Med

14. Matreyek KA, Engelman A (2013) Viral and cellular requirements for the nuclear entry

of retroviral preintegration nucleoprotein complexes. Viruses 5: 2483-2511.

15. Yamashita M, Emerman M (2006) Retroviral infection of non-dividing cells: old and

new perspectives. Virology 344: 88-93.

16. Hatziioannou T, Goff SP (2001) Infection of nondividing cells by Rous sarcoma virus. ]

Virol 75: 9526-9531.

17. Konstantoulas CJ, Indik S (2014) Mouse mammary tumor virus-based vector transduces

non-dividing cells, enters the nucleus via a TNPO3-independent pathway and

integrates in a less biased fashion than other retroviruses. Retrovirology 11: 34.

18. Desrosiers RC (2006) Nonhuman Lentiviruses. In: Knipe DM, Howley PM, editors.

Field's Virology. 5 ed. Philadelphia: Wolters Kluwer Health/Lippincott Williams &

Wilkins. pp. 2215-2254.

19. Sundquist WI, Hill CP (2007) How to assemble a capsid. Cell 131: 17-19.

20. Ganser-Pornillos BK, Yeager M, Sundquist WI (2008) The structural biology of HIV

assembly. Curr Opin Struct Biol 18: 203-217.

205



21. Freed EO (1998) HIV-1 gag proteins: diverse functions in the virus life cycle. Virology
251:1-15.

22. Gottlinger HG (2001) The HIV-1 assembly machine. AIDS 15 Suppl 5: S13-20.

23. Apetrei C, Robertson DL, Marx PA (2004) The history of SIVS and AIDS: epidemiology,
phylogeny and biology of isolates from naturally SIV infected non-human primates
(NHP) in Africa. Front Biosci 9: 225-254.

24. Pandrea I, Sodora DL, Silvestri G, Apetrei C (2008) Into the wild: simian
immunodeficiency virus (SIV) infection in natural hosts. Trends Immunol 29: 419-
428.

25. Pandrea |, Silvestri G, Apetrei C (2009) AIDS in african nonhuman primate hosts of SIVs:
a new paradigm of SIV infection. Curr HIV Res 7: 57-72.

26. Hahn BH, Shaw GM, De Cock KM, Sharp PM (2000) AIDS as a zoonosis: scientific and
public health implications. Science 287: 607-614.

27.Peeters M C, V (2002) Overview of Primate Lentiviruses and Their Evolution in Non-
human Primates in Africa. In: Kuiken C FB, Freed E, Hahn B, Korber B, Marx PA,
McCutchan F, Mellors, JW, and Wolinsky S, editor. HIV Sequence Compendium. Los

Alamos, NM: Theoretical Biology and Biophysics Group.

206



28. Sharp PM, Hahn BH (2011) Origins of HIV and the AIDS pandemic. Cold Spring Harb

Perspect Med 1: a006841.

29. Bailes E, Gao F, Bibollet-Ruche F, Courgnaud V, Peeters M, et al. (2003) Hybrid origin of

SIV in chimpanzees. Science 300: 1713.

30. Desrosiers RC, Lifson ]D, Gibbs JS, Czajak SC, Howe AY, et al. (1998) Identification of

highly attenuated mutants of simian immunodeficiency virus. ] Virol 72: 1431-1437.

31.(1992) Seroconversion to simian immunodeficiency virus in two laboratory workers.

MMWR Morb Mortal Wkly Rep 41: 678-681.

32. Khabbaz RF, Rowe T, Murphey-Corb M, Heneine WM, Schable CA, et al. (1992) Simian

immunodeficiency virus needlestick accident in a laboratory worker. Lancet 340:

271-273.

33. Bibollet-Ruche F, Bailes E, Gao F, Pourrut X, Barlow KL, et al. (2004) New simian

immunodeficiency virus infecting De Brazza's monkeys (Cercopithecus neglectus):

evidence for a cercopithecus monkey virus clade. ] Virol 78: 7748-7762.

34. Bininda-Emonds OR, Cardillo M, Jones KE, MacPhee RD, Beck RM, et al. (2007) The

delayed rise of present-day mammals. Nature 446: 507-512.

35. Perelman P, Johnson WE, Roos C, Seuanez HN, Horvath JE, et al. (2011) A molecular

phylogeny of living primates. PLoS Genet 7: e1001342.

207



36. Pozzi L, Hodgson JA, Burrell AS, Sterner KN, Raaum RL, et al. (2014) Primate

phylogenetic relationships and divergence dates inferred from complete

mitochondrial genomes. Mol Phylogenet Evol 75: 165-183.

37. Wilson DE, Reeder DM (2005) Mammal species of the world : a taxonomic and

geographic reference. Baltimore: Johns Hopkins University Press.

38. Gao F, Bailes E, Robertson DL, Chen Y, Rodenburg CM, et al. (1999) Origin of HIV-1 in

the chimpanzee Pan troglodytes troglodytes. Nature 397: 436-441.

39.Zhu T, Korber BT, Nahmias AJ, Hooper E, Sharp PM, et al. (1998) An African HIV-1

sequence from 1959 and implications for the origin of the epidemic. Nature 391:

594-597.

40. Worobey M, Gemmel M, Teuwen DE, Haselkorn T, Kunstman K, et al. (2008) Direct

evidence of extensive diversity of HIV-1 in Kinshasa by 1960. Nature 455: 661-664.

41. Wertheim JO, Worobey M (2009) Dating the age of the SIV lineages that gave rise to

HIV-1 and HIV-2. PLoS Comput Biol 5: e1000377.

42. Worobey M, Telfer P, Souquiere S, Hunter M, Coleman CA, et al. (2010) Island

biogeography reveals the deep history of SIV. Science 329: 1487.

43. Sharp PM, Bailes E, Gao F, Beer BE, Hirsch VM, et al. (2000) Origins and evolution of

AIDS viruses: estimating the time-scale. Biochem Soc Trans 28: 275-282.

208



44. Compton AA, Emerman M (2013) Convergence and Divergence in the Evolution of the

APOBEC3G-Vif Interaction Reveal Ancient Origins of Simian Immunodeficiency

Viruses. PLoS Pathog 9: e1003135.

45. Malfavon-Borja R, Wu LI, Emerman M, Malik HS (2013) Birth, decay, and reconstruction

of an ancient TRIMCyp gene fusion in primate genomes. Proc Natl Acad Sci U S A.

46. Newman RM, Hall L, Kirmaier A, Pozzi LA, Pery E, et al. (2008) Evolution of a TRIM5-

CypA splice isoform in old world monkeys. PLoS Pathog 4: e1000003.

47.Virgen CA, Kratovac Z, Bieniasz PD, Hatziioannou T (2008) Independent genesis of

chimeric TRIM5-cyclophilin proteins in two primate species. Proc Natl Acad Sci U S

A 105:3563-3568.

48. Brennan G, Kozyrev Y, Hu SL (2008) TRIMCyp expression in Old World primates

Macaca nemestrina and Macaca fascicularis. Proc Natl Acad Sci U S A 105: 3569-

3574.

49. Sayah DM, Sokolskaja E, Berthoux L, Luban ] (2004) Cyclophilin A retrotransposition

into TRIM5 explains owl monkey resistance to HIV-1. Nature 430: 569-573.

50. Liao CH, Kuang YQ, Liu HL, Zheng YT, Su B (2007) A novel fusion gene, TRIM5-

Cyclophilin A in the pig-tailed macaque determines its susceptibility to HIV-1

infection. AIDS 21 Suppl 8: S19-26.

209



51. Wilson SJ, Webb BL, Ylinen LM, Verschoor E, Heeney JL, et al. (2008) Independent

evolution of an antiviral TRIMCyp in rhesus macaques. Proc Natl Acad Sci U S A 105:

3557-3562.

52. Keckesova Z, Ylinen LM, Towers GJ, Gifford R], Katzourakis A (2009) Identification of a

RELIK orthologue in the European hare (Lepus europaeus) reveals a minimum age

of 12 million years for the lagomorph lentiviruses. Virology 384: 7-11.

53. Gifford R]J, Katzourakis A, Tristem M, Pybus OG, Winters M, et al. (2008) A transitional

endogenous lentivirus from the genome of a basal primate and implications for

lentivirus evolution. Proc Natl Acad Sci U S A 105: 20362-20367.

54. Han GZ, Worobey M (2012) Endogenous lentiviral elements in the weasel family

(mustelidae). Mol Biol Evol 29: 2905-2908.

55. Cui ], Holmes EC (2012) Endogenous lentiviruses in the ferret genome. ] Virol 86: 3383-

3385.

56. Apetrei C, Kaur A, Lerche NW, Metzger M, Pandrea I, et al. (2005) Molecular

epidemiology of simian immunodeficiency virus SIVsm in U.S. primate centers

unravels the origin of SIVmac and SIVstm. ] Virol 79: 8991-9005.

57. Apetrei C, Lerche NW, Pandrea I, Gormus B, Silvestri G, et al. (2006) Kuru experiments

triggered the emergence of pathogenic SIVmac. AIDS 20: 317-321.

210



58. Daniel MD, Letvin NL, King NW, Kannagi M, Sehgal PK, et al. (1985) Isolation of T-cell

tropic HTLV-III-like retrovirus from macaques. Science 228: 1201-1204.

59. Hirsch VM, Dapolito G, Johnson PR, Elkins WR, London WT, et al. (1995) Induction of

AIDS by simian immunodeficiency virus from an African green monkey: species-

specific variation in pathogenicity correlates with the extent of in vivo replication. ]

Virol 69: 955-967.

60. Wu F, Kirmaier A, Goeken R, Ourmanov [, Hall L, et al. (2013) TRIMS5 alpha drives

SIVsmm evolution in rhesus macaques. PLoS Pathog 9: e1003577.

61. Kirmaier A, Wu F, Newman RM, Hall LR, Morgan JS, et al. (2010) TRIM5 suppresses

cross-species transmission of a primate immunodeficiency virus and selects for

emergence of resistant variants in the new species. PLoS Biol 8.

62. Kaur A, Grant RM, Means RE, McClure H, Feinberg M, et al. (1998) Diverse host

responses and outcomes following simian immunodeficiency virus SIVmac239

infection in sooty mangabeys and rhesus macaques. ] Virol 72: 9597-9611.

63. Pandrea I, Gaufin T, Gautam R, Kristoff ], Mandell D, et al. (2011) Functional cure of

SIVagm infection in rhesus macaques results in complete recovery of CD4+ T cells

and is reverted by CD8+ cell depletion. PLoS Pathog 7: e1002170.

211



64. Mandell DT, Kristoff ], Gaufin T, Gautam R, Ma D, et al. (2014) Pathogenic Features

Associated with Increased Virulence upon Simian Immunodeficiency Virus Cross-

Species Transmission from Natural Hosts. ] Virol.

65. Keele BF, Jones JH, Terio KA, Estes JD, Rudicell RS, et al. (2009) Increased mortality and

AIDS-like immunopathology in wild chimpanzees infected with SIVcpz. Nature 460:

515-519.

66. Rudicell RS, Holland Jones J, Wroblewski EE, Learn GH, Li Y, et al. (2010) Impact of

simian immunodeficiency virus infection on chimpanzee population dynamics. PLoS

Pathog 6: e1001116.

67. Gao F, Trask SA, Hui H, Mamaeva O, Chen Y, et al. (2001) Molecular characterization of a

highly divergent HIV type 1 isolate obtained early in the AIDS epidemic from the

Democratic Republic of Congo. AIDS Res Hum Retroviruses 17: 1217-1222.

68. Letvin NL, Daniel MD, Sehgal PK, Desrosiers RC, Hunt RD, et al. (1985) Induction of

AIDS-like disease in macaque monkeys with T-cell tropic retrovirus STLV-III.

Science 230: 71-73.

69. Hughes AL, Nei M (1988) Pattern of nucleotide substitution at major histocompatibility

complex class I loci reveals overdominant selection. Nature 335: 167-170.

212



70.

71.

72.

73.

74.

75.

76.

77.

78.

Takahata N, Nei M (1990) Allelic genealogy under overdominant and frequency-

dependent selection and polymorphism of major histocompatibility complex loci.

Genetics 124: 967-978.

Clark AG (1997) Neutral behavior of shared polymorphism. Proc Natl Acad Sci U S A 94:

7730-7734.

Richman A (2000) Evolution of balanced genetic polymorphism. Mol Ecol 9: 1953-1963.

May G, Shaw F, Badrane H, Vekemans X (1999) The signature of balancing selection:

fungal mating compatibility gene evolution. Proc Natl Acad Sci US A 96: 9172-9177.

Hughes AL, Yeager M (1998) Natural selection at major histocompatibility complex loci

of vertebrates. Annu Rev Genet 32: 415-435.

Richman AD, Kohn ]JR (1996) Learning from rejection: the evolutionary biology of

single-locus incompatibility. Trends Ecol Evol 11: 497-502.

Hatziioannou T, Ambrose Z, Chung NP, Piatak M, Jr., Yuan F, et al. (2009) A macaque

model of HIV-1 infection. Proc Natl Acad Sci U S A 106: 4425-4429.

Hatziioannou T, Del Prete GQ, Keele BF, Estes JD, McNatt MW, et al. (2014) HIV-1-

induced AIDS in monkeys. Science 344: 1401-1405.

Nathanson N, Hirsch VM, Mathieson B] (1999) The role of nonhuman primates in the

development of an AIDS vaccine. AIDS 13 Suppl A: S113-120.

213



79. Hirsch VM, Lifson JD (2000) Simian immunodeficiency virus infection of monkeys as a

model system for the study of AIDS pathogenesis, treatment, and prevention. Adv

Pharmacol 49: 437-477.

80. LiJT, Halloran M, Lord CI, Watson A, Ranchalis ], et al. (1995) Persistent infection of

macaques with simian-human immunodeficiency viruses. ] Virol 69: 7061-7067.

81. Kuwata T, Igarashi T, Ido E, Jin M, Mizuno A, et al. (1995) Construction of human

immunodeficiency virus 1/simian immunodeficiency virus strain mac chimeric

viruses having vpr and/or nef of different parental origins and their in vitro and in

vivo replication. ] Gen Virol 76 ( Pt 9): 2181-2191.

82.Joag SV, Li Z, Foresman L, Stephens EB, Zhao L], et al. (1996) Chimeric simian/human

immunodeficiency virus that causes progressive loss of CD4+ T cells and AIDS in

pig-tailed macaques. ] Virol 70: 3189-3197.

83. Reimann KA, Li JT, Veazey R, Halloran M, Park IW, et al. (1996) A chimeric

simian/human immunodeficiency virus expressing a primary patient human

immunodeficiency virus type 1 isolate env causes an AIDS-like disease after in vivo

passage in rhesus monkeys. | Virol 70: 6922-6928.

214



84. Raaum RL, Sterner KN, Noviello CM, Stewart CB, Disotell TR (2005) Catarrhine primate

divergence dates estimated from complete mitochondrial genomes: concordance

with fossil and nuclear DNA evidence. ] Hum Evol 48: 237-257.

85. Li ], Han K, Xing ], Kim HS, Rogers ], et al. (2009) Phylogeny of the macaques

(Cercopithecidae: Macaca) based on Alu elements. Gene 448: 242-249.

86. Reimann KA, Parker RA, Seaman MS, Beaudry K, Beddall M, et al. (2005) Pathogenicity

of simian-human immunodeficiency virus SHIV-89.6P and SIVmac is attenuated in

cynomolgus macaques and associated with early T-lymphocyte responses. ] Virol

79: 8878-8885.

87.0'Connor SL, Lhost ]], Becker EA, Detmer AM, Johnson RC, et al. (2010) MHC

heterozygote advantage in simian immunodeficiency virus-infected Mauritian

cynomolgus macaques. Sci Transl Med 2: 22ral8.

88. Wiseman RW, Wojcechowskyj JA, Greene JM, Blasky A], Gopon T, et al. (2007) Simian

immunodeficiency virus SIVmac239 infection of major histocompatibility complex-

identical cynomolgus macaques from Mauritius. ] Virol 81: 349-361.

89. Goulder PJ], Watkins DI (2008) Impact of MHC class I diversity on immune control of

immunodeficiency virus replication. Nat Rev Immunol 8: 619-630.

215



90. Baker BM, Block BL, Rothchild AC, Walker BD (2009) Elite control of HIV infection:

implications for vaccine design. Expert Opin Biol Ther 9: 55-69.

91. Carrington M, Nelson GW, Martin MP, Kissner T, Vlahov D, et al. (1999) HLA and HIV-1:

heterozygote advantage and B*35-Cw*04 disadvantage. Science 283: 1748-1752.

92. Chakrabarti L, Guyader M, Alizon M, Daniel MD, Desrosiers RC, et al. (1987) Sequence of

simian immunodeficiency virus from macaque and its relationship to other human

and simian retroviruses. Nature 328: 543-547.

93. Meyerson NR, Rowley PA, Swan CH, Le DT, Wilkerson GK, et al. (2014) Positive

selection of primate genes that promote HIV-1 replication. Virology 454-455: 291-

298.

94. Zhang ZD, Weinstock G, Gerstein M (2008) Rapid evolution by positive Darwinian

selection in T-cell antigen CD4 in primates. ] Mol Evol 66: 446-456.

95. Kwong PD, Wyatt R, Robinson ], Sweet RW, Sodroski ], et al. (1998) Structure of an HIV

gp120 envelope glycoprotein in complex with the CD4 receptor and a neutralizing

human antibody. Nature 393: 648-659.

96. Humes D, Emery S, Laws E, Overbaugh ] (2012) A species-specific amino acid difference

in the macaque CD4 receptor restricts replication by global circulating HIV-1

variants representing viruses from recent infection. ] Virol 86: 12472-12483.

216



97.Wilen CB, Tilton JC, Doms RW (2012) HIV: cell binding and entry. Cold Spring Harb

Perspect Med 2.

98. Elliott ST, Riddick NE, Francella N, Paiardini M, Vanderford TH, et al. (2012) Cloning

and analysis of sooty mangabey alternative coreceptors that support simian

immunodeficiency virus SIVsmm entry independently of CCR5. ] Virol 86: 898-908.

99. Chen Z, Kwon D, Jin Z, Monard S, Telfer P, et al. (1998) Natural infection of a

homozygous delta24 CCR5 red-capped mangabey with an R2b-tropic simian

immunodeficiency virus. ] Exp Med 188: 2057-2065.

100. Palacios E, Digilio L, McClure HM, Chen Z, Marx PA, et al. (1998) Parallel evolution of

CCR5-null phenotypes in humans and in a natural host of simian immunodeficiency

virus. Curr Biol 8: 943-946.

101. Riddick NE, Hermann EA, Loftin LM, Elliott ST, Wey WC, et al. (2010) A novel CCR5

mutation common in sooty mangabeys reveals SIVsmm infection of CCR5-null

natural hosts and efficient alternative coreceptor use in vivo. PLoS Pathog 6:

€1001064.

102. Liu R, Paxton WA, Choe S, Ceradini D, Martin SR, et al. (1996) Homozygous defect in

HIV-1 coreceptor accounts for resistance of some multiply-exposed individuals to

HIV-1 infection. Cell 86: 367-377.

217



103. Samson M, Libert F, Doranz BJ, Rucker ], Liesnard C, et al. (1996) Resistance to HIV-1

infection in caucasian individuals bearing mutant alleles of the CCR-5 chemokine

receptor gene. Nature 382: 722-725.

104. Galvani AP, Slatkin M (2003) Evaluating plague and smallpox as historical selective

pressures for the CCR5-Delta 32 HIV-resistance allele. Proc Natl Acad Sci U S A 100:

15276-15279.

105. Faure E, Royer-Carenzi M (2008) Is the European spatial distribution of the HIV-1-

resistant CCR5-Delta32 allele formed by a breakdown of the pathocenosis due to the

historical Roman expansion? Infect Genet Evol 8: 864-874.

106. Hutter G, Nowak D, Mossner M, Ganepola S, Mussig A, et al. (2009) Long-term control

of HIV by CCR5 Delta32/Delta32 stem-cell transplantation. N Engl ] Med 360: 692-

698.

107. Dean M, Carrington M, Winkler C, Huttley GA, Smith MW, et al. (1996) Genetic

restriction of HIV-1 infection and progression to AIDS by a deletion allele of the

CKRS5 structural gene. Hemophilia Growth and Development Study, Multicenter

AIDS Cohort Study, Multicenter Hemophilia Cohort Study, San Francisco City Cohort,

ALIVE Study. Science 273: 1856-1862.

218



108. Huang Y, Paxton WA, Wolinsky SM, Neumann AU, Zhang L, et al. (1996) The role of a

mutant CCR5 allele in HIV-1 transmission and disease progression. Nat Med 2:

1240-1243.

109. Feng Y, Broder CC, Kennedy PE, Berger EA (1996) HIV-1 entry cofactor: functional

cDNA cloning of a seven-transmembrane, G protein-coupled receptor. Science 272:

872-877.

110. Koot M, Keet IP, Vos AH, de Goede RE, Roos MT, et al. (1993) Prognostic value of HIV-1

syncytium-inducing phenotype for rate of CD4+ cell depletion and progression to

AIDS. Ann Intern Med 118: 681-688.

111. Scarlatti G, Tresoldi E, Bjorndal A, Fredriksson R, Colognesi C, et al. (1997) In vivo

evolution of HIV-1 co-receptor usage and sensitivity to chemokine-mediated

suppression. Nat Med 3: 1259-1265.

112. Blaak H, van't Wout AB, Brouwer M, Hooibrink B, Hovenkamp E, et al. (2000) In vivo

HIV-1 infection of CD45RA(+)CD4(+) T cells is established primarily by syncytium-

inducing variants and correlates with the rate of CD4(+) T cell decline. Proc Natl

Acad SciUS A97:1269-1274.

219



113. van Rij RP, Blaak H, Visser JA, Brouwer M, Rientsma R, et al. (2000) Differential

coreceptor expression allows for independent evolution of non-syncytium-inducing

and syncytium-inducing HIV-1. ] Clin Invest 106: 1569.

114. Marrack P, Endres R, Shimonkevitz R, Zlotnik A, Dialynas D, et al. (1983) The major

histocompatibility complex-restricted antigen receptor on T cells. II. Role of the

L3T4 product. ] Exp Med 158: 1077-1091.

115. Lopez de Castro JA (2007) HLA-B27 and the pathogenesis of spondyloarthropathies.

Immunol Lett 108: 27-33.

116. Bhalerao ], Bowcock AM (1998) The genetics of psoriasis: a complex disorder of the

skin and immune system. Hum Mol Genet 7: 1537-1545.

117. Chessman D, Kostenko L, Lethborg T, Purcell AW, Williamson NA, et al. (2008) Human

leukocyte antigen class [-restricted activation of CD8+ T cells provides the

immunogenetic basis of a systemic drug hypersensitivity. Immunity 28: 822-832.

118. Kosmrlj A, Read EL, Qi Y, Allen TM, Altfeld M, et al. (2010) Effects of thymic selection of

the T-cell repertoire on HLA class I-associated control of HIV infection. Nature 465:

350-354.

119. Reinherz EL, Schlossman SF (1980) The differentiation and function of human T

lymphocytes. Cell 19: 821-827.

220



120. Laguette N, Sobhian B, Casartelli N, Ringeard M, Chable-Bessia C, et al. (2011) SAMHD1

is the dendritic- and myeloid-cell-specific HIV-1 restriction factor counteracted by

Vpx. Nature 474: 654-657.

121. Hrecka K, Hao C, Gierszewska M, Swanson SK, Kesik-Brodacka M, et al. (2011) Vpx

relieves inhibition of HIV-1 infection of macrophages mediated by the SAMHD1

protein. Nature 474: 658-661.

122. Neil S], Zang T, Bieniasz PD (2008) Tetherin inhibits retrovirus release and is

antagonized by HIV-1 Vpu. Nature 451: 425-430.

123. Van Damme N, Goff D, Katsura C, Jorgenson RL, Mitchell R, et al. (2008) The

interferon-induced protein BST-2 restricts HIV-1 release and is downregulated from

the cell surface by the viral Vpu protein. Cell Host Microbe 3: 245-252.

124. Sheehy AM, Gaddis NC, Choi JD, Malim MH (2002) Isolation of a human gene that

inhibits HIV-1 infection and is suppressed by the viral Vif protein. Nature 418: 646-

650.

125. Stremlau M, Owens CM, Perron MJ, Kiessling M, Autissier P, et al. (2004) The

cytoplasmic body component TRIM5alpha restricts HIV-1 infection in Old World

monkeys. Nature 427: 848-853.

221



126. Teng B, Burant CF, Davidson NO (1993) Molecular cloning of an apolipoprotein B

messenger RNA editing protein. Science 260: 1816-1819.

127. Harris RS, Bishop KN, Sheehy AM, Craig HM, Petersen-Mahrt SK, et al. (2003) DNA

deamination mediates innate immunity to retroviral infection. Cell 113: 803-809.

128. Reymond A, Meroni G, Fantozzi A, Merla G, Cairo S, et al. (2001) The tripartite motif

family identifies cell compartments. EMBO ] 20: 2140-2151.

129. Borden KL, Lally JM, Martin SR, O'Reilly NJ, Etkin LD, et al. (1995) Novel topology of a

zinc-binding domain from a protein involved in regulating early Xenopus

development. EMBO ] 14: 5947-5956.

130. Li N, Zhang W, Cao X (2000) Identification of human homologue of mouse IFN-gamma

induced protein from human dendritic cells. Immunol Lett 74: 221-224.

131. Guyader M, Emerman M, Montagnier L, Peden K (1989) VPX mutants of HIV-2 are

infectious in established cell lines but display a severe defect in peripheral blood

lymphocytes. EMBO | 8: 1169-1175.

132. Kappes JC, Conway JA, Lee SW, Shaw GM, Hahn BH (1991) Human immunodeficiency

virus type 2 vpx protein augments viral infectivity. Virology 184: 197-209.

222



133. Yu XF, Yu QC, Essex M, Lee TH (1991) The vpx gene of simian immunodeficiency virus

facilitates efficient viral replication in fresh lymphocytes and macrophage. ] Virol 65:

5088-5091.

134. Negre D, Mangeot PE, Duisit G, Blanchard S, Vidalain PO, et al. (2000) Characterization

of novel safe lentiviral vectors derived from simian immunodeficiency virus

(SIVmac251) that efficiently transduce mature human dendritic cells. Gene Ther 7:

1613-1623.

135. Tan PH, Beutelspacher SC, Xue SA, Wang YH, Mitchell P, et al. (2005) Modulation of

human dendritic-cell function following transduction with viral vectors:

implications for gene therapy. Blood 105: 3824-3832.

136. Gruber A, Kan-Mitchell ], Kuhen KL, Mukai T, Wong-Staal F (2000) Dendritic cells

transduced by multiply deleted HIV-1 vectors exhibit normal phenotypes and

functions and elicit an HIV-specific cytotoxic T-lymphocyte response in vitro. Blood

96: 1327-1333.

137. Mangeot PE, Duperrier K, Negre D, Boson B, Rigal D, et al. (2002) High levels of

transduction of human dendritic cells with optimized SIV vectors. Mol Ther 5: 283-

290.

223



138. Goujon C, Jarrosson-Wuilleme L, Bernaud ], Rigal D, Darlix JL, et al. (2006) With a little

help from a friend: increasing HIV transduction of monocyte-derived dendritic cells

with virion-like particles of SIV(MAC). Gene Ther 13: 991-994.

139. Goldstone DC, Ennis-Adeniran V, Hedden J], Groom HC, Rice GI, et al. (2011) HIV-1

restriction factor SAMHD1 is a deoxynucleoside triphosphate triphosphohydrolase.

Nature 480: 379-382.

140. Powell RD, Holland PJ, Hollis T, Perrino FW (2011) Aicardi-Goutieres syndrome gene

and HIV-1 restriction factor SAMHD1 is a dGTP-regulated deoxynucleotide

triphosphohydrolase. ] Biol Chem 286: 43596-43600.

141. Lahouassa H, Daddacha W, Hofmann H, Ayinde D, Logue EC, et al. (2012) SAMHD1

restricts the replication of human immunodeficiency virus type 1 by depleting the

intracellular pool of deoxynucleoside triphosphates. Nat Immunol 13: 223-228.

142. Baldauf HM, Pan X, Erikson E, Schmidt S, Daddacha W, et al. (2012) SAMHD1 restricts

HIV-1 infection in resting CD4(+) T cells. Nat Med 18: 1682-1687.

143. Dragin L, Nguyen LA, Lahouassa H, Sourisce A, Kim B, et al. (2013) Interferon block to

HIV-1 transduction in macrophages despite SAMHD1 degradation and high

deoxynucleoside triphosphates supply. Retrovirology 10: 30.

224



144. Laguette N, Rahm N, Sobhian B, Chable-Bessia C, Munch ], et al. (2012) Evolutionary

and functional analyses of the interaction between the myeloid restriction factor

SAMHD1 and the lentiviral Vpx protein. Cell Host Microbe 11: 205-217.

145. Lim ES, Fregoso OI, McCoy CO, Matsen FA, Malik HS, et al. (2012) The ability of primate

lentiviruses to degrade the monocyte restriction factor SAMHD1 preceded the birth

of the viral accessory protein Vpx. Cell Host Microbe 11: 194-204.

146. Fregoso OI, Ahn ], Wang C, Mehrens ], Skowronski J, et al. (2013) Evolutionary toggling

of Vpx/Vpr specificity results in divergent recognition of the restriction factor

SAMHD1. PLoS Pathog 9: €1003496.

147. Hollenbaugh JA, Gee P, Baker |, Daly MB, Amie SM, et al. (2013) Host factor SAMHD1

restricts DNA viruses in non-dividing myeloid cells. PLoS Pathog 9: e1003481.

148. White TE, Brandariz-Nunez A, Valle-Casuso JC, Amie S, Nguyen LA, et al. (2013) The

retroviral restriction ability of SAMHD1, but not its deoxynucleotide

triphosphohydrolase activity, is regulated by phosphorylation. Cell Host Microbe 13:

441-451.

149. Cribier A, Descours B, Valadao AL, Laguette N, Benkirane M (2013) Phosphorylation of

SAMHD1 by cyclin A2/CDK1 regulates its restriction activity toward HIV-1. Cell Rep

3:1036-1043.

225



150. Welbourn S, Dutta SM, Semmes 0], Strebel K (2013) Restriction of virus infection but

not catalytic dNTPase activity is regulated by phosphorylation of SAMHD1. ] Virol

87:11516-11524.

151. Bloch N, O'Brien M, Norton TD, Polsky SB, Bhardwaj N, et al. (2014) HIV type 1

infection of plasmacytoid and myeloid dendritic cells is restricted by high levels of

SAMHD1 and cannot be counteracted by Vpx. AIDS Res Hum Retroviruses 30: 195-

203.

152. Pauls E, Ruiz A, Badia R, Permanyer M, Gubern A, et al. (2014) Cell Cycle Control and

HIV-1 Susceptibility Are Linked by CDK6-Dependent CDK2 Phosphorylation of

SAMHD1 in Myeloid and Lymphoid Cells. ] Immunol 193: 1988-1997.

153. Ryoo |, Choi ], Oh C, Kim S, Seo M, et al. (2014) The ribonuclease activity of SAMHD1 is

required for HIV-1 restriction. Nat Med 20: 936-941.

154. Gibbs JS, Lackner AA, Lang SM, Simon MA, Sehgal PK, et al. (1995) Progression to AIDS

in the absence of a gene for vpr or vpx. ] Virol 69: 2378-2383.

155. Van Damme N, Guatelli ] (2008) HIV-1 Vpu inhibits accumulation of the envelope

glycoprotein within clathrin-coated, Gag-containing endosomes. Cell Microbiol 10:

1040-1057.

226



156. Klimkait T, Strebel K, Hoggan MD, Martin MA, Orenstein JM (1990) The human

immunodeficiency virus type 1-specific protein vpu is required for efficient virus

maturation and release. | Virol 64: 621-629.

157. Sakai H, Tokunaga K, Kawamura M, Adachi A (1995) Function of human

immunodeficiency virus type 1 Vpu protein in various cell types. ] Gen Virol 76 ( Pt

11): 2717-2722.

158. Neil S], Eastman SW, Jouvenet N, Bieniasz PD (2006) HIV-1 Vpu promotes release and

prevents endocytosis of nascent retrovirus particles from the plasma membrane.

PLoS Pathog 2: e39.

159. Varthakavi V, Smith RM, Bour SP, Strebel K, Spearman P (2003) Viral protein U

counteracts a human host cell restriction that inhibits HIV-1 particle production.

Proc Natl Acad Sci US A 100: 15154-151569.

160. Neil S], Sandrin V, Sundquist WI, Bieniasz PD (2007) An interferon-alpha-induced

tethering mechanism inhibits HIV-1 and Ebola virus particle release but is

counteracted by the HIV-1 Vpu protein. Cell Host Microbe 2: 193-203.

161. Perez-Caballero D, Zang T, Ebrahimi A, McNatt MW, Gregory DA, et al. (2009) Tetherin

inhibits HIV-1 release by directly tethering virions to cells. Cell 139: 499-511.

227



162. Miyakawa K, Ryo A, Murakami T, Ohba K, Yamaoka S, et al. (2009) BCA2/Rabring7

promotes tetherin-dependent HIV-1 restriction. PLoS Pathog 5: e1000700.

163. Jia B, Serra-Moreno R, Neidermyer W, Rahmberg A, Mackey ], et al. (2009) Species-

specific activity of SIV Nef and HIV-1 Vpu in overcoming restriction by

tetherin/BST2. PLoS Pathog 5: e1000429.

164. Zhang F, Wilson SJ, Landford WC, Virgen B, Gregory D, et al. (2009) Nef proteins from

simian immunodeficiency viruses are tetherin antagonists. Cell Host Microbe 6: 54-

67.

165. Sauter D, Schindler M, Specht A, Landford WN, Munch ], et al. (2009) Tetherin-driven

adaptation of Vpu and Nef function and the evolution of pandemic and nonpandemic

HIV-1 strains. Cell Host Microbe 6: 409-421.

166. Wong SK, Connole M, Sullivan ]S, Choe H, Carville A, et al. (2009) A New World primate

deficient in tetherin-mediated restriction of human immunodeficiency virus type 1.]

Virol 83: 8771-8780.

167. Sauter D, Vogl M, Kirchhoff F (2011) Ancient origin of a deletion in human

BST2/Tetherin that confers protection against viral zoonoses. Hum Mutat 32: 1243-

1245.

228



168. Sauter D, Unterweger D, Vogl M, Usmani SM, Heigele A, et al. (2012) Human tetherin

exerts strong selection pressure on the HIV-1 group N Vpu protein. PLoS Pathog 8:

€1003093.

169. Sauter D, Hue S, Petit SJ, Plantier JC, Towers GJ, et al. (2011) HIV-1 Group P is unable to

antagonize human tetherin by Vpu, Env or Nef. Retrovirology 8: 103.

170. Le Tortorec A, Neil SJ (2009) Antagonism to and intracellular sequestration of human

tetherin by the human immunodeficiency virus type 2 envelope glycoprotein. ] Virol

83:11966-11978.

171. Kestler HW, 3rd, Ringler D], Mori K, Panicali DL, Sehgal PK, et al. (1991) Importance of

the nef gene for maintenance of high virus loads and for development of AIDS. Cell

65: 651-662.

172. Baba TW, Jeong YS, Pennick D, Bronson R, Greene MF, et al. (1995) Pathogenicity of

live, attenuated SIV after mucosal infection of neonatal macaques. Science 267:

1820-1825.

173. Baba TW, Liska V, Khimani AH, Ray NB, Dailey P], et al. (1999) Live attenuated,

multiply deleted simian immunodeficiency virus causes AIDS in infant and adult

macaques. Nat Med 5: 194-203.

229



174. Alexander L, lllyinskii PO, Lang SM, Means RE, Lifson |, et al. (2003) Determinants of

increased replicative capacity of serially passaged simian immunodeficiency virus

with nef deleted in rhesus monkeys. | Virol 77: 6823-6835.

175. Wyand MS, Manson KH, Lackner AA, Desrosiers RC (1997) Resistance of neonatal

monkeys to live attenuated vaccine strains of simian immunodeficiency virus. Nat

Med 3: 32-36.

176. Serra-Moreno R, Jia B, Breed M, Alvarez X, Evans DT (2011) Compensatory changes in

the cytoplasmic tail of gp41 confer resistance to tetherin/BST-2 in a pathogenic nef-

deleted SIV. Cell Host Microbe 9: 46-57.

177. Alpert MD, Harvey ]D, Lauer WA, Reeves RK, Piatak M, Jr., et al. (2012) ADCC develops

over time during persistent infection with live-attenuated SIV and is associated with

complete protection against SIV(mac)251 challenge. PLoS Pathog 8: e1002890.

178. Arias JF, Heyer LN, von Bredow B, Weisgrau KL, Moldt B, et al. (2014) Tetherin

antagonism by Vpu protects HIV-infected cells from antibody-dependent cell-

mediated cytotoxicity. Proc Natl Acad Sci U S A 111: 6425-6430.

179. Strebel K, Daugherty D, Clouse K, Cohen D, Folks T, et al. (1987) The HIV 'A’ (sor) gene

product is essential for virus infectivity. Nature 328: 728-730.

230



180. Gabuzda DH, Lawrence K, Langhoff E, Terwilliger E, Dorfman T, et al. (1992) Role of vif

in replication of human immunodeficiency virus type 1 in CD4+ T lymphocytes. |

Virol 66: 6489-6495.

181. Simon JH, Miller DL, Fouchier RA, Soares MA, Peden KW, et al. (1998) The regulation

of primate immunodeficiency virus infectivity by Vif is cell species restricted: a role

for Vif in determining virus host range and cross-species transmission. EMBO ] 17:

1259-1267.

182. von Schwedler U, Song ], Aiken C, Trono D (1993) Vifis crucial for human

immunodeficiency virus type 1 proviral DNA synthesis in infected cells. ] Virol 67:

4945-4955.

183. Madani N, Kabat D (1998) An endogenous inhibitor of human immunodeficiency virus

in human lymphocytes is overcome by the viral Vif protein. ] Virol 72: 10251-10255.

184. Harris RS, Petersen-Mahrt SK, Neuberger MS (2002) RNA editing enzyme APOBEC1

and some of its homologs can act as DNA mutators. Mol Cell 10: 1247-1253.

185. Mangeat B, Turelli P, Caron G, Friedli M, Perrin L, et al. (2003) Broad antiretroviral

defence by human APOBEC3G through lethal editing of nascent reverse transcripts.

Nature 424:99-103.

231



186. Zhang H, Yang B, Pomerantz R], Zhang C, Arunachalam SC, et al. (2003) The cytidine

deaminase CEM15 induces hypermutation in newly synthesized HIV-1 DNA. Nature

424:94-98.

187. Newman EN, Holmes RK, Craig HM, Klein KC, Lingappa JR, et al. (2005) Antiviral

function of APOBEC3G can be dissociated from cytidine deaminase activity. Curr

Biol 15: 166-170.

188. Hultquist JF, Lengyel JA, Refsland EW, LaRue RS, Lackey L, et al. (2011) Human and

rhesus APOBEC3D, APOBEC3F, APOBEC3G, and APOBEC3H demonstrate a

conserved capacity to restrict Vif-deficient HIV-1. ] Virol 85: 11220-11234.

189. Refsland EW, Hultquist JF, Harris RS (2012) Endogenous origins of HIV-1 G-to-A

hypermutation and restriction in the nonpermissive T cell line CEM2n. PLoS Pathog

8:e1002800.

190. Albin JS, Harris RS (2010) Interactions of host APOBEC3 restriction factors with HIV-1

in vivo: implications for therapeutics. Expert Rev Mol Med 12: e4.

191. Malim MH, Emerman M (2008) HIV-1 accessory proteins--ensuring viral survival in a

hostile environment. Cell Host Microbe 3: 388-398.

192. Malim MH, Bieniasz PD (2012) HIV Restriction Factors and Mechanisms of Evasion.

Cold Spring Harb Perspect Med 2: a006940.

232



193.Yu X, YuY, Liu B, Luo K, Kong W, et al. (2003) Induction of APOBEC3G ubiquitination

and degradation by an HIV-1 Vif-Cul5-SCF complex. Science 302: 1056-1060.

194. Mehle A, Goncalves |, Santa-Marta M, McPike M, Gabuzda D (2004) Phosphorylation of

a novel SOCS-box regulates assembly of the HIV-1 Vif-Cul5 complex that promotes

APOBEC3G degradation. Genes Dev 18: 2861-2866.

195. Jager S, Kim DY, Hultquist JF, Shindo K, LaRue RS, et al. (2012) Vif hijacks CBF-beta to

degrade APOBEC3G and promote HIV-1 infection. Nature 481: 371-375.

196. Zhang W, Du |, Evans SL, Yu Y, Yu XF (2012) T-cell differentiation factor CBF-beta

regulates HIV-1 Vif-mediated evasion of host restriction. Nature 481: 376-379.

197. Bogerd HP, Doehle BP, Wiegand HL, Cullen BR (2004) A single amino acid difference in

the host APOBEC3G protein controls the primate species specificity of HIV type 1

virion infectivity factor. Proc Natl Acad Sci U S A 101: 3770-3774.

198. Mariani R, Chen D, Schrofelbauer B, Navarro F, Konig R, et al. (2003) Species-specific

exclusion of APOBEC3G from HIV-1 virions by Vif. Cell 114: 21-31.

199. Xu H, Svarovskaia ES, Barr R, Zhang Y, Khan MA, et al. (2004) A single amino acid

substitution in human APOBEC3G antiretroviral enzyme confers resistance to HIV-1

virion infectivity factor-induced depletion. Proc Natl Acad Sci US A 101: 5652-5657.

233



200. Mangeat B, Turelli P, Liao S, Trono D (2004) A single amino acid determinant governs

the species-specific sensitivity of APOBEC3G to Vif action. ] Biol Chem 279: 14481-

14483.

201. Shibata R, Kawamura M, Sakai H, Hayami M, Ishimoto A, et al. (1991) Generation of a

chimeric human and simian immunodeficiency virus infectious to monkey

peripheral blood mononuclear cells. ] Virol 65: 3514-3520.

202. Sawyer SL, Emerman M, Malik HS (2004) Ancient adaptive evolution of the primate

antiviral DNA-editing enzyme APOBEC3G. PLoS Biol 2: E275.

203. Zhang ], Webb DM (2004) Rapid evolution of primate antiviral enzyme APOBEC3G.

Hum Mol Genet 13: 1785-1791.

204. Schroder AR, Shinn P, Chen H, Berry C, Ecker JR, et al. (2002) HIV-1 integration in the

human genome favors active genes and local hotspots. Cell 110: 521-529.

205. Compton AA, Hirsch VM, Emerman M (2012) The host restriction factor APOBEC3G

and retroviral Vif protein coevolve due to ongoing genetic conflict. Cell Host Microbe

11:91-98.

206. Krupp A, McCarthy KR, Ooms M, Letko M, Morgan JS, et al. (2013) APOBEC3G

polymorphism as a selective barrier to cross-species transmission and emergence of

pathogenic SIV and AIDS in a primate host. PLoS Pathog 9: e1003641.

234



207. Shibata R, Sakai H, Kawamura M, Tokunaga K, Adachi A (1995) Early replication block

of human immunodeficiency virus type 1 in monkey cells. ] Gen Virol 76 ( Pt 11):

2723-2730.

208. Stremlau M, Perron M, Lee M, Li Y, Song B, et al. (2006) Specific recognition and

accelerated uncoating of retroviral capsids by the TRIM5alpha restriction factor.

Proc Natl Acad Sci US A 103: 5514-5519.

209. Chatterji U, Bobardt MD, Gaskill P, Sheeter D, Fox H, et al. (2006) Trim5alpha

accelerates degradation of cytosolic capsid associated with productive HIV-1 entry. ]

Biol Chem 281: 37025-37033.

210. Ganser-Pornillos BK, Chandrasekaran V, Pornillos O, Sodroski JG, Sundquist W], et al.

(2011) Hexagonal assembly of a restricting TRIM5alpha protein. Proc Natl Acad Sci

US A108: 534-539.

211. Biris N, Yang Y, Taylor AB, Tomashevski A, Guo M, et al. (2012) Structure of the rhesus

monkey TRIM5alpha PRYSPRY domain, the HIV capsid recognition module. Proc

Natl Acad Sci U S A 109: 13278-13283.

212. Biris N, Tomashevski A, Bhattacharya A, Diaz-Griffero F, Ivanov DN (2013) Rhesus

monkey TRIM5alpha SPRY domain recognizes multiple epitopes that span several

235



capsid monomers on the surface of the HIV-1 mature viral core. ] Mol Biol 425:

5032-5044.

213. Sebastian S, Luban ] (2005) TRIM5alpha selectively binds a restriction-sensitive

retroviral capsid. Retrovirology 2: 40.

214. Harris RS, Hultquist JF, Evans DT (2012) The restriction factors of human

immunodeficiency virus. ] Biol Chem 287: 40875-40883.

215.Johnson WE (2013) Rapid adversarial co-evolution of viruses and cellular restriction

factors. Curr Top Microbiol Immunol 371: 123-151.

216. Gajdusek DC, Amyx HL, Gibbs C], Jr., Asher DM, Yanagihara RT, et al. (1984)

Transmission experiments with human T-lymphotropic retroviruses and human

AIDS tissue. Lancet 1: 1415-1416.

217. Gajdusek DC, Amyx HL, Gibbs C], Jr., Asher DM, Rodgers-Johnson P, et al. (1985)

Infection of chimpanzees by human T-lymphotropic retroviruses in brain and other

tissues from AIDS patients. Lancet 1: 55-56.

218. Alter HJ, Eichberg JW, Masur H, Saxinger WC, Gallo R, et al. (1984) Transmission of

HTLV-III infection from human plasma to chimpanzees: an animal model for AIDS.

Science 226: 549-552.

236



219. Adachi A, Gendelman HE, Koenig S, Folks T, Willey R, et al. (1986) Production of

acquired immunodeficiency syndrome-associated retrovirus in human and

nonhuman cells transfected with an infectious molecular clone. ] Virol 59: 284-291.

220. Dorfman T, Gottlinger HG (1996) The human immunodeficiency virus type 1 capsid p2

domain confers sensitivity to the cyclophilin-binding drug SDZ NIM 811. ] Virol 70:

5751-5757.

221. Owens CM, Yang PC, Gottlinger H, Sodroski ] (2003) Human and simian

immunodeficiency virus capsid proteins are major viral determinants of early,

postentry replication blocks in simian cells. | Virol 77: 726-731.

222.Himathongkham S, Luciw PA (1996) Restriction of HIV-1 (subtype B) replication at

the entry step in rhesus macaque cells. Virology 219: 485-488.

223. Besnier C, Takeuchi Y, Towers G (2002) Restriction of lentivirus in monkeys. Proc Natl

Acad SciUS A99:11920-11925.

224. Cowan S, Hatziioannou T, Cunningham T, Muesing MA, Gottlinger HG, et al. (2002)

Cellular inhibitors with Fv1-like activity restrict human and simian

immunodeficiency virus tropism. Proc Natl Acad SciU S A 99: 11914-11919.

237



225. Munk C, Brandt SM, Lucero G, Landau NR (2002) A dominant block to HIV-1

replication at reverse transcription in simian cells. Proc Natl Acad Sci U S A 99:

13843-13848.

226. Towers G, Collins M, Takeuchi Y (2002) Abrogation of Ref1 retrovirus restriction in

human cells. ] Virol 76: 2548-2550.

227.Hofmann W, Schubert D, LaBonte ], Munson L, Gibson S, et al. (1999) Species-specific,

postentry barriers to primate immunodeficiency virus infection. ] Virol 73: 10020-

10028.

228. Song B, Javanbakht H, Perron M, Park DH, Stremlau M, et al. (2005) Retrovirus

restriction by TRIM5alpha variants from Old World and New World primates. ] Virol

79:3930-3937.

229. Diehl WE, Stansell E, Kaiser SM, Emerman M, Hunter E (2008) Identification of

postentry restrictions to Mason-Pfizer monkey virus infection in New World

monkey cells. ] Virol 82: 11140-11151.

230. Towers GJ, Hatziioannou T, Cowan S, Goff SP, Luban J, et al. (2003) Cyclophilin A

modulates the sensitivity of HIV-1 to host restriction factors. Nat Med 9: 1138-1143.

231. Luban J, Bossolt KL, Franke EK, Kalpana GV, Goff SP (1993) Human immunodeficiency

virus type 1 Gag protein binds to cyclophilins A and B. Cell 73: 1067-1078.

238



232. Franke EK, Yuan HE, Luban ] (1994) Specific incorporation of cyclophilin A into HIV-1

virions. Nature 372: 359-362.

233. Thali M, Bukovsky A, Kondo E, Rosenwirth B, Walsh CT, et al. (1994) Functional

association of cyclophilin A with HIV-1 virions. Nature 372: 363-365.

234.Yap MW, Nisole S, Lynch C, Stoye JP (2004) Trim5alpha protein restricts both HIV-1

and murine leukemia virus. Proc Natl Acad SciUS A 101: 10786-10791.

235. Perron M], Stremlau M, Song B, Ulm W, Mulligan RC, et al. (2004) TRIM5alpha

mediates the postentry block to N-tropic murine leukemia viruses in human cells.

Proc Natl Acad SciUS A 101: 11827-11832.

236. Pacheco B, Finzi A, McGee-Estrada K, Sodroski ] (2010) Species-specific inhibition of

foamy viruses from South American monkeys by New World Monkey TRIM5{alpha}

proteins. ] Virol 84: 4095-4099.

237.Yap MW, Lindemann D, Stanke N, Reh ], Westphal D, et al. (2008) Restriction of foamy

viruses by primate Trim5alpha. ] Virol 82: 5429-5439.

238. Han GZ, Worobey M (2012) An endogenous foamy-like viral element in the coelacanth

genome. PLoS Pathog 8: €1002790.

239. Ohkura S, Stoye JP (2013) A comparison of murine leukemia viruses that escape from

human and rhesus macaque TRIM5alphas. ] Virol 87: 6455-6468.

239



240. Ohkura S, Goldstone DC, Yap MW, Holden-Dye K, Taylor IA, et al. (2011) Novel escape

mutants suggest an extensive TRIM5alpha binding site spanning the entire outer

surface of the murine leukemia virus capsid protein. PLoS Pathog 7: e1002011.

241. Ylinen LM, Keckesova Z, Webb BL, Gifford R], Smith TP, et al. (2006) Isolation of an

active Lv1 gene from cattle indicates that tripartite motif protein-mediated innate

immunity to retroviral infection is widespread among mammals. ] Virol 80: 7332-

7338.

242.Schaller T, Hue S, Towers G] (2007) An active TRIM5 protein in rabbits indicates a

common antiviral ancestor for mammalian TRIMS5 proteins. ] Virol 81: 11713-

11721.

243. Sawyer SL, Wu LI, Emerman M, Malik HS (2005) Positive selection of primate

TRIM5alpha identifies a critical species-specific retroviral restriction domain. Proc

Natl Acad Sci U S A 102: 2832-2837.

244. Song B, Gold B, O'Huigin C, Javanbakht H, Li X, et al. (2005) The B30.2(SPRY) domain

of the retroviral restriction factor TRIM5alpha exhibits lineage-specific length and

sequence variation in primates. J Virol 79: 6111-6121.

245. Sawyer SL, Emerman M, Malik HS (2007) Discordant evolution of the adjacent

antiretroviral genes TRIM22 and TRIMS5 in mammals. PLoS Pathog 3: e197.

240



246.Yang H, Ji X, Zhao G, Ning ], Zhao Q, et al. (2012) Structural insight into HIV-1 capsid

recognition by rhesus TRIM5alpha. Proc Natl Acad Sci U S A.

247. Grutter C, Briand C, Capitani G, Mittl PR, Papin S, et al. (2006) Structure of the

PRYSPRY-domain: implications for autoinflammatory diseases. FEBS Lett 580: 99-

106.

248. James LC, Keeble AH, Khan Z, Rhodes DA, Trowsdale ] (2007) Structural basis for

PRYSPRY-mediated tripartite motif (TRIM) protein function. Proc Natl Acad Sci U S

A 104:6200-6205.

249. Weinert C, Grutter C, Roschitzki-Voser H, Mittl PR, Grutter MG (2009) The crystal

structure of human pyrin b30.2 domain: implications for mutations associated with

familial Mediterranean fever. ] Mol Biol 394: 226-236.

250. D'Cruz AA, Kershaw NJ, Chiang J], Wang MK, Nicola NA, et al. (2013) Crystal structure

of the TRIM25 B30.2 (PRYSPRY) domain: a key component of antiviral signalling.

Biochem ] 456: 231-240.

251. Newman RM, Hall L, Connole M, Chen GL, Sato S, et al. (2006) Balancing selection and

the evolution of functional polymorphism in Old World monkey TRIM5alpha. Proc

Natl Acad Sci U S A 103: 19134-19139.

241



252.Yap MW, Nisole S, Stoye JP (2005) A single amino acid change in the SPRY domain of

human Trim5alpha leads to HIV-1 restriction. Curr Biol 15: 73-78.

253. Stremlau M, Perron M, Welikala S, Sodroski ] (2005) Species-specific variation in the

B30.2(SPRY) domain of TRIM5alpha determines the potency of human

immunodeficiency virus restriction. ] Virol 79: 3139-3145.

254. Nakayama EE, Miyoshi H, Nagai Y, Shioda T (2005) A specific region of 37 amino acid

residues in the SPRY (B30.2) domain of African green monkey TRIM5alpha

determines species-specific restriction of simian immunodeficiency virus SIVmac

infection. ] Virol 79: 8870-8877.

255. Perez-Caballero D, Hatziioannou T, Yang A, Cowan S, Bieniasz PD (2005) Human

tripartite motif 5alpha domains responsible for retrovirus restriction activity and

specificity. ] Virol 79: 8969-8978.

256. Ylinen LM, Keckesova Z, Wilson SJ, Ranasinghe S, Towers G] (2005) Differential

restriction of human immunodeficiency virus type 2 and simian immunodeficiency

virus SIVmac by TRIM5alpha alleles. J Virol 79: 11580-11587.

257. Wilson SJ, Webb BL, Maplanka C, Newman RM, Verschoor EJ, et al. (2008) Rhesus

macaque TRIM5 alleles have divergent antiretroviral specificities. ] Virol 82: 7243-

7247.

242



258. Perron M], Stremlau M, Sodroski ] (2006) Two surface-exposed elements of the

B30.2/SPRY domain as potency determinants of N-tropic murine leukemia virus

restriction by human TRIM5alpha. ] Virol 80: 5631-5636.

259. Sebastian S, Grutter C, Strambio de Castillia C, Pertel T, Olivari S, et al. (2009) An

invariant surface patch on the TRIM5alpha PRYSPRY domain is required for

retroviral restriction but dispensable for capsid binding. ] Virol 83: 3365-3373.

260. Diaz-Griffero F, Kar A, Lee M, Stremlau M, Poeschla E, et al. (2007) Comparative

requirements for the restriction of retrovirus infection by TRIM5alpha and

TRIMCyp. Virology 369: 400-410.

261. Kono K, Bozek K, Domingues FS, Shioda T, Nakayama EE (2009) Impact of a single

amino acid in the variable region 2 of the Old World monkey TRIM5alpha SPRY

(B30.2) domain on anti-human immunodeficiency virus type 2 activity. Virology

388: 160-168.

262. Nakajima T, Nakayama EE, Kaur G, Terunuma H, Mimaya JI, et al. (2009) Impact of

novel TRIM5alpha variants, Gly110Arg and G176del, on the anti-HIV-1 activity and

the susceptibility to HIV-1 infection. AIDS 23: 2091-2100.

263. Pham QT, Bouchard A, Grutter MG, Berthoux L (2010) Generation of human

TRIM5alpha mutants with high HIV-1 restriction activity. Gene Ther 17: 859-871.

243



264.Rahm N, Yap M, Snoeck ], Zoete V, Munoz M, et al. (2011) Unique spectrum of activity

of prosimian TRIM5alpha against exogenous and endogenous retroviruses. J Virol

85:4173-4183.

265. Yang Y, Brandariz-Nunez A, Fricke T, Ivanov DN, Sarnak Z, et al. (2014) Binding of the

rhesus TRIM5alpha PRYSPRY domain to capsid is necessary but not sufficient for

HIV-1 restriction. Virology 448: 217-228.

266. Ohkura S, Yap MW, Sheldon T, Stoye JP (2006) All three variable regions of the

TRIM5alpha B30.2 domain can contribute to the specificity of retrovirus restriction.

J Virol 80: 8554-8565.

267.]Javanbakht H, An P, Gold B, Petersen DC, O'Huigin C, et al. (2006) Effects of human

TRIM5alpha polymorphisms on antiretroviral function and susceptibility to human

immunodeficiency virus infection. Virology 354: 15-27.

268.LiY, Li X, Stremlau M, Lee M, Sodroski ] (2006) Removal of arginine 332 allows human

TRIM5alpha to bind human immunodeficiency virus capsids and to restrict

infection. ] Virol 80: 6738-6744.

269.Zhao G,Ke D, Vu T, Ahn ], Shah VB, et al. (2011) Rhesus TRIM5alpha disrupts the HIV-1

capsid at the inter-hexamer interfaces. PLoS Pathog 7: €1002009.

244



270. Black LR, Aiken C (2010) TRIM5alpha disrupts the structure of assembled HIV-1

capsid complexes in vitro. ] Virol 84: 6564-6569.

271. Langelier CR, Sandrin V, Eckert DM, Christensen DE, Chandrasekaran V, et al. (2008)

Biochemical characterization of a recombinant TRIM5alpha protein that restricts

human immunodeficiency virus type 1 replication. ] Virol 82: 11682-11694.

272.Pertel T, Hausmann S, Morger D, Zuger S, Guerra J, et al. (2011) TRIM5 is an innate

immune sensor for the retrovirus capsid lattice. Nature 472: 361-365.

273. Lee SK, Potempa M, Swanstrom R (2012) The choreography of HIV-1 proteolytic

processing and virion assembly. ] Biol Chem 287: 40867-40874.

274. Ganser BK, Li S, Klishko VY, Finch JT, Sundquist WI (1999) Assembly and analysis of

conical models for the HIV-1 core. Science 283: 80-83.

275. Javanbakht H, Yuan W, Yeung DF, Song B, Diaz-Griffero F, et al. (2006)

Characterization of TRIM5alpha trimerization and its contribution to human

immunodeficiency virus capsid binding. Virology 353: 234-246.

276. Sastri ], 0'Connor C, Danielson CM, McRaven M, Perez P, et al. (2010) Identification of

residues within the L2 region of rhesus TRIM5alpha that are required for retroviral

restriction and cytoplasmic body localization. Virology 405: 259-266.

245



277.Campbell EM, Perez O, Anderson JL, Hope TJ (2008) Visualization of a proteasome-

independent intermediate during restriction of HIV-1 by rhesus TRIM5alpha. ] Cell

Biol 180: 549-561.

278.]Javanbakht H, Diaz-Griffero F, Yuan W, Yeung DF, Li X, et al. (2007) The ability of

multimerized cyclophilin A to restrict retrovirus infection. Virology 367: 19-29.

279. Diaz-Griffero F, Qin XR, Hayashi F, Kigawa T, Finzi A, et al. (2009) A B-box 2 surface

patch important for TRIM5alpha self-association, capsid binding avidity, and

retrovirus restriction. ] Virol 83: 10737-10751.

280. Mische CC, Javanbakht H, Song B, Diaz-Griffero F, Stremlau M, et al. (2005) Retroviral

restriction factor TRIM5alpha is a trimer. ] Virol 79: 14446-14450.

281. Li X, Sodroski ] (2008) The TRIM5alpha B-box 2 domain promotes cooperative

binding to the retroviral capsid by mediating higher-order self-association. ] Virol

82:11495-11502.

282. Owens CM, Song B, Perron MJ, Yang PC, Stremlau M, et al. (2004) Binding and

susceptibility to postentry restriction factors in monkey cells are specified by

distinct regions of the human immunodeficiency virus type 1 capsid. ] Virol 78:

5423-5437.

246



283. Hatziioannou T, Cowan S, Von Schwedler UK, Sundquist WI, Bieniasz PD (2004)

Species-specific tropism determinants in the human immunodeficiency virus type 1

capsid. ] Virol 78: 6005-6012.

284. Kono K, Song H, Yokoyama M, Sato H, Shioda T, et al. (2010) Multiple sites in the N-

terminal half of simian immunodeficiency virus capsid protein contribute to evasion

from rhesus monkey TRIM5alpha-mediated restriction. Retrovirology 7: 72.

285. Kuroishi A, Saito A, Shingai Y, Shioda T, Nomaguchi M, et al. (2009) Modification of a

loop sequence between alpha-helices 6 and 7 of virus capsid (CA) protein in a

human immunodeficiency virus type 1 (HIV-1) derivative that has simian

immunodeficiency virus (SIVmac239) vif and CA alpha-helices 4 and 5 loop

improves replication in cynomolgus monkey cells. Retrovirology 6: 70.

286. Miyamoto T, Yokoyama M, Kono K, Shioda T, Sato H, et al. (2011) A single amino acid

of human immunodeficiency virus type 2 capsid protein affects conformation of two

external loops and viral sensitivity to TRIM5alpha. PLoS One 6: e22779.

287.Song H, Nakayama EE, Yokoyama M, Sato H, Levy JA, et al. (2007) A single amino acid

of the human immunodeficiency virus type 2 capsid affects its replication in the

presence of cynomolgus monkey and human TRIM5alphas. ] Virol 81: 7280-7285.

247



288. Onyango CO, Leligdowicz A, Yokoyama M, Sato H, Song H, et al. (2010) HIV-2 capsids

distinguish high and low virus load patients in a West African community cohort.

Vaccine 28 Suppl 2: B60-67.

289. Kamada K, Igarashi T, Martin MA, Khamsri B, Hatcho K, et al. (2006) Generation of

HIV-1 derivatives that productively infect macaque monkey lymphoid cells. Proc

Natl Acad Sci U S A 103: 16959-16964.

290. Nagao T, Hatcho K, Doi N, Fujiwara S, Adachi A, et al. (2009) Amino acid alterations in

Gag that confer the ability to grow in simian cells on HIV-1 are located at a narrow

CAregion. ] Med Invest 56: 21-25.

291. Lin TY, Emerman M (2006) Cyclophilin A interacts with diverse lentiviral capsids.

Retrovirology 3: 70.

292. Keckesova Z, Ylinen LM, Towers GJ (2006) Cyclophilin A renders human

immunodeficiency virus type 1 sensitive to Old World monkey but not human

TRIMS alpha antiviral activity. ] Virol 80: 4683-4690.

293. Shi ], Aiken C (2006) Saturation of TRIM5 alpha-mediated restriction of HIV-1

infection depends on the stability of the incoming viral capsid. Virology 350: 493-

500.

248



294. Pacheco B, Finzi A, Stremlau M, Sodroski ] (2010) Adaptation of HIV-1 to cells

expressing rhesus monkey TRIM5alpha. Virology 408: 204-212.

295. Kahl CA, Cannon PM, Oldenburg J, Tarantal AF, Kohn DB (2008) Tissue-specific

restriction of cyclophilin A-independent HIV-1- and SIV-derived lentiviral vectors.

Gene Ther 15: 1079-1089.

296. Kuroishi A, Bozek K, Shioda T, Nakayama EE (2010) A single amino acid substitution

of the human immunodeficiency virus type 1 capsid protein affects viral sensitivity

to TRIMS5 alpha. Retrovirology 7: 58.

297. Nomaguchi M, Yokoyama M, Kono K, Nakayama EE, Shioda T, et al. (2013) Gag-CA

Q110D mutation elicits TRIM5-independent enhancement of HIV-1mt replication in

macaque cells. Microbes Infect 15: 56-65.

298. Maillard PV, Zoete V, Michielin O, Trono D (2011) Homology-based identification of

capsid determinants that protect HIV1 from human TRIM5alpha restriction. ] Biol

Chem 286: 8128-8140.

299. Maillard PV, Reynard S, Serhan F, Turelli P, Trono D (2007) Interfering residues

narrow the spectrum of MLV restriction by human TRIM5alpha. PLoS Pathog 3:

e200.

249



300. Gamble TR, Vajdos FF, Yoo S, Worthylake DK, Houseweart M, et al. (1996) Crystal

structure of human cyclophilin A bound to the amino-terminal domain of HIV-1

capsid. Cell 87: 1285-1294.

301. Kim ET, White TE, Brandariz-Nunez A, Diaz-Griffero F, Weitzman MD (2013) SAMHD1

restricts herpes simplex virus 1 in macrophages by limiting DNA replication. ] Virol

87:12949-12956.

302. Vartanian JP, Guetard D, Henry M, Wain-Hobson S (2008) Evidence for editing of

human papillomavirus DNA by APOBEC3 in benign and precancerous lesions.

Science 320: 230-233.

303. Wang Z, Wakae K, Kitamura K, Aoyama S, Liu G, et al. (2014) APOBEC3 deaminases

induce hypermutation in human papillomavirus 16 DNA upon beta interferon

stimulation. ] Virol 88: 1308-1317.

304. Suspene R, Guetard D, Henry M, Sommer P, Wain-Hobson S, et al. (2005) Extensive

editing of both hepatitis B virus DNA strands by APOBEC3 cytidine deaminases in

vitro and in vivo. Proc Natl Acad Sci U S A 102: 8321-8326.

305. Suspene R, Aynaud MM, Koch S, Pasdeloup D, Labetoulle M, et al. (2011) Genetic

editing of herpes simplex virus 1 and Epstein-Barr herpesvirus genomes by human

APOBEC3 cytidine deaminases in culture and in vivo. ] Virol 85: 7594-7602.

250



306. Chen H, Lilley CE, Yu Q, Lee DV, Chou |, et al. (2006) APOBEC3A is a potent inhibitor of

adeno-associated virus and retrotransposons. Curr Biol 16: 480-485.

307. Narvaiza I, Linfesty DC, Greener BN, Hakata Y, Pintel D], et al. (2009) Deaminase-

independent inhibition of parvoviruses by the APOBEC3A cytidine deaminase. PLoS

Pathog 5: €1000439.

308. Kaletsky RL, Francica JR, Agrawal-Gamse C, Bates P (2009) Tetherin-mediated

restriction of filovirus budding is antagonized by the Ebola glycoprotein. Proc Natl

Acad SciU S A 106: 2886-2891.

309. Jouvenet N, Neil S], Zhadina M, Zang T, Kratovac Z, et al. (2009) Broad-spectrum

inhibition of retroviral and filoviral particle release by tetherin. ] Virol 83: 1837-

1844.

310. Sakuma T, Noda T, Urata S, Kawaoka Y, Yasuda ] (2009) Inhibition of Lassa and

Marburg virus production by tetherin. ] Virol 83: 2382-2385.

311. Radoshitzky SR, Dong L, Chi X, Clester ]JC, Retterer C, et al. (2010) Infectious Lassa

virus, but not filoviruses, is restricted by BST-2 /tetherin. ] Virol 84: 10569-10580.

312. Blondeau C, Pelchen-Matthews A, Mlcochova P, Marsh M, Milne RS, et al. (2013)

Tetherin restricts herpes simplex virus 1 and is antagonized by glycoprotein M. ]

Virol 87: 13124-13133.

251



313. Zenner HL, Mauricio R, Banting G, Crump CM (2013) Herpes simplex virus 1

counteracts tetherin restriction via its virion host shutoff activity. ] Virol 87: 13115-

13123.

314. Briggs JA, Riches JD, Glass B, Bartonova V, Zanetti G, et al. (2009) Structure and

assembly of immature HIV. Proc Natl Acad Sci US A 106: 11090-11095.

315. Briggs JA, Simon MN, Gross I, Krausslich HG, Fuller SD, et al. (2004) The stoichiometry

of Gag protein in HIV-1. Nat Struct Mol Biol 11: 672-675.

316. Frankel AD, Young JA (1998) HIV-1: fifteen proteins and an RNA. Annu Rev Biochem

67:1-25.

317. Cimarelli A, Darlix JL (2002) Assembling the human immunodeficiency virus type 1.

Cell Mol Life Sci 59: 1166-1184.

318. Turner BG, Summers MF (1999) Structural biology of HIV. ] Mol Biol 285: 1-32.

319. Pornillos O, Ganser-Pornillos BK, Yeager M (2011) Atomic-level modelling of the HIV

capsid. Nature 469: 424-427.

320. Zhao G, Perilla JR, Yufenyuy EL, Meng X, Chen B, et al. (2013) Mature HIV-1 capsid

structure by cryo-electron microscopy and all-atom molecular dynamics. Nature

497: 643-646.

252



321. Bharat TA, Davey NE, Ulbrich P, Riches ]D, de Marco A, et al. (2012) Structure of the

immature retroviral capsid at 8 A resolution by cryo-electron microscopy. Nature

487: 385-389.

322. Perron M], Stremlau M, Lee M, Javanbakht H, Song B, et al. (2007) The human

TRIM5alpha restriction factor mediates accelerated uncoating of the N-tropic

murine leukemia virus capsid. ] Virol 81: 2138-2148.

323. Rasaiyaah ], Tan CP, Fletcher A], Price AJ, Blondeau C, et al. (2013) HIV-1 evades innate

immune recognition through specific cofactor recruitment. Nature 503: 402-405.

324. Goldstone DC, Yap MW, Robertson LE, Haire LF, Taylor WR, et al. (2010) Structural

and functional analysis of prehistoric lentiviruses uncovers an ancient molecular

interface. Cell Host Microbe 8: 248-259.

325. Braaten D, Franke EK, Luban ] (1996) Cyclophilin A is required for the replication of

group M human immunodeficiency virus type 1 (HIV-1) and simian

immunodeficiency virus SIV(CPZ)GAB but not group O HIV-1 or other primate

immunodeficiency viruses. ] Virol 70: 4220-4227.

326. Wang P, Heitman ] (2005) The cyclophilins. Genome Biol 6: 226.

253



327.Schaller T, Ocwieja KE, Rasaiyaah ], Price AJ, Brady TL, et al. (2011) HIV-1 capsid-

cyclophilin interactions determine nuclear import pathway, integration targeting

and replication efficiency. PLoS Pathog 7: e1002439.

328. Cornilescu CC, Bouamr F, Yao X, Carter C, Tjandra N (2001) Structural analysis of the

N-terminal domain of the human T-cell leukemia virus capsid protein. ] Mol Biol

306: 783-797.

329. Macek P, Chmelik ], Krizova I, Kaderavek P, Padrta P, et al. (2009) NMR structure of

the N-terminal domain of capsid protein from the mason-pfizer monkey virus. ] Mol

Biol 392: 100-114.

330. Mortuza GB, Haire LF, Stevens A, Smerdon S], Stoye JP, et al. (2004) High-resolution

structure of a retroviral capsid hexameric amino-terminal domain. Nature 431: 481-

485.

331. Mortuza GB, Goldstone DC, Pashley C, Haire LF, Palmarini M, et al. (2009) Structure of

the capsid amino-terminal domain from the betaretrovirus, Jaagsiekte sheep

retrovirus. ] Mol Biol 386: 1179-1192.

332.]Jin Z, Jin L, Peterson DL, Lawson CL (1999) Model for lentivirus capsid core assembly

based on crystal dimers of EIAV p26. ] Mol Biol 286: 83-93.

254



333. Price AJ], Marzetta F, Lammers M, Ylinen LM, Schaller T, et al. (2009) Active site

remodeling switches HIV specificity of antiretroviral TRIMCyp. Nat Struct Mol Biol

16: 1036-1042.

334. Ylinen LM, Price A], Rasaiyaah ], Hue S, Rose NJ, et al. (2010) Conformational

adaptation of Asian macaque TRIMCyp directs lineage specific antiviral activity.

PLoS Pathog 6: e1001062.

335. Braaten D, Franke EK, Luban ] (1996) Cyclophilin A is required for an early step in the

life cycle of human immunodeficiency virus type 1 before the initiation of reverse

transcription. ] Virol 70: 3551-3560.

336. Braaten D, Luban ] (2001) Cyclophilin A regulates HIV-1 infectivity, as demonstrated

by gene targeting in human T cells. EMBO ] 20: 1300-1309.

337.Kong LB, An D, Ackerson B, Canon ], Rey O, et al. (1998) Cryoelectron microscopic

examination of human immunodeficiency virus type 1 virions with mutations in the

cyclophilin A binding loop. ] Virol 72: 4403-4407.

338. Kingston RL, Fitzon-Ostendorp T, Eisenmesser EZ, Schatz GW, Vogt VM, et al. (2000)

Structure and self-association of the Rous sarcoma virus capsid protein. Structure 8:

617-628.

255



339. Hatziioannou T, Perez-Caballero D, Cowan S, Bieniasz PD (2005) Cyclophilin

interactions with incoming human immunodeficiency virus type 1 capsids with

opposing effects on infectivity in human cells. ] Virol 79: 176-183.

340. Sokolskaja E, Sayah DM, Luban J (2004) Target cell cyclophilin A modulates human

immunodeficiency virus type 1 infectivity. ] Virol 78: 12800-12808.

341. Sokolskaja E, Olivari S, Zufferey M, Strambio-De-Castillia C, Pizzato M, et al. (2010)

Cyclosporine blocks incorporation of HIV-1 envelope glycoprotein into virions. ]

Virol 84: 4851-4855.

342. Aiken C (1997) Pseudotyping human immunodeficiency virus type 1 (HIV-1) by the

glycoprotein of vesicular stomatitis virus targets HIV-1 entry to an endocytic

pathway and suppresses both the requirement for Nef and the sensitivity to

cyclosporin A. ] Virol 71: 5871-5877.

343. Wiegers K, Rutter G, Schubert U, Grattinger M, Krausslich HG (1999) Cyclophilin A

incorporation is not required for human immunodeficiency virus type 1 particle

maturation and does not destabilize the mature capsid. Virology 257: 261-274.

344. Braaten D, Aberham C, Franke EK, Yin L, Phares W, et al. (1996) Cyclosporine A-

resistant human immunodeficiency virus type 1 mutants demonstrate that Gag

encodes the functional target of cyclophilin A.] Virol 70: 5170-5176.

256



345.Li Y, Kar AK, Sodroski ] (2009) Target cell type-dependent modulation of human

immunodeficiency virus type 1 capsid disassembly by cyclophilin A. ] Virol 83:

10951-10962.

346.De laco A, Luban ] (2014) Cyclophilin A promotes HIV-1 reverse transcription but its

effect on transduction correlates best with its effect on nuclear entry of viral cDNA.

Retrovirology 11: 11.

347. Berthoux L, Sebastian S, Sokolskaja E, Luban ] (2005) Cyclophilin A is required for

TRIM5{alpha}-mediated resistance to HIV-1 in Old World monkey cells. Proc Natl

Acad SciU S A 102: 14849-14853.

348. Zhang F, Hatziioannou T, Perez-Caballero D, Derse D, Bieniasz PD (2006)

Antiretroviral potential of human tripartite motif-5 and related proteins. Virology

353:396-4009.

349. Sokolskaja E, Berthoux L, Luban ] (2006) Cyclophilin A and TRIM5alpha

independently regulate human immunodeficiency virus type 1 infectivity in human

cells. ] Virol 80: 2855-2862.

350. Stremlau M, Song B, Javanbakht H, Perron M, Sodroski J (2006) Cyclophilin A: an

auxiliary but not necessary cofactor for TRIM5alpha restriction of HIV-1. Virology

351:112-120.

257



351. Aberham C, Weber S, Phares W (1996) Spontaneous mutations in the human

immunodeficiency virus type 1 gag gene that affect viral replication in the presence

of cyclosporins. ] Virol 70: 3536-3544.

352. Ackerson B, Rey O, Canon ], Krogstad P (1998) Cells with high cyclophilin A content

support replication of human immunodeficiency virus type 1 Gag mutants with

decreased ability to incorporate cyclophilin A. ] Virol 72: 303-308.

353. Matsuoka S, Dam E, Lecossier D, Clavel F, Hance A] (2009) Modulation of HIV-1

infectivity and cyclophilin A-dependence by Gag sequence and target cell type.

Retrovirology 6: 21.

354. Saphire AC, Bobardt MD, Gallay PA (2002) trans-Complementation rescue of

cyclophilin A-deficient viruses reveals that the requirement for cyclophilin A in

human immunodeficiency virus type 1 replication is independent of its isomerase

activity. ] Virol 76: 2255-2262.

355. Wainberg MA, Dascal A, Blain N, Fitz-Gibbon L, Boulerice F, et al. (1988) The effect of

cyclosporine A on infection of susceptible cells by human immunodeficiency virus

type 1. Blood 72: 1904-1910.

356.Yin L, Braaten D, Luban ] (1998) Human immunodeficiency virus type 1 replication is

modulated by host cyclophilin A expression levels. | Virol 72: 6430-6436.

258



357.Ylinen LM, Schaller T, Price A, Fletcher AJ, Noursadeghi M, et al. (2009) Cyclophilin A

levels dictate infection efficiency of human immunodeficiency virus type 1 capsid

escape mutants A92E and G94D. ] Virol 83: 2044-2047.

358. Yamashita M, Emerman M (2004) Capsid is a dominant determinant of retrovirus

infectivity in nondividing cells. ] Virol 78: 5670-5678.

359. Brass AL, Dykxhoorn DM, Benita Y, Yan N, Engelman A, et al. (2008) Identification of

host proteins required for HIV infection through a functional genomic screen.

Science 319: 921-926.

360. Konig R, Zhou Y, Elleder D, Diamond TL, Bonamy GM, et al. (2008) Global analysis of

host-pathogen interactions that regulate early-stage HIV-1 replication. Cell 135: 49-

60.

361.Zhou H, Xu M, Huang Q, Gates AT, Zhang XD, et al. (2008) Genome-scale RNAi screen

for host factors required for HIV replication. Cell Host Microbe 4: 495-504.

362. Yeung ML, Houzet L, Yedavalli VS, Jeang KT (2009) A genome-wide short hairpin RNA

screening of jurkat T-cells for human proteins contributing to productive HIV-1

replication. | Biol Chem 284: 19463-19473.

259



363. Price A], Fletcher A], Schaller T, Elliott T, Lee K, et al. (2012) CPSF6 Defines a

Conserved Capsid Interface that Modulates HIV-1 Replication. PLoS Pathog 8:

€1002896.

364.Koh Y, Wu X, Ferris AL, Matreyek KA, Smith SJ, et al. (2013) Differential effects of

human immunodeficiency virus type 1 capsid and cellular factors nucleoporin 153

and LEDGF/p75 on the efficiency and specificity of viral DNA integration. ] Virol 87:

648-658.

365. Jordan A, Defechereux P, Verdin E (2001) The site of HIV-1 integration in the human

genome determines basal transcriptional activity and response to Tat

transactivation. EMBO | 20: 1726-1738.

366. Meehan AM, Saenz DT, Guevera R, Morrison JH, Peretz M, et al. (2014) A cyclophilin

homology domain-independent role for Nup358 in HIV-1 infection. PLoS Pathog 10:

€1003969.

367. Lee K, Ambrose Z, Martin TD, Oztop I, Mulky A, et al. (2010) Flexible use of nuclear

import pathways by HIV-1. Cell Host Microbe 7: 221-233.

368. Dettwiler S, Aringhieri C, Cardinale S, Keller W, Barabino SM (2004) Distinct sequence

motifs within the 68-kDa subunit of cleavage factor Im mediate RNA binding,

260



protein-protein interactions, and subcellular localization. | Biol Chem 279: 35788-

35797.

369. Ambrose Z, Lee K, Ndjomou J, Xu H, Oztop I, et al. (2012) Human immunodeficiency

virus type 1 capsid mutation N74D alters cyclophilin A dependence and impairs

macrophage infection. ] Virol 86: 4708-4714.

370. Lee K, Mulky A, Yuen W, Martin TD, Meyerson NR, et al. (2012) HIV-1 capsid-targeting

domain of cleavage and polyadenylation specificity factor 6. ] Virol 86: 3851-3860.

371. Matreyek KA, Engelman A (2011) The requirement for nucleoporin NUP153 during

human immunodeficiency virus type 1 infection is determined by the viral capsid. ]

Virol 85: 7818-7827.

372. Matreyek KA, Yucel SS, Li X, Engelman A (2013) Nucleoporin NUP153 phenylalanine-

glycine motifs engage a common binding pocket within the HIV-1 capsid protein to

mediate lentiviral infectivity. PLoS Pathog 9: e1003693.

373. Pornillos O, Ganser-Pornillos BK, Kelly BN, Hua Y, Whitby FG, et al. (2009) X-ray

structures of the hexameric building block of the HIV capsid. Cell 137: 1282-1292.

374. Wills JW, Craven RC (1991) Form, function, and use of retroviral gag proteins. AIDS 5:

639-654.

261



375. Mortuza GB, Dodding MP, Goldstone DC, Haire LF, Stoye JP, et al. (2008) Structure of

B-MLV capsid amino-terminal domain reveals key features of viral tropism, gag

assembly and core formation. ] Mol Biol 376: 1493-1508.

376. Auerbach MR, Shu C, Kaplan A, Singh IR (2003) Functional characterization of a

portion of the Moloney murine leukemia virus gag gene by genetic footprinting. Proc

Natl Acad SciU S A 100: 11678-11683.

377. Auerbach MR, Brown KR, Singh IR (2007) Mutational analysis of the N-terminal

domain of Moloney murine leukemia virus capsid protein. ] Virol 81: 12337-12347.

378. Rihn SJ, Wilson S], Loman NJ, Alim M, Bakker SE, et al. (2013) Extreme genetic fragility

of the HIV-1 capsid. PLoS Pathog 9: e1003461.

379.von Schwedler UK, Stemmler TL, Klishko VY, Li S, Albertine KH, et al. (1998)

Proteolytic refolding of the HIV-1 capsid protein amino-terminus facilitates viral

core assembly. EMBO J 17: 1555-1568.

380. McCarthy KR, Schmidt AG, Kirmaier A, Wyand AL, Newman RM, et al. (2013) Gain-of-

sensitivity mutations in a Trim5-resistant primary isolate of pathogenic SIV identify

two independent conserved determinants of Trim5alpha specificity. PLoS Pathog 9:

e1003352.

381. Newman RM, Johnson WE (2007) A brief history of TRIM5alpha. AIDS Rev 9: 114-125.

262



382. Berthet-Colominas C, Monaco S, Novelli A, Sibai G, Mallet F, et al. (1999) Head-to-tail

dimers and interdomain flexibility revealed by the crystal structure of HIV-1 capsid

protein (p24) complexed with a monoclonal antibody Fab. EMBO J 18: 1124-1136.

383. Krishnan L, Matreyek KA, Oztop I, Lee K, Tipper CH, et al. (2010) The requirement for

cellular transportin 3 (TNPO3 or TRN-SR2) during infection maps to human

immunodeficiency virus type 1 capsid and not integrase. ] Virol 84: 397-406.

384. Tang C, Ndassa Y, Summers MF (2002) Structure of the N-terminal 283-residue

fragment of the immature HIV-1 Gag polyprotein. Nat Struct Biol 9: 537-543.

385. Lim SY, Rogers T, Chan T, Whitney ]B, Kim ], et al. (2010) TRIM5alpha Modulates

Immunodeficiency Virus Control in Rhesus Monkeys. PLoS Pathog 6: e1000738.

386. Gardner MB (2003) Simian AIDS: an historical perspective. ] Med Primatol 32: 180-

186.

387. Mansfield KG, Lerch NW, Gardner MB, Lackner AA (1995) Origins of simian

immunodeficiency virus infection in macaques at the New England Regional Primate

Research Center. ] Med Primatol 24: 116-122.

388. Maiti R, Van Domselaar GH, Zhang H, Wishart DS (2004) SuperPose: a simple server

for sophisticated structural superposition. Nucleic Acids Res 32: W590-594.

263



389. Howard BR, Vajdos FF, Li S, Sundquist WI, Hill CP (2003) Structural insights into the

catalytic mechanism of cyclophilin A. Nat Struct Biol 10: 475-481.

390. Yap MW, Dodding MP, Stoye JP (2006) Trim-cyclophilin A fusion proteins can restrict

human immunodeficiency virus type 1 infection at two distinct phases in the viral

life cycle. ] Virol 80: 4061-4067.

391. Nisole S, Lynch C, Stoye JP, Yap MW (2004) A Trim5-cyclophilin A fusion protein found

in owl monkey kidney cells can restrict HIV-1. Proc Natl Acad Sci U S A 101: 13324-

13328.

392. Dietrich EA, Jones-Engel L, Hu SL (2011) Evolution of the antiretroviral restriction

factor TRIMCyp in Old World primates. PLoS One 5: e14019.

393. Zhang XY, La Russa VF, Bao L, Kolls ], Schwarzenberger P, et al. (2002) Lentiviral

vectors for sustained transgene expression in human bone marrow-derived stromal

cells. Mol Ther 5: 555-565.

394. Otwinowski ZaM, Wladek (1997) Processing of X-ray diffraction data collected in

oscillation mode. In: Charles W. Carter ], editor. Methods in Enzymology: Academic

Press. pp. 307-326.

395. McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, et al. (2007) Phaser

crystallographic software. ] Appl Crystallogr 40: 658-674.

264



396. Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, et al. (2010) PHENIX: a

comprehensive Python-based system for macromolecular structure solution. Acta

Crystallogr D Biol Crystallogr 66: 213-221.

397. Terwilliger TC, Grosse-Kunstleve RW, Afonine PV, Moriarty NW, Zwart PH, et al.

(2008) Iterative model building, structure refinement and density modification with

the PHENIX AutoBuild wizard. Acta Crystallogr D Biol Crystallogr 64: 61-69.

398. Emsley P, Cowtan K (2004) Coot: model-building tools for molecular graphics. Acta

Crystallogr D Biol Crystallogr 60: 2126-2132.

399. Chen VB, Arendall WB, 3rd, Headd ], Keedy DA, Immormino RM, et al. (2010)

MolProbity: all-atom structure validation for macromolecular crystallography. Acta

Crystallogr D Biol Crystallogr 66: 12-21.

400. Yang Z (2007) PAML 4: phylogenetic analysis by maximum likelihood. Mol Biol Evol

24:1586-1591.

401. Zhang H, Zhou Y, Alcock C, Kiefer T, Monie D, et al. (2004) Novel single-cell-level

phenotypic assay for residual drug susceptibility and reduced replication capacity of

drug-resistant human immunodeficiency virus type 1. ] Virol 78: 1718-1729.

265



402. Diaz-Griffero F, Vandegraaff N, Li Y, McGee-Estrada K, Stremlau M, et al. (2006)

Requirements for capsid-binding and an effector function in TRIMCyp-mediated

restriction of HIV-1. Virology 351: 404-419.

403. Kirmaier A, Diehl W, Johnson WE (2009) Acquisition and processing of nonhuman

primate samples for genetic and phylogenetic analyses. Methods 49: 5-10.

404. Chen CM, Smith DM, Peters MA, Samson ME, Zitz ], et al. (1999) Production and design

of more effective avian replication-incompetent retroviral vectors. Dev Biol 214:

370-384.

405. Patel M, Giddings AM, Sechelski ], Olsen JC (2013) High efficiency gene transfer to

airways of mice using influenza hemagglutinin pseudotyped lentiviral vectors. ]

Gene Med 15: 51-62.

406. McKay T, Patel M, Pickles R], Johnson LG, Olsen ]JC (2006) Influenza M2 envelope

protein augments avian influenza hemagglutinin pseudotyping of lentiviral vectors.

Gene Ther 13: 715-724.

407. Khare PD, Loewen N, Teo W, Barraza RA, Saenz DT, et al. (2008) Durable, safe, multi-

gene lentiviral vector expression in feline trabecular meshwork. Mol Ther 16: 97-

106.

266



408. Loewen N, Barraza R, Whitwam T, Saenz DT, Kemler I, et al. (2003) FIV Vectors.

Methods Mol Biol 229: 251-271.

409. Hasegawa M, Kishino H, Yano T (1985) Dating of the human-ape splitting by a

molecular clock of mitochondrial DNA. ] Mol Evol 22: 160-174.

410. Ashkenazy H, Penn O, Doron-Faigenboim A, Cohen O, Cannarozzi G, et al. (2012)

FastML: a web server for probabilistic reconstruction of ancestral sequences.

Nucleic Acids Res 40: W580-584.

411. Pupko T, Pe'er I, Hasegawa M, Graur D, Friedman N (2002) A branch-and-bound

algorithm for the inference of ancestral amino-acid sequences when the

replacement rate varies among sites: Application to the evolution of five gene

families. Bioinformatics 18: 1116-1123.

412. Pupko T, Pe'er I, Shamir R, Graur D (2000) A fast algorithm for joint reconstruction of

ancestral amino acid sequences. Mol Biol Evol 17: 890-896.

413. Tattersall I (2006) Historical biogeography of the strepsirhine primates of

Madagascar. Folia Primatol (Basel) 77: 477-487.

414. Holmes EC (2003) Molecular clocks and the puzzle of RNA virus origins. ] Virol 77:

3893-3897.

267



415. Yap MW, Mortuza GB, Taylor IA, Stoye JP (2007) The design of artificial retroviral

restriction factors. Virology 365: 302-314.

416. Li X, Song B, Xiang SH, Sodroski ] (2007) Functional interplay between the B-box 2 and

the B30.2(SPRY) domains of TRIM5alpha. Virology 366: 234-244.

417. Blair WS, Pickford C, Irving SL, Brown DG, Anderson M, et al. (2010) HIV capsid is a

tractable target for small molecule therapeutic intervention. PLoS Pathog 6:

€1001220.

418. Shi ], Zhou ], Shah VB, Aiken C, Whitby K (2011) Small-molecule inhibition of human

immunodeficiency virus type 1 infection by virus capsid destabilization. ] Virol 85:

542-549.

419. Blair WS, Isaacson ], Li X, Cao ], Peng Q, et al. (2005) A novel HIV-1 antiviral high

throughput screening approach for the discovery of HIV-1 inhibitors. Antiviral Res

65:107-116.

420. Grutter MG, Luban ] (2012) TRIMS5 structure, HIV-1 capsid recognition, and innate

immune signaling. Curr Opin Virol 2: 142-150.

421. Sanchez ]G, Okreglicka K, Chandrasekaran V, Welker JM, Sundquist W], et al. (2014)

The tripartite motif coiled-coil is an elongated antiparallel hairpin dimer. Proc Natl

Acad SciU S A 111: 2494-2499.

268



422. Goldstone DC, Walker PA, Calder LJ, Coombs PJ, Kirkpatrick J, et al. (2014) Structural

studies of postentry restriction factors reveal antiparallel dimers that enable avid

binding to the HIV-1 capsid lattice. Proc Natl Acad SciUS A 111: 9609-9614.

423. 0daka T, Yamamoto T (1965) Inheritance of susceptibility to Friend mouse leukemia

virus. 11. Spleen foci method applied to test the susceptibility of crossbred progeny

between a sensitive and a resistant strain. Jpn ] Exp Med 35: 311-314.

424. Lilly F (1967) Susceptibility to two strains of Friend leukemia virus in mice. Science

155:461-462.

425. Suzuki S (1975) FV-4: a new gene affecting the splenomegaly induction by Friend

leukemia virus. Jpn ] Exp Med 45: 473-478.

426. Gardner MB, Rasheed S, Pal BK, Estes JD, O'Brien SJ (1980) Akvr-1, a dominant murine

leukemia virus restriction gene, is polymorphic in leukemia-prone wild mice. Proc

Natl Acad SciUS A 77: 531-535.

427.Rasheed S, Gardner MB (1983) Resistance to fibroblasts and hematopoietic cells to

ecotropic murine leukemia virus infection; an Akvr-1R gene effect. Int ] Cancer 31:

491-496.

428. Hartley JW, Rowe WP, Huebner R] (1970) Host-range restrictions of murine leukemia

viruses in mouse embryo cell cultures. ] Virol 5: 221-225.

269



429. Pincus T, Hartley JW, Rowe WP (1971) A major genetic locus affecting resistance to

infection with murine leukemia viruses. I. Tissue culture studies of naturally

occurring viruses. ] Exp Med 133: 1219-1233.

430. Rowe WP (1972) Studies of genetic transmission of murine leukemia virus by AKR

mice. I. Crosses with Fv-1 n strains of mice. ] Exp Med 136: 1272-1285.

431. Rowe WP, Hartley JW (1972) Studies of genetic transmission of murine leukemia virus

by AKR mice. II. Crosses with Fv-1 b strains of mice. ] Exp Med 136: 1286-1301.

432. DesGroseillers L, Jolicoeur P (1983) Physical mapping of the Fv-1 tropism host range

determinant of BALB/c murine leukemia viruses. ] Virol 48: 685-696.

433. Kozak CA, Chakraborti A (1996) Single amino acid changes in the murine leukemia

virus capsid protein gene define the target of Fv1 resistance. Virology 225: 300-305.

434. Decleve A, Niwa O, Gelmann E, Kaplan HS (1975) Replication kinetics of N- and B-

tropic murine leukemia viruses on permissive and nonpermissive cells in vitro.

Virology 65: 320-332.

435. Duran-Troise G, Bassin RH, Rein A, Gerwin BI (1977) Loss of Fv-1 restriction in

Balb/3T3 cells following infection with a single N tropic murine leukemia virus

particle. Cell 10: 479-488.

270



436. Tennant RW, Otten JA, Brown A, Yang WK, Kennel S] (1979) Characterization of Fv-1

host range strains of murine retroviruses by titration and p30 protein

characteristics. Virology 99: 349-357.

437.Boone LR, Innes CL, Heitman CK (1990) Abrogation of Fv-1 restriction by genome-

deficient virions produced by a retrovirus packaging cell line. ] Virol 64: 3376-3381.

438. Bassin RH, Gerwin BI, Levin JG, Duran-Troise G, Benjers BM, et al. (1980)

Macromolecular requirements for abrogation of Fv-1 restriction by murine

leukemia viruses. ] Virol 35: 287-297.

439. Duran-Troise G, Bassin RH, Wallace BF, Rein A (1981) Balb/3T3 cells chronically

infected with N-tropic murine leukemia virus continue to express Fv-1b restriction.

Virology 112: 795-799.

440. Goff SP (1996) Operating under a Gag order: a block against incoming virus by the Fv1

gene. Cell 86: 691-693.

441. Goff SP (2004) Retrovirus restriction factors. Mol Cell 16: 849-859.

442. Besnier C, Ylinen L, Strange B, Lister A, Takeuchi Y, et al. (2003) Characterization of

murine leukemia virus restriction in mammals. ] Virol 77: 13403-13406.

271



443. Kozak CA (1985) Analysis of wild-derived mice for Fv-1 and Fv-2 murine leukemia

virus restriction loci: a novel wild mouse Fv-1 allele responsible for lack of host

range restriction. J Virol 55: 281-285.

444. Best S, Le Tissier P, Towers G, Stoye JP (1996) Positional cloning of the mouse

retrovirus restriction gene Fv1. Nature 382: 826-829.

445, Hilditch L, Matadeen R, Goldstone DC, Rosenthal PB, Taylor IA, et al. (2011) Ordered

assembly of murine leukemia virus capsid protein on lipid nanotubes directs

specific binding by the restriction factor, Fv1. Proc Natl Acad SciU S A 108: 5771-

5776.

446. Yap MW, Colbeck E, Ellis SA, Stoye JP (2014) Evolution of the retroviral restriction

gene Fv1: inhibition of non-MLV retroviruses. PLoS Pathog 10: e1003968.

447. Goujon C, Moncorge O, Bauby H, Doyle T, Ward CC, et al. (2013) Human MX2 is an

interferon-induced post-entry inhibitor of HIV-1 infection. Nature 502: 559-562.

448. Liu Z, Pan Q, Ding S, Qian J, Xu F, et al. (2013) The interferon-inducible MxB protein

inhibits HIV-1 infection. Cell Host Microbe 14: 398-410.

449. Busnadiego I, Kane M, Rihn SJ, Preugschas HF, Hughes ], et al. (2014) Host and viral

determinants of mx2 antiretroviral activity. ] Virol 88: 7738-7752.

272



450. Kane M, Yadav SS, Bitzegeio J, Kutluay SB, Zang T, et al. (2013) MX2 is an interferon-

induced inhibitor of HIV-1 infection. Nature 502: 563-566.

451. Mitchell PS, Patzina C, Emerman M, Haller O, Malik HS, et al. (2012) Evolution-guided

identification of antiviral specificity determinants in the broadly acting interferon-

induced innate immunity factor MxA. Cell Host Microbe 12: 598-604.

452. Stoye JP (2012) Studies of endogenous retroviruses reveal a continuing evolutionary

saga. Nat Rev Microbiol 10: 395-406.

453. International Committee on Taxonomy of Viruses., King AMQ (2012) Virus taxonomy :

classification and nomenclature of viruses : ninth report of the International

Committee on Taxonomy of Viruses. London ; Waltham, MA: Academic Press. x,

1327 p. p.

454. Blomberg ], Benachenhou F, Blikstad V, Sperber G, Mayer ] (2009) Classification and

nomenclature of endogenous retroviral sequences (ERVs): problems and

recommendations. Gene 448: 115-123.

455. Tokarev A, Suarez M, Kwan W, Fitzpatrick K, Singh R, et al. (2013) Stimulation of NF-

kappaB activity by the HIV restriction factor BST2. ] Virol 87: 2046-2057.

273



456. Galao RP, Le Tortorec A, Pickering S, Kueck T, Neil S] (2012) Innate sensing of HIV-1

assembly by Tetherin induces NFkappaB-dependent proinflammatory responses.

Cell Host Microbe 12: 633-644.

457. Allen TM, Mothe BR, Sidney J, Jing P, Dzuris JL, et al. (2001) CD8(+) lymphocytes from

simian immunodeficiency virus-infected rhesus macaques recognize 14 different

epitopes bound by the major histocompatibility complex class [ molecule mamu-

A*01: implications for vaccine design and testing. ] Virol 75: 738-749.

458. Fernandez CS, Stratov I, De Rose R, Walsh K, Dale CJ, et al. (2005) Rapid viral escape at

an immunodominant simian-human immunodeficiency virus cytotoxic T-

lymphocyte epitope exacts a dramatic fitness cost. ] Virol 79: 5721-5731.

459. Geretti AM, Hulskotte EG, Dings ME, van Baalen CA, van Amerongen G, et al. (1997)

CD8+ cytotoxic T lymphocytes of a cynomolgus macaque infected with simian

immunodeficiency virus (SIV) mac32H-]5 recognize a nine amino acid epitope in SIV

Gag p26.] Gen Virol 78 ( Pt 4): 821-824.

460. Kawada M, Igarashi H, Takeda A, Tsukamoto T, Yamamoto H, et al. (2006)

Involvement of multiple epitope-specific cytotoxic T-lymphocyte responses in

vaccine-based control of simian immunodeficiency virus replication in rhesus

macaques. J Virol 80: 1949-1958.

274



461. Matano T, Kobayashi M, Igarashi H, Takeda A, Nakamura H, et al. (2004) Cytotoxic T

lymphocyte-based control of simian immunodeficiency virus replication in a

preclinical AIDS vaccine trial. ] Exp Med 199: 1709-1718.

462. Smith MZ, Dale CJ, De Rose R, Stratov I, Fernandez CS, et al. (2005) Analysis of pigtail

macaque major histocompatibility complex class [ molecules presenting

immunodominant simian immunodeficiency virus epitopes. ] Virol 79: 684-695.

463. Yu XG, Addo MM, Rosenberg ES, Rodriguez WR, Lee PK, et al. (2002) Consistent

patterns in the development and immunodominance of human immunodeficiency

virus type 1 (HIV-1)-specific CD8+ T-cell responses following acute HIV-1 infection.

J Virol 76: 8690-8701.

464. Matthews PC, Koyanagi M, Kloverpris HN, Harndahl M, Stryhn A, et al. (2012)

Differential clade-specific HLA-B*3501 association with HIV-1 disease outcome is

linked to immunogenicity of a single Gag epitope. ] Virol 86: 12643-12654.

465. Honeyborne I, Prendergast A, Pereyra F, Leslie A, Crawford H, et al. (2007) Control of

human immunodeficiency virus type 1 is associated with HLA-B*13 and targeting of

multiple gag-specific CD8+ T-cell epitopes. ] Virol 81: 3667-3672.

466. Goulder PJ, Bunce M, Krausa P, McIntyre K, Crowley S, et al. (1996) Novel, cross-

restricted, conserved, and immunodominant cytotoxic T lymphocyte epitopes in

275



slow progressors in HIV type 1 infection. AIDS Res Hum Retroviruses 12: 1691-
1698.

467. Bertoletti A, Cham F, McAdam S, Rostron T, Rowland-Jones S, et al. (1998) Cytotoxic T
cells from human immunodeficiency virus type 2-infected patients frequently cross-
react with different human immunodeficiency virus type 1 clades. ] Virol 72: 2439-
2448.

468. Battivelli E, Migraine ], Lecossier D, Yeni P, Clavel F, et al. (2011) Gag cytotoxic T
lymphocyte escape mutations can increase sensitivity of HIV-1 to human
TRIMS5alpha, linking intrinsic and acquired immunity. | Virol 85: 11846-11854.

469. Granier C, Battivelli E, Lecuroux C, Venet A, Lambotte O, et al. (2013) Pressure from
TRIM5alpha contributes to control of HIV-1 replication by individuals expressing
protective HLA-B alleles. ] Virol 87: 10368-10380.

470. Rahm N, Gfeller D, Snoeck J, Martinez R, McLaren PJ, et al. (2013) Susceptibility and
adaptation to human TRIM5alpha alleles at positive selected sites in HIV-1 capsid.
Virology 441: 162-170.

471. Alter G, Heckerman D, Schneidewind A, Fadda L, Kadie CM, et al. (2011) HIV-1

adaptation to NK-cell-mediated immune pressure. Nature 476: 96-100.

276



472. Kaumanns P, Hagmann [, Dittmar MT (2006) Human TRIM5alpha mediated restriction

of different HIV-1 subtypes and Lv2 sensitive and insensitive HIV-2 variants.

Retrovirology 3: 79.

473. Goldschmidt V, Ciuffi A, Ortiz M, Brawand D, Munoz M, et al. (2008) Antiretroviral

activity of ancestral TRIM5alpha. ] Virol 82: 2089-2096.

474. Miyamoto T, Nakayama EE, Yokoyama M, Ibe S, Takehara S, et al. (2012) The carboxyl-

terminus of human immunodeficiency virus type 2 circulating recombinant form

01_AB capsid protein affects sensitivity to human TRIM5alpha. PLoS One 7: e47757.

475. Takeuchi JS, Perche B, Migraine ], Mercier-Delarue S, Ponscarme D, et al. (2013) High

level of susceptibility to human TRIM5alpha conferred by HIV-2 capsid sequences.

Retrovirology 10: 50.

476. Dietrich EA, Brennan G, Ferguson B, Wiseman RW, O'Connor D, et al. (2011) Variable

prevalence and functional diversity of the antiretroviral restriction factor TRIMCyp

in Macaca fascicularis. ] Virol 85: 9956-9963.

477. Berry NJ, Marzetta F, Towers GJ, Rose NJ (2012) Diversity of TRIM5alpha and

TRIMCyp sequences in cynomolgus macaques from different geographical origins.

Immunogenetics 64: 267-278.

277



478. Saito A, Kawamoto Y, Higashino A, Yoshida T, Ikoma T, et al. (2012) Allele frequency of

antiretroviral host factor TRIMCyp in wild-caught cynomolgus macaques (Macaca

fascicularis). Front Microbiol 3: 314.

479. de Groot NG, Heijmans CM, Koopman G, Verschoor EJ], Bogers WM, et al. (2011) TRIM5

allelic polymorphism in macaque species/populations of different geographic

origins: its impact on SIV vaccine studies. Tissue Antigens 78: 256-262.

480. Meythaler M, Martinot A, Wang Z, Pryputniewicz S, Kasheta M, et al. (2009)

Differential CD4+ T-lymphocyte apoptosis and bystander T-cell activation in rhesus

macaques and sooty mangabeys during acute simian immunodeficiency virus

infection. ] Virol 83: 572-583.

278



