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Abstract
In order to successfully invade a new species, lentiviruses must overcome
restriction factors, dominant blocks to replication, and be able to make use of
available host factors such as entry receptors for replication. Human
immunodeficiency virus (HIV-1) infection is blocked at a post-entry stage by
rhesus macaque TRIM5α, an effect that is enhanced by host factor cyclophilin A
(CypA), but largely evades restriction by the human TRIM5α variant. HIV-1
replication is also inhibited by simian APOBEC3G but is able to evade
restriction by human APOBEC3G by inducing its degradation through expression
of accessory protein Vif. Viral entry and tissue tropism are determined by an
interaction of the viral Env glycoprotein with a cell surface receptor and a
seven transmembrane domain co-receptor. The feline immunodeficiency virus
(FIV) infects diverse felid species including the African lion, where infection
has likely been endemic since at least the late Pleistocene, and the domestic
cat, a more recent host. For domestic cat strains of FIV (FIV-Fca), entry is
mediated by host proteins CD134 and CXCR4, but the identity of receptors in
non-domestic strains of FIV is unknown.
This thesis demonstrates that two strains of FIV isolated from lions (FIV-Ple
subtypes B and E) differ in their receptor tropism and that subtype E shares
entry receptors with FIV-Fca. The findings suggest that alternative receptor
usage is a strategy employed by FIV in this species and has implications for the
disputed pathology and tissue tropism of infection in African lions. Next, we
tested the hypothesis that species which have harboured lentiviral infection for
a long time are better able to prevent viral replication than recent hosts.
Whilst we found that TRIM5α is non-functional in all felid species tested,
evidence of potent APOBEC3 activity was found and, in lion cells, potently
restricts production of infectious FIV. Moreover, lion primary T-cells prevent
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replication of diverse FIV strains and restrict primate lentiviruses at post-entry
stages, suggesting that co-evolution with lentiviruses has driven the selection
of broad-ranging restriction factors. Structural and biophysical analyses suggest
that whilst FIV’s interaction with CypA appears to be conserved in affinity with
HIV-1, the interaction does not appear to be crucial for replication and, in the
absence of restriction by TRIM5α, the role of the capsid-CypA interaction is
discussed. Overall the study explains the permissivity of domestic cat cells to
retroviral infection and identifies FIV infection of lions as an example of host
adaptation driven by current lentiviral infection.
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Chapter 1. Introduction

Chapter 1. Introduction

1.1 Preface
Investigating the mechanisms by which viruses appropriate host cell machinery
to replicate themselves is crucial to our understanding of infections and their
associated pathologies. In conjunction with studies of host immunity, such
research can reveal the co-evolutionary battles between host and parasite and
expose the interactions important for viral infection and suggest potential
strategies of viral disruption. Lentiviruses are widespread mammalian
pathogens and include the human and feline immunodeficiency viruses (HIV
and FIV) which cause AIDS in their respective hosts. Humans and cat
lentiviruses are proposed to have invaded their hosts after comparatively
recent cross-species transmission events: within the past 150 years for humans
and since the domestication event that gave rise to domestic cats. However,
replication of these viruses is blocked in the cells of other species by a suite of
proteins termed ‘restriction factors.’ Evolution of such restriction factors is
proposed to have been driven by previous or ongoing encounters with
pathogens. In this thesis, a comparison is made between infections in domestic
cats and African lions, where FIV is thought to have been endemic for hundreds
of thousands, if not millions of years. The study investigates the characteristics
of FIV strains circulating in these species and asks what changes long-term
lentiviral infection has brought about in host and pathogen with particular
reference to restriction factors.
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1.2 Retroviruses
Viruses are obligate intracellular parasites, reliant on host cell machinery to
carry out the instructions encoded within their genomes. They must use the
available host factors in a precise and controlled order to carry out each
sequential stage of the viral lifecycle. Several replication strategies are
available to viruses with respect to the nature of their genomes and the
manner of their replication, all of which must ultimately allow the expression
of viral proteins through messenger RNA (Baltimore 1971). The Retroviridae
virus family is characterised by a replication strategy of positive sense RNA
genome that is reverse transcribed by viral enzyme reverse transcriptase (RT)
into a double stranded DNA copy which is inserted into the host genomic DNA
from which mRNA transcripts and novel genomic RNA transcripts can be
derived. Members of the family are broadly categorised into simple or complex
retroviruses, with simple viruses generally bearing three open reading frames
(ORFs), gag (which encodes the major structural proteins), pol (encoding RT
and other proteins necessary for replication) and env (encoding the envelope
glycoprotein responsible for entry into cells). The simple retroviruses are
subdivided into genera Alpha-, Beta- and Gammaretrovirus, whist the complex
viruses are divided into the Spuma- and Lentivirus genera both of which
possess a number of smaller ‘accessory’ genes (Figure 1-1).
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Figure 1-1 Genomic organisation of simple and complex retroviruses. Murine
leukaemia virus (MLV) is a simple retrovirus belonging to the Gammaretrovirus genus
and possesses three open reading frames, as well as 5’ and 3’ long terminal repeats
(LTRs). Human immunodeficiency virus type I (HIV-1) belongs to the complex
Lentivirus genus and has an additional suite of accessory genes. Some of these genes are
shared by the feline immunodeficiency virus (FIV), which has an open reading frame
termed orfA which encodes a protein which bears similarities to HIV-1 Vpr (Gemeniano
et al. 2003). The gag-pol open reading frames are produced as polyproteins which are
cleaved by viral protease into mature peptides matrix, MA; capsid, CA; nucleocapsid,
NC; protease, PR; reverse transcriptase, RT; dUTPase, DU; and integrase, IN.

The first demonstration of the infectious property of lentiviruses was the
transmission of equine anaemia in serum filtrate, now known to bear equine
infectious anaemia virus (EIAV; Vallee and Carre 1904). In Icelandic sheep, the
maedi visna disease was introduced in the mid-twentieth century and the
spread of the disease was shown to be caused by a transmissible virus
(Sigurdsson, 1953), later demonstrated to be the prototypic lentivirus, maedi
visna virus (MVV; Haase and Varmus 1973). The viruses were given the prefix
lenti- (lentus meaning slow in Latin) due to the long incubation period for
pathological manifestations to occur. Symptoms of MVV infection include
pulmonary infection and neurologic disease (meadi, laboured breathing, visna,
20
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wasting in Icelandic) but arise at least two years after infection. This slow
progression of disease is a common feature of the lentiviruses but tissue
tropism and the associated pathology is diverse (Narayan and Clements 1989).
The field rose to prominence as a research subject with the discovery of human
immunodeficiency virus type I (HIV-1) which infects and depletes CD4+ T-cells,
compromising cellular immunity and causing acquired immunodeficiency
syndrome (AIDS) (Barre-Sinoussi et al. 1983; Gallo et al. 1984). The Lentivirus
genus is known to infect diverse mammalian orders including cattle (bovine
immunodeficiency virus; BIV), goats (caprine arthritic encephalitis virus;
CAEV), horses (EIAV) and primates (simian and human immunodeficiency
viruses; SIV and HIV). However, the discovery of feline immunodeficiency virus
(FIV; Pedersen et al. 1987b) was followed by the finding that, uniquely
amongst

non-primate

lentiviruses,

it

causes

an

AIDS-like

syndrome

characterised by recurrent gingivitis-stomatitis, cachexia, neuropathology and
an increased incidence of tumour development (Torten et al. 1991; Ackley et
al. 1990; Yamamoto et al. 1989; Sparger et al. 1989; Pedersen et al. 1987a;
Hosie et al. 1989; Pedersen 1993; Callanan et al. 1992; Callanan et al. 1996).
FIV infects an estimated 10% of domestic cats in the UK and species-specific
strains of FIV have now been identified in at least 15 non-domestic felid and
hyenid species (Brown et al. 1994; Troyer et al. 2004; Barr et al. 1995;
Carpenter et al. 1996; Hofmann-Lehmann et al. 1996; Troyer et al. 2005). As
well as being a major veterinary pathogen, FIV has attracted considerable
attention as a model for investigating common principles of AIDS progression
and in the development of vaccines for the prevention of lentiviral infection.
On the 25th anniversary of the description of AIDS, a co-discoverer of HIV
declared “we can safely say that we know as much about HIV as we do of any
pathogen and about AIDS as we do any human disease” (Gallo 2006). Despite
this, the virus is now responsible for a global pandemic infecting 40.3 million
people, with at least two-thirds of cases occurring in the developing world
21
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(World Health Organisation 2005). It is therefore of necessity and substantial
value to investigate the mechanisms by which lentiviruses replicate and
interact with their hosts.
The lentiviral lifecycle is superficially simple: particles invade the cell, reverse
transcribe and integrate their genomes, translate their proteins and bud from
the cell surface. However, the lifecycle is dependent on a vastly complex array
of interactions with host proteins. For instance, in July 2009, the HIV-1 Human
Protein Interaction Database lists 1,737 entries for Env alone (Fu et al. 2009), a
number that will no doubt grow substantially. What's more, the information to
carry out these functions is encoded by a genome of only 9,000-10,000 base
pairs (bp), resulting in gene products that must carry out multiple functions.
For the most part, host-virus interactions promote the viral lifecycle, but it is
becoming increasingly clear that an additional suite of host factors that
evolved specifically to interfere with retroviral replication must also be
overcome for successful replication. These agents are known as ‘restriction
factors’ and are considered as part of the innate immune system or as
members of a separate ‘intrinsic immune system’ (Bieniasz 2004). This
separate classification is justified by their constitutive expression in a wide
range of host cells and their absence of requirement for pathogen stimulation
or intercellular communication. To date, the main restriction factors of
retroviral replication fall into three classes, the post-entry restriction factors
(including murine Fv1 and mammalian TRIM5α), hypermutation-inducing
restriction factors (the APOBEC3 family of proteins) and inhibitors of budding
(tetherin). A variety of counter-measures have been devised on the part of the
virus, including host-specific escape mutants and the generation of entire new
genes that disrupt the activities of the restriction factors.
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1.3 Cross-species transmission of lentiviruses in the primates and
felids
In order to successfully infect a new species, a lentivirus requires a
transmission event (zoonosis) and subsequent acquisition of adaptations that
facilitate replication and transmission in the new host. There are currently 36
primate species known to be infected with lentiviruses, confined to Africa and
Asia (Santiago et al. 2005). The causes of AIDS, HIV-1 and HIV-2, were
introduced to humans as multiple cross-species transmissions from nonhuman
primates. The chimpanzee (Pan troglodytes) simian immunodeficiency virus
(SIVcpz) crossed into humans on at least three separate occasions during the
19th and 20th centuries, giving rise to HIV-1 groups M (major), O (outlier) and N
(non-M, non-O) (Keele et al. 2006; Gao et al. 1999). HIV-2, originating from
SIVsm of sooty mangabeys (Cercocebus atys), is thought to have been
transmitted to humans on at least eight occasions, giving groups A to H
(Damond et al. 2004). However, six of the groups have only been identified as
individual infections, with only groups A and B showing evidence of humanhuman transmission (Damond et al. 2004) and even these groups remain largely
confined to West Africa. Additionally, a virus has been identified in a
Cameroonian woman that resembles SIV strains circulating in gorilla
populations (Plantier et al. 2009). Thus it seems likely that lentiviruses have
crossed from apes and monkeys into humans on numerous occasions, no doubt
many or most of these unnoticed. Only one transmission event, from
chimpanzees to humans around 1904 and giving rise to HIV-1 group M, has given
rise to the global pandemic (Keele et al. 2006; Worobey et al. 2008). The
comparative rarity of successful zoonosis events in the primates implies that
species-specific blocks to replication (be they dominant host blocks or the
inability to use host factors in the new host) must be overcome for successful
transmission.
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Of the 37 known species of felids, 21 species have been shown to harbour
antibodies reactive to FIV and many of these species harbour viral sequences
consistent with species-specific strains (VandeWoude and Apetrei 2006; Troyer
et al. 2008). Unlike the primate lentiviruses, prevalence of FIV is worldwide,
with infections occurring in both old and new world species. However, not all
branches of felids are infected which suggests that virus colonised these hosts
after the modern felid species radiation in the late Miocene ~10.8 million years
ago1 (mya; Johnson et al. 2006). The co-occurrence of diverse primate,
ungulate and feline lentiviruses in Africa, and the paucity of FIV in Asia (only
one endemic Asian species has tested FIV seropositive, the Mongolian species
Pallas cat (Barr et al. 1995)), has lead to the hypothesis that FIV originated in
Africa and was subsequently disseminated worldwide (Troyer et al. 2008;
Pecon-Slattery et al. 2008b). Unlike most felid taxa, all six species belonging to
the Panthera genus are infected with FIV, and in lions, six highly divergent
viral subtypes (A to F) are circulating (Pecon-Slattery et al. 2008b). These
observations are consistent with an ancient infection in this species. The range
of modern lions is confined to the African continent and a relic population in
the Gir forest of India. However, fossil evidence points to a much larger former
distribution, including Asia and North America. The virus is proposed to have
colonised the Panthera lineage before spreading to America through movement
of species across the Bering Straits. Two opportunities for this dissemination
have arisen: during periods of low sea level dated to 4.5 mya that allowed the
movement of ocelot lineage members that subsequently diverged into cheetahs
and pumas, and a more recent event in the late Pliocene/early Pleistocene
(3.6 – 2.5 mya) that permitted the movement of lions into North America
(Troyer et al. 2008; Johnson et al. 2006). The low sequence diversity of FIV in
cheetahs points to a relatively recent introduction of FIV, probably since the
extirpation of North American cheetah subspecies 10,000 years ago (Pecon1

N.B. A phylogeny of the Feliformia is presented in Appendix 4.
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Slattery et al. 2008b; Menotti-Raymond and O'Brien 1993), making it unlikely
that the ocelot lineage was infected with lentivirus at the time of migration to
North America. It is therefore possible that lions, where infection is more
ancient, were vehicle for FIV dissemination into the new world during their
migration in the late Pliocene/early Pleistocene. Analysis of mitochondrial and
genomic DNA markers in African lions suggests episodes of population
fragmentation occurred during the Pleistocene (1.8 mya - 10,000 years before
present; Antunes et al. 2008). Geographical concordance between FIV-Ple
subtypes and hypothesised historical sub-population ranges is consistent with
an invasion of FIV-Ple that pre-dates the expansion of modern lion populations
estimated between 324,000–169,000 years before present (Antunes et al.
2008). Diversity of FIV in the North American species puma (also known as
cougar or mountain lion; Puma concolor with FIV strain FIV-Pco) is also high
with substantial divergence between the two clades A and B (Troyer et al.
2005), pointing to this species as an early host for new world colonisation for
FIV. In contrast, the closest relative of the domestic cat, Felis sylevstris, the
wildcat (Driscoll et al. 2007), is free from FIV infection, suggesting that the
zoonosis into domestic cats took place after their domestication, estimated at
10,000 years ago from archaeological evidence (Vigne et al. 2004). Thus in a
similar manner to the primates, lentiviral infection is still spreading through
the taxa, and comparisons between the transmissions of feline and primate
lentiviruses have yielded some interesting insights into the relationship
between host and pathogen. In the primates, cross-species transmissions tend
to occur primarily between closely related species, so that the phylogenies of
host and virus closely resemble each other (VandeWoude and Apetrei 2006). In
contrast, zoonoses in the felids frequently take place between more distantly
related

species,

resulting

in

discordant

host

and

virus

phylogenies

(VandeWoude and Apetrei 2006). Such transmission has given rise to a
phylogeographic distribution in the felids, where viral strains are more likely to
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resemble those endemic within the same geographical area than those present
in closely related host species.

1.4 Lentiviral entry
1.4.1 Receptors for HIV-1 entry
The Env-receptor interaction is a critical determinant for cell tropism and
pathogenesis for lentiviral infection. For HIV-1, an interaction with surfaceexpressed

CD4 allows targeting of

helper

T-cells and cells of

the

macrophage/monocyte lineage whilst further subpopulation specificity is
provided by the differential affinities for chemokine co-receptors, CXCR4 and
CCR5. CD4 is a member of the immunoglobulin superfamily that is expressed on
the surface of T-helper cells as a transmembrane glycoprotein. Its in vivo role
is to act, along with the variable T-cell receptor (TCR), as a ligand for major
histocompatability complex (MHC) class II, whilst cytotoxic T-cells, which
express CD8, interact with MHC class I. MHC class II is expressed on the surface
of antigen presenting cells and displays protease-digested oligopeptides in its
peptide-binding groove. In the event that antigen presented by MHC class II
molecules is recognised by TCR of a given T-helper cell, activation of that Tcell will typically result leading to an antigen-specific clonal expansion. CD4
aids in this process by amplifying the intracellular signal generated by TCR by
recruitment of membrane-anchored tyrosine phosphatase Ick, initiating a
downstream signalling pathway and resulting in the activation of transcription
factors such as NFκB and NFAT which stimulate transcription of T-cell
activation genes such as interleukin-2 (Janeway et al. 2001; reviewed in Delon
and Germain 2000). The chemokine receptors (CCRs) are G-protein coupled
receptors that belong to the 7-transmembrane domain super-family (7TM).
CCRs are responsible for the binding of soluble ligands (chemokines) which
effect intracellular responses in the target cell (for review see Rot and von
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Andrian 2004). Many chemokines act as chemo-attractants for specific cell
types, and upon binding initiate intracellular signalling that typically results in
a directional kinetic response. Members of the chemokine receptor family bind
the various chemokines with differential specificity and chemokines are often
promiscuous in their ligand specificity, resulting in various responses such as
proliferation, adhesion, differentiation or barrier migration depending on the
nature and context of the interaction (Rot and von Andrian 2004).
1.4.2 Molecular mechanism of HIV-1 entry
The majority of research into the mechanisms of lentiviral entry has been
performed in the primate lentiviruses (HIV-1/SIVmac), but it is increasingly
becoming clear that attributes of HIV attachment and fusion hold true for FIV
entry. Moreover, gp120 and gp41 bear structural homology to viruses as distant
as influenza A haemagglutanin HA1 and HA2 glycoproteins, suggesting a
convergent or conserved mechanism for viral penetration (Weissenhorn et al.
1997). The HIV particle supports several envelope ‘spikes’ protruding from the
surface, each consisting of an exposed trimer of gp120 subunits (SU) anchored
to the membrane through a non-covalent interaction with trimeric gp41
transmembrane glycoprotein (TM), in such a manner that gp41 is generally
sequestered by gp120 (Weiss et al. 1990; Kowalski et al. 1987). gp120 is a
large, multiply-glycosylated protein, comprising several conserved domains
(C1-C5), interspersed with variable domains (V1-V5) bounded by intramolecular
disulphide bonds, creating loop structures (Starcich et al. 1986; Leonard et al.
1990). Being exposed to the adaptive immune system, antibodies are
generated to gp120, particularly to V2 and V3 (Moore et al. 1994), some of
which are capable of neutralising infection (Karlsson Hedestam et al. 2008). A
considerable degree of sequence variation is tolerated in the variable loops,
allowing the expansion of mutants that escape antibody neutralisation but
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preserve fusogenic activity (Karlsson Hedestam et al. 2008). Although regions
within V2 and V3 do play a part in receptor attachment (Wyatt et al. 1995;
Trkola et al. 1996), a major function of the variable loops appears to be to
provide a largely irrelevant antibody binding surface, whilst protecting
conserved domains critical for entry mechanisms.
Entry to cells expressing co-receptor alone can be promoted using soluble CD4
(Moore et al. 1990). Antibodies directed to co-receptor do not normally inhibit
infection, but after incubation with soluble CD4, entry is rendered antibodysensitive, suggesting that the initial attachment step of Env to CD4 promotes a
conformational change that primes the virus for co-receptor attachment
(Salzwedel et al. 2000). This conformation change, elucidated by differential
sensitivity of V3 to proteases, exposes motifs within the V3 loop which are able
to interact with cognate chemokine receptors (Sattentau and Moore 1991). In
turn, the Env-chemokine receptor interaction allows gp41 to insert its
hydrophobic N-terminus termed the ‘fusion peptide’ into the cell membrane
with the simultaneous dissociation of gp120 (Sodroski 1999). Trimers of gp41
are then thought to bring about the fusion of the two membranes by
conformational rearrangement from a prehairpin state to a final six α-helical
hairpin structure (Gallo et al. 2001; Weissenhorn et al. 1997). Once the
membranes are fused, the viral contents are deposited within the cytoplasm
and the intracellular stages of the lifecycle begin.
1.4.3 Variable tropism of HIV-1
HIV-1 strains have long been known to preferentially target either macrophages
(MΦ-tropic) or T-lymphocytes (T-tropic) (Collman et al. 1989). For the most
part, this specificity can be explained by the preferential use of CCR5 or CXCR4
(R5 and X4 HIV-1 strains), since CXCR4 is widely expressed in helper T-cells,
whereas CCR5 is found in the monocyte lineage. Further T-cell subpopulation
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tropism can also be explained by CCR use: the memory (CD45RA+) T-cell
population expresses CCR5 and accordingly is targeted by R5 isolates. Likewise,
infection of other cell types is dependent on alternative chemokine tropism:
invasion of the central nervous system is associated with use of D6, expressed
widely on astrocytes (Neil et al. 2005) and CCR3-using Envs have been isolated
from neural tissue and macrophages (Aasa-Chapman et al. 2006; Peters et al.
2004). However, not all specificity can be explained by CCR expression given
that some macrophage-tropic strains use CXCR4 (Simmons et al. 1998), and
some R5-using strains can only poorly infect macrophages (Peters et al. 2006).
This apparent anomaly can be explained by the ability to use low levels of CD4
and CCR efficiently, perhaps marked by an increased affinity for the receptors
(Gray et al. 2005; Peters et al. 2006). Thus for HIV-1, cell tropism is a function
of both co-receptor identity and the nature of the CD4 interaction, with
variations in the ability to bind its two cell-surface receptors providing
substantial subpopulation tropism.
Studies of HIV-infection in humans have shown that tropism usually, but not
always, progresses from R5 to X4 or dual-tropic R5X4 over the course of
infection, a change that is accompanied by mutations in the V3 loop and an
increase in cytotoxicity (Page et al. 1992; Chavda et al. 1994; Fenyo et al.
1988; Connor et al. 1997). Individuals with a CCR5 mutation that prevents R5
infection (CCR5-∆32) are largely resistant to infection with HIV, despite
expressing normal CXCR4 (Dean et al. 1996; Liu et al. 1996). These data imply
that replication of X4 variants is somehow restricted and early stages of
infection are performed by R5 strains. The use of R5 by early variants appears
to be a conserved mechanism in primates, with SIV strains from sooty
mangabeys and rhesus macaques as well as HIV-1 and HIV-2 all employing the
same strategy (Chen et al. 1998). The precise nature of the CXCR4 restriction is
poorly defined, but is proposed to be a series of barriers to viral transmission
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at the mucosal surface and sub-mucosa that preferentially select R5 variants
over X4, known as the gatekeeper hypothesis (Margolis and Shattock 2006). The
expansion of X4 or R5X4 viruses in the later stages of infection is proposed to
require a certain level of immune depletion, as a conserved gp120
neutralisation epitope is protected in R5 HIV-1 variants but not in X4 and R5X4
variants (Lusso et al. 2005). Thus changes in tropism are a major aspect of AIDS
pathology and represent a mechanism of ensuring primate lentivirus survival
through successful transmission and subsequent invasion of tissues.
1.4.4 Receptors for FIV-Fca entry
Although highly divergent at the primary protein sequence level, FIV Env is
thought to share a similar domain architecture to HIV-1, with comparable
variable loops defined by disulphide bridges (Pancino et al. 1993). In contrast
to HIV-1, FIV uses CD134, a member of the tumour necrosis factor receptor
family, as a primary receptor for entry (Shimojima et al. 2004). CD134, also
referred to as OX40, is widely expressed on activated rat and human CD4+ Tcells (Mallett et al. 1990), where its activation is required for activated T-cell
survival and expansion (Song et al. 2005b; Gramaglia et al. 1998; Pippig et al.
1999; for a review of CD134 function see Croft et al. 2009). CD134 is also found
at low levels on CD8+ T-cells, macrophages and activated B-cells in humans
(Baum et al. 1994). In domestic cats, CD134 is present on mitogen-stimulated
T-cells in vitro (Shimojima et al. 2004; de Parseval et al. 2004) as well as CD4+
T-cells in vivo (Joshi et al. 2005) but absent from CD8+ T-cells (de Parseval et
al. 2004). Accordingly, FIV replicates predominantly in activated CD4+ T-cells
but during late stages of infection, an expansion of tropism to B-cells,
macrophages and CD8+ T-cells is observed (Willett and Hosie 2008; de Parseval
et al. 2004). FIV Env is able to use feline but not human CD134 for entry, a fact
that has been exploited for the mapping of receptor domain usage by FIV Env.
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A crystal structure for complexed human CD134-CD134L
CD134 CD134L has been solved
(Compaan and Hymowitz 2006) and reveals the presence of three cysteine-rich
cysteine
domains
mains (CRDs), extracellular pseudo-repeats
pseudo
of a six-cysteine
cysteine motif, capable
of making three disulphide bridges. The presence of these domains gives the
protein an elongated shape, stabilised by a ladder of disulphide bonds (Bodmer
et al. 2002).. A homology-based
homology based structure for feline CD134 was predicted using
MODELLER (Eswar et al. 2007) and reveals that the primary Env binding site,
known to reside in CRD1 (de Parseval et al. 2005),, is orientated similarly to
human CD134 (Figure
Figure 1-2).. Additional contacts with Env are made in CRD2 and
are found to be dependent on the CD134 NYE motif substituted for nonnon
permissive
rmissive SSK in the human form (Willett et al. 2006a).

Figure 1-2 Structure of CD134-Env
CD134
interaction domains. A homology model of feline
CD134 based on the human crystal structure (2HEY; Compaan and Hymowitz 2006)
reveals the primary binding site (BS) to reside in CRD1. Further Env-receptor
Env
interactions are made by ‘early’ FIV strains in CRD2. Human CRD1 and CRD2 domains
are non-functional
functional as receptors for FIV entry. However, ‘late’ FIV strains that do not
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require additional CRD2 interactions are able to use chimeric hCD134/fCRD1 (Willett et
al. 2006b; de Parseval et al. 2005).

For FIV strains such as GL8 and CPG41 (‘early’ or acute stage isolates), entry is
contingent on expression of both CD134 and CXCR4. However, other strains
circulate with a reduced requirement for the CRD2 domain (Willett et al.
2006b; de Parseval et al. 2005). These strains, such as PPR and B2542 (‘late’ or
chronic stage isolates), are more sensitive to inhibition by soluble CD134L
(Willett et al. 2006b) and are able to infect cells expressing a chimeric CD134
that bears the CRD1 domain of feline CD134 in a human CD134 background
(hCD134/fCRD1) (de Parseval et al. 2005). The finding recapitulates in vitro
experiments where it was shown that long term passage of FIV in CD134negative CrFK cells induces the generation of replication-competent viruses
with mutations in the ES(E/D) motif of the V3 loop of Env (Shimojima et al.
1998). For both in vivo and in vitro isolates, the mutations at this loop involve
a charge switch to lysine at one of the glutamates which allows the virus to use
CXCR4 directly, with reduced requirement for CD134 (Willett et al. 1997a;
Willett et al. 1997b; Willett et al. 2007).
A model of FIV progression is emerging that links the molecular mechanisms of
virus-plasma membrane fusion to the broadening of target cell tropism and
development of feline AIDS (Willett and Hosie 2008). In the early stages of
infection, viral entry is characterised by a more complex Env-receptor
interaction involving CD134 CRD1 and CRD2. As with HIV-1, the two-step
primary receptor attachment followed by a conformational change allows the
sequestration of the relatively invariant CXCR4-binding domain from the
humoral immune response until it is required for mediation of entry. In
contrast, during the chronic stages of infection, immunity is compromised and
correspondingly, viruses have a reduced need for protecting the CXCR4-
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interacting domain and isolates become less reliant on CD134. Accompanying
the reduced CD134 requirement is a broadening of cell tropism and invasion of
new tissue types, reminiscent of the switch from R5 to X4 in HIV-1. Although
still dependent on CD134 and CXCR4, late stage FIV infection requires a low
complexity and possibly low affinity interaction with CD134, similar to HIV-1
isolates that are able to alter their tropism by altering the nature of the CD4
interaction (Peters et al. 2006; Gray et al. 2005). Substantiation of this model
will come from longitudinal studies following the progression and relative
prevalence of viral mutants within individual cats, coupled with an
understanding of the molecular basis of infection.
1.4.5 Receptor tropism of non-domestic cat FIV
Very little is known about the receptor usage of non-domestic cat lentiviruses.
However, domestic cat mitogen-stimulated peripheral blood mononuclear cells
(PBMCs) may be infected with FIV isolates from lion (FIV-Ple for Panthera leo)
and puma (FIV-Pco for Puma concolor) (VandeWoude et al. 1997b) but CD134
and CXCR4 are not down-regulated during infection as would be expected if
entry was mediated by these receptors (Willett et al. 2006a). Furthermore,
infection by FIV-Ple and FIV-Pco cannot be inhibited by CXCR4 inhibitor
AMD3100 or by SDF-α, a CXCR4-binding chemokine and a CD134-negative cell
line 3201 supports the replication of both viruses but not domestic cat strains
of FIV (FIV-Fca) (Smirnova et al. 2005). Taken together, these data suggest that
FIV-Ple and FIV-Pco do not require CD134 and CXCR4 as receptor and coreceptor, using in preference an unknown cell surface receptor. Multiple
strains of FIV-Pco as well as FIV-Ple B 458 have been used to successfully infect
domestic cats (VandeWoude et al. 2003; VandeWoude et al. 1997a; Terwee et
al. 2005). The in vivo manifestations of these strains are distinct from FIV-Fca
infection, characterised by reduced pathogenicity and altered tissue tropism,
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with strains such as FIV-Pco-1695 showing a greater propensity to infect
intestinal tract mucosa (Terwee et al. 2005). Infected domestic cats were
either able to mount a robust humoral and cellular immune response to PBMCreplicating virus (VandeWoude et al. 2003), or were able to prevent PBMC
infection and clear pro-viral load three months post-infection (Terwee et al.
2005). It has been suggested that the lengthy period that FIV-Ple and FIV-Pco
are proposed to have co-evolved with their hosts has reduced their
pathogenicity through host-adaptation [burk] (Carpenter and O'Brien 1995).
However, it is possible that differential Env-receptor tropism is at least in part
responsible for the altered pathology and, until the identification of the FIVPle/Pco receptor/receptors, the relevance of this will remain unknown.
Recently, phylogenetic analysis of wild FIV-Ple isolates in Africa revealed that
env of FIV-Ple subtype E is more closely related to the envs of FIV-Fca than to
other FIV-Ple subtypes or FIV-Pco (Pecon-Slattery et al. 2008a). The E subtype
appears to be the result of a recombination event with other viruses, as trees
drawn using the gag-pol open reading frame indicate a monophylogenetic
relationship with other strains of FIV-Ple. Chapter 3 presents a study of the
comparative receptor requirements of FIV-Ple isolates and finds that FIV strains
with alternate receptor tropism are circulating in wild lion populations, raising
important questions about the evolution and pathogenicity of FIV in this
species.

1.5 Post-entry restriction
In order to replicate, lentiviruses are dependent on the presence of compatible
host factors, use of which they have specifically evolved to incorporate into
their lifecycles. As has been described, infectivity of lentiviruses is conditional
on the presence of cognate entry receptors and their absence precludes
replication. Thus non-functional receptors, such as human CD134 for FIV, are
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thought to provide a substantial barrier to cross-species transmission. The
restriction factors provide another barrier to replication that must also be
overcome for successful infection and cross-species transmission. This study is
primarily concerned with hypermutation inducing enzyme APOBEC3 and postentry restriction factor TRIM5α and its modulator cyclophilin A.
1.5.1 Murine Fv1 system
The first system of retroviral restriction to be described was the murine Friend
Virus susceptibility (Fv) system (Lilly 1967). Allelic variants of the Fv1 gene
display strain-specific restriction to the simple retrovirus murine leukaemia
virus (MLV). Cells of genotype Fv1n/n, present in the NIH strain of mice, are
able to restrict strain MLV-B but permit infection by MLV-N while cells bearing
Fv1b/b, present in BALB/c mice, display the opposite phenotype. The alleles are
co-dominant so that Fv1n/b heterozygotes are restrictive to both strains (Pincus
et al. 1971). Fv1 encodes an endogenous retroviral gag gene (Best et al. 1996),
prompting speculation that Fv1 is able to multimerise with MLV capsid proteins
and prevent early stages of infection. However, Fv1 is almost entirely
unrelated to the MLV capsid gene (Best et al. 1996) and its mode of function
remains unknown. Retroviral restriction was thought to be confined to mice
until it was shown that non-murine cells of diverse species, including those of
human origin, exhibit a phenotype akin to cells bearing Fv1b/b: they specifically
restrict MLV-N (Towers et al. 2000; Hofmann et al. 1999). This property was
historically termed Ref1 in humans and Lv1 in primates, both now known to be
functions of the α-splice variant of host protein TRIM5. Curiously, the viral
determinant of N versus B tropism in the Fv1 system has been shown to map to
capsid residue 110, precisely the same residue that confers MLV-N resistance to
TRIM5α restriction in human cells (Towers et al. 2000).
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1.5.2 TRIM5α restriction
TRIM5α provides a potent, pre-reverse transcription block to replication. The
gene was identified by cDNA screen as the factor responsible for the Lv1
restriction phenotype in rhesus macaque cells (Stremlau et al. 2004). TRIM5
belongs to the TRIM (tripartite motif) family of proteins (Reymond et al. 2001),
which is found in species extending from the nematode Caenorhabditis elegans
to primates. A large expansion of TRIM genes has occurred, resulting in 68
genes in the human genome including the cluster of closely related
TRIM6/34/5/22 on human chromosome 11 which is found as a syntenic region
in many mammalian genomes (Reymond et al. 2001; Sardiello et al. 2008). Of
note, the cluster is absent from the chicken genome, suggesting a mammalian
origin and its absence from the possum genome indicates that the genes arose
sometime after the marsupial/eutherian (placental) mammal split dated to 90180 mya (Sawyer et al. 2007). In some lineages, TRIM5 itself is the subject of
multiple duplications, with eight predicted tandem copies in the bovine
genome and seven in the murine genome (termed TRIM12 and TRIM30 in the
mouse) (Sawyer et al. 2007; Tareen et al. 2009). It is presumed that the gene
duplications are maintained as they may provide restriction factors able to
simultaneously combat specific pathogens, although the pathogens that have
driven the evolution of each paralogue have in most cases not been identified.
In contrast, several taxa possess non-functional pseudogenes of TRIM5.
Humans, for example have a non-functional inverted duplication of TRIM5
named TRIMP1 (Reymond et al. 2001) and the canine TRIM5 has been disrupted
by the insertion of the transcript of an apparently unrelated gene PNRC1
(Sawyer et al. 2007). Interestingly, in taxa such as the canids which lack TRIM5,
positive selection of the TRIM5 locus seems to have been compensated for by
an increase in selection of TRIM22, perhaps suggestive of an overlap in antiviral
function of these two genes (Sawyer et al. 2007).
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The tripartite motif (TRIM) gene family is characterised by the presence of
three domains: a RING (really interesting new gene) domain capable of E3
ubiquitin ligation, one or more B-Box domains and a coiled-coil domain
responsible for formation of multimers (Reymond et al. 2001). Several
members of the gene family (60% of those in humans), including the longest
(alpha) isoform of TRIM5 possess an additional C-terminal B30.2 domain (also
known as a PRY-SPRY domain). In some primate species, a retrotransposition
event has resulted in the B30.2 domain being replaced by a cyclophilin domain,
resulting in a TRIM5-CypA fusion, termed TRIMCyp (Newman et al. 2008; Wilson
et al. 2008; Virgen et al. 2008; Sayah et al. 2004). Subcellular localisation of
TRIM proteins is found to be diverse with localisation typically nuclear,
cytoplasmic or both (Reymond et al. 2001). For TRIM5α, localisation is in the
cytoplasm, where it is able to form discrete puncta termed cytoplasmic bodies
when over-expressed. However formation of cytoplasmic bodies is not a
prerequisite for restriction activity of TRIM5α (Perez-Caballero et al. 2005b),
and the biological role of these structures is unknown. Amongst the primate
TRIM5α orthologues, an ability to inhibit the replication of a broad range of
exogenous and endogenous retroviruses has been documented, including
members of the lenti-, beta-, gamma- and spuma- retroviruses. (Saenz et al.
2005; Song et al. 2005a; Keckesova et al. 2004; Kaiser et al. 2007; Diehl et al.
2008; Yap et al. 2008). The precise mechanism of the restriction ability of
TRIM5α remains the subject of enquiry, but roles for the individual domains
have been described, allowing hypotheses for the overall mechanism of
restriction to be advanced.
1.5.3 Virus interaction maps to TRIM5 B30.2 or CypA domain
The B30.2 domain is a conserved protein domain found uniquely in vertebrates
that possess adaptive immune systems (Rhodes et al. 2005). The domain is a
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composite of two more ancient domains: the PRY domain, which contributes
the N-terminal 50-60 amino acids, and the SPRY domain, first identified in
fungus Dictyostelium, which contributes the C-terminal ~140 amino acids. The
resulting B30.2 (also referred to as PRY-SPRY domain) is present in more than
150 human proteins in eleven gene families in the human genome including the
BTN immunoglobulin receptors and DEAD-box domain proteins (Rhodes et al.
2005; Woo et al. 2006).
The TRIM5α B30.2 domain is thought to engage the incoming viral core in the
cytoplasm by recognition of specific features in the capsid N-terminal domain
(Owens et al. 2004; Stremlau et al. 2004). An alignment of mammalian TRIM5
B30.2 domains reveals the presence of three areas of variability termed v1 to
v3 (Song et al. 2005a). Structures have been solved of the B30.2 domain of
TRIM21 (a close relative of the TRIM5/6/32/22 family which is known to bind
IgG and is involved in Sjorgen’s syndrome (Keeble et al. 2008)) and of a related
Drosophila protein, GUSTAVUS (Woo et al. 2006), which show the SPRY forming
a β-sandwich pocket formed by the conserved β-strands, referred to as β1 to
β13. Protruding from this core structure are the variable loops, forming a
surface capable of protein-protein interaction. For TRIM21, and potentially
TRIM5, a separate pocket derived from the PRY subdomain is formed and with
an exposed surface analogous to TRIM5α v1 (James et al. 2007). Part of this
region is lacking in Macaca nemestrina TRIM5 isoform TRIM5θ, a deletion which
impacts negatively on retroviral restriction (Brennan et al. 2007). Experimental
data for TRIM21 suggest the presence of a conformationally rigid binding
surface that does not alter its shape upon interaction with its substrate
(induced-fit model)(Keeble et al. 2008). Thus in a manner reminiscent of
immunoglobulins, a conserved backbone supports variable loops capable of
protein-protein interaction.
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The variable regions of primate TRIM5α B30.2 exhibit a substantial number of
substitutions, insertions and lineage-specific length polymorphisms. The
significance of variation in these domains has been highlighted by the finding
that the difference in phenotype between rhTRIM5α, which restricts HIV-1, and
huTRIM5α, which does not, maps to P332R (P in rh) within the v1 domain
(Perez-Caballero et al. 2005a; Stremlau et al. 2005; Yap et al. 2005). Similarly,
restriction of MLV-N by huTRIM5α is specific to acidic residues in the v3 loop
(E405 and E406) (Perron et al. 2006a). Comparison with TRIM21 reveals that
these positions correspond to the points of contact for the protein-protein
interaction (James et al. 2007). Length polymorphisms have also been
documented: v1 is typically longer in the old-world (catarrhine) monkeys (17
amino acids in squirrel monkey versus 46 amino acids in African green monkeys
(Song et al. 2005a)), whilst v3 is typically longer in the new world (platyrrhine)
monkeys (32 residues in most catarrhines including apes, compared to 41
residues in squirrel monkeys). For the most part, these length polymorphisms
are the result of internal tandem duplications. It has been noted that those
species with most duplications exhibit the widest repertoires of restriction. For
example, African green monkey (agm) TRIM5α, with an expanded v1 domain, is
able to target several retroviruses and may have become prevalent due to the
selective advantage of increased breadth of capsid targets (Keckesova et al.
2004; Yap et al. 2004). Accordingly, the duplicated sequences in the variable
loops are also more likely to have substitutions suggesting that the duplicated
sequence may selectively target different capsids (Sawyer et al. 2005).
In some primate species, the B30.2 domain of TRIM5α is replaced by host factor
cyclophilin A (CypA), creating fusion protein TRIMCyp. CypA is known to
interact with lentiviral capsid (Luban et al. 1993; Franke et al. 1994; Thali et
al. 1994) and its association with TRIM5 creates a potent restriction factor
capable of targeting lentiviruses whose capsids interact with CypA, such as
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HIV-1 and FIV (Sayah et al. 2004; Lin and Emerman 2006). The first TRIMCyp to
be described was in the new world species owl monkey (Aotus trivirgatus) and
formed by a retrotransposition event placing it downstream of exon 7 (Nisole
et al. 2004; Sayah et al. 2004). Subsequently, TRIMCyps were found in old
world pigtail, rhesus and long-tailed macaque species (Macaca nemestrina, M.
mulatta and M. fascicularis respectively) (Newman et al. 2008; Virgen et al.
2008; Wilson et al. 2008). Remarkably, these TRIMCyps were created by an
event independent of the owl monkey TRIMCyp as the CypA exon is located
downstream of exon 8, and the coding transcript is generated by exon skipping.
This indicates that capsid-specific restriction has arisen independently at least
four times during mammalian evolution, targeting the same viral determinant.
Since lentiviruses are the only retroviruses known to interact with CypA, the
independent genesis of TRIMCyps would appear to highlight the strong selective
pressure to devise novel restriction factors to circulating lentiviruses.
However, no lentiviruses have been discovered in owl monkeys, or indeed any
platyrrhine monkey, making the pathogen that drove the evolution of the owl
monkey TRIMCyp uncertain. Once fused with the TRIM5 RBCC (the collective
term for the RING, B-Box and coiled-coil), the CypA domain of rhesus TRIMCyp
appears to have undergone point mutations that allow differential restriction
of lentiviruses: tropism has changed from HIV-1-binding to HIV-2-binding
through the acquisition of two point mutations that remodel the hydrophobic
pocket (Price et al. 2009).
1.5.4 Adaptive evolution of TRIM5α
Evolution at the molecular level is characterised by the generation of
mutations that may be deleterious, in which case natural selection will prevent
their spread (purifying selection), or advantageous, in which case natural
selection will seek to increase their prevalence (Darwinian or positive
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selection). In addition, genetic changes may be driven to fixation by random
genetic drift. Thus the presence of high levels of mutations between copies of
a gene belonging to different species may be the result of very different
evolutionary forces. Either 1) changing environmental circumstances may have
relaxed the effect of purifying selection allowing new mutations to increase in
frequency by genetic drift or 2) positive selection has driven the new
mutations to fixation, suggesting a biologically important role. The two
scenarios can be differentiated by the calculation of the synonymous (silent) to
non-synonymous (amino acid substituting) changes at the nucleic acid level,
since synonymous changes are assumed to be neutral with respect to natural
selection and therefore give a background rate of the accumulation of changes
(Yang 2005). The ratio of non-synonymous to synonymous changes (dN/dS ratio)
is therefore an indicator of the nature of the selection that has occurred during
evolution, with values >1, 1 and <1 representing positive selection, neutral
selection and purifying selection respectively.
Primate TRIM5α has been evolving under episodes of positive selection for at
least the past 33 mya (Sawyer et al. 2005). Evidence of particularly strong
positive selection is found in the hominid lineage and maps to several residues
in the B30.2 domain variable loops and four residues in the coiled coil domain,
some displaying a dN/dS ratio as high as 8.8. This analysis highlighted a patch
of residues in the v1 loop as under very strong adaptive selection, including the
R332P codon that is largely responsible for the change in specificity between
hu and rh TRIM5α variants (Perez-Caballero et al. 2005a; Stremlau et al. 2005;
Yap et al. 2005). Analysis of the five confirmed protein-coding bovine TRIM5
paralogues and the murine TRIM12/TRIM30 genes reveals that positive
selection of TRIM5α is also present in these species and therefore not unique to
the primates (Sawyer et al. 2005; Tareen et al. 2009). The selective pressure
also maps to the v1 loop, consistent with the paralogues evolving to target
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diverse pathogens. However, the viral targets for most of the genes is
unknown, although bovine TRIM5-3 has been found to restrict retroviral
replication in a manner similar to primate TRIM5α, specifically targeting MLV-N
(Ylinen et al. 2006; Si et al. 2006). The data imply that antiretroviral activity
of TRIM5α is an ancestral phenotype which has been conserved in diverse
mammalian taxa. Furthermore, the repeated findings of positive selection in
the B30.2 domain are consistent with TRIM5α’s critical role in the permissivity
of the host to infection by widespread pathogens.
1.5.5 Contribution of RBCC domain to restriction
Target specificity of TRIM5α is provided by the B30.2 domain. However, the
RING, B-Box and coiled-coil domains are canonical features of TRIM family
proteins, and each domain contributes to TRIM5α-mediated restriction. The
coiled coil domain is an approximately 100 residue domain encoded by human
TRIM5α exons 2, 3 and 4. Coiled coil domains typically consist of a 7 residue
repeat ‘abcdefg’ where amino acids a and d represent hydrophobic residues
responsible for homo-oligomerisation and the other residues are polar (Harbury
et al. 1995; Lupas et al. 1991). For TRIM5α, the coiled coil and the downstream
linker 2 region between the coiled coil and B30.2 domain mediate
oligomerisation (Mische et al. 2005; Javanbakht et al. 2006a; Langelier et al.
2008), although conflicting evidence has been provided as to whether it forms
dimers or trimers. Experiments have been confounded by the rapid turnover of
TRIM5α and its tendency to form aggregates when purified. These problems
have been resolved by the use of chimeric protein with the RING domain of
TRIM21 and expression in insect cells to demonstrate that TRIM5α selfassociates as a dimer (Langelier et al. 2008). Previous confusing results from
cross-linking experiments were obtained due to the anomalously slow migration
of TRIM5α dimers by SDS-PAGE. Mutation of hydrophobic residues predicted to
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form the surface for self-association dramatically reduces capsid binding
(Javanbakht et al. 2006a) and the efficiency of rhTRIM5α to restrict HIV-1
(Javanbakht et al. 2006a; Mische et al. 2005), suggesting that dimerisation of
the protein is important for increasing the avidity of the TRIM5α-capsid
interaction. Coiled-coil domains expressed alone (and other truncated TRIM5α
constructs such as human splice variant TRIM5γ and TRIM5δ) are able to
prevent restriction by full length TRIM5α presumably by forming dimers with
full length protein in the cytoplasm (Perez-Caballero et al. 2005a).
The RING domain belongs to the E3 ubiquitin ligase class of enzymes which
facilitate the transfer of ubiquitin from an E2-conjugating enzyme to a lysine
residue of the target protein. TRIM5α is capable of transferring the ubiquitin
peptide to itself (auto-ubiquitinylation) which is thought to direct the protein
to proteasome-mediated degradation, in turn leading to a high rate of turnover
(Diaz-Griffero et al. 2006a; Javanbakht et al. 2005). It appears that incoming
retroviral cores that have been bound by TRIM5α are also subject to
proteasome degradation, as inhibition of the proteasome with MG132 prolongs
the lifetime of cores in the cytoplasm (Campbell et al. 2008) and TRIM5α
appears to increase in turnover rate upon inoculation with a restricted virus
(Rold and Aiken 2008), suggesting a functional link between proteasome
degradation and restriction. However, deletion of the RING domain impairs but
does not abolish TRIM5α-mediated restriction and the impairment of restriction
could partly be attributed to alteration of subcellular localisation (Javanbakht
et al. 2005). Likewise inhibition of the proteasome with MG132 does not
restore infectivity (Anderson et al. 2006; Wu et al. 2006), suggesting that
although TRIM5α does mediate proteasomal cleavage of the viral core, this is
not crucial for its antiviral activity and TRIM5α depends additionally on other
mechanisms to prevent retroviral infection.
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The B-Box 2 domain is present in the majority of TRIM family proteins and is
sometimes accompanied by an adjacent B-Box 1 domain. The domains are
unique to the TRIM family but their function is poorly characterised (Reymond
et al. 2001). TRIM5α possesses a single B-Box 2 domain which, when deleted,
severely impacts on retroviral restriction (Stremlau et al. 2006b; Javanbakht et
al. 2005). Homology modelling with a TRIM29 B-Box 2 structure reveals it to be
a globular structure with a highly charged surface (Diaz-Griffero et al. 2007).
Mutation of some of these residues (such as rhTRIM5α R119) results in the loss
of antiretroviral activity, despite retaining the ability to self-associate and
interact with capsid, suggesting that the B-Box is involved in an effector
function of TRIM5α-mediated restriction (Diaz-Griffero et al. 2007). The nature
of this function is unknown but may involve the recruitment of other cellular
proteins. It also appears that the charged surface is involved in modulating the
stability of the protein in the cytoplasm and in the formation of higher-order
complexes of TRIM5α (Diaz-Griffero et al. 2007; Li and Sodroski 2008),
although, again the mechanism regulating its longevity is unknown but
independent of proteasome degradation (Diaz-Griffero et al. 2007).
In studying the contributions of the individual domains of TRIM5α, several nonmutually exclusive hypotheses for the mechanism of TRIM5α antiviral activity
have been advanced. The simplest model is that incoming cores are bound by
TRIM5α, which is poly-ubiquitinylated and with a high level of turnover,
resulting in degradation of viral proteins. Evidence for this model comes from
the finding that under normal conditions, retroviral cores are degraded by the
proteasome before they have the chance to reverse transcribe (Wu et al. 2006;
Anderson et al. 2006). Although this method of restriction may represent the
likely fate of restricted viruses in vivo, the persistence of restriction after
addition of MG132 suggests that other mechanisms are operating (Campbell et
al. 2008). The nature of this block is unknown, although interference with the
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uncoating process has been suggested (Stremlau et al. 2006b). Uncoating is a
poorly defined stage thought to involve the dissassembly of the capsid core and
a restructuring of the viral proteins in order for reverse transription of the viral
RNA genome to occur. Evidence that the process occurs is provided by findings
that CA protein is present only at very low levels after reverse transcription
(Fassati and Goff 2001) and electron microscopy shows cores disintegrating
soon after fusion (Grewe et al. 1990). Furthermore, restriction factor TRIMCyp
is only able to restict HIV-1 in the first 30-60 minutes post-entry (PerezCaballero et al. 2005b). It is thought that uncoating is a temporally regulated
event that must proceed at the correct speed to allow association with cellular
factors whilst retaining the ability to perform necessary viral functions, notably
reverse transcription (Forshey et al. 2002). By following the levels of
multimeric or soluble capsid post infection, it was suggested that TRIM5α
promotes the rapid conversion of HIV-1 and MLV-N capsid structures to the
soluble (disassembled) form (Perron et al. 2006b; Stremlau et al. 2006b). In a
similar manner CypA, which has been hypothesised to aid uncoating by
performing a proline isomerisation reaction, is able to act as a restriction
factor for HIV-1 when multimerised (Yap et al. 2007; Javanbakht et al. 2007).
This supports the accelerated uncoating hypothesis but disruption of other
essential activities such as formation of the reverse transcription complex and
translocation across the nuclear membrane has not been ruled out. Indeed, the
accelerated uncoating hypothesis does not explain the effect of mutations of
charged residues in the B-box which ablate restriction. Nor does it explain the
low levels of retroviral restriction by hu or rhTRIM5α when exogenously
expressed in dog cells(Berube et al. 2007). These findings suggest that TRIM5α
binding to viral cores alone is insufficient for full levels of restriction and the
protein may recruit other cellular factors that are required for optimal levels
of restriction.
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1.6 The role of Cyclophilin A in lentiviral replication
1.6.1 Cyclophilin A and its inhibitors
The cyclophilins are a large protein family found in both prokaryotes and
eukaryotes. The family are members of the peptidyl proline isomerases
superfamily (immunophilins), a name which reflects their ability to catalyse
cis-trans isomerisation around peptidyl-proline bonds (Gothel and Marahiel
1999). The 18 kDa human protein CypA was discovered as the intracellular
receptor of immunosuppressive drug cyclosporine A (CsA) (Takahashi et al.
1989). There are at least eight Cyp genes expressed in humans, with many
other mammalian forms also found, all with sequence identity of >50% (Gothel
and Marahiel 1999), but with variable subcellular localisation. For instance
CypB is found exclusively in the endoplasmic reticulum (Price et al. 1991),
whilst CypA is found at high levels in the cytoplasm (3-7µg per mg total protein
(Ryffel et al. 1991)). CsA is a cyclic peptide isolated from the fungus
Tolypocladium inflatum and is widely used in immune suppression for
recipients of allografts. CsA exerts its immunosuppressive effect by binding
CypA with a high affinity (IC50 ~6nM (Liu et al. 1991)). Once bound, the
complex creates a novel binding surface which is able to bind and inhibit
calcineurin, a serine/threonine kinase capable of dephosphorylating, and
hence activating, transcription factor NF-AT (nuclear factor of activated Tcells), which is required for IL-2 expression associated with activated T-cells
(for review of CsA's role in T-cell activation see Clardy 1995). Under CsA
inhibition, T-cell receptor (TCR)-mediated activation and subsequent expansion
of T-cell clones, which rely on this signalling pathway, are therefore inhibited,
seriously compromising cellular immunity. Non-immunosuppressive analogues
of CsA have been manufactured, notably NIM811 and Debio-025, which retain
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their ability to bind CypA, but do not provide the calcineurin binding surface
(Rosenwirth et al. 1994; Ptak et al. 2008).
1.6.2 CypA is a cofactor of HIV-1 replication
CypA was first associated with lentiviral replication when it was found to be
packaged into HIV-1 virions via an association with unprocessed Gag
polyprotein (Luban et al. 1993; Franke et al. 1994; Thali et al. 1994). These
studies found that disruption of the interaction with CsA prevented CypA
incorporation into virions and impacted negatively on HIV-1 replication.
However it is during the early stages of viral infection, not incorporation, that
CypA impacts on the viral lifecycle (Towers et al. 2003). CypA binds to
incoming viral cores via an interaction between the catalytic hydrophobic
pocket of the enzyme and an exposed proline-rich loop between CA helices 4
and 5 on the external surface of capsid N-terminal domain (Gamble et al.
1996). This loop appears to be confined to the lentiviruses as it is absent in
other groups of retroviruses. However, whilst the CA-CypA interaction has been
demonstrated for HIV-1, SIVagm and FIV (Lin and Emerman 2006; Diaz-Griffero
et al. 2006b; Zhang et al. 2006) the interaction is not a feature of all
lentiviruses: SIVmac, HIV-2 and EIAV do not bind CypA (Lin and Emerman 2006;
Yoo et al. 1997; Braaten et al. 1996).
HIV-1 CA exists as a mixture of cis and trans isomers around the G89-P90
peptide bond with 14% of molecules in the cis and the remainder in the trans
conformation (Gitti et al. 1996). Most peptide linkages are made in the trans
conformation during translation, but peptidyl-proline linkages can be made in
cis or trans, and the activity of peptidyl-proline isomerase (PPI) enzymes is
thought to aid proper folding (Gothel and Marahiel 1999). Isomer heterogeneity
is therefore rare in folded proteins making HIV-1 CA an unusual case (Fischer et
al. 1998). It has been shown that CypA catalyses the inter-conversion of the CA
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G89-P90 cis and trans isomers, increasing isomerisation by about 100-fold but
maintaining the same cis:trans ratio in a CsA-inhibitable manner (Bosco et al.
2002). The finding supports the idea that CypA performs a catalytic role
promoting the dissociation of the capsid core upon infection of a target cell.
HIV-1 CA mutants G89V/A and P90V/A result in a 30-150-fold reduction in CypA
binding affinity (Yoo et al. 1997) and display a similar phenotype to wildtype
virus in the presence of CsA, with reduced infectivity in human cells.
1.6.3 CypA can have alternative effects on lentiviral replication
The effects of CypA on the replication of lentiviruses are not identical in
different contexts. CsA treatment results in an increase in HIV-1 infectivity
upon entry to rhesus macaque cells, but only in the presence of TRIM5α,
suggesting

that

CypA

promotes

an

isomerisation

that

increases

the

susceptibility of HIV to post-entry restriction (Keckesova et al. 2006; Berthoux
et al. 2005; Stremlau et al. 2006a). Conversely, a reduction in infectivity of
HIV-1 in human TE671 cells treated with CsA remains even after knockdown of
TRIM5α (Keckesova et al. 2006; Sokolskaja et al. 2006). This phenotype is celltype specific as TE671 sub-clone 17H1, selected for loss of MLV-N restriction, is
permissive for HIV-1 in a CypA-independent manner but maintains wildtype
expression levels of TRIM5α, suggesting that in humans, CypA protects HIV from
an unknown restriction factor (Sayah and Luban 2004). Long-term passage of
HIV-1 in the presence of CsA results in the out-growth of mutants A92E and
G94D (Aberham et al. 1996). Infectivity of HIV-1 bearing these mutations is
subsequently dependent on the presence of CsA in HeLa but not TE671 cells
(Hatziioannou et al. 2005; Sokolskaja et al. 2006). Recently it has been shown
that the CsA dependence in HeLa cells is due to high CypA expression levels in
HeLa cells compared to TE671, but interestingly the HIV A92E and G94D
mutants do not differ in their affinity for CypA (Ylinen et al. 2009). The finding
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supports the notion of CypA playing a role in uncoating but that the mutants
arising from CsA inhibition differ in their sensitivity to CypA-aided uncoating,
rather than their affinity for CypA. Also arising from this study is the suggestion
that the CA-CypA affinity appears to be maintained within a narrow range of
values (all studies to date report Kd values within 5 – 15 µM (Yoo et al. 1997;
Price et al. 2009; Ylinen et al. 2009)) even for the CsA inhibition-dependent
mutants. The reasons for this are unclear, but may involve maintaining the
correct level of isomerase activity to uncoat the virus in the appropriate
manner. However research in the field has been hampered by the absence of
CypA mutants that bind CA but do not perform the isomerase activity. Mutating
the G89-P90 bond that prevents isomerisation also prevents CypA binding (Yoo
et al. 1997), making it difficult to distinguish between the relative
contributions of binding and isomerisation.
In some primate species, cyclophilin replaces the B30.2 domain of TRIM5α,
creating TRIMCyp (Wilson et al. 2008; Virgen et al. 2008; Sayah et al. 2004;
Newman et al. 2008). The CypA domain of the new world primate owl monkey
(omk) TRIMCyp binds to a similar repertoire of viruses as human cytosolic CypA,
and accordingly restricts HIV-1 and FIV but does not restrict HIV-2 or SIVmac
(Sayah et al. 2004; Virgen et al. 2008; Wilson et al. 2008). Newly discovered
forms of TRIMCyp, created by an independent retrotransposition event in the
Macaca genus (rh), have an altered capsid specificity, specifically targeting
HIV-2 but no longer restricting HIV-1 (Wilson et al. 2008; Virgen et al. 2008).
This switch in specificity is attributable to two substitutions, D66N and R69H.
These mutations cause a comparatively large (~16Å) rearrangement of a tenresidue loop at the binding surface of Cyp, changing from a ‘closed fist’ to
‘open palm’ conformation and permitting micromolar binding to HIV-2 CA
(Price et al. 2009). Curiously, FIV is restricted by both rh and omkTRIMCyp
(Virgen et al. 2008; Wilson et al. 2008; Saenz et al. 2005). So far FIV appears to
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be unique in this property suggesting an alternative CypA binding mechanism
and making an interesting comparison with the primate lentiviruses, where
binding is exclusive to either omkTRIMCyp/CypA or to the structurally modified
rhTRIMCyp. This issue is addressed in Chapter 5, where biophysical techniques
confirm the dual-specificity of FIV and a crystal structural of FIV CA reveals
structural differences to the primate lentiviruses.

1.7 Induction of hypermutation by APOBEC3
1.7.1 Discovery of human APOBEC3G
The discovery of the role of APOBEC enzymes in the lifecycle of retroviruses
stems from work on viral infectivity factor (Vif) in HIV-1. Vif is a highly basic
protein of 22-29kDa found in all lentiviruses with the exception of equine
infectious anaemia virus (EIAV; Kawakami et al 1987). Early work on the gene
(known at that time as gene ‘A’ or sor) revealed that Vif was required for
replication in certain ‘non-permissive’ cell lines including macrophages,
monocyte and some T-cell derived cells (e.g. CEM, H9 and HUT78) but
dispensable in other ‘permissive’ cell lines such as T-cell lines CEM-SS, Jurkat
and non-lymphoid cells such as HeLa (von Schwedler et al. 1993; Gabuzda et
al. 1992). It was shown that Vif is packaged into virus particles where it is
required for the formation of phenotypically normal virions (von Schwedler et
al. 1993; Ohagen and Gabuzda 2000). Furthermore it was shown that packaging
of Vif into virus particles is essential for overcoming the block in nonpermissive cells (von Schwedler et al. 1993). Thus the phenotype of ∆vif
viruses is dependent on the permissivity of the virus producing cells: ∆vif
viruses produced in permissive cells are infectious for a single cycle regardless
of the permissiveness of the target cells, whilst ∆vif viruses produced in nonpermissive cells are uninfectious regardless of the nature of the target cells.
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The factor responsible for the differential permissivity between CEM and CEMSS cells was isolated by subtractive cloning coupled with a cDNA screen
(Sheehy et al. 2002). The gene identified was APOBEC3G (huA3G), a member of
the cytidine deaminase enzyme family. There are 12 members of the gene
family in the human genome residing in four gene clusters: APOBEC1 and AID
are separated by 1 megabase on chromosome 12, A2 resides alone on
chromosome 6, an expanded cluster of seven A3 genes (A, B, C, DE, F, G and H)
is located on chromosome 22, and A4 is located on chromosome 1. The family
takes its name after the apolipoprotein B mRNA-editing catalytic polypeptide 1
(APOBEC1), for which only a single role has been described: to deaminate a
single nucleoside of APOB mRNA transcripts at position C6666 to generate a
truncated protein (Teng et al. 1993). The B-cell expressed protein AID
(activation-induced deaminase) is responsible for the generation of somatic
hypermutation leading to the diversification of antibody (Martin et al. 2002; Di
Noia et al. 2007) and also triggers antibody class switching, both operating at
the DNA level (Muramatsu et al. 1999). The identification of huA3G as the
factor responsible for the non-permissivity of certain cell lines therefore
presented a potential mechanism for its activity: host mutation of viral nucleic
acids.
1.7.2 Antiviral activity of human APOBEC3G
The cytidine deaminases all bear a catalytic domain (CD) that comprises a Zncoordinating H/C-X-E-X23-28-P-C-X2-C motif which is thought to generate zinc
hydroxide that is able to deaminate the pyrimidine ring of cytidine by
nucleophilic attack resulting in a uracil residue (Harris and Liddament 2004).
Several of the huA3 genes (A3B, DE, F and G) possess two CDs: an N-terminal
domain (CD1; also known as the pseudocatalytic domain) that is catalytically
inactive, and a catalytically active C-terminal domain (CD2; Huthoff and Malim
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2007). The domains have distinct functions and antiviral activity of huA3G is
dependent upon both the domains.
The huA3G CD2 deaminase specifically targets cytosine residues of single
stranded (ss) minus sense DNA but is catalytically inactive on HIV-1 genomic
RNA, double stranded DNA and RNA-DNA heteroduplexes (Yu et al. 2004b).
Crystal and NMR structures of CD2 reveal a positively charged nucleic acid
binding groove that permits interaction with the negatively charged singlestranded DNA backbone and brings the target cytosine into close proximity with
the Zn-coordinating catalytic domain (Holden et al. 2008; Chen et al. 2008).
The deamination activity of CD2 converts cytosine to uracil in the minus strand
DNA. Subsequent reverse transcription results in a guanosine to adenosine
transition in the coding strand for the most part of the HIV genome (the
exceptions being the U3 region of the 5’ LTR and the primer binding sites
which exist as single stranded DNA flaps after reverse transcription and
accumulate cytosine to thymine mutations (Yu et al. 2004b)). The mutagenesis
proceeds from 3’ to 5’ end of the ssDNA, following the generation of single
stranded DNA and digestion of template RNA by reverse transcriptase and
RNaseH respectively (Chelico et al. 2006). The sites of mutation are not
completely random. Firstly, gradients of A3G-induced mutations exist,
increasing in the 5’ to the 3’ end of the positive sense genome which is thought
to reflect the time that single stranded DNA is exposed to huA3G (Yu et al.
2004b; Suspene et al. 2006). These gradients reach their peak just 5’ of the
polypurine tracts which are the origins of reverse transcription (Suspene et al.
2006; Yu et al. 2004b). Additionally, mutational hotspots for APOBECs have
been identified: most prevalently for huA3G, the GG dinucleotide (substrate
residue underlined) is most commonly mutated, and in particular in the TGGG
tetranucleotide (Yu et al. 2004b; Bishop et al. 2004b; Suspene et al. 2006;
Harris et al. 2003). Interestingly, in protein-coding regions, this mutation
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frequently results in a TGG to TAG change which alters a tryptophan codon to a
stop codon, potentially causing a damaging truncating mutation to the viral
protein. Thus the activity of APOBEC3G against HIV-1 ∆vif is thought to be the
introduction of mutations (hypermutation) to such a level (as many as 10% of
guanosines may be mutated to adenosines) that the virus is impaired in its
ability to produce infectious progeny virions. When the level of hypermutation
renders the virus unable to faithfully replicate and therefore unable to sustain
infection it is said that the error catastrophe threshold has been surpassed.
1.7.3 Encapsidation of human APOBEC3G
The fact that the permissivity of the virus producing cell rather than the target
cell is the determinant for viral replication suggests that APOBEC3G present in
the target cell is not sufficient for inhibition of viral replication. Indeed it has
been shown that huA3G is encapsidated into HIV-1 ∆vif and this ability is likely
to depend on interaction between huA3G CD1 and both viral Gag p55
nucleocapsid region and viral RNA (Mangeat et al. 2003; Khan et al. 2005). The
precise mechanisms and relative contributions of each of these interactions is
currently under study but is thought to involve multimers of huA3G forming
complexes with viral RNA, cellular RNA species 7SL and p55 polyprotein which
are then packaged into budding virus particles (Svarovskaia et al. 2004; Wang
et al. 2007). Final levels of huA3G are dependent on the levels of expression in
the virus producing cell, calculated at 7 enzyme copies per virion when
produced in PBMCs but capable of much higher levels of incorporation when
overexpressed in vitro (Xu et al. 2007). Interestingly, even in the presence of
Vif, huA3G particles are thought to be packaged into HIV-1 particles with 0.3 to
0.8 molecules per virion (Nowarski et al. 2008), and low levels of G to A
mutations are observed in high passage number HIV-1 cultures (Zhang et al.
2003). As with many pre-integration stages of the retroviral lifecycle,

53

Chapter 1. Introduction

interactions of huA3G with the reverse transcription complex in the target cell
are much less well understood, but presumably require interactions that
prevent disassociation of huA3G from the target nucleic acids and allow the
transition from RNA binding to single-stranded DNA cytidine deamination.
It has been reported that induced hypermutation is not sufficient to explain
the antiviral activity of huA3G and huA3F, giving rise to the possibility of a
deamination-independent role of APOBECs on viral replication. Mutation of the
conserved zinc coordinating histidine and cysteine residues or the catalytic
glutamic acid residues of CD2 abolishes deaminase activity but does not fully
destroy antiviral activity (Newman et al. 2005). Recently, a likely mechanism
for deaminase-independent activity has been proposed which involves the
inhibition of the progression of the reverse transcriptase enzyme along the
template RNA in the newly infected cell (Bishop et al. 2008). However the
relative contributions of the deaminase-dependent and -independent roles of
huA3G are not fully clear and may have different relative contributions
depending on the cell type in question (Thielen et al. 2007).
1.7.4 Antiviral activity of other human APOBEC3 genes
The presence of an expanded gene family of APOBEC3 genes raises the
possibility that other members of the family possess antiviral activity. Several
studies have now been performed confirming that this is indeed the case and
anti-lentiviral activity has been associated with several of the two-domain
APOBECS, namely 3B (Bishop et al. 2004a), 3DE (Dang et al. 2006), 3F (Zheng
et al. 2004) and anti-SIVmac activity has been associated with the one-domain
A3C (Yu et al. 2004a; Bishop et al. 2004a). Of these, the gene with largest
impact on HIV-1 replication is huA3F which is widely co-expressed with huA3G
in non-permissive cells (Wiegand et al. 2004; Liddament et al. 2004; Zheng et
al. 2004). Strong evidence of the importance of huA3F in HIV-1 replication is
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that, like huA3G, HIV-1 Vif counteracts its activity and its preferred mutational
hotspot (WGAA where W is A or T) is detectable in clinical isolates of HIV-1
(Fitzgibbon et al. 1993). However further analysis reveals that huA3G’s
preferred substrate (GG dinucleotide) is more frequently mutated than huA3F’s
(GA), suggesting that the role of huA3G is greater in the biological context of
HIV-1 replication (Zennou and Bieniasz 2006). Interestingly, the antiretroviral
activity of huA3B is resistant to HIV-1 Vif in tissue culture experiments but
expression is very low in CD4+ T-cells, making it unlikely to severely hinder
HIV-1 replication (Bogerd et al. 2007).
Also of significance is the breadth of targets that APOBECs are able to
deaminate whilst being able to distinguish self from non-self. Of the human A3
genes,

all

seven

have

now

been

associated

with

antiretroviral

or

antiretroelement activity with individual enzymes such as huA3F able to
deaminate targets as diverse as HIV-1 (Wiegand et al. 2004), AluI, a
transposable element present in multiple copies in the human genome
(Muckenfuss et al. 2006), Ty1, a yeast transposable element (Schumacher et al.
2005) and hepadnavirus hepatitis B virus (Rosler et al. 2005), all of whose
lifecycles involve RNA intermediates. This suggests conserved mechanisms for
interaction and deamination of target nucleic acids.
1.7.5 The role of Vif in overcoming APOBEC3G and 3F restriction
HIV-1 viral infectivity factor (Vif) is a small accessory protein of 23kDa which
allows the virus to replicate almost unaffected by the presence of huA3G and
huA3F. Vif acts to decrease the levels of huA3G and huA3F protein levels
dramatically in T-cells, reducing the half-life of APOBECs from hours to as little
as 5 minutes (Stopak et al. 2003; Marin et al. 2003; Marin et al. 2003;
Conticello et al. 2003). Crucial to this activity are three interactions made by
Vif: 1) the Vif motif SLQ(Y/F)LA which resembles mammalian BC-box domain
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present in SOCS-box proteins and recruits the cellular factor elongin C, an E3
ubiquitin ligase (Mehle et al. 2004b; Yu et al. 2003) 2) a non-canonical zinccoordinating HCCH motif which interacts with cullin5 (Yu et al. 2004c; Mehle et
al. 2004a) and 3) the N-terminal YRHHY and DRMR domains that interact with
huA3G and huA3F respectively (Russell and Pathak 2007). The interactions
result

in

the

recruitment

of

a

ubiquitylation

complex

comprising

Vif/elonginC/elonginB/APOBEC3/cullin5/Rbx1 that polyubiquitylates the target
APOBEC and induces proteasome-mediated destruction (Marin et al. 2003;
Sheehy et al. 2003; Yu et al. 2003).
Vif proteins exhibit a certain level of species specificity. For example, Vif from
HIV-1 is unable to counteract the A3G from African green monkeys (agmA3G).
This specificity was found to map to the Vif-A3G interaction site: in huA3G,
128DPD130 is responsible for the interaction with Vif DRMR motif whilst in
agmA3G, a D128K substitution allows the APOBEC to escape Vif-mediated
destruction (Bogerd et al. 2004; Mangeat et al. 2004). However, SIVagm
overcomes this mutation as its Vif is able to bind agmA3G and mark it for
proteasome destruction. Thus the site of interaction between Vif and APOBEC
represents a potential arms-race battle ground in the host-virus relationship.
1.7.6 Positive selection of APOBECs
In a similar manner to TRIM5α, primate APOBEC3 genes have been exposed to
periods of intense positive selection over the past 33 mya, indicating the
importance of these genes in protecting against retroviral infection (Sawyer et
al. 2004; OhAinle et al. 2006). Residues under positive selection in A3G map to
the catalytic domain, pseudocatalytic domain and to the Vif-interacting
domain, but evidence of ancient adaptive selection is also found outside these
regions (Sawyer et al. 2004). This is interpreted as the results of previous
antagonistic host-virus relationships with now-extinct retroviruses. However
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the targets of previous episodes of positive selection are unknown and are
likely to be extinct, save for any sequences remaining as endogenised
genomes. Interestingly, a human endogenous retrovirus, HERV-K, was found to
be targeted by huA3F, and to a lesser extent huA3G, but not by any TRIM5α
orthologues examined (Lee and Bieniasz 2007). High expression of A3 is found
not only in T-lymphocytes, the target of current lentiviral infections, but also
in testis and ovary tissue, organs that must be infected by endogenous
retroviruses in order to ensure their propagation (Jarmuz et al. 2002; Sheehy
et al. 2002). Thus it seems likely that the APOBEC family targets both
horizontally-transmitted and endogenous retroviruses, and the diverse nature
of the targets goes some way to explaining the maintenance of multiple A3
gene copies.
1.7.7 An expanded cluster of feline APOBEC3 genes
Recently an analysis of feline APOBECs in the nascent cat genome located the
genomic positions of APOBEC1, 2, 3 and 4 (Munk et al. 2008). Interestingly,
four APOBEC3 genes were found in an expanded cluster on domestic cat
chromosome B4, comprising three copies of APOBEC3C (feA3Ca, feA3Cb and
feA3Cc) and one copy of APOBEC3H. All the feline A3 genes identified possess a
single catalytic domain. Comparisons with other felids revealed that the
duplications of feA3C occurred in two successive events, one duplication of the
ancestral feA3C which generated feA3Cc took place after the divergence of the
Felis and Panthera lineages about 10.8 mya and a subsequent duplication of
the same ancestral gene generating feA3Ca and feA3Cb took place after the
divergence with pumas about 6.7 mya (Johnson et al. 2006; Munk et al. 2008).
Of particular interest was the finding that the A3C locus underwent
independent duplication events in other lineages: in the Panthera lineage a
duplication gave rise to two A3C genes in the modern lion (liA3C1 and liA3C2)
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and in lynxes, three duplications gave rise to four current A3C genes. Analysis
of the felid A3C genes revealed strong positive selection, suggesting strong
selection of new variants that confer benefits to the host, selection
presumably imposed by pathogens. In contrast the A3H gene was present as a
single copy in all felids examined and is not under positive selection, leading
the authors to suggest its viral target may be an endogenous retrovirus.
Interestingly a read-through transcript comprising components of feA3Ca, 3Cb
and 3H, generating a two-domain protein was detected in domestic cats and
was also found in lions, tigers, pumas and lynxes and referred to as
APOBEC3CH.

Figure 1-3 Representation of feline APOBEC3 genomic locus and transcripts. The
feline APOBEC3 genes reside in a cluster extending ~30kb on domestic cat chromosome
B4 (black line). Previously described transcripts (Munk et al. 2008) are represented by
dashed grey lines. Readthrough transcript A3CH is also shown and incorporates exons 13 from A3Ca, an exon 4 variant from A3Cb that lacks the terminal stop codon and exons
2-5 of A3H.

Munk et al. (2008) tested the antiviral activity of domestic cat APOBEC3 genes
against feline retroviruses and found that while single-domain protein feA3C
was able to restrict Feline Foamy Virus (FFV), none of the single domain
proteins were active against FIV (Munk et al. 2008; Lochelt et al. 2005). In
contrast, the two-domain A3CH potently inhibited infectious FIV virus
production, suggesting that, like human A3G, two domains are required for
virion packaging and deaminase activity.
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1.7.8 Vif of Feline Immunodeficiency Virus
Like HIV, the FIV genome bears a vif gene but homology at the protein level is
minimal save the BC-box SLQ(Y/F)LA motif. The presence of this motif suggests
that like HIV-1, FIV recruits the elonginC ubiquitylation complex to induce
degradation of A3. Conflicting data exist for the subcellular localisation of FIV
Vif. Initially, it was reported Vif localises predominantly to the nucleus
(Chatterji et al. 2000), unlike HIV Vif which localises to the cytoplasm
(Goncalves et al. 1994). Furthermore, Vif was not detected in FIV particles,
suggestive perhaps of an alternative mechanism of action. However, these data
are potentially explained by problems in exogenous Vif expression as the
protein has a high turnover and nuclear export of transcripts is inefficient for
HIV-1 Vif (Nguyen et al. 2004). Indeed a further study has shown that a
eukaryotic codon-optimised Vif derived from FIV-Oma (from Pallas cat)
invariably and uniquely localises to the cytoplasm (Paul et al. 2007).

1.8 Scope of this thesis
This thesis compares the host and viral factors that affect replication and
cross-species transmission of lentiviruses in domestic and non-domestic cats.
Specific attention is paid to the domestic cat and African lion, as these species
are thought to represent recent and ancient lentiviral infections respectively.
It is anticipated that antagonistic relationships between host and virus will
have promoted changes in lion factors that interact with viral proteins. In
particular, attention is given to the restriction factors which, in primates, are
under positive selection driven by retroviral infection, and the hypothesis that
lentiviral restriction will be more potent in the lion is tested.
•

Chapter 3 explores recent findings that FIV strains with highly divergent
env genes are present in wild African lion populations. The study finds
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that the diversity within env corresponds to alternative receptor usage
with implications for the evolution and pathology of infection in this
species.
•

Chapter 4 investigates the post-entry restriction factor TRIM5 in cats and
finds that a mutation that ablates function is present in the felids.
Further analysis reveals that the mutation is widespread amongst the
Feliformia, dating the time of mutation to just after the CaniformiaFeliformia split, with implications for cross-species transmission and
control of lentiviral infection in the carnivores.

•

In Chapter 5, the lentiviral co-factor cyclophilin A is examined in the
context of FIV replication. Tissue culture experiments and biophysical
assays reveal the interaction is important for replication and occurs with
a conserved binding affinity. Furthermore, a crystal structure is solved
for FIV capsid and feline CypA, the first reported structures for both
these proteins, and provides insight into the mechanism of the CA-CypA
interaction.

•

Finally in Chapter 6, the ability of lentiviruses to infect domestic cat and
lion cells is investigated and a post-entry block to replication in lion
cells is described. Investigation of APOBEC3 genes from both species
finds that these restriction factors are active in felids, particularly in
lions. The study provides evidence that is in concordance with theories
of host-virus antagonistic relationships and shows evidence that a lack of
TRIM5α can be compensated for by other post-entry restriction
mechanisms.
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2.1 Molecular cloning
2.1.1 Nucleic acid extraction and PCR
Total RNA was prepared from domestic cat-derived cell lines CrFK and Mya-1 as
well as non-domestic cat T-cells by homogenising 106 cells using QIAshredder
Spin Columns (Qiagen, Crawley, UK) and extraction with RNeasy Mini Spin
Columns (Qiagen) in a UV-treated laminar flow hood. RNA was eluted in RNasefree water (Invitrogen, Paisley, UK) prior to quantification of RNA by
spectroscopy at 260 nm and storage at -80 °C. First strand cDNA synthesis was
performed using 1 µg RNA with an oligo d(T) primer and AffinityScript Reverse
Transcriptase (Stratagene, Stockport, UK), according to the manufacturer’s
instructions before downstream applications. DNA was prepared from tissue
culture samples by harvesting from 106 cells with DNeasy Blood and Tissue kit
(Qiagen). DNA extractions from non-domestic Feliform species used 50-100 mg
brain tissue or 1 ml blood and were performed using the same kit using the
appropriate protocol. All DNA preparations were eluted with EB buffer and
stored at -20 °C.
Polymerase chain reaction (PCR) was performed using Phusion HotStart
(Finnzymes, Hitchin, UK) polymerase. Reactions were set up on ice in a PCR

Chapter 2. Materials and Methods

clean room UV-treated laminar flow hood. Reaction mix and cycling
parameters were typically as per manufacturer’s instructions although
optimisation of annealing temperature was occasionally necessary by
performing multiple reactions as a gradient. Standard conditions were HF
buffer 4 µl, dNTPs 200 µM each, primers 0.5 µM each, DMSO 3% v/v, 0.02 U/µl
Phusion, 50-200 ng template DNA. For FIV-Ple B 458 env, Phusion proved
unsuccessful and KOD HotStart (Novagen, Nottingham, UK) was used instead.
Lyophilised primers were ordered from MWG Operon and were resuspended in
sterile distilled water to a stock concentration of 100 pmol/µl and to working
stock concentrations of 10 pmol/µl. Primers were stored at -20 °C. A list of
primers used is displayed in Appendix 1 and buffers and solutions is displayed
in Appendix 2.
2.1.2 Cloning techniques
For molecular cloning, PCR products were purified by running on a 0.8-1.5%
agarose gel, made with TBE buffer. DNA bands were observed on a UV
transilluminator and excised using a sterile scalpel. Gel extraction was
performed using QIAquick Gel Extraction Minicolumns (Qiagen) and DNA was
eluted in 35-50 µl EB. Purified PCR products and vectors were digested using
restriction endonucleases at 1 U/µl at 37 °C for 1 hr 30 min in 20 μl reactions
with the buffer recommended by the manufacturer (Invitrogen). Digested DNA
was purified using QIAquick PCR purification kit (Qiagen) and ligated using T4
DNA ligase at 1 U/µl at 15 °C overnight. DNA was transformed into DH5α
chemically competent Escherichia coli (Invitrogen) using the heat shock
protocol according to the manufacturer and plated onto agar plates bearing
ampicillin or kanamycin at 50 μg/ml (Sigma-Aldrich, Dorset, UK). Colonies were
picked and grown in 5 ml LB nutrient broth at 37 °C on an orbital shaker set to
200 rpm. When cloning env genes, an incubation temperature of 30 °C was
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used to aid plasmid stability. Plasmid DNA was extracted from cultures using
QIAprep Spin Miniprep kit (Qiagen) and digested as previous. Clones bearing
inserts were identified by agarose gel electrophoresis and a large-scale DNA
prep was performed by inoculating 500 ml LB flasks with bacterial clones. DNA
was prepared from overnight cultures using PureLink HiPure Filter Plasmid
Maxiprep Kit (Invitrogen). Pelleted DNA was resuspended in TE buffer and
stored at 4 °C. Glycerol stocks of clones were made by diluting cultures to a
final concentration 15% glycerol (v/v).
2.1.3 Sequencing of DNA
Chain termination sequencing reactions were set up in house using BigDye v1.1
and thermally cycled according to manufacturer’s instructions (Applied
Biosystems, Warrington, UK). Reactions were precipitated using 70% ethanol,
resuspeded in 20 μl HiDi (Applied Biosystems) and ran on an ABI 7000 genetic
analyser using the E80 protocol (Applied Biosystems). Sequence traces were
analysed in DNA Dynamo (Blue Tractor Software, UK).
2.1.4 FIV Envelopes
FIV-Ple E Sangre env gene was PCR amplified using primers (LLV-E 5’ Sal and
LLV-E 3’ Not) directed to published FIV-Ple subtype E 1027 sequence (Genbank
FJ22537). Template cDNA was obtained from total cellular RNA of Mya-1
infected with FIV-Ple E Sangre following first strand cDNA synthesis. FIV-Ple B
458 env was amplified from viral supernatant pelleted in an SW28
ultracentrifuge rotor at 28,000 rpm in a Beckman L8-70 ultracentrifuge. Viral
membrane and protein cores were disrupted using 0.1% Triton X-100 PBS and
RNA was extracted using RNeasy miniprep kit (Qiagen) and reverse transcribed
as above. PCR amplification was performed using primers (LLV-B 5’ Sal and
LLV-B 3’ Not) directed to published FIV-Ple B sequence (Genbank EU117991).
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Amplicons were cloned into eukaryotic expression vector VR1012 using SalI and
NotI digestion sites. Cloned VR1012-env plasmids were used for the generation
of HIV luciferase pseudotypes and were assayed onto target cells in 96 well
plates as described below.
2.1.5 CD134 and CXCR4
Feline variants of CD134 and CXCR4 have been cloned and described previously
(Shimojima et al. 2004; Willett et al. 1997b). Lion homologues of CD134 and
CXCR4 were amplified from Angola-1 cDNA using primers directed to the feline
homologues (feCD134 F, feCD134 R, feCXCR4 F and feCXCR4 R; Genbank
accession numbers AB1288982 and U63558 respectively) and the products were
cloned into pCR 2.1-TOPO vector (TOPO TA cloning kit, Invitrogen) and
sequenced. Lion CXCR4 and CD134 sequences were deposited in Genbank with
accession numbers EU915482 and EU915483 respectively. For expression in
eukaryotic cells, fragments were then sub-cloned into pDONAI (Takara, Lonza
Ltd, Wokingham, UK) using BamHI and SalI restriction sites.
2.1.6 TRIM5
Forward primers directed to conserved regions of the RBCC domain (Ts2,
feT5fwd and Ts3) and reverse primers from non-variable regions within the
B30.2 domain (Ts12, feT5rev and Ts16) were used in RT-PCR reactions using
cDNA from domestic cat cell lines CrFK and Mya-1. Products were obtained for
the Ts3-Ts12 and feT5fwd-feT5rev RT-PCR reactions. These amplicons were
then sequenced and used to probe the nascent cat genome project database
(Pontius and O'Brien 2007) using the NCBI BLAST tool (Altschul et al. 1990). The
BLAST search returned sequences of whole genome shotgun (WGS) fragments
bearing exact matches to exon 2 (GenBank accession number AANG01555594)
and exon 8 (AANG01581224) that had been assembled to chromosome D1 of the
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cat genome. From these fragments, PCR primers directed to the 5’ end (wam4)
and 3’ end (wam13) of the open reading frame were designed, and the full
length product was sequenced. Cloning primers wam4e and wam13c were used
to amplify RT-PCR products from Mya-1 template cDNA and the amplicon was
cloned into expression vector CXCR using EcoRI and Csp45I to produce feCTCR.
Correct insertion of feTRIM5 was verified by cycle sequencing. Rapid
amplification of cDNA ends (RACE) was performed using 5’/3’ Second
Generation RACE Kit (Roche) using cDNA from Mya-1 cells according to
manufacturer’s instructions. A PCR-based mutagenesis strategy was employed
to introduce a stop codon at proline 306 of huTRIM5α to generate huTRIM5
P306STOP.

Forward

and

reverse

mutagenic

primers

(huT5stopF

and

shuT5stopR) were used with flanking CXCR specific primers (GT282 and GT283)
in two individual reactions. The resulting products were mixed 1:1 and used as
a template for a reaction using the flanking primers. The product was cloned
into CXCR using EcoRI and Csp45I restriction sites. The sequence of feline
TRIM5 was deposited in Genbank (Accession number: GQ183880). A separate
TRIM5 exon 8 PCR was also used in order to screen other carnivore species for
the sequence of the TRIM5 B30.2 domain. Degenerate primers (gex8 feT5 f and
gex8T5 r) were designed that allowed amplification from genomic DNA from
divergent carnivore species, cat and dog. Expected sizes of amplicon were
525bp for dog and 536bp for cat and sequencing was performed directly from
PCR products.
2.1.7 Capsid and cyclophilin A
N-terminal capsid domain (CAN) was amplified from a molecular clone of FIVFca GL8 and from cDNA from Mya-1 cells infected with FIV-Ple B 458. The
region amplified spans residues 136-273 of GL8 gag, and is analogous to the
monomeric HIV-1 CA domain whose structure has been solved previously (Yoo
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et al. 1997). For FIV-Fca, the expressed protein has a molecular weight of 15
kDa and is expressed with a C-terminal His tag, giving a total mass of 16.4 kDa.
Primers used were G8 CAN5’ Nde, G8 CAN 3’Mlu, LLV CA 5’ Nde, and LLV CA 3’
Mlu. For putative feline cyclophilin A genes encoded by Genbank contigs
AANG01610851 and AC235013, Mya-1 RNA was treated with DNase I on the
Qiagen RNeasy column prior to elution as indicated by the manufacturer and
subsequent amplification. Differentiation between the two sequences was
performed by using alternative 5’ primers: feCypA R69 5’ amplifies the
sequence present in AANG01610851, whilst feCypA C69 5’ amplifies the ORF
present in Genbank: AC235013. 3’ primer for both sequences was feCypA R/C
3'. Once the nature of the CypA expressed in T-cell was identified as
AANG01610851, cDNA from Mya-1 and Angola-1 was used as a template for PCR
using primers feCypA Nde 5’ and feCypA Mlu 3’. Fragments were cloned into
prokaryotic expression vector pOPTH.
2.1.8 APOBEC3 and vif
Feline and lion APOBECs were amplified from cDNA derived from Mya-1 and
Angola-1 T-cells respectively. Primers were based on published domestic cat
sequences single domain proteins feA3H (EU109281; primers feA3H F and feA3H
R) and feA3Ca (AY971954; primers feA3C F and feA3C R). For read-through
transcripts, forward primer feA3C F was used in conjunction with feA3H R. The
amplicons were cloned into VR1012 using SalI and NotI restriction sites
introduced by the primers. FIV-Fca vif was cloned from a molecular clone of
strain GL8 using primers GL8 Vif F and GL8 Vif R, whilst FIV-Ple vifs were
cloned from proviral DNA isolated from infected Mya-1 cells. Primers used were
LLV-E Vif F and LLV-E Vif R for FIV-Ple E and for FIV-Ple B, sufficient homology
to the E strain was present to use the LLV-E Vif F forward primer with strain
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specific reverse primer LLV-B Vif R. Clones were sequenced as described
above.

2.2 Cells and viruses
2.2.1 Adherent cells
Adherent cell lines were grown in disposable plastic tissue culture dishes
(Corning, Ewloe, UK) and maintained in Dulbecco's modification of Eagle's
medium (DMEM; Invitrogen) supplemented with 10% foetal bovine serum, 2 mM
glutamine, 0.11 mg/ml sodium pyruvate, 100 IU/ml penicillin, and 100 µg/ml
streptomycin. Each cell line has certain growth characteristics and so were
split when confluent rather than at a regular time point. When confluent, the
monolayer was washed with PBS, and dissociated from the culture plate by
incubation with 0.5-2ml 0.05% trypsin (Invitrogen) for a few seconds or minutes
at 37°C. Trypsin activity was stopped by suspension in complete DMEM. Cells
were then pelleted at 1000 rpm (~400 xg) in a benchtop centrifuge before
resuspension in complete DMEM and seeding of new cultures at the required
density. Where required, culture medium was supplemented by selection
antibiotics G418 (400µg/ml; Invitrogen) or puromycin (1.25 µg/ml; Sigma
Aldrich).
2.2.2 Suspension cells
Cells in suspension were cultured in RPMI 1640 medium (Invitrogen)
supplemented with 10% foetal bovine serum, 2 mM glutamine, 0.11 mg/ml
sodium pyruvate, 50 µM β-mercaptoethanol, 100 IU/ml penicillin, and 100
µg/ml streptomycin. Cells were passaged by centrifugation at 1000 rpm and
resuspension in complete RPMI at the required density. Selection antibiotics
were used as for adherent cells. Cell lines frequently used in this study the
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canine lymphocytic leukaemia (CLL) and feline MCC lines (Cheney et al. 1990).
CLL was generated by prolonged in vitro culture of leukaemic domestic dog
PBMCs; the established line is CD3+ CD4− CD8− CD134−. When stably transduced
with FIV primary receptor CD134, these cells can support replication of FIV to
high titre (Willett et al. 2006a). MCC is a CD134− domestic cat cell line
amenable to ectopic expression of CD134 variants to dissect the role of CD134
on FIV entry (Willett et al. 2006a; Willett et al. 2006b).
2.2.3 Primary T-cells
Domestic cat primary T-cell line Mya-1 (Miyazawa et al. 1989) was cultured in
RPMI 1640 medium supplemented as above. A source of interleukin-2 (IL-2) was
provided by further supplementing the medium with previously frozen
conditioned medium from a murine cell line (L2.3) transfected with a human
IL-2 expression construct (1:50 dilution, equivalent to 100 U/ml of recombinant
human IL-2; provided by T. Miyazawa). African lion, European wildcat, puma,
tiger, Amur leopard and cheetah peripheral blood mononuclear cells (PBMCs)
were cultured as above and T-cells were expanded by stimulation with
concanavalin A (2µg/ml; Sigma Aldrich) periodically. Blood samples from which
PBMCs were obtained were kindly provided by Sarah Cleaveland, University of
Glasgow, UK and John Lewis, ALTA Amur Leopard Conservation. PBMCs were
also expanded from a seronegative Angolan lion and were periodically frozen
down to generate a large back stock and referred to as Angola-1. Lion samples
were collected by Pieter Kat and Rodrigo Serra of the Investigacao Veterinaria
Independente, Lisbon, Portugal. Cells were grown in a cyclical manner, with a
blasting stage following ConA stimulation in which polarised T-cells were
apparent. During this stage, cells were grown at high density in order to
promote cell-cell interactions, but large clumps were broken up in order to
prevent isolation from nutrients. Blasts were preferentially selected for by
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centrifugation at 800 rpm without brake, and resuspended in the same volume
of medium. When a sufficient density of cells was obtained, cells were either
split 1 in 2 or expanded to a larger tissue culture flask. During this phase,
culture typically existed as single cell blasts until next ConA stimulation or in
the case of Mya-1, sufficient density was obtained for clumping to
recommence.

Cell line

Species

Adherent or

Reference

Suspension
3201

Cat

S

(Hardy, Jr. et al.
1980)

AH927

Cat

S

Nelson-Rees, WA

Angola-1

Lion

S

This study

CLL

Dog

S

(Willett et al. 2006a)

CrFK

Cat

A

(Crandell et al. 1973)

HEK 293T

Human

A

(Graham et al. 1977)

HeLa

Human

A

HT1080

Human

A

(Rasheed et al. 1974)

MCC

Cat

S

(Cheney et al. 1990)

MDTF

Mouse

A

(Lander and
Chattopadhyay 1984)

Mv1 Lu CCL 64

Mink

A

(Henderson et al.
1974)

Mya-1

Cat

S

(Miyazawa et al. 1989)

NP2

Human

A

(Soda et al. 1999)

TE671

Human

A

(Stratton et al. 1989)

Table 2.A Cell lines used in this study

2.2.4 Replication-competent FIV
Supernatant containing clonal FIV was produced by transfection of 293T cells
with full length FIV molecular clones using Superfect transfection reagent.
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Strains used in this study include Glasgow 8 (GL8), a field isolate from the UK
(Hosie and Jarrett 1990), B2542, a clade B USA isolate (Diehl et al. 1995) and
PPR, a clade A USA isolate from a cat in the symptomatic stage of infection
(Phillips et al. 1990). Three days post-transfection, 293T cells were cocultivated with Mya-1 cells and FIV replication was monitored by p24 ELISA.
293T cells were removed and infected cultures were expanded by addition of
fresh Mya-1 cells. Supernatant was collected, filtered at 0.45µm and frozen in
1ml aliquots at -80 °C until required.
FIV-Ple was isolated from lion PBMCs prepared from whole blood of an FIVpositive lion sampled in the Moremi reserve in Botswana (Sangre). Sangre was
an eight-year old male lion in good health at the time of sampling and was
previously confirmed as seropositive by western blot. In order to expand the
viral stock from Sangre, concanavalin-A-stimulated PBMCs were co-cultivated
with Mya-1 cells and confirmation of replication-competent virus was sought by
reverse transcriptase assay (see 2.3.2). Aliquots of viral supernatant were
stored and frozen at -80 °C for future use and infected cells were pelleted and
harvested for total cellular RNA.
2.2.5 Tissue culture infection with replication competent FIV
Infections were performed by incubating target cells with viral inocula. For
adherent lines, cells were seeded at low density (1x105 cells per well in a 6
well plate) and left to adhere overnight. Standard conditions for suspension
cells were: 1x106 Mya-1/primary PBMC or 5x105 CLL-CD134 in a 5 ml tube
(Falcon). Cells were then incubated with viral inoculum (100-500µl) diluted 1 in
2 with complete medium as appropriate at 37 °C for 3 hours. Cells were
washed twice with PBS and resuspended in complete medium. Cell-free
aliquots were taken periodically and frozen at -80 °C until required for viral
quantification by p24 ELISA or reverse transcriptase assay.
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2.2.6 Drugs and inhibitors
Inhibitors of cyclophilin, cyclosporine A (CsA; Sigma), NIM811 (a kind gift of
Prof. Anthony Page, University of Glasgow) and Debio-025 (obtained from
Debiopharm) were diluted to 5 mM working stock in ethanol or DMSO and
stored at -20 °C until required. Toxicity was measured by incubating cell lines
Mya-1 and CLL with CsA, NIM811 and Debio-025 at 2 µM for five days before
enumerating live cells using a haemocytometer with Trypan blue (Invitrogen)
dye exclusion as a marker for viability. The effect of the drugs on the
replication of FIV in canine and feline cells was assayed by incubating 106 CLL
or Mya-1 with FIV-Fca GL8 for three hours before washing twice with PBS and
resuspension in 1 ml RPMI, supplemented with IL-2 in the case of Mya-1, with
CypA inhibitors at 2 µM or an equivalent volume of solvent.
Proteasome inhibitor MG132 (N-(benzyloxycarbonyl)leucinylleucinylleucinal)
and As2O3 were obtained from Sigma. MG132 was prepared by dissolving in
ethanol at a stock concentration of 1 mg/ml and stored at -20 °C. As2O3 was
prepared as (Berthoux et al. 2003) by initially dissolving in 1 M NaCl before
neutralisation with HCl to final pH 7.0. The solution was diluted further to a
concentration of 1 mM with PBS, filter sterilised at 0.2 µm before storage at 20 °C. 1 x 105 cells were incubated with MG132 or As2O3 for 3 hr before
aspiration of the drug and washing with PBS. Cells were reseeded in 100 µl
replete RPMI with IL-2 and challenged with pseudotype.
AMD3100 (Donzella et al. 1998), a bicyclam inhibitor of the FIV Env-CXCR4
interaction (Egberink et al. 1999; Richardson et al. 1999), was prepared for
tissue culture by dissolving in PBS and filter sterilising at 0.2µm and stored at 20 °C. Inhibition of Env-CD134 interaction was performed using trimeric sFcTNC-CD134L. The preparation and purification of this construct was performed
previously (Willett et al. 2009). The construct consists of a haemagglutinin
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signal peptide, the hinge and Fc domain of human IgG1 (residues 104–330 of
GenBank: P01857), a linker with sequence RSPQPQPKPQPKPEPEGSLH, the
trimerisation domain of chicken tenascin-C (TNC), a linker with sequence
GTGGGSGGRGLQ, and the extracellular domain (residues 52–183) of feline
CD134L. The construct had previously been transfected into 293T cells using
Superfect (Qiagen) by other lab members and supernatant harvested after
three days and concentrated 10-fold using an Amicon 10kDa molecular weight
cut off centrifuge spin-concentrator (Millipore) and stored at -80 °C before
use.
2.2.7 Stable transduction of cell lines
In order to create cell lines stably expressing TRIM5, pseudotyped MLV
infectious particles were produced by transfecting HEK293T cells with plasmids
CMVi, a cytomegalovirus promoter-driven MLV gag-pol expression vector, pMDG
bearing pantropic vesicular stomatitis virus G-glycoprotein (VSV-G) envelope
and CTCR which encodes a dsRed reporter gene (Clontech, Wokingham, UK)
and the desired TRIM5 under the control of the cytomegalovirus promoter as
previously described (Besnier et al. 2002), except that Superfect (Qiagen)
transfection agent was used according to manufacturer’s instruction.
Supernatant was harvested 3 days post-transfection, filtered at 0.45µm and
used to transduce target cell lines plated at 5x104 cells per well in 6-well
plates. Successful transduction was confirmed by enumerating RFP-expressing
cells on a Beckman Coulter EPICS MCS-XL flow cytometer. Data were analyzed
using EXPO 32 ADC Analysis (Advanced Cytometry Systems).
Lion CXCR4 was expressed as a fusion protein with enhanced green fluorescent
protein as has previously been described for feCXCR4 (Willett et al. 2002). For
stable dual expression of CXCR4 and CD134 in the NP2 cell line, cells were first
transduced with pDONAI vectors bearing lion or domestic cat CXCR4-eGFP
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fusion proteins and stable transductants were transduced again with lion or
domestic cat CD134 and immuno-enriched by staining firstly with 7D6 antifeline CD134 (AbD Serotec, Oxford, U.K.) then goat-anti-mouse IgG-coated
microbeads (Miltenyi Biotec Ltd., Bisley, U.K.) followed by enrichment on MS
columns using an OctoMACS™ separator (Miltenyi Biotec Ltd.). Eluted cells were
maintained in G418 supplemented medium and expanded in culture for use in
pseudotype infection assays.
2.2.8 Pseudotype production
Retroviral particles capable of single round infection, which deliver a marker
gene to the target cell, were used to analyse viral and cellular determinants of
infection. The constructs allow the generation of retrovirus particles that bear
reporter genes that allow the efficiency of transduction to be assayed.
Pseudotypes in this study bore either luciferase (luc) or green fluorescent
protein (GFP) and transduction was quantified using alternative techniques.
The use of vesicular stomatitis virus G-glycoprotein (VSV-G) allows efficient
entry to mammalian cells and obviates the effects of differential expression of
receptors. Pseudotypes are denoted VIRUS-reporter(ENVELOPE). For example
HIV-luc(FIV) indicates an HIV particle, bearing a luciferase gene, pseudotyped
with FIV Env.
HIV-luc(FIV) vectors were prepared in HEK293T cells by two-plasmid cotransfection. The day before transfection, 4x106 293T cells were seeded in 10
cm poly D-lysine coated plates (BD). To transfect, 10 µl Superfect transfection
reagent (Qiagen) was mixed with 7.5 µg pNL4-3-Luc-E−R−, an HIV-1 NL4-3
strain-based vector with firefly luciferase inserted into the nef gene and
defective env and vpr genes (Connor et al. 1995), and 7.5 µg VR1012-env, a
mammalian expression plasmid bearing FIV env in 300 µl serum-free DMEM.
Complexes were allowed to form at room temperature for 15 minutes before
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addition of 3 ml complete DMEM and incubation on 293T cells at 37 °C for 3
hours. Cells were then washed with PBS to reduce toxic effect and prevent any
transfection complexes affecting downstream procedures. 10 ml fresh,
complete DMEM was added to cells and supernatant was harvested after 72
hours incubation at 37 °C. Supernatant was filtered at 0.45µm, aliquoted and
frozen at -80 °C.
For other retroviral vectors, a three-plasmid co-transfection protocol was used.
Plasmids expressing a gag-pol, a viral vector and pMDG were transfected into
293T cells at a ratio of 1:1:1 (5 µg each). The protocol follows that of (Besnier
et al. 2002) except that Superfect (Qiagen) was usually used instead of Fugene6, as higher titres were given by the former. Plasmids used for production of
VSV-G pseudotyped N- and B-tropic MLV, HIV-1, HIV-2, SIVmac and FIV are
given in Table 2.B. Supernatant was collected after three days, filtered at
0.45µm and stored at -80 °C. When produced in the presence of drugs, NIM811
and cyclosporine A, pseudotypes were pelleted in a Beckman ultracentrifuge in
an SW40 rotor over a 2 ml 20% sucrose cushion to remove drugs. The pellet was
resuspended in 1 ml DMEM (10-fold concentration) before use.

Plasmid
name

Derived
from

Function

Reporter

Reference

pCIG3N

MLV-N

gag-pol

(Bock et al. 2000)

pCIG3B

MLV-B

gag-pol

“

CNCG

MLV

packaged sequence

GFP

“

CNCR

MLV

packaged sequence

dsRed

“

p8.91

HIV-1

gag-pol (∆Vif)

(Naldini et al. 1996)
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p8.2

HIV-1

gag-pol (+Vif)

SIN CSGW

HIV-1

packaged sequence

GFP

“

SIN CSRW

HIV-1

packaged sequence

dsRed

“

pNL4-3Luc-E−R−

HIV-1

gag-pol and
packaged sequence

luciferase (Connor
1995)

SIV4+

SIV mac

gag-pol (∆Vif)

(Negre et al. 2000)

SIV3+

SIVmac

gag-pol (+Vif)

“

SIV eGFP

SIV mac

packaged sequence

pSVR∆NBDM HIV-2

“

GFP

et

al.

“

gag-pol

(Griffin et al. 2001)

pSVR∆NBGFP-∆H

HIV-2

packaged sequence

“

FP93

FIV

gag-pol

(Poeschla
1998)

GinSin

FIV

packaged sequence

pMDG

VSV

envelope

GFP

et

al.

“
(Yee et al. 1994)

Table 2.B Plasmids used for pseudotype production. Packaged sequence denotes
plasmids that encode an RNA genome that is packaged within pseudotypes.

2.2.9 Pseudotype assay
For luciferase reporter gene assays, 5x104 target cells were seeded in 50 µl
complete medium in a CulturPlate-96 assay plate (Perkin-Elmer, Waltham, MA,
USA). For adherent cell lines, the cells were allowed to settle overnight whilst
suspension cells were used immediately. 50µl supernatant containing the
pseudotype was added to wells and each condition was repeated in triplicate.
Expression of luciferase was quantified after 48-72 hours by addition of 100µl
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Steadylite HTS luciferase substrate (Perkin-Elmer) and measurement by single
photon counting on a MicroBeta luminometer (Perkin-Elmer).
When using GFP or dsRed reporter genes, target cells were seeded at 1x105
cells per well in a 6 well plate and allowed to adhere overnight. Supernatant
was thawed and titrated onto target cells in the presence of hexadimethrine
bromide (polybrene; Sigma Aldrich) dissolved in PBS at 5 µg/ml. After 48-72 hr,
GFP expressing cells were harvested and pelleted in 5 ml flow cytometry tubes
(Falcon). Cells were resuspended in 0.5-1 ml PBA buffer and kept on ice. GFPpositive cells were enumerated by observing 10,000 events on a Beckman
Coulter EPICS MCS-XL flow cytometer. Gates were adjusted so that negative
control untransduced cells gave 0% infection. Data were analyzed using EXPO
32 ADC Analysis (Advanced Cytometry Systems). Where necessary, multiplicity
of infection (moi) was subsequently calculated using the formula moi = -lnP[0]
where P[0] is the proportion of uninfected cells.
A modified protocol was employed for the production of FIV-GFP(VSV)
pseudotypes in the presence of APOBEC proteins. 293T cells were plated at 2 x
105 cells per well in a 24 well plate and allowed to adhere overnight at 37 °C in
500 µl replete medium. The next day, transfections were performed using
Superfect (Qiagen) transfection reagent with a modified protocol. 0.3 µg each
of pMDG, GinSin, FP93, 0.5 µg VR1012-A3 and, where indicated, 0.5 µg VR1012Vif or empty vector were mixed in 20µl serum free DMEM before addition of 2
µl Superfect. Transfection complexes were allowed to form for 15 minutes
before the addition of 50 µl replete DMEM and dropwise addition to the 293T
cells. Medium was not changed after this stage. Supernatant was collected
three days post transfection and centrifuged at 5,000 xg to remove cellular
debris. The titre of infectious virus was assayed by plating onto 293T or CrFK
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cells in the presence of polybrene (5 µg/ml) and GFP expression monitored
after three days by flow cytometry.
2.2.10 RNA interference
Small hairpin (sh) RNAs against domestic cat TRIM5 were designed using shRNA
Sequence Designer (Clontech). The chosen target sequences for constructs
feT5sh1

and

feT5sh2

were

GCATCACTGCAAAGACCAA

and

CTGTAAGACGGATGGGAAG respectively, or a firefly luciferase sequence for
shLuc negative control. Top and bottom strand 60bp oligonucleotides were
designed using Clontech online shRNA Sequence Designer and synthesised by
Eurofins MWG Operon. Nucleotides were annealed by heating to 95 °C and
cooling slowly to room temperature. Annealed oligonucleotides were cloned
into pSIREN Retro-Q (Clontech) using BamHI and EcoRI restriction sites
according to manufacturer’s instructions. Infectious MLV particles were
generated by co-transfecting pSIREN Retro-Q feT5sh1, feT5sh2 or shLuc with
CMVi and pMDG as above. Supernatant was used to transduce CrFK cells
expressing feline CD134 (Shimojima et al. 2004), which were exposed to
puromycin selection 2 days post transduction. Knockdown of endogenous TRIM5
in these cells was monitored by RT-PCR on serial dilutions of cDNA using
primers wam4 and wam13c. RNA was prepared and reverse transcribed as
above using 1µg total RNA isolated from 106 cells. Reaction conditions were 98
°C 60s, then 30 cycles of 98 °C 10s, 67 °C 30s, 72 °C 30s then 72 °C 2mins on
1µl target cDNA with Phusion High-Fidelity DNA Polymerase (New England
Biolabs), using the reaction components described above (Section 2.1.1).
Agarose gel electrophoresis images were scanned using an Epson 3200
Perfection flat-bed scanner; contrast and brightness were adjusted in Adobe
Photoshop.
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2.3 Quantitative techniques and immunoloblotting
2.3.1 p24 ELISA
For monitoring the levels of infection in replication-competent FIV assays, cellfree supernatant from infected cells was collected periodically and stored in a
96 well plate at -80 °C until required. Viral replication was measured by
enzyme-linked immunosorbent assay (ELISA) of FIV p24 ELISA by coating
immunoabsorbant 96-well plates (Greiner Bio One, Stonehouse, UK) with 100µl
anti-p24 antibody vpg-62 diluted 1 in 500 with serum free DMEM and incubated
at 4 °C overnight. Plates were blocked with 125µl 2% milk powder (ASDA)
dissolved in PBS for 2h before washing with 0.2% Triton X-100 PBS.
Alternatively pre-coated ELISA plates (Pet-check anti-FIV IDEXX, Chalfont St
Peter, UK) were used. Antigen capture was performed using 100µl thawed cell
culture supernatant with 10µl 0.5% Triton X-100 dissolved in PBS to release
viral cores at room temperature for 30min. Plates were washed with ELISA
wash buffer according to manufacturer’s instructions and 100µl anti-FIV HRPO
conjugate Ab (IDEXX) was added before development with HRPO substrate
(IDEXX). Plates were read on an Ascent Multiscan plate reader (Labsystems) at
450nm.
2.3.2 Quantification of reverse transcriptase activity
In cases when p24 ELISA was not appropriate, for example when monitoring
non-domestic cat strains of FIV for which no commercial antibodies are
available, reverse transcription activity was assayed using a Lenti-RT
nonisotopic RT assay kit (Cavidi Technology, Uppsala, Sweden). The technique
uses sample dilution buffer (SDB) to release RT which is quantified by its ability
to reverse transcribe a poly(rA) template using an oligo(dT) primer and
incorporation of nucleotide analogue, 5-bromo-deoxyuridine-5′-triphosphate
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(BrdUTP) during incubation at 33 °C. The reaction is stopped by washing in
ELISA wash buffer or with wash buffer supplied with the kit and BrdU levels
quantitated using an anti-BrdU Ab and chromogenic detection by alkaline
phosphate-conjugated

secondary

Ab

using

para-nitrophenyl

phosphate

substrate followed by reading on an Ascent Multiscan plate reader at 405 nm.
2.3.3 Real-time PCR
TRIM5 knockdown was quantified using real-time PCR with primers feT5
TaqMan 5’ and feT5 TaqMan 3’ and fluorescently-labelled feT5 Probe 5’ 3’.
RNA was prepared from CrFKs or CrFKs transduced with feT5sh1 and feT5sh2
and 2µg was used in reverse transcription using Roche High Fidelity
Transcriptor with an oligo d(T) primer in a 20 µl reaction according to
manufacturer’s instructions. 2 µl of the resulting cDNA was mixed with primer
at 0.24 pM and probe at 0.12 pM and was used in a reaction with 2x Universal
TaqMan Mastermix (Applied Biosystems) in a 50 µl reaction. Cycling conditions
were 95 °C 5 min, followed by 40 cycles of 95 °C 15s, 55 °C 60s on an ABI 7500
thermal cycler (Applied Biosystems). Data were analysed using Sequence
Detection Software v1.4 (Applied Biosystems).
2.3.4 SDS-PAGE & Immunoblotting
For the analysis of seroprevalence in wild lions, FIV-Ple 458-infected Mya-1
supernatant was filtered at 0.45 µm and virus was pelleted in an SW28
ultracentrifuge rotor (Beckman, UK) at 28,000 rpm. The viral pellet was
resuspended in SDS loading buffer. For Ranbp2 western blot, 1,000 293T cells
were lysed directly with SDS-PAGE loading buffer. Proteins were boiled for 5
min before being run on Tris-Acetate minigels (Invitrogen). Antigens were
transferred to nitrocellulose membrane using rapid dry blotting system (iBlot,
Invitrogen) and blotted overnight in Western Blocking Buffer. Antigens were
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detected using lion sera from either field isolates or pooled sera from FIVseronegative or seropositive domestic cats. For Ranbp2, a rabbit monoclonal
Ab was used (AbCam ab2938) at 1:1000 dilution. Bound antibody was detected
using biotinylated goat anti-cat IgG for FIV-Ple antigens or anti-rabbit IgG for
Ranbp2 (Vector laboratories) followed by chromogenic development by the
Vectastain® ABC system (Avidin: Biotinylated enzyme Complex) and 5-bromo-4chloro-3-indolyl phosphate/nitroblue tetrazolium (BCIP/NBT) substrate.
2.3.5 Far western blot
For far western blotting (also known as overlay assay), HeLa and CrFK cell
lysates were fractionated by incubation with CHAPS lysis buffer on ice for 10
min to lyse cell membranes before centrifugation in a benchtop centrifuge for
10 min at 13k rpm (~16,000 xg). Supernatant (cytoplasmic extract) was
removed and diluted in 2x SDS-PAGE loading buffer. The pellets (nuclei) were
resuspended by dropwise addition of 1x SDS-PAGE loading buffer without
bromophenol blue, with vigourous vortexing after the addition of each drop,
before dilution in 2x SDS-PAGE buffer corrected for levels of bromophenol
blue. For 293T cells, 1,000 cells were lysed directly with 1x SDS-PAGE loading
buffer. Proteins were subjected to SDS-PAGE and transferred to nitrocellulose
membranes as above and incubated overnight in FW blocking buffer at 4 °C in
the absence of harsh detergent to promote protein refolding. Far western
protocol follows (Einarson et al. 2007), but uses immunodetection in place of
autoradiography. 30-90 µg recombinant CA or CAN was diluted in FW interaction
buffer and allowed to bind at 4 °C with gentle shaking. The membranes were
washed three times for 10 min each with FW wash buffer 1 before a final wash
with FW wash buffer 2. A western blot for capsid was then performed using a
mixture of monoclonal mouse anti-FIV CA antibodies AE11, DF3 and DF10
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(1:2000 each). Chromogenic detection
detection was via the Vectastain® ABC system as
above.

2.4 Biophysical and structural techniques
2.4.1 Recombinant protein purification
Expression, purification and biophysical techniques were performed at the MRC
Laboratory of Molecular Biology, Cambridge in collaboration
collaboration with Dr Leo James
with guidance from Amanda Price. His-tagged
His tagged proteins were expressed in 2l E.
coli cultures grown in TY broth at 37 °C by induction with 0.1 mM IPTG. Cells
were lysed on ice with Bug Buster (Novagen) with 3 min sonication and proteins
were bound to Ni-NTA
NTA beads (Qiagen), washed with Beads Wash
W
Buffer (BWB)
and eluted in BWB + 300 mM imidazol (Figure 2-1).

Figure 2-1 Ni-affinity
affinity purification of His-tagged
His
proteins. CypA variants from lions
and domestic cats as well as FIV-Fca
FIV
and FIV-Ple capsid N-terminal
terminal domains (CAN)
were cloned

and expressed

as His-tagged
His tagged

recombinant proteins. Ni-affinity
Ni

chromatography was used to purify protein from bacterial lysate
lys
(s/n). Beads were
washed twice (W1 and W2) before a two-stage
two
elutionn (E1 and E2). 10µl
10 aliquots from
each stage were analysed by SDS-PAGE.
SDS
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Eluted proteins were pooled and loaded onto a gel filtration column (GE
Healthcare) and collected in 4ml fractions on an Akta FPLC System (GE
Healthcare) (Figure
Figure 2-2).
). Sample buffer was 20mM Tris pH 7.4, 100mM NaCl,
1mM DTT for all proteins. For capsid and mutants of capsid, an additional Q
ion-exchange
exchange chromatography (GE Healthcare) chromatography step was
performed in order to remove low molecular weight contaminants (Figure
(
2-3).
Protein was eluted by increasing salt concentration, using 10% buffer B (75mM
Tris pH 8.0, 1M NaCl). Pure protein preparations were pooled, desalted and
concentrated using Amicon centrifuge
centrifuge concentrators (Millipore). Protein
aliquots were snap--frozen in liquid nitrogen and stored at -80
- °C prior to use.

Figure 2-2 Gel filtration of recombinant proteins. CypA and capsids were purified by
gel filtration and fractions were run on an SDS-PAGE
SDS PAGE gel to assess protein purity. Shown
are FIV-Fca CAN and feCypA as representative proteins. CypA was deemed sufficiently
pure after this stage and fractions were pooled, concentrated and frozen for future
futur use.
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Figure 2-3 Ion exchange chromatography for FIV-Fca
FIV
CAN. Protein was eluted by
increasing the proportion of buffer B. Lanes 1-5
1 5 are taken from fractions eluted with 10%
B, whilst the final fraction, bearing contaminants, was eluted with 50% B. The process
was repeated for all capsid variants and mutants. Pure proteins were pooled, concentrated
and snap-frozen
frozen before further use.

2.4.2 Isothermal Titration Calorimetry
ITC is a technique that measures the change
change in heat associated with the
interaction of two molecular species (technique
ue reviewed in Pierce et al.
1999).. The apparatus consists of a reference cell and a reaction cell pre-loaded
pre
with one of the interacting samples (species A) into which species B is
repeatedly injected. Changes in enthalpy in the reaction cell associated with
each injection of B produce a change in the power supplied to the reference
cell in order to keep the temperature in the cells the same. Thus, the raw data
produced from each experiment is a time-dependent
time dependent series of spikes measured
in µcal/s, with negative
negative values indicating an exothermic reaction. Typically,
the first few injections of species B will result in all B being bound, giving
several large spikes. As the fraction of unbound species A decreases,
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subsequent injections will result in smaller changes in enthalpy until no binding
is observed. Integration of the spikes allows the calculation of the total change
in heat for each injection and curve fitting, along with accurate measurements
of the concentrations of the species, allows the calculation of molar
stoichiometry (N), dissociation constant (Kd) and the molar change in enthalpy
(∆H). The dissociation constant, Kd, is a measure of the strength of interaction
and has a value in molar concentration that corresponds to the concentration
at which half of the binding sites are occupied, so that lower values represent
stronger binding. ∆H has a value in cal/mol, reflecting the change in heat
associated with one mole of interactant binding its ligand. The change in heat
reflects the preference of the ligand for its binding partner over the solvent,
with negative values indicating enthalpically favoured interactions. In the
context

of

protein-protein

interactions,

hydrogen-bonding,

burial

of

hydrophobic solvent-exposed surfaces and Van der Waals can all contribute to
the ∆H.
For the experiments in this study an ITC200 (MicroCal) machine was used,
previously

calibrated

with

EDTA

CaCl2

according

to

manufacturer’s

instructions. Cell and syringe samples were dialysed overnight at 4 °C into the
same beaker of potassium phosphate buffer (20 mM KxHxPO4, 20 mM NaCl, 5
mM β-mercaptoethanol, pH 7.0). Proteins were then diluted to 600 µM for
syringe sample and 60 µM for cell sample and re-quantified by measuring
absorbance at 280 nm. ITC was performed at 10 °C.
2.4.3 X-ray crystallography
Initial crystal screens varying in buffer constitution were performed in 200 nl
droplets comprising 100 nl protein and 100 nl reservoir buffer in sitting drop
vapour diffusion 96-well plates. Reservoir buffers and protein were dispensed
by Screenmaker 96+8 robot (Innovadyne). Proteins were at a typical
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concentration of 12 mg/ml. Domestic cat CypA and CypA-peptide
CypA
complexes
were dialysed into 20 mM HEPES, 20 mM NaCl, 1 mM β-mercaptoethanol,
mercaptoethanol, pH
7.0, whilst FIV CAN and CAN –CypA
CypA complexes were dialysed into 20 mM Tris, pH
7.4. Screens were set up in 15x 96-well
96 well plates and yielded several potential
hits (Figure 2-4).
). Conditions were further optimised with focus screens, varying
in the relative concentrations of cryoprotectants PEG 4000 and glycerol, and by
the use of additive screens (Hampton Research). The final conditions for FIV
CAN were 0.16 M ammonium sulphate, 0.08 M sodium acetate
ace
trihydrate, 20%
w/v PEG 4000 and 20% v/v glycerol.

Figure 2-4 FIV capsid N-terminal
N
domain crystals. From a 15x 96 well plate screen,
crystals were found in conditions shown (left). An additive screen was performed (right)
but did not yield larger crystals. Final conditions excluded additives.

For CypA and CypA-peptide
CypA peptide complexes, crystals were obtained in 2.4M
ammonium phosphate, 0.1M Tris, pH8.5. CAN-CypA
CypA complex screens were set
up and yielded crystals
crystals in the same conditions as CypA and CA. However, these
85

Chapter 2. Materials and Methods

were found to consist of single protein species. Data were collected on a
Rigaku rotating anode X-ray set with Mar research image plate and solved by
Dr. Leo James. Figures were generated by manipulation of pdb files in PyMol.
Superimposition of structures was performed using EBI DaliLite server
(http://www.ebi.ac.uk/DaliLite) and aligned pdb files were viewed in PyMol.

2.5 In silico techniques
2.5.1 Phylogenetic analysis
Amino acid sequences of full length TRIM open reading frames and viral FIV-Ple
E Sangre, FIV-Ple B 1027 and FIV-Fca GL8 sequences were aligned using Clustal
W (Thompson et al. 1994) with manual adjustment in Bioedit (Hall 1999). env
and gag alignments were created using multiple alignments of FIV sequences
available in Genbank. The codon-optimised nucleic acid sequences were used
to construct trees using the Neighbour-Joining method in Mega 4.0 software
(Tamura et al. 2007; Saitou and Nei 1987) with 1000 replicates to allow
calculation of bootstrap values. The evolutionary distances were computed
using the Maximum Composite Likelihood method (Tamura et al. 2004) and are
in the units of the number of base substitutions per site. All positions
containing gaps and missing data were eliminated from the dataset, meaning
for TRIM5 that only the RBCC domain was used in the analysis. For viral
sequences, almost identical trees were obtained using Maximum Likelihood
method (not shown), suggesting that the trees shown represent a robust fit. Nlinked glycosylation sites were predicted using NetNGlyc online tool
(http://www.cbs.dtu.dk/services/NetNGlyc) to locate NX(S/T) motifs, where X
is any amino acid except proline. Routine manipulation of sequences, primer
design and analysis of sequencing runs was performed with DNADynamo
(BlueTractor Software).
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2.5.2 Graphs and statistics
All graphs were drawn with SigmaPlot 8.0 and, where shown, error bars
represent the standard error. Unpaired two-tailed student’s t-tests were
performed using the same software.
2.5.3 Homology modelling
Templates for a homology model of feline A3H were sought using HHpred
software (Soding et al. 2005) to identify the human A2 (2NYT; Prochnow et al.
2007) and A3G CD2 (3E1U; Holden et al. 2008) structures as sharing the highest
degree of homology with the query protein. Conservation of secondary
structures was confirmed using the Ali2D software on the Max Planck
Bioinformatics Server (http://toolkit.tuebingen.mpg.de), which predicted a
shared secondary structure with A3G CD2. Subsequently, MODELLER 9v3 (Eswar
et al. 2007) was used to create a 3-dimensional model of feline A3H using both
A2 and A3G CD2 crystal structures as templates. For feline CD134, the crystal
structure of the human homologue (2HEY; Compaan and Hymowitz 2006) was
used as a template. Predicted structures were superimposed on A3G CD2
crystal structure using Dailite and structures were viewed in PyMol.
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3.1 Summary
The feline immunodeficiency virus (FIV) is a major pathogen of domestic cats
but also infects non-domestic species including the African lion (Panthera leo).
Recent analysis of the proviral genome of two African lion FIV (FIV-Ple) field
isolates belonging to subtypes B and E suggests that the env open reading
frame of the E subtype shares greater homology with FIV strains that infect
domestic cats (FIV-Fca) than to other strains of FIV-Ple (Pecon-Slattery et al.
2008a). In this study we ask whether this shared identity between FIV-Fca and
FIV-Ple E corresponds with shared receptor tropism. Despite only 53% amino
acid identity in Env SU, FIV-Ple E is found to share use of CD134 as the primary
receptor for attachment. Furthermore, infection by FIV-Ple E is also CXCR4dependent and can be inhibited by CXCR4 antagonist AMD3100 and soluble
trimeric CD134-ligand. We also confirm previous studies which have suggested
that FIV-Ple B uses an alternative entry receptor (Smirnova et al. 2005; Willett
et al. 2006a): productive infections of the B subtype could be established in
CD134 negative lines, whilst replication of the E subtype was dependent on
ectopic expression of feline CD134. The shared usage of CD134 and CXCR4 in
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FIV-Fca and FIV-Ple E suggests that a relative of FIV-Fca has recombined with
African lion strains of FIV, preserving its use of receptor. The findings give an
indication of the in vivo cell tropism of FIV-Ple E and have implications for
future research into the pathogenicity of FIV in wild lion populations.

3.2 Results
In the light of findings that lentiviruses with divergent env genes circulate in
African lion populations (Pecon-Slattery et al. 2008a), it was attempted to
assess whether diversity between FIV-Ple subtypes B and E extended to
alternative receptor usage.
3.2.1 Sera from wild lions show immunoreactivity to FIV-Ple
A representative of FIV-Ple subtype B was available (FIV-Ple B 458), but not a
subtype E virus. A panel of lion sera was therefore obtained from wild lions in
the Moremi reserve in the Okavango Delta, and screened for seroreactivity to
viral antigens. Proteins of pelleted FIV-Ple 458 (B subtype) were run on an SDSPAGE gel, transferred to a nitrocellulose membrane and blotted using the sera
of 27 wild lions (Figure 3-1). As controls, pooled sera from uninfected and FIVFca-infected cats were also included in the assay. Immunoreactivity to the
principal determinant p24 is found in 24 of the 27 serum isolates (89%), in line
with previous estimates of populations east of the Kalahari desert (Kalahari
game reserve 71% positive (Ramsauer et al. 2007); Okavango Delta 96% (Roelke
et al. 2009); Serengeti ~100% positive (Brown et al. 1994)). Unlike typical
immune responses to FIV-Fca and HIV-1, previous studies have found only
immunoreactivity in FIV-Ple infections to the proteins derived from the Gag
polyprotein. Here we find evidence of a humoral response to Env in 13 out of
24 (54%) of the seropositive lions. The specificity of the immunoreactivity to
Env is revealed by the fact that serum from an infected domestic cat does not
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cross-react
react with FIV-Ple
FIV Ple B Env. Thus, rather than suggesting that only a
proportion of lions mount a humoral response against Env, the absence of Env
reactivity in certain wild lions may best be explained by the presence of
multiple subtypes of FIV-Ple
FIV Ple in the sample. Indeed, the serum from the lion
Sangre (Figure 3-1
1,, Lane 25), who we later show to be infected with an EE
subtype strain, only weakly reacts to the FIV-Ple
FIV
B 458 Env antigen.

Figure 3-1 Immunoreactivity of sera from lions from
from the Moremi reserve to FIV-Ple
FIV
B 458. Sera from wild 27 lions (1-27),
(1 27), pooled uninfected domestic cat serum (-)
( and
pooled FIV-infected
infected cat serum (+) were used to probe a membrane bearing FIV-Ple
FIV
B
458 virus subjected to SDS-PAGE.
SDS
Bands corresponding to the
he principal reactive species
p24 reveal that all lions were seropositive except animals 20, 23 and 26. Serum of the
lion
on Sangre, from whom replication-competent
replication
isolate FIV-Ple
Ple E was derived, is lane 25.
Blot performed by BJW.

3.2.2 Virus isolated from African lion Sangre belongs to subtype E
PBMCs were isolated from 15 seropositive isolates and two of these, Chianti
and Sangre, yielded replication competent virus. Viral nucleic acid was isolated
from Sangre by co-culturing
co
infected PBMCs with Mya-1
1 feline T-cells
T
and
harvesting total cellular RNA. Primers directed to published FIV-Ple
FIV
E 1027
sequence (Pecon-Slattery
Slattery et al. 2008a) were used to amplify the Env gene of
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Sangre by RT-PCR and the amplicon was cloned into VR1012 using SalI and NotI
digestion sites. The Env of FIV-Ple B 458 (Brown et al. 1994) was also cloned
and used as a representative of FIV-Ple B subtype. Analysis of the sequences
reveals that FIV-Ple E Sangre shares 88% amino acid identity with the FIV-Ple E
1027 isolate used for the genomic sequence of FIV-Ple E subtype (PeconSlattery et al. 2008a) and 53% identity with FIV-Fca GL8. A Neighbour-Joining
tree was constructed by aligning the entire gag and env genes from several
published FIV isolates available in the NCBI GenBank (Figure 3-2). In a similar
finding to (Pecon-Slattery et al. 2008a), phylogenetic relationships for the two
genes show substantial differences, suggesting alternative evolutionary
histories for the gag and env genes, and highlighting the relevance of intergenomic recombination events in the evolution of FIV. The env gene of the
virus isolated from Sangre is found to cluster closely with FIV-Ple E 1027 (E
subtype), and distally from other FIV-Ple strains B and C, confirming its
identity as a subtype E virus. More widely, the env gene phylogeny forms two
distinct groupings: those related to the puma group, including FIV-Ple B and
FIV-Oma and those related to the domestic cat group, including both FIV-Ple E
1027 and FIV-Ple E Sangre.
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Figure 3-2 Phylogenies of FIV gag and env reveal contrasting evolutionary
relationships. Neighbour-Joining trees were constructed using full coding regions of
published FIV sequences available in Genbank as well as FIV-Ple E Sangre env, with
bootstrap of 1000 iterations. When phylogenetic analysis is performed using the gag
gene, the tree bears four discernable groups: the puma, domestic cat, lion/Pallas cat and
outlier FIV-Pco 14. In contrast, when a tree is drawn with env, FIV-Ple E groups with
FIV-Fca, whilst FIV-Oma and FIV-Ple B 458 (EU117991) form a monophyletic group
and bear more similarity to FIV-Pco. FIV-Ple E Sangre clusters closely with published
FIV-Ple E 1027 (EU117992), confirming its identity as a lion clade E virus.

Alignment of FIV-Ple E Sangre, FIV-Ple B 458 and FIV-Fca GL8 Envs (Figure 3-3)
reveals that FIV-Ple E Sangre is a chimeric env, bearing homology with FIV-Ple
B 458 in the N-terminus of SU and the C-terminus of TM. The central region
more closely resembles FIV-Fca GL8, with 58% identity in this region, compared
to 33% in the FIV-Ple B 458 homology region. Furthermore, the FIV-Ple strains
share an 82 residue N-terminal sequence not present in the domestic cat
strains. The functional significance of this is unknown but may represent extra
signal peptide/leader sequence. Several other important structural features
are also conserved between FIV-Fca and FIV-Ple E Sangre including all 7
predicted disulphide bonds of GL8 and 17 out of 18 predicted N-linked
glycosylation sites. The ES(E/D) motif present at the crown of the V3 loop is
commonly found in field isolates of FIV-Fca but is often lost during cell culture
adaptation (Figure 3-4). The presence of the ES(E/D) motif correlates with use
of CD134 attachment receptor and an alteration of charge at one of the
glutamate residues by a conversion to lysine reduces the requirement for
CD134, allowing the virus to utilise CXCR4 directly for entry (Shimojima et al.
1998; Willett et al. 1997b; Willett et al. 1997a; Willett et al. 2007).
Interestingly the FIV-Ple E Sangre Env lacks the ES(E/D) motif but instead bears
a TAT motif at this location.
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Figure 3-3 Env alignment of FIV-Ple E Sangre with FIV-Ple B 1027 and FIV-Fca
GL8. Amino acid residues were aligned using ClustalW and reveal the N and C termini
of the FIV-Ple strains are conserved (yellow bars), while the central section of FIV-Ple E
94

Chapter 3.. Receptor tropism of FIV in African lions

Sangre more closely resembles FIV-Fca
F Fca GL8, indicative of a recombination event
between FIV-Ple
Ple and a relative of FIV-Fca.
FIV Fca. The SU/TM and the leader sequence/mature
peptide cleavage sites are indicated in bold, the three major variable loops (Pancino et al.
1993) are shown in blue and the TM fusion peptide is shown in pink.

Figure 3-4 Schematic secondary structure model of FIV-Fca
FIV Fca GL8 and FIV-Ple E
Sangre Env glycoproteins. The two Envs share overall amino acid identity of 53% and
are conserved in several key structural areas including cysteine disulphide bridges (red)
and predicted N-glycosylation
glycosylation sites (blue Y-shapes).
Y shapes). The CD134-interaction
CD134
domain
ES(E/D) in FIV-Fca
Fca GL8 and the divergent equivalent in FIV-Ple
Ple E Sangre are marked
in red. Variable loop architecture (Brown et al. 1994) is denoted.

3.2.3 FIV-Ple
Ple E Sangre shares receptor tropism with FIV-Fca
FIV
Replication of FIV--Fca
Fca in canine chronic lymphocytic leukaemia cells (CLL) is
CD134-dependent (Willett et al. 2006a).
2006a). In order to ascertain whether isolates
of FIV-Ple
Ple recapitulate this
this phenotype, CLL cells or CLL cells transduced with
feline CD134 were challenged with FIV-Ple E Sangre, FIV--Ple B 458 or FIV-Fca
GL8. For FIV-Fca
Fca GL8 and FIV-Ple E Sangre high titres of replicating virus were
obtained only in cells transduced
transd
with CD134, whereas
hereas FIV-Ple
FIV
B 458, which is
known to replicate in 3201 cells which lack CD134 (Smirnova et al. 2005;
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Willett and Hosie 2008), was able to replicate in the absence or presence of
CD134 (Figure 3-5). This provides evidence that the lion E subtype of FIV uses
CD134 as an entry receptor, and confirms that CD134 is not required for the
replication of the FIV-Ple B subtype.

Figure 3-5 Growth of FIV-Ple E Sangre is CD134-dependent in CLL cells. Cells
were infected with isolates of FIV-Fca GL8, Ple E and Ple- B subtypes and culture
supernatant aliquots were taken periodically and stored at -80oC for subsequent analysis
of reverse transcriptase activity. Whilst FIV-Ple B 458 was able to replicate in CLL cells
devoid of CD134, replication of FIV-Fca GL8 and FIV-Ple E Sangre was CD134dependent, providing evidence that FIV strains circulating in wild lion populations share
CD134 as an entry receptor with FIV-Fca.

3.2.4 Tropism of FIV-Ple pseudotypes
To further characterise the attachment receptors of FIV-Ple, HIV-1 luciferase
pseudotyped particles were generated and their receptor tropism was assessed
on MCC cells transduced with human, feline or chimeric CD134. Human CD134
is a non-functional receptor for FIV but FIV-Fca strains such as PPR and B2542
need only to interact with cysteine-rich domain 1 (CRD1) of feline CD134 and
are therefore able to use chimeric feline-human CD134 (fCRD1/hCD134) (de
Parseval et al. 2005). Other strains such as GL8 and CPG41, typical ‘early’
isolates, require additional determinants in CRD2 and therefore cannot use the
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chimeric receptor (Willett et al. 2006b). In domestic cat FIV strains that attain
entry without feline CRD2 requirement (such as PPR and B2542), infection is
readily inhibited by soluble trimeric feline CD134-ligand (sFc-TNC-CD134L)
perhaps suggesting a weaker interaction between Env and CD134 (Willett et al.
2007; Willett et al. 2009). Like FIV-Fca PPR, FIV-Ple E Sangre infection was also
found to be readily inhibited by low concentrations of CD134L (Figure 3-6; 46%
reduction in infectivity was seen at 2µg/ml sfeCD134L for FIV-Ple E Sangre
compared to 21% for PPR and no decrease for GL8). Additionally, FIV-Ple E
Sangre entry could be inhibited by AMD3100, a small molecule inhibitor of
CXCR4-dependent entry in FIV-Fca, indicating that FIV-Ple E shares both entry
receptor and co-receptor with FIV-Fca. Conversely entry of FIV-Ple B was
unaffected, confirming its independence of CXCR4 and CD134.

Figure 3-6 Like FIV-Fca, infection by FIV-Ple E can be inhibited with ligands of the
receptor and co-receptor. Mya-1 cat T-cells were infected with HIV(luc) pseudotypes
bearing envelopes of domestic cat FIV-Fca strains GL8 and PPR as well as FIV-Ple E
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Sangre and B 458 in the presence of small molecule CXCR4 inhibitor AMD3100 (panels
A and C) or soluble trimeric CD134L (sFc-TNC-CD134L; panels B and D) drawn as raw
luciferase readings (A and B) or fold change in luciferase activity (C and D). In common
with domestic cat strains of FIV such as PPR, FIV-Ple E Sangre was readily inhibited by
CD134L and was also sensitive to AMD3100. In contrast, FIV-Ple B was insensitive to
both these inhibitors.

In domestic cat strains of FIV, a high degree of susceptibility to blocking by
sCD134L is associated with a reduced requirement for the CRD2 domain of
CD134 (Willett et al. 2006b). In order to test whether these features are
associated in FIV-Ple infection, the virus was titrated onto a panel of cells
expressing human, feline and chimeric fCRD1/hCD134. The co-occurence of
high susceptibility to sCD134L with reduced requirement for CRD2 was not
found to be the case for FIV-Ple E as entry was not supported by MCC cells
bearing fCRD1/hCD134 (Figure 3-7). This finding suggests that FIV-Ple E makes
more complex interactions with its receptor, as has been postulated for ‘early’
domestic cat stains such as GL8. FIV-Ple E Sangre is the first example of an Env
displaying these properties and demonstrates that having both a weak
interaction with the receptor but a more complex CRD2-dependent interaction
are not properties that are mutually exclusive to an individual envelope
glycoprotein.
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Figure 3-7 CD134 domain requirement for FIV-Ple E Sangre. As has been observed
for certain strains of FIV-Fca such as GL8 (Willett et al. 2006b), FIV-Ple E is unable to
use chimeric feline-human CD134, indicating that FIV-Ple E requires CD134
determinants in both CRD1 and CRD2.

The CD134 variants from domestic cat and lion were sequenced and aligned to
human CD134 (Figure 3-8). Lion CD134 was deposited in Genbank (accession
EU915483). Conservation between the homologues is high, with variable
residues largely confined to the cleaved leader sequence. The only mutations
within the mature peptide are within CRD1, namely K42R and G59S.
Interestingly, residue 59 is one of the sites responsible for the differential
permissivity between human and feline CD134, and forms part of the primary
Env binding site (de Parseval et al. 2005), raising the possibility that one or
both of these mutations could alter the Env binding site and have a profound
effect on viral entry.
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Figure 3-8 Alignment of CD134 homologues. Lion and feline CD134 possess high
levels of homology throughout the protein and differences between the homologues
reside in the cleaved leader sequence (blue bar) and in cysteine rich domain 1 (CRD1).
Residues critical for the FIV Env-receptor interaction that are non-permissive in the
human (hu) homologue are marked with a black line and overlap the G59S mutation
between cat and lion. Residues that are identical between at least two of the homologues
are shaded dark grey and conserved residues light grey.

To further characterise the relative requirements of receptor and co-receptor,
plasmids encoding the lion and feline CD134 receptors were used to transduce
CXCR4-negative human NP2 cells. The resulting cells were then further
transduced with lion CXCR4. The presence of the mutations within lion CRD1
could potentially affect the Env-CD134 interaction. Entry for FIV-Ple E Sangre
was dependent on the presence of both CD134 and CXCR4 but, despite the
differences in sequence, without preference for the species-specific CD134
variants (
Figure 3-9).
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Figure 3-9 CD134 and CXCR4 are obligatory factors for FIV-Ple E entry.
Expression of lion or feline CD134 or CXCR4 alone is insufficient for entry for both
domestic cat GL8 and lion subtype E FIV variants. The viruses display no substantial
preference for lion or feline CD134.

To show that the FIV-Ple Env is capable of mediating membrane fusion, AH927
cells stably expressing CXCR4 alone or CXCR4 and feline CD134 were
transfected with plasmids bearing the env genes of FIV-Fca GL8 or FIV-Ple E
Sangre. Transfection with either env resulted in the formation of large syncytia
in AH927-fCXCR4-fCD134 (Figure 3-10) while AH927-fCXCR4 cells did not
significantly differ from mock transfected cells, indicating that FIV-Ple E
Sangre is able to mediate membrane fusion in a CD134-dependent manner.

101

Chapter 3.. Receptor tropism of FIV in African lions

Figure 3-10 FIV-Ple
Ple E Sangre is able to mediate CD134--dependent syncytium
formation. Feline AH927 cells transduced with feline CXCR4 alone or in combination
with feline CD134 were transfected with env genes of FIV-Fca
Fca GL8 or FIV-Ple
FIV
E
Sangre. Monolayers were fixed and stained 48 hours post transfection. Large syncytia
were present in AH927-fCXCR4-fCD134
AH927
fCD134 cells transfected with either env.

To investigate whether the ability of FIV-Ple
FIV Ple to replicate
replicat in the absence of
CD134 extends to FIV-Pco,
FIV Pco, CrFKs transduced with either feline or human CD134
were challenged with FIV-Pco
FIV
or with FIV-Fca
Fca B2542. As with FIV-Ple
FIV
B 458,
replication of FIV-Pco
Pco was independent of CD134 expression whilst FIV-Fca
FIV
only
replicated
cated in cells expressing feline CD134.
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Figure 3-11 FIV-Pco is able to replicate in CrFK independently of CD134. Human
CD134 is a non-functional receptor for FIV infection (de Parseval et al. 2005). Here an
FIV-Pco primary isolate was able to replicate in CrFKs in the presence of feline (fe) or
human (hu) CD134, whilst FIV-Fca was only able to replicate in the presence of feline
CD134, suggesting the puma virus uses an alternative receptor expressed in CrFKs.

3.3 Discussion
This study provides evidence that lion lentiviruses belonging to subtype E share
usage of CD134 and CXCR4 as attachment receptors for viral entry with
domestic cat variants of FIV. Phylogenetic analysis of the lentiviruses reveals
that FIV-Ple is a monophyletic strain of FIV related to lentiviruses from puma
(FIV-Pco) and Pallas cat (FIV-Oma) when analysis is performed over the gag
open reading frame. However, using the env gene, it is shown that whilst FIVPle B remains clustered with FIV-Oma and FIV-Pco, the E subtype is more
closely related to FIV-Fca (Pecon-Slattery et al. 2008a). The results are
suggestive of a recombination event, but given the relatively high sequence
divergence between FIV-Ple E and FIV-Fca, either between circulating lion
strains and an ancient ancestor of FIV-Fca, or a more recent recombination
event with an FIV strain that resembles FIV-Fca circulating in lions or another
species that is yet to be identified. Recombination in lentiviruses is not without
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precedent: an increasing number of HIV-1 variants arising from presumed
recombination events are being discovered, with 43 circulating recombinant
forms

(CRFs)

listed

in

the

HIV

sequence

database

in

July

2009

(http://www.hiv.lanl.gov/content/sequence/HIV/CRFs/CRFs.html).
Recombination has also been shown to be widespread in the evolution of the
primate lentiviruses, with the ancestors of both HIV-1 and HIV-2 themselves
mosaics of the six major SIV lineages (Salemi et al. 2003). Evidence exists of
recombination in FIV env and gag-pol in Felis catus domestic and wild
populations (Carpenter et al. 1998; Hayward and Rodrigo 2008). Recombination
is therefore likely to be an important mechanism of generating diversity in
lentiviruses that otherwise replicate in a clonal manner, lacking the ability to
exchange genetic material.
3.3.1 Potential implications of receptor use on FIV-Ple pathogenicity
The virus-receptor interaction is a critical determinant of the host cell
population targeted and therefore a significant factor in the cytopathicity of
retroviral infection. HIV-1 uses CD4 and chemokine receptors CXCR4 or CCR5 to
preferentially infect diverse cell populations (Edinger et al. 1997; Dragic et al.
1996; Feng et al. 1996). In a similar manner FIV-Fca uses CD134 and CXCR4 to
target activated T-cells, and changes in receptor tropism correlate with
infection of other tissues and associated changes in pathogenicity (Willett et
al. 2006b; Willett et al. 2006a; de Parseval et al. 2005). Studies of FIV-Ple
infection have found evidence of CD4+ T-cell depletion in both wild (Roelke et
al. 2009; Roelke et al. 2006) and captive lions (Bull et al. 2003). However the
pathogenicity of FIV-Ple in lions is uncertain, with several studies suggesting
that the presumed age of the lentiviral infection in lions has permitted
adaptation to the host leading to attenuated pathogenicity, with findings of
normal lifespans and fecundity in infected individuals and no association with
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other disease correlates (Carpenter and O'Brien 1995; Hofmann-Lehmann et al.
1996). In the most complete analysis of FIV-Ple pathology to date, Roelke et al.
(2009) suggested that Botswanan and Serengeti lion populations suffer the
typical manifestations of immunodeficiency syndromes including increased
levels of lymphadenopathy, oral papilloma lesions and gingivitis as well as
chronic inflammatory responses and abnormal red blood cell parameters.
However, the finding that circulating subtypes of FIV-Ple use diverse
attachment receptors has direct implications for the cytopathology of FIV-Ple,
since the E subtype is presumably able to infect and deplete activated T-cells
in a manner reminiscent of domestic cat lentiviral infections. Future studies of
FIV-Ple infection in wild populations should attempt to correlate receptor
usage with pathological manifestations of the immunodeficiency syndrome, as
the use of alternate entry receptors may go some way to accounting for the
discrepancies in the findings of recent studies. As for the identity of the FIVPle B subtype receptor, it is tempting to speculate that it is a more widely
expressed cell surface molecule, given that high titres of replicating virus can
be obtained in canine CLL cells, (Figure 3-5) and that infection is supported by
3201 cells (Smirnova et al. 2005). Additionally, a strain of North American
puma virus FIV-Pco, which is proposed to be a distant relative of FIV-Ple
(Pecon-Slattery et al. 2008a), is able to replicate to high titres in CrFK cells
that lacked feline CD134 (Figure 3-11). For FIV-Fca, replication in CrFKs that
lack feline CD134 requires a period of adaptation which corresponds to
mutations in env that allow CD134-independent entry (Siebelink et al. 1995;
Verschoor et al. 1995). In contrast, FIV-Pco replicates to high titres by day 2
post infection, suggesting that FIV-Pco is able to use an alternative receptor
expressed on CrFK without a prior adaptation phase (Figure 3-11). Given the
divergent origins of these cell lines (CLL is a naive canine CD3+ T-cell line
(Willett et al. 2006a), 3201 is a feline lymphosarcoma cell line (Hardy, Jr. et
al. 1980) and CrFK is a feline kidney derived epithelial cell line (Crandell et al.
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1973)), it appears likely that the receptor or receptors for these viruses is
widely expressed. The ability to replicate in these cells is therefore perhaps
indicative of a group of FIV strains including FIV-Ple B, FIV-Pco and FIV-Oma,
which share usage of an alternative and perhaps broadly expressed receptor or
receptors. Experimental infection of domestic cats with FIV-Ple B 458 and FIVPco 1697 showed that these viruses are able to replicate in T-cells, causing
acute lymphopoenia (VandeWoude et al. 2003; VandeWoude et al. 1997a;
Terwee et al. 2005) but can be confined to gut-associated lymphoid tissue
when inoculation is oronasal (Terwee et al. 2005). In the light of the findings
presented here, a comparison of tissue tropism of FIV-Ple E and B strains in
domestic cats would be of substantial interest, as it may yield insights into the
cellular targets and pathology induced by the alternative Env tropism.
3.3.2 Comparison of FIV-Ple E and FIV-Fca receptor usage.
Although FIV-Ple E was found to share receptor tropism for CD134 and CXCR4
with FIV-Fca, it did not fall into the like typical ‘early’ or ‘late’ classifications
of FIV-Fca. Current understanding of FIV-Fca tropism suggests that viruses
isolated from the early stages of infection such as GL8 and CPG41 require a
more complex interaction with main receptor CD134 involving determinants in
both CRD1 and CRD2 (de Parseval et al. 2005; Willett et al. 2006b). Studies of
the mechanics of FIV entry, and comparisons with HIV-1 entry, suggest that an
initial interaction between the SU V3 loop and CD134 result in a conformational
change that exposes the relatively invariant CXCR4-interacting domain which
promotes co-receptor binding followed by TM-mediated fusion with the cell
membrane. The two-step receptor, co-receptor binding mechanism is thought
to sequester the invariant CXCR4-interacting domain providing cover from
humoral immunity. Although the host will typically generate antibodies
directed to the variable loops, neutralisation is presumably quickly overcome
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by expansion of escape mutations in these regions. Late stage viruses such as
PPR and B2542, which are relieved of their CRD2 requirement, are possibly
permitted to circulate by the absence of full levels of host immunity, and
display a broader cell tropism (Willett and Hosie 2008). This transition is
accompanied by an increase in sensitivity to blocking activity of CD134L
(Willett et al. 2009; Willett et al. 2007). It is therefore of interest that FIV-Ple
E Sangre behaves like early FIV-Fca strains in that it requires components of
feline CRD2 for entry but like late FIV-Fca strains, receptor attachment is
readily blocked by low concentrations of CD134L. FIV-Ple E Sangre therefore
represents the first example of a viral Env simultaneously displaying both these
properties. The relevance of these findings is unknown, but may be indicative
of a different mechanism of viral entry or of a host-specific adaptation. Also
unknown is the stage of virus that FIV-Ple E Sangre represents; although the
host was healthy at the time of sampling, Sangre was 8 years old and from a
population with high seroprevalence, making an early stage infection unlikely.
Further research should establish whether the phenotype that FIV-Ple E Sangre
displays is typical amongst subtype E-infected lions and if and how receptor
usage and sensitivity to blocking changes during the course of infection.

3.4 Conclusions
All six member species of Panthera lineage bear species-specific strains of FIV,
whilst in contrast, the Felis lineage harbours only two seropositive species (F.
catus and the Jungle cat, F. chaus) (Pecon-Slattery et al. 2008b). The distinct
pattern of infection in these taxa is evidence of an ancient infection in the
Panthera, with evidence suggesting infection before the end of the Pliocene
(2.53 mya) that has subsequently spread into other species. Consistent with the
age of the infection, the diversity of FIV in free-ranging lions is large [burk]
and this study reveals that the diversity extends to use of alternate attachment
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receptors. Learning the identity of the attachment receptor of other FIV-Ple
subtypes such as subtype B will provide an important insight into the evolution
of the lentiviruses. Furthermore if the infection of alternative cell populations
is demonstrated for FIV-Ple B, there are likely to be diverse pathogenic
manifestations attributable to the use of distinct attachment receptors, with
implications for the management of free-ranging and captive breeding lion
populations.
The domestic cat separated from its closest relatives about 10,000 years ago
and the absence of FIV in the other Felis species suggests that the zoonosis of
the virus into domestic cats took place after this divergence. Thus the two
species represent an interesting comparison between an ancient and a
relatively new host for lentiviral infection. Models of pathogen infection
suggest that attenuation of viruses over time will occur to a limited extent
given certain criteria (May and Anderson 1979). Consistent with a certain
degree of attenuation, seroprevalences in lions can approach 100% and it is
apparent that lions are able to survive and breed given the continued existence
of these populations. Nevertheless, evidence exists for the continued
manifestations of immunodeficiency in lion lentiviral infections. Our knowledge
of primate intrinsic immunity suggests that in past infections the host gained
immunity that prevents retroviral infection, rather than viruses persisting as
asymptomatic infections. Chapter 6 will probe the ability of lions to restrict
lentiviral infection and show that lion T-cells possess a broad anti-retroviral
post-entry restriction mechanism. Furthermore the nature of the APOBEC3
genes in this species is examined and shown to provide a potent block to
lentiviral replication, suggestive of an ongoing struggle between host and
parasite.
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4.1 Summary
TRIM5α is an intracellular restriction factor that interferes with or ‘restricts’
incoming retrovirus particles in the cytoplasm and prevents efficient reverse
transcription and integration (Stremlau et al. 2004). The gene was originally
described in primates, where it is proposed to provide a block to cross-species
transmission of retroviruses. The protein interacts with incoming retroviral
cores in the cytoplasm via an interaction between variable regions in the Cterminal B30.2 domain and the capsid core (Stremlau et al. 2005). In a manner
similar to the restriction provided by murine factor Fv1b/b, TRIM5α variants
from most species are able to restrict the N-tropic strain of MLV but not the Btropic strain, and the viral determinant of restriction maps to the exposed
surface of capsid (Bishop et al. 2001; Cowan et al. 2002; Kozak and Chakraborti
1996). TRIM5α variants from non-primate species such as cows (Bos taurus)
(Ylinen et al. 2006; Si et al. 2006) and rabbit (Oryctolagus cuniculus) (Schaller
et al. 2007) have also been shown to posses TRIM5α with antiretroviral
properties, suggestive of a mammalian TRIM5α common ancestor with
antiretroviral properties. In dogs, TRIM5 has been shown to be disrupted by the
insertion of an unrelated gene PNRC1 and the genomic remnants of the gene
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are redundantly pseudogenised (Sawyer et al. 2007). However, the nature of
TRIM5 in cats is unknown, except that domestic cat cell line CrFK shows none
of the characteristics of TRIM5α restriction suggestive of a TRIM5α-null
genotype (Towers et al. 2000). For this reason CrFKs are commonly used for
the exogenous expression and assay of other mammalian TRIM5α proteins.
This chapter presents a study of domestic cat TRIM5 and shows that while
transcripts can be amplified, the encoded protein is truncated early in the
B30.2 domain. Further investigation reveals that all feliform species tested
possess the truncating mutation, but it is absent from caniform sequences,
giving an approximate date for the disruption event. Lacking a B30.2 domain is
found to render the gene non-functional as an anti-retroviral agent and the
truncated protein is able to act as a dominant negative against human TRIM5α
suggesting that the feline TRIM5 retains sufficient homology in the coiled-coil
and downstream linker regions to the human orthologue in order to
multimerise and disrupt TRIM5α activity. This finding indicates that caution
should be taken when expressing exogenous TRIM5 genes in cat cells. The
results explain the absence of post-entry restriction in the felids and have
implications for cross-species transmission of lentiviruses and the development
of animal models for HIV-1 infection.

4.2 Results
4.2.1 Domestic cat cells lack TRIM5α-like restriction
It has previously been reported that, unlike other mammals, cells derived from
domestic cats lack a post-entry restriction phenotype typical of TRIM5α
(Towers et al. 2000). To confirm these findings, the domestic cat cell line CrFK
was challenged with N- or B- tropic MLV that had previously been titrated and
normalised on MDTF (Mus dunni tail fibroblast) cells, which lack restriction
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activity (Bock et al. 2000). Additionally, to confirm the ability of exogenously
expressed TRIM5α to mediate restriction in cat cells, CrFK cells transduced
with huTRIM5α were also assayed (Figure 4-1). As has previously been reported,
cat cells lack the ability to restrict N-tropic MLV, suggestive of an absence of
functional TRIM5α. However, unlike canine D17 cells which support restriction
by exogenously expressed TRIM5α genes weakly (Berube et al. 2007), CrFK
allows potent restriction of MLV-N by the human variant, suggesting that the
correct cellular environment and any potential cofactors of restriction are
present in domestic cats.

Figure 4-1 Cat cells lack MLV-N-specific post-entry restriction. Domestic cat cells
were infected with MDTF-normalised doses of VSV-G pseudotyped N- or B-tropic MLV
bearing a GFP reporter gene. CrFK cells were equally susceptible to N- and B-tropic
strains indicating a lack of TRIM5α-like post-entry restriction. However, when
transduced with huTRIM5α, a potent block to N-MLV is observed, indicating that cat
cells are able to support the activity of the restriction factor.

4.2.2 TRIM5 of domestic cats is truncated
Using internal primers directed to huTRIM5α, an amplicon was identified from
Mya-1 cDNA which was used to mine the nascent cat genome project (Pontius
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and O'Brien 2007) for homologous sequences. This strategy was used rather
than performing a cross-species BLAST search with non-feline TRIM5 sequences
because of the large number of TRIM family members, and the danger that in
an incomplete genome project, an incorrect match may have been identified.
Contigs encoding exons 2 and 8 were found in the database, allowing the
design of primers to the full-length open reading frame. The resulting TRIM5
transcript from domestic cat T-cells (Mya-1) was cloned and sequenced and
deposited in Genbank (Accession number GQ183880). The cat TRIM5 was found
to share substantial homology to hu and rabbit (rb) TRIM5α; however the 5’
end of exon 8 bears a stop mutation at residue 299. The resulting protein thus
encodes only the RBCC domain and does not possess any of the B30.2 variable
regions that are known to be responsible for capsid recognition (Figure 4-2).
Sequence downstream of the stop codon at position 299 bears multiple
frameshift and stop codons, suggesting that lack of protein-level expression
has permitted the accumulation of such errors.
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Figure 4-2 Domestic cat TRIM5 is truncated but shows considerable conservation
when aligned to TRIM5α orthologues. The amino acid sequence of feTRIM5 was
aligned to human and rabbit TRIM5α, revealing substantial conservation in the RBCC
domain (RBCC identical residues: fe-hu 59%; fe-rb 59%; hu-rb 60%). The feTRIM5
transcript bears a stop codon at position 299, before the B30.2 domain variable region v1,
and encodes a truncated protein. Domain architecture is indicated with yellow bars;
variable regions of B30.2 are labelled green; dark grey, conserved residue; light grey,
conserved substitution.

4.2.3 Cat TRIM5 is a true orthologue of primate TRIM5α.
Confirmation was sought that the gene identified is a true orthologue of
primate TRIM5 and not a closely related TRIM gene. Firstly, using areas of
homology to other mammalian genes, a map of the cat chromosome D1 region
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was established. This placed TRIM5 amongst its closest relatives: TRIM6,
TRIM22 and TRIM34 (Figure 4-3A). As with other mammalian species the
domestic cat TRIM gene cluster is flanked by olfactory genes. Haplotypes that
are present in multiple species without karyotypic rearrangements are known
as regions of conserved synteny. In this case synteny has been conserved
between primates (human chr. 11, rhesus chr. 14) and carnivores (cat
chromosome D1, dog chromosome 21). The presence of conserved synteny
suggests that the gene identified is a true TRIM5 orthologue. However, it is
noteworthy that the cat, cow and dog TRIM5 genes are orientated oppositely
with respect to human and rhesus macaque TRIM5, suggesting an inversion
event has occurred. The timing and relevance of this event are unknown but
may for example affect interactions with enhancer/suppressor elements and
therefore expression levels. Secondly, a Neighbour-Joining tree was drawn by
aligning full length TRIM open reading frames (Figure 4-3B). This reveals
feTRIM5 to be monophyletic with TRIM5 variants from other mammalian species
and the position of feTRIM5 reflects the established evolution of the mammals.
Importantly, feTRIM5 clusters distantly from other closely related TRIM genes
such as TRIM6, TRIM22 and TRIM34, thus confirming the transcript identified as
a true orthologue of TRIM5.
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Figure 4-3 Conserved synteny and phylogenetic clustering indicate that cat TRIM5
is a true TRIM5 orthologue. A) Paralogues TRIM6/34/5/22 are found in a cluster in
human, dog and cat genomes.
genomes. In all cases, the cluster is surrounded by olfactory genes.
The human TRIM5 is in the opposite orientation to the dog and cat orthologues. Exons 2
and 8 of the pseudogenised dog TRIM5 are shown. Other genes in cat, as well as dog
TRIM6 are predicted genes or regions of homology only and may not be expressed or
functional. B) A neighbour-joining
neighbour joining phylogeny was constructed using amino acid
sequence of several TRIM5 orthologues as well as the closely related TRIM34 and
TRIM22. Domestic cat TRIM5 is monophyletic
monophyletic with TRIM5 from other species,
species
supported by high bootstrap values from 1,000 iterations.
iterations. The tree was routed on outlier
TRIM21.
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4.2.4 Exon structure of cat TRIM5
Primate and non-primate TRIM5 orthologues are known to span eight exons
(Nisole et al. 2005), with the largest being exons 2 (which includes the start
codon ATG, the RING domain and the B-Box2 domain) and 8 (which codes for
almost the entire B30.2 domain). The cat TRIM5 gene was found to share seven
of the eight exons present in huTRIM5α, skipping the 27 nucleotide exon 7 and
thus moving directly (but remaining in frame) from exon 6 to exon 8. This is a
transcript that has not been described in humans. However, two novel isoforms
of TRIM5 were found in the macaque species Macaca nemestrina: TRIM5η (eta)
bears a 2bp deletion between exons 6 and 7 resulting in a frameshift and
truncation, resulting in a protein of 300 residues, comparable in size to cat
TRIM5; TRIM5θ (theta) skips exon 7, like the cat TRIM5, but remains in frame
for the entire exon 8, resulting in a protein of 486 residues (Brennan et al.
2007). Interestingly a TRIM5α transcript was not identified in this species, and
the

isoforms

identified

appeared

to

inhibit

viral

entry

poorly

and

correspondingly, this species can be inoculated with lentiviruses including HIV1 (Agy et al. 1992) and HIV-2 (McClure et al. 2000). The role of these
alternative isoforms is not clear, but the authors speculate that the deletion of
exon 7 impacts on the stability of an α-helix thought to stabilise the N-terminal
B30.2 domain, and thus reduces the antiretroviral activity of the protein. By
analogy with the TRIM21 crystal structure (Keeble et al. 2008), the exon 7
region may compromise the PRY subdomain scaffold structure which supports
the v1 domain critical for lentiviral restriction (Perez-Caballero et al. 2005a;
Stremlau et al. 2005; Yap et al. 2005).
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Figure 4-4 Exon structure of cat TRIM5. Transcripts encoding anti-retroviral human
TRIM5α are comprised of eight genomic exons. Isoforms TRIM5γ and TRIM5δ encode
variants that lack the C-terminal B30.2 domain, with TRIM5γ simply lacking the final
exon 8, resulting in a stop mutation beyond the splice donor of exon 6 and TRIM5δ using
an alternative splice acceptor in exon 8. Domestic cat TRIM5 is encoded by exons 2 to 8
but skipping the 27 nucleotide exon 7.

Although this study found transcripts of a similar size in diverse Feliform
species, it is of course possible that a transcript that encodes all eight exons is
expressed in cat cells but was not detected in this study. TRIM5 isoforms such
as huTRIM5δ use an alternative splice acceptor in exon 8, downstream of the
B30.2-encoding region. To rule out this possibility in domestic cats, 3’ RACE
was performed, which allows the amplification of the 3’ terminus in an
unbiased fashion (Frohman et al. 1988). No evidence for an alternative
transcript was found, with sequences corresponding only to the transcript
previously identified.
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4.2.5 Evaluating the antiviral activity of cat TRIM5
Primate TRIM5 is able to interact with incoming retroviral cores through an
interaction between its B30.2 domain and viral capsid protein (Mische et al.
2005; Sebastian and Luban 2005; Stremlau et al. 2006b). Given that domestic
cat TRIM5 lacks a B30.2 domain, it was predicted that the gene product would
be unable to restrict retroviruses. To test the ability of feTRIM5 to restrict
retroviral infection, a murine cell line MDTF was stably transduced with
huTRIM5α or feTRIM5. The MDTF cell line was chosen since, like CrFK, it lacks a
post-entry restriction phenotype (Bock et al. 2000; Hatziioannou et al. 2004;
Towers et al. 2000). Cells were challenged with dilution series of N or B tropic
MLV, as well as HIV-1 and SIVmac VSV-G pseudotyped particles, bearing a green
fluorescent protein (GFP) marker gene and expression of GFP was monitored by
flow cytometry (Figure 4-5). Human TRIM5α restricted MLV-N and SIVmac,
whilst cat TRIM5 restricted none of the virus particles tested. Thus, we can
confirm feTRIM5 to be a non-functional restriction factor and furthermore we
can ascribe the lack of post-entry restriction in domestic cat cells to the
truncation of TRIM5.
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Figure 4-5 Domestic cat TRIM5 is a non-functional restriction factor. Permissive
MDTF cells were transduced with domestic cat TRIM5 or human TRIM5α. Intact
huTRIM5α specifically recognises and restricts N-tropic but not B-tropic MLV through
an interaction of its B30.2 domain and the virus capsid. Domestic cat TRIM5, which
lacks a B30.2 domain is unable to restrict MLV-N.

4.2.6 Cat TRIM5 disrupts endogenous human TRIM5α activity
In primates, alternative splice variants TRIM5γ and TRIM5δ lack a B30.2 domain
and lose their ability to restrict retroviruses. Moreover, these isoforms have a
dominant negative effect, disrupting TRIM5α restriction by forming multimers
with full-length TRIM5α (Mische et al. 2005; Perez-Caballero et al. 2005a). To
investigate whether the cat TRIM5 is able to perform this dominant negative
activity, human TE671 cells which express endogenous levels of TRIM5α and
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potently restrict MLV-N (Keckesova et al. 2004) were transduced with cat
TRIM5 or a human TRIM5α mutated to bear a stop codon at the same location
as the cat transcript, huTRIM5 P306STOP. Cells were then challenged with moinormalised N- or B-tropic MLV.
Both cat TRIM5 and huTRIM5 P306STOP were found to have a dominant
negative effect against endogenous TRIM5α as they were able to rescue titres
of MLV-N. This suggests that feTRIM5 localises to the cytoplasm where it is able
to form dimers with huTRIM5α to prevent full levels of restriction. The domain
responsible for TRIM5 self interaction is the coiled coil and linker 2 region
(Javanbakht et al. 2005; Perez-Caballero et al. 2005a). This suggests that
sufficient homology exists in these regions between human and feline variants
of TRIM5 to allow the formation of higher order complexes. The data also
provide evidence that like human TRIM5, cat TRIM5 localises to the cytoplasm.
Interestingly, feTRIM5 was able to provide higher levels of dominant negative
activity than huTRIM5 P306STOP despite higher levels of expression of the
latter. However further attempts to characterise this discrepancy by transient
expression of different ratios of the two genes in conjunction with full-length
TRIM5α proved unsuccessful (data not shown).
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Figure 4-6 Dominant negative activity of feTRIM5. In a similar manner to human
isoforms TRIM5γ and δ which also lack a B30.2 domain, feTRIM5 is able to act as a
dominant negative against TRIM5α, suggesting that feTRIM5 localises to the cytoplasm
and shares sufficient homology with the human variant to interact and form non-antiviral
dimers.

4.2.7 Knock-down of endogenous TRIM5 in cat cells
To demonstrate that endogenous TRIM5 in cat cells does not contribute an
antiviral phenotype, TRIM5 knockdown CrFK cell lines were made by
transducing cells with small-hairpin RNA constructs directed to feline TRIM5.
Cells were also transduced with feline CD134 to allow replication of primary
FIV isolates. Confirmation of the knockdown was sought by RT-PCR with
feTRIM5-specific primers wam4 and wam13 with 2-fold serial dilutions of cDNA
as template, which showed a four- to eight-fold reduction in TRIM5 expression.
No difference in the ability to replicate in the cells was associated with
knockdown of TRIM5, suggesting that TRIM5 does not impact on FIV replication.
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Figure 4-7 Knockdown of TRIM5 in cat cells. Small-hairpin
hairpin RNAs directed to cat
TRIM5 (feT5sh1 and 2) or negative control gene luciferase (shLuc)
(shLuc) were transduced into
CrFK cells expressing feline CD134.
CD134. The resulting cells were infected with FIV GL8 and
aliquots taken periodically and stored at -80 °C for subsequent p24 ELISA (A). Data are
plotted as the mean of three individual wells +/+/ range. No substantial effect of presence
of feT5sh1 or 2 was observed
obse
on the replication of FIV. Levels of TRIM5 RNA were
measured by serial dilution RT-PCR
RT PCR (B) and appear to show a reduction in expression
levels. However subsequent real-time RT-PCR
PCR analysis suggested that the transcript
levels were not reduced significantly,
antly, making the findings questionable.

Further confirmation of effective knockdown was sought using real-time RTPCR, and,, in contradiction to Figure 4-7B, showed that TRIM5 levels were not
reduced substantially in either
either the feT5sh1 or sh2 transduced cells, using
either the same or fresh RNA samples (data not shown). The experiment could
not be repeated due to time constraints and therefore remains inconclusive.
4.2.8 Sensitivity of FIV to TRIM5α restriction
In order to test whether TRIM5α from other mammalian species is able to
restrict the growth of replication-competent
replication
FIV in vitro, CrFK CD134 cells
expressing various mammalian TRIM genes were challenged with FIV molecular
mo
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clone CPG41. Cell-free aliquots were stored at -80 °C and examined for p24
levels by ELISA (Figure 4-8). The results imply that conserved lentiviral
structures are present in FIV CA that permit recognition and restriction by
diverse TRIM5 and TRIMCyp homologues.

Figure 4-8 FIV replication can be inhibited by diverse TRIM5 and TRIMCyp
orthologues. CrFK CD134 cells expressing various TRIM5α variants were tested for
their ability to support FIV replication. All TRIM5α variants prevented replication to
some degree but owl monkey TRIMCyp (omk), cow and rhesus macaque (rh) TRIM5α
prevented significant levels of replication. NC, uninfected negative control; CrFK,
untransduced control.

4.2.9 Evolutionary analysis of TRIM5 in the Feliformia
In order to invade a new species, retroviruses must be able to evade
destruction by host immune responses. The lack of antiretroviral TRIM5 in cats
would therefore have implications for cross-species transmission if the
disabling mutation was found to be conserved between species. An analysis of
TRIM5 from various Feliform species was therefore conducted in order to
determine the prevalence of the mutation. First, we compared TRIM5
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expression and identity between
between members of the Carnivora. PCR using primers
spanning all coding exons was performed using template cDNA from domestic
cat cell lines and PBMCs from diverse felids (Figure
(
4-9).
). In all cases a product
of about 901bp indicates that expression of the transcript is maintained
maintai
in all
felid species tested.

Figure 4-9 TRIM5 expression is maintained
mai
in Felids. RT-PCR
PCR reveals that a TRIM5
transcript of the same size is expressed in PBMCs from diverse felids and transcripts are
present in commonly used domestic cat cell lines CrFK and Mya-1.
Mya 1.

Next, genomic
enomic DNA was prepared
prepared from several species (Table 4.A) and a
section of exon 8 was amplified with degenerate primers (gex8T5 5’ and
gex8T5 3’) designed to amplify from both dog and cat DNA.
DNA Template DNA
obtained from two species (white tailed mongoose and African
Africa civet) did not
yield PCR products, possibly due to degradation of brain
bra samples prior to
extraction, but may be indicative of mutations in these species that do not
permit amplification with the degenerate primers.

Common
name

Latin name

Family

Tissue

PCR product

Domestic cat

Felis catus
domesticus

Mya-1 T-cell
cell
line

Y

Snow leopard

Uncia uncia

Felidae Domestic cat
lineage
Felidae –
Panthera

Culture PBMC

Y

African lion

Panthera leo

Felidae Panthera

Culture PBMC
(Angola-1)

Y
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Cheetah

Acinonyx
jubatus

Felidae Puma lineage

Culture PBMC

Y

Hyena

Crocuta
crocuta

Hyenidae

PBMC pellet

Y

European
wildcat

Felis
sylevstris

Culture PBMC

Y

White tailed
mongoose

Ichneumia
albicauda

Felidae –
Domestic cat
lineage
Herpestidae

Brain

N

African civet

Civettictis
civetta

Viverridae

N

Madagascan
fossa

Cryptoprotca
ferox

Eupleridae

Brain
(hippocampu
s)
Whole blood

Mink

Mustela
lutreola

Mustelidae

Mv1 Lu CCL64 Y
cell line

Domestic dog

Canis lupus
familiaris

Canidae

CLL cell line

Y

Y

Table 4.A Carnivoran samples for genomic DNA extraction. Exon 8 of TRIM5 was
analysed by degenerate primer PCR using template genomic DNA extracted from the
above tissues and cell cultures. Expected product sizes were 525bp for dog and 536bp for
cat and amplicons were sequenced directly from gel purified PCR product.

Sequencing of successfully amplified exon 8 fragments revealed that
remarkably, all Feliform species bear the same stop codon as was found in
domestic cat (Figure 4-10A). However, the stop codon was absent from the
caniform species mink and dog. A phylogenetic tree of the exon 8 fragments
(Figure 4-10B) is consistent with established carnivore phylogeny (Figure
4-10C), confirming the origin of the genomic DNA and obviating the possibility
of PCR contamination. The sequences derived from the analysis can be found in
Appendix 3.
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Figure 4-10 TRIM5 truncation is conserved in all feliform species analysed. A) The
5’ end of TRIM5 exon 8 was sequenced from genomic DNA. The location of the stop
codon (bold) in felids means that the B30.2 is truncated before any of the conserved
co
structural motifs or variable regions. Spaces reflect codon usage except for the dog exon
8 pseudogene sequence where it is preserved for clarity. B) A Neighbour-Joining
Neighbour
tree of
a 100bp region of TRIM5 exon 8 is consistent with established carnivoran
carnivor evolution,
confirming the identity of amplicons. Sequences used are presented in Appendix 3.
Numbers reflect bootstrap values after 1000 iterations and distance is given as base
substitutions per site. C) Established phylogenetic tree of the carnivores (Johnson et al.
2006; Gaubert and Cordeiro-Estrela
Cordeiro
2006) indicates that truncation of TRIM5
TR
took place
before the split of the Felidae and Hyenidae lineages. An independent TRIM5 disruption
is proposed to have taken
take place on the canid lineage after the felid-canid
felid
split 53.8 myr.

The presence of the truncation in all Feliform species, but its
it absence in the
dog TRIM5 pseudogene,
pseudogene dictates that the disruption event must have occurred
after the Feliform--Caniform split, estimated at 53.8 mya (Bininda-Emonds et
al. 1999; Gaubert
ubert and Cordeiro-Estrela
Cordeiro
2006).. However, the presence of the
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disrupted gene in fossa and hyena implies that the event took place before the
Felidae diverged from the Hyaenidae and Eupleridae 47 mya (Bininda-Emonds
et al. 1999). Thus, two independent mutations which disable TRIM5 restriction
have occurred during carnivoran natural history. Although the truncation of
TRIM5 is compatible with observations that cat cells lack restriction activity,
other possibilities such as read-through transcripts or the splicing of another
gene to the 3’ end of TRIM5 cannot be ruled out. Given the recent findings that
fusions between TRIM5 and CypA have arisen at least twice in the primates
(Sayah et al. 2004; Virgen et al. 2008; Wilson et al. 2008; Newman et al. 2008;
Liao et al. 2007), 3’ primers directed to feline CypA were used in conjunction
with various 5’ TRIM5 primers in RT-PCR reactions, but no product was
detected. All published sequence downstream of feTRIM5 was examined for
cyclophilin exons using BLAST, with no positive matches. Additionally, 3’
primers directed to TRIM22 were used in conjunction with TRIM5 5’ primers to
detect for potential read-through transcripts, with no products detected.
Finally rapid amplification of cDNA ends (3’ and 5’ RACE) was performed to
sequence the transcript ends without bias. No transcript other than the one
already described was found.

4.3 Discussion
There is evidence of strong positive selection in primate TRIM5α B30.2 domain,
driven by a genetic conflict or ‘arms race’ between restriction factor and virus
within the past 33 myr (Sawyer et al. 2005; Liu et al. 2005). The resulting
orthologues are highly divergent in the variable domains of B30.2 and each
have specific repertoires of restricted virus (Ohkura et al. 2006; Stremlau et al.
2005; Nakayama et al. 2005). Non-primate species also possess antiretroviral
TRIM5α orthologues including cows (Ylinen et al. 2006; Si et al. 2006) and
rabbits (Schaller et al. 2007) which also show evidence of positive selection (Si
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et al. 2006). Thus it is likely that ancestral mammalian TRIM5α, as well as the
ancestral carnivoran TRIM5α, possessed antiviral activity and positive selection
of TRIM5α driven by host-virus interactions may be a feature common amongst
mammals. Therefore the findings that the Feliformia and at least one taxon in
the Caniformia have maintained seemingly deleterious TRIM5 alleles are
surprising and in direct contrast to non-carnivoran mammals, where TRIM5α
evolution is characterised by strong positive selection and gene duplications.
4.3.1 Implications of TRIM5 truncation for viral transmission and
replication
It is thought that escaping TRIM5α restriction may be a widespread
requirement for retroviral zoonosis and population invasion in diverse
mammalian species. Thus the loss of antiretroviral TRIM5 in carnivorans has
implications for the evolution and cross-species transmission of retroviruses.
Dogs are currently thought to be free of exogenous retroviral infection but high
titres of replicating FIV can be obtained in canine cells which express the FIV
receptor feline CD134 (Willett et al. 2006a), suggestive of a lack of
intracellular defence (and potential vulnerability) to this pathogen. In the
primates, molecular phylogenies of SIV from divergent species broadly reflect
phylogenies of the host, suggesting that cross-species transmission is relatively
rare and predominantly occurs between closely related species (VandeWoude
and Apetrei 2006). In the felids, cross-species transmission of FIV also appears
to be relatively rare given the high levels of viral sequence divergence within
infected species (VandeWoude and Apetrei 2006; Pecon-Slattery et al. 2008a).
However when cross-species transmission events do take place they frequently
occur between distantly related species (Troyer et al. 2005). Accordingly,
lentiviral evolution in the felids appears to more closely reflect current or
historical geographical overlaps of species’ ranges rather than the phylogeny of
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the host, most notably evidenced by a partition of phylogeny between old
world and new world FIV strains which is not recapitulated in phylogenies of
the host (Pecon-Slattery et al. 2008a; Pecon-Slattery et al. 2008b; Troyer et al.
2005). For example, cross-species transmission of FIV is hypothesised to have
taken place between the distantly related lion and Asian Pallas cat (Otocolubus
manul) sometime during the Pleistocene, when the range of lions extended to
Asia (Pecon-Slattery et al. 2008a). Additionally, the FIV strains infecting
cheetahs and leopards are closely related, despite the host species belonging
to divergent lineages of the felids: cheetahs belong to the Felis lineage, whilst
leopards belong to the Panthera lineage (Johnson et al. 2006; Troyer et al.
2005). In addition to these ancient cross-genus transmissions, recent zoonoses
of FIV have also been documented: from captive snow leopard to tiger (Troyer
et al. 2005); from domestic cat to puma (Carpenter et al. 1996) and Japanese
Tsushima leopard cat (Nishimura et al. 1999); and multiple transmissions of FIV
between free-ranging pumas, Florida panthers and bobcats have been reported
(Franklin et al. 2007; Miller et al. 2006). Furthermore, experiments have shown
that domestic cats can be infected with FIV strains from highly divergent
species including lions and pumas (VandeWoude et al. 1997a; Terwee et al.
2005; VandeWoude et al. 2003). The last common ancestor of these three
species was at the late Miocene ~10 mya during the radiation of the modern
felid genera. The ability of viruses to jump between relatively unrelated
species and the number of recent transmissions point to a lack of host defence
to FIV and is in contrast to the primates, where it has proven difficult to
develop a non-human model for HIV-1 infection in all species but our closest
relative, the chimpanzee. Thus the relative rarity of cross-species transmission
in the felids appears to owe more to lack of inter-species contact than to
robust defences.
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The absence of antiretroviral TRIM5α in the felids may have effects on
lentiviral evolution in this taxon. It is noteworthy that FIV is particularly
sensitive to TRIM5α and rhTRIMCyp and omkTRIMCyp, with several studies
reporting high levels of FIV restriction (Schaller et al. 2007; Saenz et al. 2005;
Virgen et al. 2008). Thus the absence of TRIM5α or TRIMCyp may have
permitted the evolution of FIV towards structural optima that would otherwise
be strongly restricted. This hypothesis is consistent with studies of emergence
of resistance to antiretroviral drugs, where mutants that escape the effects of
the drug are usually less fit than susceptible strains, when replication is
compared in the absence of the drug (for a review of fitness effects of drug
resistance see Martinez-Picado and Martinez 2008). Although compensatory
mutations allowing greater fitness eventually do usually occur, viruses often
revert to wildtype once the drug treatment is ceased (Svedhem et al. 2002;
Olivares et al. 2004). This comparison is an interesting one and future work
detailing the fitness costs associated with escape from restriction factors
would be informative. Conversely, experiments detailing the nature of
lentiviral mutants that arise in long term culture where restriction is relieved
may also help illuminate this aspect of the host-virus relationship.
4.3.2 Possible causes of TRIM5 truncation
Mammalian TRIM5 has been shown to be highly variable in both molecular
sequence and in copy number, with as many as eight copies in the cow
genome. However, the evolution of non-antiviral TRIM5 alleles has now been
documented in several cases such as: dogs, where it is disrupted by the
insertion of PNRC1, preventing expression at the RNA level (Sawyer et al.
2007); humans, where a rare, dominant negative allele encoding a TRIM5α
transcript truncated at the B30.2 v1 variable loop is present in West African
populations (Torimiro et al. 2009); Macaca nemestrina where atypical isoforms
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have replaced TRIM5α (Brennan et al. 2007); and the Feliformia where RNA
expression is maintained but a stop mutation prevents antiretroviral activity.
However, the selective pressure that has caused the maintenance of inactive
TRIM5 alleles such as these is unclear.
One possibility is the acquisition of a novel function of a truncated TRIM5 in
cats. In this study, transcripts of the gene were detected in cDNA derived from
domestic cat, wildcat, lion and cheetah, indicating maintenance of TRIM5 gene
expression. Thus felid TRIM5 may have an alternative role that does not involve
the B30.2 domain. This is plausible since many TRIM genes are expressed
without an additional C-terminal domain, either through alternative splicing
such as TRIM5δ and γ, or the absence of a B30.2 domain from the gene
structure, such as TRIM19/PML, and have diverse or unknown functions
(Sardiello et al. 2008). Indeed, the evolution of novel B30.2-lacking isoforms
appears to be ongoing in the primates, with the discovery of TRIM5η and θ
which appear to be unique to Macaca nemestrina (Brennan et al. 2007) and
TRIM5 R332X in humans (Torimiro et al. 2009). Knowledge of the function of
these truncated variants may go some way towards explaining the cause of
multiple independent short TRIM5 isoforms in mammals. A second possible
explanation for loss of active full length TRIM5α is an unknown cost associated
with its expression. Although no evidence for this exists, a parallel can be
drawn to human APOBEC3H, where destabilising mutations have arisen at least
twice, potentially to limit exposure of cellular nucleic acids to a
hypermutation-inducing enzyme (OhAinle et al. 2008). A potential cost
associated with TRIM5α expression is the non-specific targeting of cellular
proteins, although this remains speculation. Finally, it is presumed that the
evolution of restriction factors is sculpted by previous encounters with
retroviruses, thus an alternative explanation for the absence of TRIM5α
restriction is that carnivorans were relatively unaffected by retroviruses. It is
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noteworthy therefore that carnivorans appear to have suffered relatively little
endogenous retrovirus activity compared to primates: there are 13,000
LTR/ERV lineage-specific sequences in the dog genome compared to 133,000 in
the human and 470,000 in the mouse genomes (Lindblad-Toh et al. 2005) (the
annotated cat genome sequence awaits publication). Thus a period of low
retroviral activity early in Carnivoran evolution may have reduced the pressure
to maintain anti-retroviral TRIM5α and allowed the fixation of non-reversible
disrupting alleles. Although there are now several cases of loss of antiviral
activity, the nature of the evolutionary forces responsible may be different in
each case, and are difficult to ascertain without knowledge of the pathogens
that have historically affected each taxon or the function of the novel gene
products.
Canine cells support only low levels of restriction by exogenously expressed
TRIM5α (Berube et al. 2007), suggesting that either a required co-factor of
TRIM5α restriction is absent or that an endogenous dog protein is exerting a
dominant negative effect. Since canine TRIM5 is known to be disrupted and not
transcribed (Sawyer et al. 2007), the former explanation seems more likely. In
contrast, feline cells, in which truncated TRIM5 is expressed and capable of
dominant negative activity, readily support TRIM5α restriction (Saenz et al.
2005). Presumably, the high levels of expression associated with eukaryotic
expression vectors saturate the endogenous levels of truncated TRIM5,
obscuring any dominant negative effect. The ability to host exogenous TRIM5α
suggests that cats have maintained the as-yet-unidentified co-factors necessary
for restriction, whilst dogs have not. Thus it remains possible that other postentry restriction factors are operating in cat cells that use the same pathways.
Interestingly, TRIM22, a gene known to be upregulated upon interferon
stimulation (Rajsbaum et al. 2008), is under adaptive selection in the
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Carnivorae (Sawyer et al. 2007), suggestive of a possible role in antiviral
activity.

4.4 Conclusions
The lack of TRIM5α-mediated post-entry restriction in the carnivorans contrasts
strongly to the primates where TRIM5α can reduce retroviral infectivity by
several orders of magnitude in non-permissive cells. This is thought to provide
a barrier to transmission that must be overcome for successful invasion. Since
primates and carnivorans are currently affected by closely related lentiviruses
that infect and deplete similar cell populations, insight may be gained from
direct comparisons between these taxa into the comparative role of TRIM5α
and other restriction factors in the evolution and cross-species transmission of
lentiviruses. This will be particularly powerful upon the completion of the cat
genome project as the nature and extent of endogenised retroviruses in the
felids as well as the host defences may be more fully analysed. Of particular
interest is the APOBEC3 gene family which has recently been shown to be
expanded and active in felids (Munk et al. 2008), and tetherin which appears
increasingly to be a potent block to a broad range of enveloped viruses that
must be overcome for successful replication (Neil et al. 2008; Jouvenet et al.
2009). Thus the nature of these restriction factors and the extent to which
they may compensate for TRIM5α are worthy of future study.
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replication of feline immunodeficiency virus

5.1 Summary
Full levels of infectivity for HIV-1 are dependent on the host factor cyclophilin
A (CypA), a peptidyl-proline isomerase that interacts with an exposed prolinerich loop in capsid (CA) and catalyses cis-trans isomerisation of the G89-P90
bond. Previous studies have shown that CypA is also bound by FIV (Lin and
Emerman 2006), but does not interact with HIV-2, SIVmac or EIAV (Yoo et al.
1997; Braaten et al. 1996), suggesting that the interaction is widely conserved
but not absolutely required. The role of the CA-CypA interaction is not fully
defined but may promote the viral stage known as uncoating – a post-entry
restructuring of viral components that promotes reverse transcription and
entry to the nucleus. For primate lentiviruses, the affinity of the CA-CypA
interaction appears to be maintained within a narrow window, even in mutants
that are able to replicate under conditions of CypA inhibition (Yoo et al. 1997;
Ylinen et al. 2009). To investigate the effects of CA-CypA inhibition for FIV,
replicating virus and pseudotyped FIV particles are used to demonstrate that
like HIV-1, inhibition of CypA prevents full levels of infectivity and that CypA is
required during post-entry stages of the lifecycle. We next ask whether the
affinity of the CA-CypA interaction is conserved between primate and feline
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lentiviruses, and find that for a domestic cat strain of FIV, binding affinity to
its cognate CypA is almost identical to that reported for HIV-1. Examination of
a non-domestic strain of FIV isolated from lions (FIV-Ple, also known as LLV)
possesses a higher affinity for CypA.
CypA can also play a part in post-entry restriction: rhesus macaque TRIM5α
restricts HIV-1 more readily when CypA is present, suggesting that structural
changes induced by the isomerase activity are better recognised by the
restriction factor (Keckesova et al. 2006; Berthoux et al. 2005; Stremlau et al.
2006a). To assess the sensitivity of FIV to promotion of TRIM5α restriction by
CypA, FIV pseudotypes were used to demonstrate a cell type-dependent
decrease in infectivity associated with CypA inhibition in human cells.
However, TRIM5α restriction of FIV is only weakly enhanced by CypA inhibition
and TRIM5 is non-functional in cat cells, indicating that FIV does not use the
CA-CypA interaction to protect from TRIM5α, and suggesting, more generally,
that lentiviral CA-CypA interaction is maintained even in the absence of TRIM5.
TRIM5-CypA fusion proteins in rhesus macaques (rh) and owl monkeys (omk) are
able to strongly restrict lentiviral replication (Wilson et al. 2008; Sayah et al.
2004; Newman et al. 2008; Virgen et al. 2008). Mutations in the rhTRIMCyp
cyclophilin domain D66N and R69H remodel the interacting surface by causing a
change from ‘open palm’ to ‘closed fist’ conformation, resulting in a change in
specificity from viruses that interact with CypA (e.g. HIV-1) to viruses that do
not (e.g. HIV-2; Price et al. 2009). Uniquely, FIV is restricted strongly by both
rh and omk variants, suggesting an alternative binding mechanism for this
virus. ITC was performed to confirm that FIV capsid N-terminal domain (CAN) is
able to bind the mutant rhTRIMCyp cyclophilin domain. To investigate how FIV
is able to interact with both Cyp variants, crystal structures of FIV CAN were
solved and showed that FIV has a shortened proline rich loop that is displaced
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relative to the HIV-1 loop by ~15Å and hence is unaffected by the change from
‘closed fist’ to ‘open palm’ conformation. We next asked how FIV is able to
interact with CypA at a similar affinity to HIV-1, given that its proline-rich loop
is substantially shorter and its binding surface is therefore reduced. Structureguided models were used to predict that FIV CA R89 makes stabilising
hydrophobic and cation-π interactions with the CypA hydrophobic pocket. In
support of this model, mutagenesis of this residue negatively impacts binding
affinity. In contrast, mutation of P90 was found to completely ablate CypA
binding in findings reminiscent of HIV-1. However, unlike its primate
counterpart, the P90A mutant is found to be non-functional in tissue culture
assays, suggesting critical structural significance. Finally, an alternative
potential binding partner, Ranbp2, located at the nuclear pore is identified
that bears a cyclophilin domain. FIV CA is found to interact with this protein in
immunoblotting assays, and the potential for future work on this binding
partner is discussed.
The study finds that diverse lentiviruses have a conserved interaction with
CypA that is beneficial to both HIV and FIV in cells of their respective hosts.
The affinity of the interaction is maintained within a narrow range despite the
highly divergent structure of the proline-rich loops. FIV is proposed to bind
cyclophilin in a manner that allows promiscuous binding to both rhTRIMCyp and
cytosolic free CypA. This mechanism is supported by structural and biophysical
data.

5.2 Results
5.2.1 Identification of feline CypA
An analysis of the nascent cat genome project (Pontius and O'Brien 2007)
revealed the presence of two regions with high CypA homology, present in BAC
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clones/contigs AC235013 and AANG01610851. To establish whether the genes
are expressed in cat cells, total RNA was extracted from Mya-1 cells and RTPCR using primers specific to each CypA was performed. Products were cloned
into prokaryotic expression vector pOPTH and sequencing confirmed 100%
identity to published genomic sequences. Interestingly, the AC235013 sequence
bears an arginine to cysteine substitution at position 69; this position is known
to switch the specificity of rhesus TRIMCyp restriction from HIV-1 to HIV-2
(Wilson et al. 2008; Virgen et al. 2008). However, when RNA preps were DNase
treated before reverse transcription, amplification of the gene encoded by
AC235013 was no longer successful, suggesting that previous amplification was
from contaminating genomic DNA. In contrast, amplification of AANG01610851
CypA (bearing R69) was DNase resistant, indicating that the latter is expressed
in cat cells, confirming it as the biologically relevant version.
An alignment of feline and human (NM_021130) CypA reveals 97% identity
between the homologues (Figure 5-1), suggestive of highly conserved structure
and function. In contrast, FIV and HIV-1 CA share only partial homology with
29% identical residues, reducing to 23% in the N-terminal domain (CAN) (Figure
5-2A). The sequence of the proline-rich loop is highly divergent, with the FIV
loop shorter by four residues. Given this high level of sequence divergence, the
finding that both capsids bind the relatively invariant CypA (Lin and Emerman
2006) is therefore interesting as it suggests that either the capsids share
conservation of structure despite divergent primary sequences, or that the
capsids use alternative mechanisms to interact with CypA. Amongst strains of
FIV, homology of CAN is substantially higher at 53% identical and 70% conserved
residues (Figure 5-2B). Conservation is almost total within the proposed
proline-rich

loop,

suggesting

a

biologically

important

and

conserved

interaction.
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Figure 5-1 Human and feline CypA share 97% identical residues. Beta strands are
denoted by arrows and helices are denoted by cylinders. Residues F60, M61, F113 and
L122 which create the substrate-binding hydrophobic pocket are marked by black bars.
Large functional differences between the CypA homologues are unlikely given the high
levels of identity. Identical residues in grey.

Figure 5-2 Alignment of lentiviral capsid sequences. A) FIV and HIV-1 CA Nterminal domains show substantial variation (23% identical residues, 43% conserved).
Secondary structures are shown for HIV-1 CA, with arrows representing beta strands and
cylinders representing alpha-helices (numbered for HIV-1). The proline-rich loop
between helices 4 and 5 is present in both sequences (single bar) but is highly divergent
in both its length and primary sequence. The nature of the isomeric peptidyl-proline bond
(double bar) is also divergent, with FIV possessing RP compared to HIV-1’s GP. B)
Capsid sequences from FIV strains isolated from diverse host species show substantial
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conservation throughout CA and show high levels of conservation in the proline-rich
loop. P90, shown to be crucial for CypA interaction and proposed site for cis-trans
isomerisation (Lin and Emerman 2006) is indicated with a double bar.

5.2.2 Biological effects of FIV CA-CypA interaction
The inhibitor of the CA-CypA interaction, cyclosporine A (CsA), is an
immunosuppressant that interferes with the intracellular T-cell activation
pathway. CsA analogues NIM811 and Debio-025 were designed as nonimmunosuppressive CsA analogues that do not provide the calcineurin binding
surface when complexed with CypA. The drugs were assayed for their toxic
effect on activated feline T-cells Mya-1 (Miyazawa et al. 1989) and on naive
CD3+ T-cell line CLL (Willett et al. 2006a) (Figure 5-3). Mya-1 cell viability was
found to be substantially reduced after 5 days incubation with 2μM CsA,
whereas NIM811 and Debio-025 showed a reduced toxic effect. CLL cells were
largely unaffected by the presence of the drugs, as is expected given their lack
of mitogen stimulation and activation.

Figure 5-3 Relative toxicity of CypA-binding drugs. Cell viability was measured after
5 days incubation in 2μM drug or solvent only (ethanol). For stimulated T-cell line Mya1, CsA was found to exert a 67% reduction on the percentage of viable cells, compared to
a 27% reduction by non-immunosuppressive Debio-025. In contrast, CLL cells
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transduced with feline CD134 were found to be unaffected by any of the drugs,
indicative of their naive state.

The ability of FIV to replicate in the presence of CsA and its analogues was
assayed by challenging CLL CD134 and Mya-1 with FIV-Fca GL8 (Figure 5-4). In
both CLL and Mya-1, a reduction in FIV replication was seen upon the addition
of inhibitors, suggesting that the CA-CypA interaction is important for
replication of FIV. Inhibition of replication was more pronounced in Mya-1, in
particular with CsA, an effect presumably due to the toxicity effects of the
inhibitors on Mya-1 cell viability.

Figure 5-4 Inhibitors of the CA-CypA interaction impair FIV replication. CLL
CD134 and Mya-1 cells were challenged with FIV-Fca GL8 and incubated with CsA and
its analogues NIM811 and Debio-025 at 2µM. Supernatant aliquots were frozen and
subsequently analysed for reverse transcriptase activity. A repeatable decrease in RT
activity was observed in the presence of the inhibitors, suggesting that the CA-CypA
interaction is important for replication of FIV.

For HIV-1, the effects of the CA-CypA interaction are manifest during the early
post-entry stage of replication (Towers et al. 2003). To establish at which
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stage of replication the CA-CypA interaction is important in the FIV lifecycle,
the drugs were added to cells transfected with FIV-GFP(VSV)-encoding plasmids
(virus production) or to target cells (virus entry). When added during virus
production, supernatant was subsequently pelleted through a 20% sucrose
cushion to remove traces of the inhibitor (Figure 5-5). A small non-significant
increase in titre (two-tailed t-test; p = 0.094 for control vs 2μM CsA) was
observed when inhibitors were added during virus production. A similar effect
is seen in HIV-1 production in human cells, with a ~10% increase in viral titre
reported by Towers et al. (2003). However, during viral entry, a 13-27%
decrease in titre was observed at 0.5μM inhibitor that was significant (twotailed t-test; CsA p = 0.012; NIM811 p = 0.018; Debio-025 p = 0.0008 for control
vs 0.5μM inhibitor). Although small in magnitude, repeated over several cycles
of infection, this decrease in titre could substantially reduce the titre of
replicating virus and is likely to be the cause of the reduced replication of FIV
in Figure 5-4. We can therefore conclude that CypA acts as a cofactor for viral
replication in cells of its host and that CypA exerts its effect post entry, early
in the lifecycle. The findings are reminiscent of HIV-1, but of a much lower
magnitude: HIV-1 pseudotype infectivity is reduced approximately three-fold
during early replication stages of infection in human Jurkat and TE671 cells
(Towers et al. 2003; Hatziioannou et al. 2005). However, for HIV-1, CsA
treatment is proposed to increase susceptibility to an unidentified restriction
factor in human cells (Keckesova et al. 2006; Sokolskaja et al. 2006) so much
of the decrease in infectivity may be attributed to this factor.
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Figure 5-5 Effect of CypA inhibitors on FIV pseudotype production and entry. A)
293T cells, transfected with FP93, GinSin and VSV-G expressor MDG were incubated
with CypA inhibitors. Viral supernatant was pelleted over a sucrose cushion to remove
inhibitors and titrated onto CrFKs at an moi of ~0.1. A small but non-significant increase
in titre was observed for both CsA and NIM811. B) FIV-GFP(VSV) pseudotypes were
titrated onto CrFKs pre-incubated with CypA inhibitors at an moi of ~0.1. A significant
decrease in titre was seen for 0.5μM of all the drugs, an effect that seemed to diminish as
concentrations increased further. A toxic effect of NIM811 on CrFK cells was observed
at 4 μM and no data was recorded for these samples. n = 3.

Restriction of HIV-1 by rhesus macaque TRIM5α is enhanced by the presence of
CypA, suggesting that CypA perfoms a catalytic role that promotes the TRIM5αCA interaction (Keckesova et al. 2006; Berthoux et al. 2005; Stremlau et al.
2006a). In contrast, in humans cells it is probable that CypA both aids in
uncoating and protects HIV-1 from an unidentified post-entry restriction factor
(Keckesova et al. 2006; Sokolskaja et al. 2006). To assess whether CsA affects
huTRIM5α-mediated or other restrictions of FIV in human cells, FIV-GFP(VSV)
pseudotypes were titrated onto human TE671 and HeLa cells in the presence of
CsA or solvent only (Figure 5-6). In TE671 cells, no change in FIV infectivity was
observed, suggesting that in these cells FIV is not targeted by the unidentified
human factor, nor does the CypA-CA interaction alter the huTRIM5α-mediated
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restriction of FIV. However, in HeLa cells, which are known to express much
higher levels of CypA, a much lower level of infection is achieved, which
reduces further on the addition of CsA. Although the causes of these cell typespecific responses are unknown, by analogy with HIV they suggest a role for
CypA in either uncoating or protection from restriction factors.

Figure 5-6 Differing effects of CsA treatment on FIV infectivity in human cells.
TE671 and HeLa cells, which express low and high levels of CypA respectively, were
infected with FIV (VSV)-pseudotyped particles in the presence or absence of CsA. The
results suggest that in HeLa cells, CypA aids in FIV infectivity, possibly by aiding
uncoating or protecting from a restriction factor such as TRIM5α.

To investigate whether restriction of FIV by TRIM5α can be modulated by the
CA-CypA interaction, CrFK cells transduced with huTRIM5α were challenged
with FIV-luc(VSV) pseudotypes (Figure 5-7). An approximately 10-fold reduction
in titre is observed in cells expressing huTRIM5α, and a reduction in titre
associated with addition of CsA is more pronounced in the presence of TRIM5α.
However the magnitude of the change is small, and given that TRIM5 is nonfunctional as a restriction factor in cat cells (Chapter 4; McEwan et al. 2009),
the FIV CA-CypA interaction is unlikely to have evolved for this purpose.
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Figure 5-7 Effect of CsA and TRIM5α on FIV infectivity. CrFK cells transduced with
human TRIM5α were challenged with FIV-luc(VSV) pseudotypes. TRIM5α reduces FIV
infectivity by an order of magnitude. CsA has a greater effect on the infectivity in the
presence of TRIM5α, suggesting that isomerase activity of CypA may protect FIV
slightly from TRIM5α-mediated restriction. However, FIV has evolved in the absence of
functional TRIM5α (Chapter 4; McEwan et al. 2009), making deliberate evasion of
restriction by this mechanism an unlikely biological scenario.

5.2.3 ITC reveals lentiviral CA-CypA affinity to be conserved
To investigate the binding properties of FIV capsid for CypA, the CAN of FIV-Fca
and FIV-Ple E Sangre as well as domestic cat and lion CypA genes were cloned
into prokaryotic expression vector pOPTH and recombinant His-tagged proteins
were purified by Ni-affinity chromatography. Further purification of proteins
was performed by ion exchange chromatography and, for CAN constructs,
subsequent gel filtration (see Materials and Methods). The proteins were
prepared for isothermal titration calorimetry assays that measure the change
in enthalpy associated with intermolecular interactions when CypA is titrated
into CAN (Figure 5-8 and Table 5.A). The analysis reveals that FIV-Fca CAN binds
its cognate CypA partner with a stoichiometry of 1:1 and a Kd of 6.2 μM, a
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figure that compares closely to HIV-1 CA-CypA interaction of 5.3 μM. FIV-Ple
CAN was found to bind lion CypA with a slightly higher affinity, at 2.2 μM.
Changing the species of the CypA had little effect on the Kd, suggesting that as
predicted, the species-specific differences between feline and human CypA
have little effect on the interaction.

Figure 5-8 Isothermal titration calorimetry reveals FIV to bind CypA. Example trace
of ITC shows heat associated with multiple injections of CAN into cell bearing cat CypA.
The reaction has a stoichiometry (N) of approximately 1:1, Kd of 6.2μM and is
exothermic, ΔH = -8579 cal/mol.

Cat CypA

Lion CypA

Human CypA

FIV-Fca

6.2

7.8

7.2

FIV-Ple

1.9

2.2

3.0

HIV-1

n.d.

n.d.

5.3

Table 5.A Binding constants for capsid and CypA variants. Various CAN domains
were assessed for their ability to bind CypA. Shown are Kd values in µM. FIV-Ple is
found to have the highest binding affinity at 2.2μM for its cognate CypA, whilst FIV-Fca
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and HIV-11 Kd values are very similar. Changing the CypA variant had little
littl effect on the
affinity of the interaction, and all interactions were within a narrow range of 2-8
2 µM.

5.2.4 Structural analysis of feline cyclophilin A
The similarity of binding constants between human and feline CypA are in
accordance with the high levels of similarity between these proteins. A crystal
structure of feCypA was solved and reveals almost total conservation of
structure around the hydrophobic pocket (Figure
(
5-9).
). The four amino acid
substitutions between the
the species are found on the distal surfaces.

Figure 5-9 Superimposed structures
structure of human and feline cyclophilin A. A crystal
structure of feline CypA (light blue) was solved and superimposed on published human
hu
CypA (white) structure bound to HIV-1
HIV capsid (proline-rich
rich loop AGPIAP motif shown
in green; PDB: 1AK4). Around the hydrophobic pocket, which interacts with HIV-1,
HIV
structural conservation is high. A rotated view (right) shows feline mutations I5, D23,
D84 and M131 (sticks) to be on the posterior and lateral surfaces, making substantial
differences in biological activities of human and feline CypA unlikely.

5.2.5 FIV interacts with both CypA and rhesus TRIMCyp
The cyclophilin domain of rhesus macaque TRIMCyp bears
bears two point mutants
relative to wildtype CypA that alter its specificity from HIV-1
HIV CA binding to
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HIV-2 binding (Price et al. 2009). Substitutions D66N and R69H result in a 15Å
remodelling of a 10-residue lobe to give the closed fist conformation and
precluding HIV-1 CA binding. FIV is unique in that it can be restricted by both
owl monkey TRIMCyp, whose CypA domain resembles wildtype CypA, and
rhTRIMCyp. To formally demonstrate FIV CA-rhTRIMCyp binding, ITC was
performed using CAN and the Cyp domain of rhTRIMCyp and, as predicted an
interaction was observed. However, suggestions that FIV’s high sensitivity to
rhTRIMCyp restriction may be due to high binding affinities were unfounded as
the Kd was found to be lower than for feCypA (Table 5.B), suggesting that the
sensitivity is achieved through other means.

Cat CypA

rhTCyp

FIV-Fca

6.2

10.9

FIV-Ple

1.9

7.3
N

Table 5.B. Binding constants for FIV CA -rhesus TRIMCyp. FIV is particularly
sensitive to restriction by rhesus macaque TRIMCyp (Virgen et al. 2008), but the
sensitivity is not conferred by a higher affinity interaction between CA and rhTRIMCyp
compared to CypA.

5.2.6 Crystal structure of FIV capsid
Despite being highly divergent at the protein level, HIV-1 and FIV both interact
with CypA at affinities within a small range of Kd values. Especially interesting
is the conformation of the highly divergent predicted proline-rich loop raising
interesting questions about the comparative structures. Do FIV and HIV-1 share
a similar structure in order to interact with CypA or is binding by FIV achieved
via a different mechanism? And what is the basis of FIV’s dual specificity for
CypA and rhTCypA? In order to address these questions, a crystal structure of
FIV CAN was sought and solved to a resolution of 2.3Å.
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The structure of FIV CAN is the first published to date. Comparison of the
structure with HIV-1 capsid (1AK4; Gamble et al. 1996) reveals a remarkably
conserved wedge-shaped structure, with the proline-rich loop extending
outwards between helices 4 and 5 (Figure 5-10). The α-helices display a
strikingly similar orientation in most regions of the protein, representing
conserved exposed regions of capsid core meta-structure. One particular region
of dissimilarity is in the FIV region corresponding to HIV-1 helices 5 and 6 which
appear to be fused creating a longer kinked C-terminal helix. The α-6 α-7
linker region in HIV-1 bears a proline-proline dipeptide that re-orientates the
strand the downwards into the α-6 helix. This linker region, including the PP
dipeptide, is missing in FIV, resulting in the enlarged fusion helix.

148

Chapter 5.. The role of CypA in the replication of FIV

149

Chapter 5. The role of CypA in the replication of FIV

Figure 5-10 Superimposed structure of FIV and HIV-1 capsid N-terminal domains.
Despite only 23% identical residues, FIV (dark red) and HIV-1 (1AK4) (grey) capsids
share remarkable structural conservation, characterised by a wedge-shaped structure
comprising the major helices 1, 2, 3, 4 and 7 (HIV-1 numbering) with a proline-rich loop
extending outwards between helices 4 and 5. The side chains in the crest of the prolinerich loops are shown as sticks (FIV: 87GPRPL91 , HIV-1: 89GPIAP93, isomerised bond
underlined) and reveal FIV to have a divergent loop that is displaced by ~13Å. A side
view (below) clearly shows the fusion of helices 6 and 7 that creates the larger FIV Nterminal α-helix.

5.2.7 Proline-rich loop mutants identify important residues in the CACypA interaction
As is evident from the primary sequence alignment, the proline-rich loop for
FIV is considerably shorter than in HIV-1, raising interesting questions about
how the shorter FIV loop is still able to bind CypA. To address this issue, two
alternative methods were employed. Firstly, it was attempted to crystallise
CAN-CypA complexes. CAN and huCypA as well as CAN and rhTCypA were mixed
at 1:1 molar ratio and run on a gel filtration column to purify the larger,
complexed species. However, crystallisation of the complex was unsuccessful
with only uncomplexed CAN or CypA crystals forming. Secondly, it was
attempted to use 4-mer or 5-mer oligopeptides corresponding to the prolinerich loop of FIV CA with feCypA to grow complexed crystals. However, initial
ITC experiments to confirm binding of the peptides were unable to show an
interaction. A crystal screen was performed nonetheless and yielded crystals
for the 4-mer peptide. Subsequent X-ray diffraction revealed that the peptide
had not bound, with the symmetric unit comprising only feCypA.
A model of the FIV CA-CypA interaction was therefore made by superimposing
the CA structure on HIV-1-CypA structure. The model suggests that the short
FIV proline-rich loop has a reduced region of contact with CypA, not extending
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across the entire hydrophobic pocket. In HIV-1,
HIV
the G89-P9
P90 bond exists as cistrans isomers. However in FIV, the corresponding peptide bond is R89-P90,
R89
suggesting a functional significance to the change. Arginine commonly
contributes to intermolecular protein-protein
protein protein interactions through H-bonding,
H
the hydrophobic
ic effect and by cation-π
cation interactions with aromatic side chains
(Crowley and Golovin 2005).
2005) A structure-guided model (Figure
Figure 5-11) predicts
that R89 comes into close proximity with CypA residues F60 and F113,
suggesting that cation-π
cation
interactions with these residues may contribute
substantially
tially to the affinity of the interaction.
interaction

Figure 5-11 Structure-guided
Structure
model of FIV CA-CypA
CypA interaction. FIV is proposed to
bury R89 deep within the hydrophobic pocket, potentially forming cation-π
cation interactions
acting to increase the binding affinity of the interaction.

To test the hypothesis that R89 contributes to the FIV CA-CypA
CA
affinity, the
R89 residue was mutated to the HIV-1
HIV glycine by PCR-bas
based mutagenesis and
the protein was expressed and purified according to the protocol established
for wildtype FIV CAN. Assessment of this mutant’s ability to interact with CypA
was performed by ITC and displayed a 4-fold
4 fold reduction in binding affinity,
indicating
ating that this residue contributes to full levels of interaction with CypA
(Table 5.C).
). The finding is therefore in accordance with the model of FIV CACA
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CypA interaction, and provides some insight as to why FIV and HIV-1 diverge at
this residue. In contrast, mutating the P90 residue to alanine was found to
prevent detectable interaction with CypA, indicating the structural importance
of this residue. A P90A mutant of replication-competent FIV molecular clone,
as well as pseudotyped mutant was also generated but unlike HIV-1 where
mutating P90 prevents the CypA interaction but allows infection, the FIV P90A
mutants were found to be non-functional. This finding has been repeated by
others (G. Towers, personal communication) but is in contradiction to Lin and
Emerman (2007) who were able to produce viable pseudotype with the P90A
mutation. The discrepancy is potentially explained by the use of alternative
strains of FIV (Lin and Emerman used 34TF10, whereas this study used GL8) but
suggests that in the GL8 background, P90 is structurally integral to capsid’s
function.

Kd (μM)
FIV-Fca WT

5

FIV-Fca R89G

21

FIV-Fca P90A

None detected

Table 5.C Binding affinity for FIV CA mutants with cat CypA. CAN mutants R89G,
which is hypothesised to contribute to the binding of the CypA catalytic domain through
cation-π interactions, and P90A, which is proposed to be the site of cis-trans isomerase
activity, were assayed for their ability to bind cat CypA by ITC. As predicted, R89
contributes to the strength of interaction with Cyp as mutation to the corresponding HIV1 residue glycine reduces binding affinity substantially. Mutation of P90 prevents
detectable interaction.

Structure-guided models were used to assess how FIV is able to interact with
both wildtype CypA and rhTRIMCyp. The model suggests that that the shorter
FIV proline-rich loop is deflected away from the 66-73 loop by a kink generated
by proline 85, so that when bound to rhTRIMCyp with its ‘closed fist’
conformation, the 66-73 loop does not interfere with binding (Figure 5-12).
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Figure 5-12 Molecular mechanism of FIV CA-CypA
CA CypA interaction. A) FIV is
independent of the CypA 66-73
66 73 loop (dark orange), which is rotated inwards towards the
catalytic domain in rhTRIMCyp, due to a kink in the proline-rich
proline
loop at P85 that
deflects the backbone away from this site. HIV grey, FIV rainbow, CypA orange. B) An
enlarged view showss that FIV P85 (yellow) is considerably further from the 66-73
66
loop
(grey)
ey) than HIV H87 (blue), which is displaced by the rhTRIMCyp D66N mutation.
mutation

5.2.8 Potential roles of the CA-CypA
CA
interaction
This study shows that whilst FIV’s proline-rich
proline rich loop is highly conserved,
disruption of the interaction only impacts marginally
marginally on infectivity
infect
of the virus.
However, mutation of P90 ablates binding and appears to prevent replication.
This effect is probably best explained by structural abnormalities in the mutant
protein that prevent proper function, rather than by functional differences of
CypA binding. Curiously, an
an alignment of diverse lentiviruses capsids reveals
that a proline-rich
rich loop is present not only in those viruses with confirmed
CypA binding but also those confirmed as non-binding.
non binding. It is also noteworthy
that naturally occurring HIV-1
1 isolates are found which are insensitive to CsA,
again suggesting that the interaction is dispensable (Chatterji et al. 2005;
Ikeda et al. 2004).
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Figure 5-13 The presence of a proline-rich loop is not a feature unique to viruses
which bind CypA. Alignment of amino acid sequences to HIV-1 shows that a prolinerich region is present in HIV-2 which does not bind CypA and is even present in EIAV.
Y or N indicates studies demonstrating CypA binding or its absence; HIV-1 domain
architecture is shown.

These observations support the hypothesis that the primary function of the
proline-rich loop is to interact with an alternative protein that resembles
CypA, as this would explain the close resemblance to the CypA-binding loop in
viruses such as HIV-2. A search was therefore carried out for genes which
contain a CypA domain, and that might be important for post-entry stages of
the lifecycle. Most notably, a protein was identified in a BLAST search of
human RefSeq protein sequences that bears a domain closely related to CypA,
named Ranbp2 or Nup358. Ranbp2 is a large (358 kDa) protein located at the
nuclear membrane that is involved in conversion of RanGTP to RanGDP, a
process important for translocation of cellular proteins across the nuclear
membrane. Consistent with a possible role in the lentiviral lifecycle, the
protein has been identified in three out of four whole genome siRNA screens as
a necessary cofactor for HIV replication (Bushman et al. 2009; Konig et al.
2008; Brass et al. 2008; Ranbp2 was not identified in Zhou et al. 2008). An
obvious potential role of Ranpb2 is interaction with capsid present in the RTcomplex to facilitate entry to the nucleus, a requirement for replication in
non-dividing cells. However, being a major component of the nuclear pore
complex, it is unclear whether knockdown of Ranbp2 specifically prevents HIV1 nuclear import or simply structurally compromises the nuclear pore.
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A method known as far-western
far western blot (or overlay assay) was optimised based on
an established protocol (Einarson et al. 2007) that allows identification of
cellular binding partners for specific proteins. In this case the technique uses
recombinant CA protein to probe renatured SDS-PAGE
SDS PAGE proteins displayed on a
nitrocellulose membrane
membr
and subsequent immunoblotting for CA.
CA Using
recombinant GST-tagged
tagged FIV capsid (entire protein) to probe membranes
bearing HeLa and CrFK nuclear and cytoplasmic fractions, a series of bands
could be detected that are likely to represent cellular binding partners for FIV
capsid (Figure 5-14
14).
). Several of these bands are conserved in size between cat
and human cells, most notably the bands at ~55 and ~65 kDa, whilst others
appear to be speciesspecies and subcellular location-specific.
specific. In cat cells these were
CrFK nucleus-specific
specific bands at ~350 kDa and ~170 kDa and CrFK nucleus and
cytoplasmic band at ~110 kDa. In human cells, these were a cytoplasm-specific
band at ~100 kDa, and predominantly cytoplasm-specific
cytoplasm specific band at ~130
~13 kDa.

Figure 5-14 Far-western
western blot using full length FIV capsid. Probing fractionated cell
lysates with FIV capsid demonstrates that the far-western
far western technique can identify potential
protein binding partners
partners in CrFK (cat) and HeLa (human) cells. Some proteins identified
have conserved size between the species, for example the bands present at ~55 and 65
kDa, whilst others appear species-specific
species specific but may represent species-specific
species
size
variations or isoforms of same protein.
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The N-terminal domain of CA bears the proline-rich loop responsible for
interacting with CypA. It was therefore decided to use CAN, in order to identify
bands which only interact with this domain (Figure 5-15). Human cell lysate
was found to interact with FIV CAN at ~130 kDa and a doublet at ~65 kDa. The
bands at 55 and 110 kDa were no longer present, perhaps indicative of a CA Cterminal-specific interaction. The human cell lysate was also probed with αRanbp2 polyclonal antibody and found to identify the same bands at ~130 kDa
and a doublet at 65 kDa. The data therefore represent strong evidence that FIV
CA can interact with Ranbp2. However, bands at the expected Ranbp2 size of
358 kDa were faint or not identified. This suggests that the protein is perhaps
poorly transferred to the membrane in its full size and the bands indentified
are likely to be either Ranbp2 isoforms or products of proteolysis. The P90A
mutant, previously shown to be non-functional for replication and unable to
bind CypA, was found to identify the same bands. The result is surprising given
the hypothesised lack of interaction for this protein. One possible explanation
for this binding is the large excess of CA used to probe the membrane and the
non-stringent binding conditions may have allowed complete saturation of the
sites available for binding on the membrane. Further optimisation of this
technique may allow detection of bands of differential intensity that better
reflect the binding affinity.
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Figure 5-15 FIV capsid and α-Ranbp2
Ranbp2 antibodies interact with proteins of the same
size. Western blot (WB) on 293T cell lysate with α-human
human Ranbp2 identifies a band at
~130 kDa and a doublet at ~65 kDa, when probed with an α-rabbit
rabbit IgG secondary Ab.
These bands are of exactly the same size as those identified by FIV CAN by far western
blot (FW) with detection by mouse α-CA and α-mouse
mouse IgG secondary. Contrary to
expectation, the FIV CA mutant P90A was also found to interact with proteins of the
same size.

5.3 Discussion
Thiss study demonstrates that FIV, like the primate lentiviruses,
lentiviruses interacts with
and is modulated by host factor cyclophilin A. Like HIVHIV 1 in cells of its own
host, disruption of the interaction with CsA or its non-immunosuppressive
non
analogues prevents full levels
levels of infectivity in both replicating viruses and in
post-entry
entry stages of pseudotype infection. FIV also displays a cell-type
cell
dependent CypA dependence in human cells. The precise nature of this
relationship is unclear but suggests that FIV is sensitive to
t cytosolic levels of
CypA given that HeLa cells have been shown to express high levels of CypA
(Ylinen et al. 2009).
2009) Possible mechanisms
hanisms of CypA’s positive role in FIV
replication include aiding uncoating, as has been hypothesised for HIV-1,
HIV
or
preventing restriction by other cellular factors. Sensitivity of FIV to huTRIM5α
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is modestly increased by treatment with CsA, suggesting that in this system
CypA can protect against restriction. In contrast restriction of HIV-1 by
rhTRIM5α is promoted by CypA (Keckesova et al. 2006; Berthoux et al. 2005;
Stremlau et al. 2006a). The best current model of the effects of CypA on
lentiviral infectivity suggests that CypA performs a catalytic isomerisation that
alters capsid conformation which subsequently alters the ability of other
cellular restriction factors to recognise and destroy incoming capsid (Towers
2007; Luban 2007). This suggests that in the context of TRIM5α, where binding
is mediated by variable domains in the B30.2 domain, its ability to bind and
restrict can be modulated by CypA (potentially increasing rhTRIM5α’s affinity
for HIV-1; decreasing huTRIM5α’s affinity for FIV). Although CypA has been
shown to perform such a catalytic role on CA in vitro, the in vivo relevance of
isomerisation has yet to be formally demonstrated. Other hypotheses, such as
generation of a novel CA-CypA complexed surface that is subsequently
recognised by restriction factors, or CypA-dependent recruitment of cellular
machinery cannot be ruled out. Study in this field is impeded by the absence of
CypA mutants that bind CA but do not perform the catalytic function, and
similarly, functional CA mutants that bind CypA but cannot be isomerised. Thus
like some of the primate lentiviruses, infectivity of FIV is influenced by the CACypA interaction but its precise role remains unclear.
Unlike the surfaces of restriction factors that interact with pathogens, CypA is
remarkably conserved. Its ubiquitous expression and relative invariance suggest
a critical house-keeping role, although its function is elusive. Yeast mutants
lacking all twelve cyclophilin genes remain viable, although display retarded
growth (Dolinski et al. 1997). Moreover, the contribution of each knockout
gene is additive, suggesting that the cyclophilins do not complement each
other’s function and that each cyclophilin has a specific role, rather than each
contributing to a protein folding phenotype. Roles for individual proteins have
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been ascribed to several cyclophilins such as signal transduction (Duina et al.
1996) and rhodopsin folding (review Gothel and Marahiel 1999; Stamnes et al.
1991) but CypA has no precise role defined to date. Nevertheless, it is likely
that CypA is constrained by cellular tasks and is unable to undergo the high
levels of positive selection that interaction with pathogens usually entails.
However, the TRIMCyp fusion protein is presumably relieved of its cellular role
and, in rhesus macaques, has acquired mutations that remodel the binding
surface and promote HIV-2 restriction (Wilson et al. 2008; Virgen et al. 2008;
Price et al. 2009). The ability of FIV to bind both Cyp variants demonstrates
that binding to CypA and rhTRIMCyp are not properties mutually exclusive to an
individual virus.
It is becoming clear that lentiviruses maintain the affinity of the CA-CypA
interaction within a narrow range. It would be expected that HIV-1 growing in
the absence of CypA (e.g. under CsA inhibition) would acquire mutations to
increase the affinity in order to maintain a given level of CA-Cyp interactions.
However, the mutants arising possess Kd values within the same low
micromolar range but may be more sensitive to the activity of CypA, perhaps
by being more liable to uncoating by low levels of peptidyl-proline
isomerisation. The finding that FIV binds CypA with almost identical affinity as
HIV-1 is surprising given the evolutionary distances and scarce amino acid
identity between the viruses and implies that binding to CypA is very tightly
regulated on the part of the virus. Moreover it appears that viruses can employ
a CypA-dependent or –independent strategy with no more than a few point
mutations. HIV-2 can switch to CypA binding with a single mutation at A88
(Price et al. 2009) and HIV-1 CsA-independent strains are circulating in humans
at 4-7% of strains in the Los Alamos database (Chatterji et al. 2005). These
findings were the rationale for investigating other proteins with cyclophilin
domains which raises the potential lentiviral co-factor Ranbp2. Future work
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will attempt to demonstrate a functional association between capsid and this
protein. It is of note that Ranbp2 interacts with microtubules in the cytoplasm
and since lentiviral particles are known to use the microtubules for transport
towards the nucleus (Arhel et al. 2006; McDonald et al. 2002), this suggests a
potential role of the Ranbp2 Cyp domain in permitting docking of the RT
complex at the nuclear pore before transport across the nuclear membrane. If
nuclear entry is found to be dependent on Ranbp2, there are likely to be
implications for strategies to disrupt the HIV lifecycle through cyclophilin
inhibitors. For example, it has been proposed to make artificial restriction
factors involving CypA, such as Fv1Cyp and huTRIM5-CypA fusion protein.
However, given the ease with which lentiviruses are able to dispense with the
CypA interaction the restriction factors are unlikely to be robust against escape
mutants. The cyclophilin domain of Ranbp2 is fairly divergent from cytosolic
CypA, with the human versions sharing 66% identity, potentially making it
possible to maintain Ranbp2 binding whist switching on or off CypA binding.
Thus, if the CA-Ranbp2 interaction is proven to be required for infection of
non-dividing cells, inhibition of this interaction or restriction factors that
mimic the Ranbp2 Cyp domain are more likely to be successful.
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6.1 Summary
The feline immunodeficiency virus infects numerous Feliform species as
species-specific viral strains. In each host, the virus has undergone
considerable selection to allow successful replication and population invasion.
In contrast, hosts will attempt to limit infection, and genetic variants that
confer resistance to viral replication will be selected, creating a molecular
arms race between host and pathogen. In order to assess the impact of such
antagonistic relationships in the felids, a comparison was made between a
relatively recent host of the virus, the domestic cat (<10,000 years infected)
and a more ancient host, the African lion which is likely to have been infected
with lentiviruses since the early Pleistocene (Antunes et al. 2008). Lion cells
support very low levels of replication of both domestic cat and lion variants of
FIV. In contrast, domestic cat cells support high titre replication of all viruses
assayed. The results are interpreted as evidence of the existence of a block to
lentiviral replication in lion cells relative to the novel host, the domestic cat.
This block is termed lion cell non-permissivity (LNP) and is further explored in
this study. LNP is found to be a dominant post-entry block to replication that
targets both feline and primate lentiviruses. TRIM5α is truncated in lion cells,
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eliminating this protein as a candidate for LNP. Moreover, treatment of lion
cells with proteasome inhibitor MG312 does not affect the level of restriction,
nor does treatment with As2O3, a drug that disrupts sub-cellular localisation
and antiviral activity of TRIM proteins (Zhu et al. 1997; Anderson et al. 2006).
Furthermore, unlike TRIM5α restriction, LNP does not target the N-terminal
domain of capsid. The identity of the cause of LNP is unknown but does not act
in a manner similar to previous well characterised post-entry restriction
factors.
Subsequently, a comparative analysis of the APOBEC3 (A3) family of restriction
factors is performed between lions and domestic cats. In domestic cats, readthrough fusion protein A3CH is a potent restriction factor whilst single domain
proteins A3C and A3H are inactive against FIV (Munk et al. 2008). In lions, A3CH
retains this antiviral activity but surprisingly, FIV replication is also blocked by
single domain protein, lion A3H. This result is of interest as for most A3
proteins, two domains are required for antiviral activity with one domain
specialising in RNA binding and the other in single-stranded (ss) DNA
deamination. A homology model is used to predict the residues in lion A3 that
potentially permit RNA binding and dimerisation. The study shows that lions
possess a strong intrinsic immune protection from lentiviruses and provide
evidence of evolution of host restriction in the felids in response to ongoing
infections.

6.2 Results
6.2.1 Lion T-cells poorly support the replication of FIV-Fca
To investigate the ability of host cells to support the replication of FIV,
concanavalin A stimulated, IL-2 dependent T-cells were challenged with four
viral strains, two lion derived strains (FIV-Ple E Sangre and Ple B 458) as well as
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two molecular clones of domestic cat FIV (FIV-Fca GL8 and Petaluma). The lion
cells used in this experiment are derived from an uninfected Angolan lion,
whilst Mya-1 T-cells (Miyazawa et al. 1989) were used for domestic cat. Puma
T-cells were derived from a specific-pathogen free North American puma
(Puma concolor). Frozen viral supernatant was examined for reverse
transcriptase activity as a marker of retroviral replication. Cells from domestic
cat supported replication of all viruses tested, whist Angolan lion and Puma
cells supported only very low titres of FIV-Fca but did permit FIV-Ple B
replication (Figure 6-1). Interestingly, the lion cells used in this experiment
were unable to support the growth of FIV-Ple E, a strain circulating in southern
African lions (Pecon-Slattery et al. 2008a). The findings are reminiscent of
VandeWoude et al. (1997) who found that lion cells poorly supported the
replication of FIV-Fca. However, these findings go further as they suggest that
even host-adapted strains FIV-Ple B 458 and FIV-Ple E Sangre are poorly
infectious in lion cells.

Figure 6-1 Host permissivity to FIV replication. FIV is able to replicate to high titres
in cells of the domestic cat, whereas Angolan lion and Puma cells poorly support growth
of domestic cat strains of FIV (GL8 and Petaluma) and only support growth of lionderived FIV in a strain-dependent manner.
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The data imply that either the viruses are unable to make use of the lion/puma
cell host machinery or there exists a dominant block to replication in these
cells. Given that lions are the natural host of FIV-Ple, the former case is
unlikely since considerable host-adaptation will have taken place in the time
since lentiviruses entered the species, estimated between 169,000 and 3.6 mya
(Antunes et al. 2008; Pecon-Slattery et al. 2008b). Furthermore FIV-Ple strains
are able to replicate to high titres in domestic cat cells, a non-native host,
implying that the ability to replicate to high titre is a factor that is host- but
not virus-dependent. The only strain that produced a positive RT result in lion
cells at seven days post-infection was FIV-Ple B, a strain that uses non-CD134,
non-CXCR4 entry receptors (Chapter 3; McEwan et al. 2008). This raised the
possibility that mutations in either of these receptors are responsible for the
non-permissive phenotype in lion cells.
6.2.2 Contribution of receptor variation to LNP
To test the hypothesis that LNP is due to lion mutations in CD134 or CXCR4,
variants of the receptor and co-receptor from cats and lions were cloned and
sequenced. Analysis of the sequences reveals that lion and feline CD134 share
97% amino acid identity with a cluster of amino acid mutations in the predicted
signal peptide region and a G59S point mutation in the predicted Env binding
site, cysteine-rich domain 1 (CRD1), which could potentially alter Env binding
and entry. An alignment of feline and lion CD134 has been presented previously
in Figure 3-8. A comparison of the lion and feline CXCR4 seven-transmembrane
domain protein shows 99% amino acid identity with only a single amino acid
change, a serine to asparagine substitution in extracellular loop 2 (ECL2),
creating a potential N-glycosylation site in lion CXCR4 at position N193.
Whether this site is in reality glycosylated in lion CXCR4 has not been studied
but any of these interspecific polymorphisms could potentially alter the Env-
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receptor interaction and be responsible for LNP. CD134 and CXCR4 of each
species were therefore stably expressed in all four combinations on NP2 cells
and challenged with HIV-luc particles pseudotyped with a panel of FIV Env
glycoproteins (Figure 6-2). Permissivity of the cell lines was not substantially
altered by changing the combinations of receptor and co-receptor, suggesting
that domestic cat and lion CD134 and CXCR4 support infection of FIV at similar
levels. These data indicate that LNP cannot be explained by differences in
entry receptors as lion CD134 and CXCR4 support levels of infection directly
comparable to those of the domestic cat for a range of FIV envelopes.

Figure 6-2 FIV usage of lion CD134 and CXCR4. Cat and lion FIV entry receptor
CD134 and co-receptor CXCR4 from domestic cats and lions were expressed in all four
combinations on NP2 cells and challenged with panel of HIV-luc(FIV) pseudotypes
using various Env isolates from domestic cats. Levels of entry were similar regardless of
receptor combination indicating that lion cell non-permissivity is not due to differences
in efficiency of the entry receptors between cats and lion.

6.2.3 LNP operates post-entry against primate lentiviruses.
The finding that species-specific polymorphisms in receptor and co-receptor do
not account for the differing levels of infectivity suggests that receptor binding
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and entry are not the stages responsible for LNP. However, it remains possible
that receptor expression levels differ between the species or access to
receptors is somehow impeded in lion cells. To obviate this problem, pantropic VSV-G-pseudotyped particles were used in preference to FIV Env for the
remainder of this study. In order to assess the breadth of LNP lentiviral targets,
lion cells and domestic cat cells were challenged with primate lentivirus
pseudotypes. Lion T-cells were found to permit much lower levels of infection
compared to domestic cat cells. Furthermore a differential level of restriction
was found between the viruses used: HIV-1 was restricted at a low level, whilst
SIV from rhesus macaques (SIVmac) was restricted at much higher levels, a
difference that was found to be repeatable and statistically significant (Figure
6-3).

Figure 6-3 Lion cells differentially restrict primate lentiviruses. A) GFP-bearing
VSV-G-pseudotyped particles of primate lentiviruses display a reduced titre on lion
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compared to domestic cat T-cells. B) Expressed as fold restriction, HIV-1 is restricted
about 20-fold whilst SIVmac is restricted about 80-fold and HIV-2 is restricted at an
intermediate level. There is a significant difference between levels of restriction between
HIV-1 and SIVmac (unpaired two-tailed t-test, n=3).

To assess the relative ability of T-cells to support lentiviral infection,
pseudotypes were titrated onto permissive CrFK as well as Mya-1 and Angola-1
cells (Figure 6-4). Mya-1 and Angola-1 cells supported levels of infection far
below CrFKs. For FIV, the levels of infection achieved in lion cells were too low
for meaningful interpretation. Optimisation of the pseudotype production
protocol by altering the ratio of plasmids transfected, use of phenol red-free
medium and transfection reagent all allowed marginal increases in titre, but
titres were always in the region of 105 infectious units per ml. Titres of HIV-1
were much higher, possibly due to the fact that pseudotypes were produced in
human cells.

Figure 6-4 Titration of HIV and FIV pseudotypes. 10-fold serial dilutions of
pseudotype were titrated onto CrFK, Mya-1 and Angola-1 lions T-cells and GFP positive
cells were enumerated. Multiplicities of infection (number of infectious units per cell)
were calculated for undiluted supernatant and show that CrFKs are ~1,000 times more
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susceptible to HIV infection than Mya-1. Lion cells display a further ~25-fold restriction
to HIV compared to Mya-1 cells.

The results imply that LNP operates post-entry and has a broad specificity of
infection. The difference in restriction levels between SIVmac and HIV-1 allows
further dissection of the LNP phenotype.
6.2.4 Mapping the viral determinants of LNP
Given that post-entry restriction factors such as Fv1 and TRIM5α are known to
target incoming viral capsids, it was proposed that LNP might also employ this
strategy. Although it is known that lions lack a functional TRIM5α (McEwan et
al. 2009; Chapter 4) and Fv1 is specific to mice (Best et al. 1996), it was
hypothesised that LNP may share its target in common with these post-entry
restriction mechanisms. In order to test this hypothesis, a chimeric HIV-1SIVmac construct was used, HIV S/H CA (Owens et al. 2003). HIV S/H CA is an
HIV-1 gag-pol expressor with the N-terminal 146 amino acids of capsid replaced
with that of SIVmac. It was found that using this construct gave no significant
increase in levels of restriction relative to HIV-1, indicating that LNP does not
target the N-terminal domain of capsid. As a control, the chimeric and
wildtype viruses were assayed against puma cells but found to lack the LNP
phenotype, providing evidence that LNP is specific to the Panthera lineage.
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Figure 6-5 Chimeric lentiviral capsid is not targeted by LNP. HIV-1 and chimeric
S/H capsids were restricted only mildly, whilst SIV capsid was restricted strongly. Puma
cells were used as a comparison and show no restriction of pseudotypes when compared
to domestic cats.

6.2.5 Sensitivity of LNP to proteasome inhibitor and arsenic compounds
MG132 is a protease inhibitor that relieves the block to reverse transcription
imposed by TRIM5α on restricted lentiviruses (Anderson et al. 2006; Wu et al.
2006). Another drug, As2O3, has been shown to rescue restriction of HIV-1 by
TRIM5α (Berthoux et al. 2003; Saenz et al. 2005). The activity of As2O3 is poorly
defined but may exert its effects by disrupting the formation of cytosolic
protein concentrations known as cytoplasmic bodies, which contain TRIM family
proteins such as TRIM5α (Campbell et al. 2007) and PML (also known as TRIM19)
(Reymond et al. 2001; Zhu et al. 1997). Furthermore, the drug has been shown
to disrupt an unidentified restriction phenotype against HIV-1 in human
dendritic cells (Pion et al. 2007). However, no effect was observed when lion
and cat cells were treated with the drugs (Figure 6-6), suggesting that the
restriction is not caused by proteasome-dependent pathways or arsenicsensitive proteins.
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Figure 6-6 Protease inhibitor and arsenic trioxide do not relieve LNP. Cat and lion
T-cells were incubated with MG132 (1 µg/ml) or As2O3 (2 µM) prior to infection. No
substantial change was observed in the restriction of HIV-1. For As2O3 experiment, n =3.

6.2.6 Analysis of feline APOBEC3 genes
It has previously been reported that the domestic cat genome bears an
expanded cluster of APOBEC3 genes (Munk et al. 2008). In order to test
whether extended periods of endemic lentiviral infection have altered the
restrictive ability of lion APOBECs, A3C, A3H and A3CH were amplified from
lion and domestic cat cDNA and cloned into eukaryotic expression vector
VR1012. The cloned genes were sequenced and found to bear 100% identity to
published sequences, except lion A3CH, as this is the first published sequence
for this gene. The lion A3C transcript cloned was found to encode A3C1 variant
as described previously (Munk et al. 2008). Homology between feline A3H and
the huA3G catalytically active CD2 is low but the Zn-coordinating motif is
present in both (Figure 6-7). Restriction by human A3G is contingent on both
RNA-binding and catalytic functions, and accordingly it has previously been
reported that domestic cat A3C and A3H are inactive against FIV, whilst twodomain read-through protein A3CH is highly active.
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Figure 6-7 Alignment of feline A3H and human A3G C-terminal catalytic domain.
The domains share only 33% sequence identity, but share the Zn-coordinating H/C-X-EX23-28-P-C-X2-C motif. The three arginine residues of huA3G predicted to form the
charged single-stranded DNA binding groove (Chen et al. 2008) are marked with double
black bars and are conserved in the feline variant.

To assess the impact of the felid A3 genes on the infectivity of FIV, VR1012-A3
plasmids were co-transfected with FIV∆Vif-GFP(VSV)-encoding plasmids FP93,
GinSin and MDG. The viral titre was then assayed by plating supernatant onto
fresh target 293T cells (Figure 6-8). 0.25µg of plasmids encoding read-through
transcript A3CH from both lions and cats was sufficient to completely abolish
the production of infectious FIV virions. The feline single domain A3C and A3H
were unable to restrict virus, suggesting that in domestic cats fusion of the two
domains is necessary to produce a functional restriction factor. In contrast, the
lion A3H protein was able to restrict the production of infectious virions,
despite being a single domain protein, raising questions concerning the
mechanism of restriction for the single-domain restriction factor.
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Figure 6-8 Titrations of feline and lion APOBECs. 293T cells were transfected with
plasmids encoding FIV-GFP(VSV) pseudotype and VR1012-A3, normalised with empty
VR1012 vector. Pseudotype was harvested, plated onto fresh 293T cells and GFP
expression examined. Read-through transcripts from both species prevented production
of infectious virus above 0.25µg plasmid. A strong restriction was also provided by lion,
but not feline, single domain protein A3H.

For both HIV-1 and FIV, the APOBEC restriction is largely overcome by the
expression of accessory protein Vif (Munk et al. 2008; Sheehy et al. 2002). To
assess the ability of Vifs to counteract the restriction phenotype, genes were
cloned from FIV-Ple strains B and E and were co-transfected into viral
producing cells. Given the ability of FIV-Ple B to replicate in lion cells, it was
expected that this Vif variant may provide the strongest rescue of titre.
However, very little Vif-dependent rescue was observed against any of the A3s,
with the exception of liA3C1 (Figure 6-9). It is possible that this poor Vif
activity is due to poor or mis-located expression (see 6.3 Discussion), making it
difficult to draw robust conclusions from these data.
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Figure 6-9 Lentiviral restriction imparted by feline and lion APOBEC3 genes. A
strong restriction phenotype is associated with the lion A3s as well as feline A3CH. With
the potential exception of liA3C1, Vifs were unable to overcome the restriction.
However, this may owe more to problems with expression than biological activity.

6.2.7 Structural comparisons of feline APOBEC3H
In human cells, the antiviral APOBEC3s are two-domain proteins with both RNA
binding ability (associated with CD1) and ssDNA deaminase activity (associated
with CD2). It was therefore surprising to find antiviral activity associated with
the lion single domain proteins. Structural studies of human A3G CD2 have
revealed the presence of a positively charged groove that permits interaction
with the negatively charged nucleic acid backbone (Holden et al. 2008; Chen et
al. 2008). In the absence of a DNA-A3G complex structure, the precise
orientation of the nucleic acid across the groove is not clear and remains
controversial (Bransteitter et al. 2009) but is thought to bring the catalysed
base into the proximity of the catalytically active Zn2+ ion (Furukawa et al.
2009; Chen et al. 2008; Holden et al. 2008).
Domestic cat A3H only poorly restricts FIV, whilst the lion variant potently
prevents the production of infectious virions. Recent work in our lab suggests
that the puma A3H variant also possesses antiviral activity. The ability of these
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non-domestic cat variants to restrict is unusual, given that the proteins are
single domain cytidine deaminases. To investigate possible mechanisms of
action, an alignment of feline and lion A3H variants was made (Figure 6-10).
Residues shared by lion and puma variants but absent in the feline A3H were
identified (V7D, H43D, E51K, A65S, G140S, P106R/H (R in lion; H in puma),
A179P, cat numbering). Four of the seven substitutions replace neutral
residues with charged ones or switch the charge, suggesting a possible role in
alteration of protein-protein or protein-nucleic acid interactions.

Figure 6-10 Alignment of cat and lion A3H. Whilst feline A3H is unable to restrict
FIV, the lion version restricts almost as well as the two-domain A3CH. Possible causes
of the large change in phenotype are the two substitutions in the catalytic domain as well
as four charge switch substitutions.

Next a homology model of feline A3H was created using the two APOBEC
crystal structures solved to date, huAPOBEC2 and huAPOBEC3G CD2 domain
(PDB: 2NYT and 3E1U respectively) (Prochnow et al. 2007; Holden et al. 2008).
The model predicts the conservation of the prototypic APOBEC structure: a
central β-sheet surrounded by six α-helices (Figure 6-11). APOBEC3G CD2
structurally differs from A2 primarily in its longer loops that protrude from the
structure between conserved β-strands and α-helices (Holden et al. 2008).
Superimposed structures of feline A3H on human A3G CD2 suggest that again
the main structural difference is the length and orientation of the loops, with
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the feline variant possessing shorter loop-3 and a deflected loop-1. Moreover,
the model suggests that charge-switch mutations V7D, E51K and P160R/H are
located on the surface of the protein predicted to interact with viral singlestranded DNA (Furukawa et al. 2009; Chen et al. 2008; Bransteitter et al.
2009). Of particular interest is the P160R/H mutation that varies between all
three species. The residue is neutral in cats but positively charged in both lions
and pumas. Analogy with recent human A3G-ssDNA binding models (Chen et al.
2008; Furukawa et al. 2009), suggests that this residue has the potential to
make electrostatic interactions with the negatively charged nucleic acid
backbone, potentially increasing the affinity of binding in the non-domestic
species.
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Figure 6-11 Predicted APOBEC-ssDNA
APOBEC
catalytic complex. A) Human APOBEC3G
catalytically activee CD2 domain (3E1U) interacts with single-stranded
single
DNA via
interactions between the sugar-phosphate
sugar phosphate backbone and positively charged arginine
residues (blue) (Chen et al. 2008; Bransteitter et al. 2009).
2009) Zn-coordinating
coordinating residues at
the catalytic
ytic site are shown in green;
green Zn2+ ion, black sphere;; DNA binding location, red
(as predicted by Chen et al. 2008; Furukawa et al. 2009).
2009). B) Homology model of feline
APOBEC3H suggests a similar tertiary structure. Substitutions between feline and lion
homologue are shown in cyan (charge
(charge switches) or orange (neutral changes). C) shows
the homology model of feA3H (rainbow; N-terminus
N terminus blue, C-terminus
C
red)
superimposed on huA3G CD2 (grey) rotated to view the catalytic site. The proteins are
predicted to share substantial structural homology
homology around the catalytic site between αhelices 2 and 3. (D) shows that substantial variation between human and feline
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homologues is present within the loop domains. Loop-3, known to make contact with
nucleic acid bases (Bransteitter et al. 2009), is considerably shorter in the feline version
but loop-7, involved in dimerisation in CD1 (Huthoff et al. 2009), is conserved.

Recently, a homology model of a human single domain protein A3C, that is
active against SIVmac but not HIV-1, has been presented (Stauch et al. 2009).
Activity for this protein is dependent on RNA binding which is mediated by a
novel substrate binding pocket and subsequent dimerisation performed by
exposed aromatic residues that permit packaging into SIV∆Vif particles. The
catalytic site is therefore unoccupied by RNA and free to bind ssDNA once
reverse transcription is under way in the target cell. Human A3G also forms
RNA-dependent dimers: CD1 domain residues R24 and R30 interact with RNA
(Huthoff et al. 2009) which subsequently promotes intermolecular interactions
via aromatic residues Y124, F126 and W127 present in CD1 loop-7 region
(Huthoff et al. 2009; Gooch and Cullen 2008). However unlike the single
domain A3C, dimerisation is not necessary for huA3G antiviral function (Opi et
al. 2006).
The mode of activity observed for liA3H suggests that virion incorporation
takes place, given that the restriction observed is post-entry, making RNAdependent dimerisation a likely mechanism for this protein. A comparison with
A3C also shows that of the four residues known to comprise the novel RNAbinding pocket (K22, T92, R122 and N177), two are identical (R122 and T92),
one is conserved (K22R), making it possible that RNA binding for liA3H takes
place at this alternative location. Inspection of the feline sequence also
reveals a patch of aromatic residues in loop-7 including Y122 and W115,
leading to the hypothesis that feline A3H exists as a dimer through interactions
at this surface. A homology model (Figure 6-12) also predicts adjacent W117 at
the crest of α-helix 4 to be exposed and may also contribute to intermolecular
interactions. This loop is absolutely conserved between feline and lion
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homologues. Thus we hypothesise that anti-viral
anti viral function of liA3H is dependent
dep
on an RNA-binding
binding step with subsequent dimerisation that permits packaging
into lentiviral particles.

Figure 6-12 Feline APOBEC3H potential dimerisation and RNA-binding
RNA
domains.
The human single domain
domain protein A3C binds RNA at an arginine-rich
arginine
pocket (Stauch et
al. 2009) that promotes dimerisation via aromatic residues in loop 7 (Bransteitter et al.
2009).. The homology model shows that feA3H bears partial conservation to huA3C at a
potential RNA-binding
binding domain (orange). Furthermore, aromatic residues (Y112, W115,
magenta) are present in loop-7.
loop 7. An additional aromatic residue W117 (red) is exposed
that may also contribute to the interaction. The Zn-coordinating
Zn coordinating residues of the catalytic
domain are shown inn green.

The models presented highlight residues that may be of importance in
contributing to the difference in anti-viral
anti viral activity between the feline and lion
homologues, by remodelling the charges in the ssDNA binding groove, affecting
RNA binding and promoting
promoting assembly of dimers. These features belong
separately to the CD1 and CD2 of human A3G, potentially making felid A3H an
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interesting case as it is predicted to combine these functions in a single domain
protein. Future work should evaluate how A3H impacts on viral infectivity
alone and in concert with A3C – both as the fusion protein and individual
proteins.

6.3 Discussion
Studies of host-retrovirus interactions in primates have suggested that genes
which provide resistance to circulating or endogenous pathogens will be
selected for, and, given time, will confer host resistance to the pathogen. It is
likely that APOBEC proteins have had a part to play in this process. For
example the human endogenous retrovirus, HERV-K, is present in multiple
copies in the human genome as the relic of an infection. Some of these
insertions have occurred comparatively recently, since the divergence with
chimpanzees (Belshaw et al. 2005). The sequences show large numbers of G to
A base substitutions, evidence of APOBEC-mediated antiviral activity (Lee et
al. 2008; Perez-Caballero et al. 2008). Furthermore, a reconstructed consensus
HERV-K is strongly restricted by huA3F, suggesting a causal role of APOBECs in
the demise of this parasite (Lee and Bieniasz 2007). It is therefore of interest
that lions, which are thought to have harboured lentiviruses for many hundreds
of thousands of years, display a very different permissiveness compared to a
fairly recent host, the domestic cat.
It has previously been suggested that a certain amount of host adaptation has
taken place in lion FIV strains that reduces pathogenicity and therefore
prolongs the lifetime of infection[burk] (Carpenter and O'Brien 1995).
However, the findings presented in this study show that both FIV-Fca and FIVPle, which replicates to a high titre in domestic cat cells, are poorly infectious
in lion cells but conversely, these strains are replication-competent in feline
cells. The simplest explanation for the findings is that lion cells actively
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prevent FIV replication, rather that the virus attenuating to preserve the
health of its host. Indeed a lentiviral post-entry restriction (LNP) was described
that prevents post-entry stages of human, feline and simian lentiviral
infections. The factor or factors responsible for LNP remain unidentified.
Experiments to test whether lion A3 proteins could block replication at a postentry stage were performed, but no evidence of a post-entry APOBEC-mediated
block was found (data not shown). However, a post-entry APOBEC block cannot
be ruled out until the ability of lion APOBECs to perform RNA-directed
mutagenesis has been studied. Another potential candidate for LNP is TRIM22,
a protein known to be under positive selection in the Carnivorae, possibly
complementing the absence of TRIM5α (Sawyer et al. 2007). Despite repeated
attempts to clone the TRIM22 gene from cat and lion cDNA, this study was
unable to examine the role of this gene. However, the finding that LNP does
not target the N-terminal domain of capsid makes TRIM22 an unlikely
candidate, since TRIM5α is known to interact with this viral domain.
Furthermore, no effect on LNP was observed by treating cells with arsenic
trioxide, a compound that is known to disrupt TRIM protein activity (Zhu et al.
1997; Campbell et al. 2007; Saenz et al. 2005). An unidentified block to HIV-1
post-entry stages has been described in Mya-1 domestic cat T-cells (Munk et al.
2007). It is possible that the restriction described is performed by the same
factor as LNP, given that both act at the same stage in the lifecycle. This study
used Mya-1 as a permissive cell line relative to lion cells, but in reality both
species may be restrictive with more active variants present in lion cells.
Interestingly, the FIV-Ple B strain was able to replicate in lion cells (albeit at a
lower level than in cat cells), suggesting that FIV-Ple B is able to neutralise or
escape LNP. Given that FIV-Ple B and E share considerable levels of identity
across the genome with the exception of env (Pecon-Slattery et al. 2008a), it is
possible that resistance is somehow provided by this same gene product, for
example by employing divergent entry pathways or actively overcoming
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restriction. This is not without precedence, since HIV-2 uses its Env
glycoprotein to fulfil the role of HIV-1 Vpu in overcoming tetherin restriction
(Bour et al. 1996; Jia et al. 2009). Like the discovery of alternate entry
receptors, the differential permissivity of lion cells to the B and E clade viruses
has implications for the pathology and management of FIV in free-ranging
lions. However, further questions need to be answered before the implications
become clear: for instance, does the differential in vitro permissivity correlate
with in vivo viral titre? And is the differential permissivity specific to the
Angolan lions from which the T-cells in this study were derived or is it
widespread amongst lion populations? Furthermore, despite evidence of Tlymphocyte depletion (Roelke et al. 2009), the tissue tropism of FIV-Ple has not
formally been demonstrated and replication may be more efficient in other
cell populations.
It has been reported that lion populations in the west of southern Africa do not
harbour FIV (Antunes et al. 2008). This is in stark contrast to eastern
populations where seropositivity can approach 100% in adult lions (Ramsauer et
al. 2007; Roelke et al. 2009; Brown et al. 1994). The absence of FIV in western
areas has been explained by the lower population density (Antunes et al.
2008). However, several felid species that exist at low population densities are
known to bear FIV, such as Pallas cats (Barr et al. 1995) and pumas (reviewed
in Poss et al. 2008). With the source of the lion cells used in this study, Angola,
being on the west coast of southern Africa, it is possible that LNP is present in
the localised lion population and has contributed to the absence of FIV west of
the Kalahari. If confirmed, the lion would provide the first extant example of a
host acquiring resistance to its own lentivirus and would be of substantial
interest in the study of host-parasite ecology. On a molecular level, isolating
the factor responsible for LNP is of substantial interest given the broad
specificity of its activity. A potential strategy for its isolation is a cDNA library
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screen: expressing lion cDNA clones in permissive cells and screening for
antiviral activity. The technique is limited as it would not identify the cause if
LNP were a function of two or more proteins or a recessive property, but with
previous restriction phenotypes (rhesus macaque Lv1 and non-permissivity of
CEM cells) the technique has proved successful and lead to the isolation of
TRIM5α and huA3G (Stremlau et al. 2004; Sheehy et al. 2002).
A single domain APOBEC presents problems for the host: RNA-binding and RNAdirected catalytic activity allows virion packaging but risks targeting self RNA
whilst ssDNA-binding and -deamination prevents virion incorporation. Two
strategies to overcome this problem have been described for APOBEC proteins
so far: the possession of an additional RNA-binding pseudocatalytic domain,
such as huA3G CD1 (Huthoff and Malim 2007), or the presence of an additional
RNA binding pocket for single domain proteins, such as huA3C (Stauch et al.
2009). These strategies permit both encapsidation and deaminase activities
without high levels of host mRNA mutation. A previous study of domestic cat
APOBECs found little or no anti-lentiviral activity associated with the single
domain proteins (Munk et al. 2008). Like human A3 proteins, two covalentlyjoined domains in the form of read-through protein A3CH, were found to be
required, presumably with each domain specialising separately in RNA binding
and ssDNA deamination (Munk et al. 2008). Whilst we repeated the finding that
feline single domain A3 proteins are poorly active against FIV, this study
presents the single domain lion APOBEC3H protein capable of potent antiviral
activity. The lion A3H protein is therefore of considerable interest as it
prompts questions as to the mechanism of action for a single domain cytidine
deaminase. Here, we have proposed a model for the activity of A3H which
shares conserved residues with the A3C RNA-binding pocket and a potential
dimerisation domain. Future work should use such structural information to
define which mutations are responsible for rendering the lion and puma A3H
182

Chapter 6. Characterisation of intrinsic immunity in African lion cells

variants more potent against FIV compared to the domestic cat variant and the
mechanism of antiviral activity should be addressed. Although RNA-binding and
dimerisation are the most attractive hypotheses for liA3H activity, other
mechanisms such as the formation of A3C/A3H heterodimers to allow RNA
binding and deaminase activity are also potential in vivo methods of
overcoming the problems associated with single domain proteins. Also possible
is the presence of deaminase-independent activity as has been described for
A3G (Newman et al. 2005; Bishop et al. 2008). This issue could be resolved by
introducing mutations into the catalytic domain of liA3H in order to determine
the

relative

contributions

of

deamination

and

deaminase-independent

restriction.
Human APOBEC3 activity is overcome by HIV-1 Vif protein (Sheehy et al. 2002).
Whilst this study was able to demonstrate some Vif-dependent rescue of viral
infectivity in the context of lion A3C1 restriction, no rescue was observed
against other A3 proteins. It is likely that this inability of Vifs to counteract
APOBECs is due to poor expression or mis-localisation of Vif. The problems are
overcome by codon optimisation to alter the third base in each codon to better
reflect mammalian codon usage. Doing so has been shown to improve mRNA
nuclear export (Nguyen et al. 2004) and restore FIV Vif localisation to the
cytoplasm (Paul et al. 2007). Time constraints prevented the construction of
such codon optimised Vifs but future work will better assess the ability of FIV
strains to overcome APOBEC-mediated restriction.
Although APOBECs are unlikely to be the cause of post-entry LNP in lion cells,
it remains possible that the block to replicating FIV is partially due to A3
proteins. This issue could be addressed by recovering viral sequences from
infected cells in order to quantify the extent of G to A substitutions.
Additionally, it remains possible that the felid APOBECs have alternative or
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additional viral targets: potent restriction of FFV and partial restriction of FeLV
by feline APOBECs has been observed (Munk et al. 2008; Lochelt et al. 2005).
However, FIV is likely to be the principal driver of positive selection in the
lions given the pathogenicity and prevalence of FIV in wild lion populations and
the apparent absence of FeLV, RD114 and FFV in this species (Antunes et al.
2008; Roelke et al. 2009). Furthermore, the very fact that lion APOBECs have
evolved to potently restrict FIV is in itself further evidence that FIV is a major
target of restriction, making lions an ideal species for the study of ongoing
arms race between host and lentivirus and potentially giving a glimpse of the
future for lentiviral infections in other species.
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‘A slow sort of country,’ said the Queen. ‘Now here, you see, it
takes all the running you can do, to keep in the same place. If you
want to get somewhere else, you must run at least twice as fast as
that!’
-

Alice in Wonderland, Lewis Carroll

The words of the Red Queen have been used to describe situations in biology
involving a continuous arms race between conflicting species, where an
advantage for one species is quickly counteracted by a reactionary change in
the other (Van Valen 1973). During retroviral infection, natural selection in the
parasite acts to increase transmission whilst selection in the host acts to
suppress replication. An antagonistic relationship therefore develops that
drives innovation and selection of measures that promote the cause of each
genetic entity. Accordingly, positive selection is apparent in host gene
products that provide resistance to infection providing evidence of ongoing and
historical conflicts. In contrast, the high mutation rate on the part of the
retroviruses obscures the effects of historical conflicts but provides an efficient
means of isolating important functions by examining variable and constant
regions as well as monitoring escape mutants. Despite the ability to rapidly
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evolve resistance to host defences, the vast majority of retroviruses are
extinct, as evidenced by the large number of endogenous retroviral sequences
present in mammalian genomes (8% of human genomic DNA), suggesting that
the host usually wins out in these battles when played out over evolutionary
time.
The lentivirus is a comparatively new type of retrovirus, the oldest mammalian
encounter dated to 7-12 mya (Katzourakis et al. 2007; Gilbert et al. 2009), and
is still spreading through the taxa, arriving in humans within the past 150 years
(Worobey et al. 2008). Few endogenous lentiviruses have been found, which
has lead some commentators to suggest that their tropism precludes entry to
the germline (Stoye 2006). While this may be a contributing factor, it seems
likely that simply not enough time has elapsed for substantial levels of
endogenisation. Our scope for investigation is also limited to the species for
which bioinformatic datasets are available. Two endogenisation events have
been described which occurred in the Leporidae (rabbits and hares) and the
prosimian species grey mouse lemur (Gifford et al. 2008; Katzourakis et al.
2007). However, no replication-competent lentivirus has been isolated from
the entire Lagomorpha order or from any prosimian species, suggesting that
the viruses that gave rise to these endogenous sequences, and their close
relatives, are likely to be extinct. We therefore have an idea of the timescale
required for a species to clear a lentiviral infection: less than 12-7 my in
rabbits and less than 4.3 my in lemurs (Katzourakis et al. 2007; Gifford et al.
2008; Gilbert et al. 2009; van der Loo et al. 2009). The means by which these
hosts cleared there infections is unknown but is likely to have involved multiple
factors acting at diverse stages in the lentiviral lifecycle. The discovery of an
active TRIM5α in rabbits (Schaller et al. 2007) points to the involvement of this
protein but restriction of the endogenous RELIK lentivirus has not to date been
demonstrated.
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In this study we have identified felid species, the domestic cat and African
lion, which represent recent and anciently infected hosts. The presumed age of
infection in the lions, greater than 324,000 years since the genetic coalescence
of modern lions (Antunes et al. 2008) and up to the earliest time of global
dissemination of the virus, 3.6 mya (Troyer et al. 2008; Pecon-Slattery et al.
2008b), puts it within an order of magnitude of the lifetime of previous,
extinct lentiviral infections, making an ideal host in which to examine the
changes in the host brought about by long-term lentiviral infection. The postentry restriction factor TRIM5α was found to be truncated and non-functional
in all felids examined, indicative of a disrupting mutation early in Feliform
evolution. Nonetheless, we found that lion cells potently hindered the
replication of FIV and primate lentiviruses. This is in direct contrast to the
domestic cat, whose cells support FIV replication to a high titre. We found
evidence that the APOBEC3 class of restriction factors is active in the felids,
and in lions potently restricts FIV and found evidence of a post-entry block to a
broad range of viruses.
Lentiviruses, almost by definition, should replicate in the cells of their natural
host, meaning that restriction factors must largely be overcome. What
therefore is the role of restriction factors? It has been proposed that their
primary role is to prevent cross-species transmission by restricting viruses
before they can establish themselves in a novel host (Cullen 2006). Whilst
restriction of viruses undergoing zoonosis undoubtedly takes place, it is
probable that host restriction factors are under selective pressure to target
endemic pathogens, even if they contribute only minimally to control of
infection. Recent evidence implies that even a small decrease in viral titre can
make large differences to pathology. For example, the murine APOBEC3 locus
exerts a minor effect on Friend Virus 3 (FV3) replication in vitro yet appears to
contribute to its clearance by a neutralising antibody response (reviewed in
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Ross 2009; Santiago et al. 2008). As has been noted above, the neutralisation
of human APOBEC3G is not complete, with low levels of packaged restriction
factor and induced mutation observable in clinical HIV-1 isolates (Nowarski et
al. 2008; Zhang et al. 2003), suggesting that even this low level of activity
could aid in the antiviral response. Also in humans, TRIM5α restricts HIV-1 at a
low level (30% reduction; this study, Figure 4-5). Eight non-synonymous TRIM5α
polymorphisms have been identified (Javanbakht et al. 2006b) and one of
these, R136Q, effects a very modest increase in HIV-1 restriction in vitro, yet
contributes strongly to survival in AIDS patients after X4 switching, raising
percent survival at 3 years post switch from 19% to 45% for RQ heterozygotes
and 70% for QQ homozygotes (van Manen et al. 2008). Conversely, mutation
H43Y, which impairs TRIM5α E3-ligase activity (Sawyer et al. 2006) accelerates
disease progression in humans, with 100% progression to AIDS observed in YY
homozygotes within seven years of seroconversion compared to 55% for HH
homozygotes (van Manen et al. 2008). Thus it seems probable that even the
modest restriction provided by TRIM5α against HIV-1 contributes substantially
to limiting the pathology of infection. Furthermore, many of these restriction
factors can be up-regulated by interferon, which contributes further to levels
of restriction (Rajsbaum et al. 2008; Carthagena et al. 2008; Vetter et al.
2009). Thus those restriction factor alleles conferring even minor increases in
restriction are likely to be preferentially inherited and the cumulative effect of
many such restrictions may eventually lead to a non-permissive phenotype. A
by-product of this process is the potent restriction of retroviruses from other
species that share structural features or similar replication strategies, but have
not been in locked-step coevolution, leading to a powerful barrier to crossspecies transmission. These data imply that the many log restrictions that
researchers in the field are accustomed to are probably not the phenotypes on
which natural selection routinely works but effects of using viruses and

188

Chapter 7. Concluding remarks

restriction factors that have not been involved in coevolutionary host-parasite
relationships.
The forces that drove the disruption of TRIM5α in both the Caniformia and
Feliformia are unclear. Red Queen situations are characterised by Darwinian
struggles between competing biological entities but an alternative view of
evolution, termed the ‘Court Jester model,’ recognises that abiotic factors also
influence evolution, speciation and extinction (Benton 2009). Such factors have
no doubt impinged on felid and lentiviral evolution, for example in the
oceanographic events that permitted felid and FIV migration into North
America leading to their subsequent isolation and diversification. Furthermore,
certain attributes of modern felids, such as the low genetic diversity in modern
cheetah populations (Menotti-Raymond and O'Brien 1993) that has led to high
levels of susceptibility to viral infection (e.g. to Feline infectious peritonitis
virus; Heeney et al. 1990) cannot be ascribed to the Red Queen hypothesis
alone. In this instance, it is likely that a combination of climatic changes and
hunting by humans lead to the expunging of genetic diversity during the
extinction of the Pleistocene megafauna ~12,000 years before present
(Menotti-Raymond and O'Brien 1993; Barnosky et al. 2004). Thus changes in
abiotic factors may have had a role to play, for example by genetic isolation of
ancestral feliform and caniform species, in sculpting the genetic constitution
of modern species. From a Red Queen point of view, however, a potential
biotic change that may have lead to the truncation of TRIM5α is a temporary
dearth in retroviral infection. Assessing the validity of such hypotheses is
impossible but is supported by low levels of taxon-specific ERV sequences and
by a paucity of retroviruses in other carnivoran species such as the dog. The
loss of functional TRIM5α appears to have rendered domestic cat cells
exceptionally permissive to infection, with diverse retroviral pseudotypes able
to infect cell lines and replication-competent retroviruses RD114, FIV, FeLV
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and FFV all circulating in this species. This permissiveness is not present in
lions however, and the lack of TRIM5α restriction appears to be compensated
for by an alternative potent post-entry restriction. Along with puma cells, they
can prevent the replication of FIV and display potent APOBEC3 activity. These
findings are in support of the Red Queen hypothesis and suggest that resistance
to infection is developing in these species via a combination of post-entry and
APOBEC3-mediated restriction. Although it is probable that FIV-Ple overcomes
such restrictions to a sufficient degree in order to replicate and be
transmitted, as with murine FV3 and human HIV-1 infection, the restrictive
phenotype is likely to play a considerable part in controlling the course of
infection and pathology. It may be no coincidence, therefore, that conflicting
conclusions about the pathology of FIV infection of African lions have been
drawn over the past fifteen years (Carpenter and O'Brien 1995; Roelke et al.
2009; Roelke et al. 2006; Hofmann-Lehmann et al. 1996). The alternative
receptor tropisms present in lion FIV isolates may also have confounded these
studies as the subtypes are likely to alter in tissue tropism and presumably
cytopathology. Future research should further elucidate the prevalence, causes
and in vivo effects of restriction in lions. Comparisons with other species that
display evidence of historic lentiviral infection such as rabbits and Madagascan
lemurs may expose the processes involved in species-level clearance of
lentiviral infection.
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Appendix 1: Primers
Name

Sequence (5' to 3')

feT5fwd

TGTGTGCCGAATCAGGTACT

feT5rev

TCTTCTGCAGCATGTCCATC

gex8 feT5 f

ATCCCTYTYACAGKGTCACA

gex8 feT5 r

MATGAARAGAAYKTATAGATGAGAAACC
WHERE M=A/C, K=G/T R=G/A AND Y=C/T

huT5stopF

GTTGATGTGACAGTGGCTTGAAACAACATTTCATG

huT5stopR

CATGAAATGTTGTTTCAAGCCACTGTCACATCAAC

Ts12

CCCAGTAATGTTTCCCTGA

Ts16

CATAGTCTAGGAAAACTCCAACACG

Ts2

TGTGGCCACAGCTTCTGCCAAG

Ts3

CATGTGGCCAACATAGTGGAG

wam13c

TCATATTTTCGAATCAGTGTGGAATCACGTGAGC

wam4e2

CAGGGAATTCGCCACCATGGGATTTGTCCTGTCA

feCXCR4 F

GCGAATTCACCATGGACGGGTTTCGTATATAC

feCXCR4 R

CGGTGGATCCGAGGAGTGAAAACTTGAAGA

feCD134 F

CGATCTAGAATGAGGGTGGTTGTGGGGGCT

feCD134 R

ATGGGATCCCGCTGGGGACCCCTGGGGGGCTC

LLV-E 5' Not

ACTGGTCGACACCATGGCAGAAGGAGGAAGAGT

LLV-E 3' Sal

ACAGCGGCCGCTTAGGTATTAGACTCATCAT

LLV-B 5' Sal

ACTGGTCGACACCATGGCGGAAGGAGGAAG

LLV-B 3' Not

ACAGCGGCCGCTCAGACTACTCCTAGAAACT

LLV-E Vif F

ACTGGTCGACACCATGAGTGGTGAAGATATAAGTCAGG

LLV-E Vif R

ACAGCGGCCGCCTAGCCACCTTTCCCTATTAAATATAG

LLV-B Vif R

ACAGCGGCCGCCTACCACATGCTTTCATAGCTAATCTT

LiA3C1 F

ACTGGTCGACACCATGGAGCCCTGGCGCCCCAGCCCAAGAAACCCAATGC

LiA3C1 R

ACAGCGGCCGCTCACCTAAGGATTTCTTGAAGCTCTGCAGCC

LiA3C2 F

ACTGGTCGACACCATGGAGCCCTGGCGCCCCAGCCCAAGAAACCCAATGG

LiA3C2 R

AS LIA3C1-R

LiA3H F

ACTGGTCGACACCATGAATCCACTACAAGAAGACATATTC

LiA3H R

ACAGCGGCCGCTCATTCAAGTTTCAAATTTCTGAAATCATTC

FeA3Ca F

AS LIA3C2-F

FeA3Ca R

AS LIA3C1-R

FeA3H F

ACTGGTCGACACCATGAATCCACTACAGGAAGTCATATTC

FeA3H R

ACAGCGGCCGCTCATTCAAGTTTCAAATTTCTGAAGTCATTC

feCypC69 5'
BamHI
feCypR69 5'
BamHI

CACGGGATCCCGCACTATGTTCTTTGACA
CTCCGGATCCTTAACCATGGTCAACCCCAT

feCypC/R 3' SalI

GCTAGTCGAGTTAGATTTGTTCACAGTC

feCypA R69 5'
Nde
feCypA C69 5'
Nde
feCypA R/C 3'
Mlu
GL8 gag F

AACATATGGTCAACCCCATCGTG

GL8 gag R

GCCCATGGATTATTTGGATCT

GL8 G87A

GGTAATGGTCTAGGTGCATCA

GL8 P90A

GGTAATGCTCTAGGACCATCA

LLVE CA 5'
nde#2
LLVE CA 3'
mlu#2
feT5TaqMan 5'

AACCATATGCCTATACAAGTGGTAAATGGAGTACC

feT5TaqMan 3'

AAGACCCTGCTCCTTTCCAT

feT5 Probe

FAM-CAACGATGGACATGCTGCAGGA-TAMRA

wam13

TCAGTGTGGAATCACGTGAGC

wam4

CTGCTATGGCTTCTGAACTCCTG

G8 CAN5’ Nde

ACCATATGCCTATTCAAACAGTAAATGGA

G8 CANe’ Mlu

TGACGCGTCTAGCTTTTTGCTTTTACCTTC

AACATATGTTCTTTGACATTACCAT
AAACGCGTTTAGATTTGTCCACAGTCA
GCCACCAGGGTGCGCTGCA

TGCACGCGTGCTTTTTGCTTTTACCTTCATCAAA
GCTGTTGACCGACCTCATCT
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Appendix 2: Buffers and solutions
Beads wash buffer: 50 mM Tris, 300 mM NaCl, 1 mM DTT, pH 8.0
CHAPS lysis buffer: 30 mM Tris-Cl, 150 mM NaCl, 1% CHAPS w/v, pH 7.5
EB: 10 mM Tris-Cl, pH 8.5
FW basic buffer: 20 mM HEPES, 50 mM KCl, 10 mM MgCl2, 1 mM DTT, 0.1%
Triton X-100, pH 7.5
FW blocking buffer: 5% nonfat dry milk in far-Western basic buffer
FW wash buffer 1: 0.2% Triton X-100, PBS
FW wash buffer 2: 0.2% Triton X-100, 100 mM KCl, PBS
LB: 10% Bacto-Tryptone w/v, 5% yeast extract w/v, 85 mM NaCl, pH 7.5
PBS: 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 2 mM KH2PO4
SDB: 10 mM HEPES, 4 mM MnCl2, 50 µg/ml dextran sulphate, 1% Triton X-100
v/v, pH 7.6
SDS-PAGE loading buffer: 0.25 M Tris-HCl, 2.5% SDS w/v, 10% glycerol v/v, 1%
β-mercaptoethanol v/v, 0.02% bromophenol blue, pH 6.8
TBE (10x): Tris base 890 mM, Boric acid 890 mM, EDTA 2 mM
TE: 10 mM Tris-HCl, 0.1 mM EDTA, pH 7.6
TY broth: 5% Tryptone-peptone w/v, 3% yeast extract w/v, 10 mM CaCl2
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3:

Carnivoran

TRIM5

exon

8

sequences
The 5’ end of TRIM5 exon 8 was PCR amplified from genomic DNA isolated from
tissue samples described in Table 4.A using primers gex8 feT5 f and gex8 feT5 r.
The first 100 bp of exon 8 are given and the truncating stop codon, where present, is
in bold.

Mya-1 cells, domestic cat, Felis catus domesticus
CTCACGTGATTCCACACTGACCCCAAAATACGACATATTTTGGCATTTCTACGGGATGA
AGACCAGTGAGATATATGTGCTGGTGGAAATCAAATAATGC
Hyena, Crocuta crocuta
CTCACGTGATTTCATACTGACCCCCGGATACAACATATTTTGGCAGTTCTACAGAATGA
AGACAAGTGAGATATGTATGCTGTTGGAAGTCAAATAATGC
Cheetah, Acinonyx jubatus
CTCACGTGATTCCACACTGACCCCAAAATACGACATATTTTGGCATTTCTACGGGACGA
AGACCAGTGAGATATATGTGCTGGTGGAAATCAAATAATG
European wildcat, Felis catus sylvestris
CTCACGTGATTCCACACTGACCCCAAAATACGACATATTTTGGCATTTCTACGGGACGA
AGACCAGTGAGATATATGTGCTGGTGGAAATCAAATAATG
Lion, Panthera leo
CTCACGTGATTCCACACTGACCCCAAAATACGACGTATTTTGGCATTTCTACGGGACGA
AGACCAATGAGAGATATGTGCTGTTGGAAATCATATAATG
Mink Mv1 Lu CCL64 cell line, Mustela lutreola
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CTCACATGACTCCAAATCATCTCCAAAATACAACATATACTCCCCGTTTCTACAGATAAA
AGAGAAATGAGATGTATGCGCTGTTGGAAACCGAATAATG
Fossa, Cryptoprocta ferox
CTCACGTGATTTCATGCTGACCCCCAAATACAACATATTTTGGCAATTCTACAGAATGA
AGACAAGTGTGATATGTATGCTGTTGGAAGTCAAATAATGC
Dog, Canis lupus domesticus
CTCATATGACTCCAGATAATGCCAAAAATAACAACATATGCTATTTCTACAGATCAAAGA
CAAATGAGATATGTGTTTCATTGGAAACTAGATAATGCAT
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Appendix 4: Phylogeny of the Carnivora

Schematic Carnivora phylogeny, based on (Johnson et al. 2006) and (Bininda-Emonds et
al. 1999). Progenitor miacids diverged into Caniformia and Feliformia in the Eocene.
The late Miocene radiation has given rise to the modern Felidae genera, including
Panthera and Felis.

196

Publications arising from this work
McEwan, W. A., McMonagle, E. L., Logan, N., Serra, R. C., Kat, P.,
VandeWoude, S., Hosie, M. J., & Willett, B. J. 2008, "Genetically divergent
strains of feline immunodeficiency virus from the domestic cat (Felis catus)
and the African lion (Panthera leo) share usage of CD134 and CXCR4 as entry
receptors", The Journal of Virology, vol. 82, no. 21, pp. 10953-10958.
McEwan, W. A., Schaller, T., Ylinen, L. M., Hosie, M. J., Towers, G. J., &
Willett, B. J. 2009, "Truncation of TRIM5 in the Feliformia explains the absence
of retroviral restriction in cells of the domestic cat", The Journal of Virology,
vol. 83, no. 16, pp. 8270-8275.

197

List of References
1. Aasa-Chapman, M. M., Aubin, K., Williams, I., & McKnight, A. 2006,
"Primary CCR5 only using HIV-1 isolates does not accurately represent
the in vivo replicating quasi-species", Virology, vol. 351, no. 2, pp. 489496.
2. 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", The Journal of Virology,
vol. 70, no. 6, pp. 3536-3544.
3. Ackley, C. D., Yamamoto, J. K., Levy, N., Pedersen, N. C., & Cooper, M.
D. 1990, "Immunologic abnormalities in pathogen-free cats
experimentally infected with feline immunodeficiency virus.", J.Virol.,
vol. 64, pp. 5652-5655.
4. Agy, M. B., Frumkin, L. R., Corey, L., Coombs, R. W., Wolinsky, S. M.,
Koehler, J., Morton, W. R., & Katze, M. G. 1992, "Infection of Macaca
nemestrina by human immunodeficiency virus type-1", Science, vol. 257,
no. 5066, pp. 103-106.
5. Altschul, S. F., Gish, W., Miller, W., Myers, E. W., & Lipman, D. J. 1990,
"Basic local alignment search tool", J.Mol.Biol., vol. 215, no. 3, pp. 403410.
6. Anderson, J. L., Campbell, E. M., Wu, X., Vandegraaff, N., Engelman,
A., & Hope, T. J. 2006, "Proteasome inhibition reveals that a functional
preintegration complex intermediate can be generated during restriction
by diverse TRIM5 proteins", The Journal of Virology, vol. 80, no. 19, pp.
9754-9760.
7. Antunes, A., Troyer, J. L., Roelke, M. E., Pecon-Slattery, J., Packer, C.,
Winterbach, C., Winterbach, H., Hemson, G., Frank, L., Stander, P.,
Siefert, L., Driciru, M., Funston, P. J., Alexander, K. A., Prager, K. C.,
Mills, G., Wildt, D., Bush, M., O'Brien, S. J., & Johnson, W. E. 2008, "The
evolutionary dynamics of the lion Panthera leo revealed by host and
viral population genomics", PLoS.Genet., vol. 4, no. 11, p. e1000251.
8. Arhel, N., Genovesio, A., Kim, K. A., Miko, S., Perret, E., Olivo-Marin, J.
C., Shorte, S., & Charneau, P. 2006, "Quantitative four-dimensional
tracking of cytoplasmic and nuclear HIV-1 complexes", Nat.Methods, vol.
3, no. 10, pp. 817-824.
9. Baltimore, D. 1971, "Expression of animal virus genomes",
Bacteriol.Rev., vol. 35, no. 3, pp. 235-241.
10. Barnosky, A. D., Koch, P. L., Feranec, R. S., Wing, S. L., & Shabel, A. B.
2004, "Assessing the causes of late Pleistocene extinctions on the
continents", Science, vol. 306, no. 5693, pp. 70-75.
198

11. Barr, M. C., Zou, L., Holzschu, D. L., Phillips, L., Scott, F. W., Casey, J.
W., & Avery, R. J. 1995, "Isolation of a highly cytopathic lentivirus from
a nondomestic cat", The Journal of Virology, vol. 69, no. 11, pp. 73717374.
12. Barre-Sinoussi, F., Chermann, J. C., Rey, F., Nugeyre, M. T., Chamaret,
S., Gruest, J., Dauguet, C., Axler-Blin, C., Vezinet-Brun, F., Rouzioux,
C., Rozenbaum, W., & Montagnier, L. 1983, "Isolation of a Tlymphotropic retrovirus from a patient at risk for acquired immune
deficiency syndrome (AIDS)", Science, vol. 220, no. 4599, pp. 868-871.
13. Baum, P. R., Gayle, R. B., III, Ramsdell, F., Srinivasan, S., Sorensen, R.
A., Watson, M. L., Seldin, M. F., Baker, E., Sutherland, G. R., Clifford,
K. N., & . 1994, "Molecular characterization of murine and human
OX40/OX40 ligand systems: identification of a human OX40 ligand as the
HTLV-1-regulated protein gp34", EMBO J., vol. 13, no. 17, pp. 39924001.
14. Belshaw, R., Dawson, A. L., Woolven-Allen, J., Redding, J., Burt, A., &
Tristem, M. 2005, "Genomewide screening reveals high levels of
insertional polymorphism in the human endogenous retrovirus family
HERV-K(HML2): implications for present-day activity", The Journal of
Virology, vol. 79, no. 19, pp. 12507-12514.
15. Benton, M. J. 2009, "The Red Queen and the Court Jester: species
diversity and the role of biotic and abiotic factors through time",
Science, vol. 323, no. 5915, pp. 728-732.
16. Berthoux, L., Towers, G. J., Gurer, C., Salomoni, P., Pandolfi, P. P., &
Luban, J. 2003, "As(2)O(3) enhances retroviral reverse transcription and
counteracts Ref1 antiviral activity", The Journal of Virology, vol. 77, no.
5, pp. 3167-3180.
17. Berthoux, L., Sebastian, S., Sokolskaja, E., & Luban, J. 2005,
"Cyclophilin A is required for TRIM5{alpha}-mediated resistance to HIV-1
in Old World monkey cells", Proceedings of the National Academy of
Sciences, vol. 102, no. 41, pp. 14849-14853.
18. Berube, J., Bouchard, A., & Berthoux, L. 2007, "Both TRIM5alpha and
TRIMCyp have only weak antiviral activity in canine D17 cells",
Retrovirology, vol. 4, no. 1, p. 68.
19. Besnier, C., Takeuchi, Y., & Towers, G. 2002, "Restriction of lentivirus in
monkeys", Proceedings of the National Academy of Sciences, vol. 99, no.
18, pp. 11920-11925.
20. Best, S., LeTissier, P., Towers, G., & Stoye, J. P. 1996, "Positional
cloning of the mouse retrovirus restriction gene Fv1", Nature, vol. 382,
no. 6594, pp. 826-829.
21. Bieniasz, P. D. 2004, "Intrinsic immunity: a front-line defense against
viral attack", Nat Immunol, vol. 5, no. 11, pp. 1109-1115.
199

22. Bininda-Emonds, O. R., Gittleman, J. L., & Purvis, A. 1999, "Building
large trees by combining phylogenetic information: a complete
phylogeny of the extant Carnivora (Mammalia)",
Biol.Rev.Camb.Philos.Soc., vol. 74, no. 2, pp. 143-175.
23. Bishop, K. N., Bock, M., Towers, G., & Stoye, J. P. 2001, "Identification
of the regions of Fv1 necessary for murine leukemia virus restriction",
Journal of Virology, vol. 75, no. 11, pp. 5182-5188.
24. Bishop, K. N., Holmes, R. K., Sheehy, A. M., Davidson, N. O., Cho, S. J.,
& Malim, M. H. 2004a, "Cytidine deamination of retroviral DNA by
diverse APOBEC proteins", Curr.Biol., vol. 14, no. 15, pp. 1392-1396.
25. Bishop, K. N., Holmes, R. K., Sheehy, A. M., & Malim, M. H. 2004b,
"APOBEC-mediated editing of viral RNA", Science, vol. 305, no. 5684, p.
645.
26. Bishop, K. N., Verma, M., Kim, E. Y., Wolinsky, S. M., & Malim, M. H.
2008, "APOBEC3G inhibits elongation of HIV-1 reverse transcripts",
PLoS.Pathog., vol. 4, no. 12, p. e1000231.
27. Bock, M., Bishop, K. N., Towers, G., & Stoye, J. P. 2000, "Use of a
transient assay for studying the genetic determinants of Fv1 restriction",
The Journal of Virology, vol. 74, no. 16, pp. 7422-7430.
28. Bodmer, J. L., Schneider, P., & Tschopp, J. 2002, "The molecular
architecture of the TNF superfamily", Trends Biochem.Sci., vol. 27, no.
1, pp. 19-26.
29. Bogerd, H. P., Doehle, B. P., Wiegand, H. L., & Cullen, B. R. 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, vol. 101, no. 11, pp. 3770-3774.
30. Bogerd, H. P., Wiegand, H. L., Doehle, B. P., & Cullen, B. R. 2007, "The
intrinsic antiretroviral factor APOBEC3B contains two enzymatically
active cytidine deaminase domains", Virology, vol. 364, no. 2, pp. 486493.
31. Bosco, D. A., Eisenmesser, E. Z., Pochapsky, S., Sundquist, W. I., &
Kern, D. 2002, "Catalysis of cis/trans isomerization in native HIV-1
capsid by human cyclophilin A", Proc.Natl Acad Sci U.S.A, vol. 99, no. 8,
pp. 5247-5252.
32. Bour, S., Schubert, U., Peden, K., & Strebel, K. 1996, "The envelope
glycoprotein of human immunodeficiency virus type 2 enhances viral
particle release: a Vpu-like factor?", The Journal of Virology, vol. 70,
no. 2, pp. 820-829.
33. Braaten, D., Franke, E. K., & Luban, J. 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

200

HIV-1 or other primate immunodeficiency viruses", The Journal of
Virology, vol. 70, no. 7, pp. 4220-4227.
34. Bransteitter, R., Prochnow, C., & Chen, X. S. 2009, "The current
structural and functional understanding of APOBEC deaminases", Cell
Mol.Life Sci., vol. 66, pp. 3137-3149.
35. Brass, A. L., Dykxhoorn, D. M., Benita, Y., Yan, N., Engelman, A.,
Xavier, R. J., Lieberman, J., & Elledge, S. J. 2008, "Identification of
host proteins required for HIV infection through a functional genomic
screen", Science, vol. 319, no. 5865, pp. 921-926.
36. Brennan, G., Kozyrev, Y., Kodama, T., & Hu, S. L. 2007, "Novel TRIM5
Isoforms Expressed by Macaca nemestrina", The Journal of Virology, vol.
81, no. 22, pp. 12210-12217.
37. Brown, E. W., Yuhki, N., Packer, C., & O'Brien, S. J. 1994, "A lion
lentivirus related to feline immunodeficiency virus: epidemiologic and
phylogenetic aspects", The Journal of Virology, vol. 68, no. 9, pp. 59535968.
38. Bull, M. E., Kennedy-Stoskopf, S., Levine, J. F., Loomis, M., Gebhard, D.
G., & Tompkins, W. A. 2003, "Evaluation of T lymphocytes in captive
african lions (Panthera leo) infected with feline immunodeficiency
virus", Am.J.Vet.Res., vol. 64, no. 10, pp. 1293-1300.
39. Bushman, F. D., Malani, N., Fernandes, J., D'Orso, I., Cagney, G.,
Diamond, T. L., Zhou, H., Hazuda, D. J., Espeseth, A. S., Konig, R.,
Bandyopadhyay, S., Ideker, T., Goff, S. P., Krogan, N. J., Frankel, A. D.,
Young, J. A., & Chanda, S. K. 2009, "Host cell factors in HIV replication:
meta-analysis of genome-wide studies", PLoS.Pathog., vol. 5, no. 5, p.
e1000437.
40. Callanan, J. J., Jones, B. A., Irvine, J., Willett, B. J., McCandlish, I. A.
P., & Jarrett, O. 1996, "Histological classification and immunophenotype
of lymphosarcomas in cats with naturally and experimentally acquired
feline immunodeficiency virus infections.", Vet.Pathol., vol. 33, pp. 264272.
41. Callanan, J. J., Thompson, H., Toth, S. R., O'Neil, B., Lawrence, C. E.,
Willett, B. J., & Jarrett, O. 1992, "Clinical and pathological findings in
feline immunodeficiency virus experimental infection.",
Vet.Immunol.Immunopathol., vol. 35, pp. 3-13.
42. Campbell, E. M., Dodding, M. P., Yap, M. W., Wu, X., Gallois-Montbrun,
S., Malim, M. H., Stoye, J. P., & Hope, T. J. 2007, "TRIM5 alpha
cytoplasmic bodies are highly dynamic structures", Mol.Biol.Cell, vol.
18, no. 6, pp. 2102-2111.
43. Campbell, E. M., Perez, O., Anderson, J. L., & Hope, T. J. 2008,
"Visualization of a proteasome-independent intermediate during
restriction of HIV-1 by rhesus TRIM5alpha", J.Cell Biol., vol. 180, no. 3,
pp. 549-561.
201

44. Carpenter, M. A., Brown, E. W., Culver, M., Johnson, W. E., PeconSlattery, J., Brousset, D., & O'Brien, S. J. 1996, "Genetic and
phylogenetic divergence of feline immunodeficiency virus in the puma
(Puma concolor)", The Journal of Virology, vol. 70, no. 10, pp. 66826693.
45. Carpenter, M. A., Brown, E. W., MacDonald, D. W., & O'Brien, S. J.
1998, "Phylogeographic patterns of feline immunodeficiency virus
genetic diversity in the domestic cat", Virology, vol. 251, no. 2, pp. 234243.
46. Carpenter, M. A. & O'Brien, S. J. 1995, "Coadaptation and
immunodeficiency virus: lessons from the Felidae", Current Opinion in
Genetics & Development, vol. 5, no. 6, pp. 739-745.
47. Carthagena, L., Parise, M. C., Ringeard, M., Chelbi-Alix, M. K., Hazan,
U., & Nisole, S. 2008, "Implication of TRIM alpha and TRIMCyp in
interferon-induced anti-retroviral restriction activities", Retrovirology.,
vol. 5, p. 59.
48. Chatterji, U., Bobardt, M. D., Stanfield, R., Ptak, R. G., Pallansch, L. A.,
Ward, P. A., Jones, M. J., Stoddart, C. A., Scalfaro, P., Dumont, J. M.,
Besseghir, K., Rosenwirth, B., & Gallay, P. A. 2005, "Naturally occurring
capsid substitutions render HIV-1 cyclophilin A independent in human
cells and TRIM-cyclophilin-resistant in Owl monkey cells", Journal of
Biological Chemistry, vol. 280, no. 48, pp. 40293-40300.
49. Chatterji, U., Grant, C. K., & Elder, J. H. 2000, "Feline
immunodeficiency virus Vif localizes to the nucleus", The Journal of
Virology, vol. 74, no. 6, pp. 2533-2540.
50. Chavda, S. C., Griffin, P., Han-Liu, Z., Keys, B., Vekony, M. A., & Cann,
A. J. 1994, "Molecular determinants of the V3 loop of human
immunodeficiency virus type 1 glycoprotein gp120 responsible for
controlling cell tropism", J.Gen.Virol., vol. 75 ( Pt 11), pp. 3249-3253.
51. Chelico, L., Pham, P., Calabrese, P., & Goodman, M. F. 2006,
"APOBEC3G DNA deaminase acts processively 3' --> 5' on single-stranded
DNA", Nat.Struct.Mol.Biol., vol. 13, no. 5, pp. 392-399.
52. Chen, K. M., Harjes, E., Gross, P. J., Fahmy, A., Lu, Y., Shindo, K.,
Harris, R. S., & Matsuo, H. 2008, "Structure of the DNA deaminase
domain of the HIV-1 restriction factor APOBEC3G", Nature, vol. 452, no.
7183, pp. 116-119.
53. Chen, Z., Gettie, A., Ho, D. D., & Marx, P. A. 1998, "Primary SIVsm
isolates use the CCR5 coreceptor from sooty mangabeys naturally
infected in west Africa: a comparison of coreceptor usage of primary
SIVsm, HIV-2, and SIVmac", Virology, vol. 246, no. 1, pp. 113-124.
54. Cheney, C. M., Rojko, J. L., Kociba, G. J., Wellman, M. L., Di Bartola, S.
P., Rezanka, L. J., Forman, L., & Mathes, L. E. 1990, "A feline large
202

granular lymphoma and its derived cell line", In Vitro Cell Dev.Biol., vol.
26, no. 5, pp. 455-463.
55. Clardy, J. 1995, "The chemistry of signal transduction",
Proc.Natl.Acad.Sci.U.S.A, vol. 92, no. 1, pp. 56-61.
56. Collman, R., Hassan, N. F., Walker, R., Godfrey, B., Cutilli, J., Hastings,
J. C., Friedman, H., Douglas, S. D., & Nathanson, N. 1989, "Infection of
monocyte-derived macrophages with human immunodeficiency virus
type 1 (HIV-1). Monocyte-tropic and lymphocyte-tropic strains of HIV-1
show distinctive patterns of replication in a panel of cell types", The
Journal of Experimental Medicine, vol. 170, no. 4, pp. 1149-1163.
57. Compaan, D. M. & Hymowitz, S. G. 2006, "The crystal structure of the
costimulatory OX40-OX40L complex", Structure., vol. 14, no. 8, pp.
1321-1330.
58. Connor, R. I., Chen, B. K., Choe, S., & Landau, N. R. 1995, "Vpr is
required for efficient replication of human immunodeficiency virus type1 in mononuclear phagocytes", Virology, vol. 206, no. 2, pp. 935-944.
59. Connor, R. I., Sheridan, K. E., Ceradini, D., Choe, S., & Landau, N. R.
1997, "Change in coreceptor use correlates with disease progression in
HIV-1--infected individuals", The Journal of Experimental Medicine, vol.
185, no. 4, pp. 621-628.
60. Conticello, S. G., Harris, R. S., & Neuberger, M. S. 2003, "The Vif protein
of HIV triggers degradation of the human antiretroviral DNA deaminase
APOBEC3G", Curr.Biol., vol. 13, no. 22, pp. 2009-2013.
61. Cowan, S., Hatziioannou, T., Cunningham, T., Muesing, M. A.,
Gottlinger, H. G., & Bieniasz, P. D. 2002, "From the Cover: Cellular
inhibitors with Fv1-like activity restrict human and simian
immunodeficiency virus tropism", Proceedings of the National Academy
of Sciences, vol. 99, no. 18, pp. 11914-11919.
62. Crandell, R. A., Fabricant, C. G., & Nelson-Rees, W. A. 1973,
"Development, characterization, and viral susceptibility of a feline (Felis
catus) renal cell line (CRFK)", In Vitro, vol. 9, no. 3, pp. 176-185.
63. Croft, M., So, T., Duan, W., & Soroosh, P. 2009, "The significance of
OX40 and OX40L to T-cell biology and immune disease", Immunol.Rev.,
vol. 229, no. 1, pp. 173-191.
64. Crowley, P. B. & Golovin, A. 2005, "Cation-pi interactions in proteinprotein interfaces", Proteins, vol. 59, no. 2, pp. 231-239.
65. Cullen, B. R. 2006, "Role and mechanism of action of the APOBEC3
family of antiretroviral resistance factors", The Journal of Virology, vol.
80, no. 3, pp. 1067-1076.
66. Damond, F., Worobey, M., Campa, P., Farfara, I., Colin, G., Matheron,
S., Brun-Vezinet, F., Robertson, D. L., & Simon, F. 2004, "Identification
203

of a highly divergent HIV type 2 and proposal for a change in HIV type 2
classification", AIDS Research and Human Retroviruses, vol. 20, no. 6,
pp. 666-672.
67. Dang, Y., Wang, X., Esselman, W. J., & Zheng, Y. H. 2006,
"Identification of APOBEC3DE as another antiretroviral factor from the
human APOBEC family", The Journal of Virology, vol. 80, no. 21, pp.
10522-10533.
68. de Parseval, A., Chatterji, U., Sun, P., & Elder, J. H. 2004, "Feline
immunodeficiency virus targets activated CD4+ T cells by using CD134 as
a binding receptor", Proc.Natl.Acad.Sci.U.S.A, vol. 101, no. 35, pp.
13044-13049.
69. de Parseval, A., Chatterji, U., Morris, G., Sun, P., Olson, A. J., & Elder,
J. H. 2005, "Structural mapping of CD134 residues critical for interaction
with feline immunodeficiency virus", Nat Struct Mol Biol, vol. 12, no. 1,
pp. 60-66.
70. Dean, M., Carrington, M., Winkler, C., Huttley, G. A., Smith, M. W.,
Allikmets, R., Goedert, J. J., Buchbinder, S. P., Vittinghoff, E.,
Gomperts, E., Donfield, S., Vlahov, D., Kaslow, R., Saah, A., Rinaldo, C.,
Detels, R., & O'Brien, S. J. 1996, "Genetic restriction of HIV-1 infection
and progression to AIDS by a deletion allele of the CKR5 structural gene.
Hemophilia Growth and Development Study, Multicenter AIDS Cohort
Study, Multicenter Hemophilia Cohort Study, San Francisco City Cohort,
ALIVE Study", Science, vol. 273, no. 5283, pp. 1856-1862.
71. Delon, J. & Germain, R. N. 2000, "Information transfer at the
immunological synapse", Curr.Biol., vol. 10, no. 24, p. R923-R933.
72. Di Noia, J. M., Williams, G. T., Chan, D. T., Buerstedde, J. M., Baldwin,
G. S., & Neuberger, M. S. 2007, "Dependence of antibody gene
diversification on uracil excision", The Journal of Experimental
Medicine, vol. 204, no. 13, pp. 3209-3219.
73. Diaz-Griffero, F., Kar, A., Perron, M., Xiang, S. H., Javanbakht, H., Li,
X., & Sodroski, J. 2007, "Modulation of retroviral restriction and
proteasome inhibitor-resistant turnover by changes in the TRIM5alpha Bbox 2 domain", The Journal of Virology, vol. 81, no. 19, pp. 1036210378.
74. Diaz-Griffero, F., Li, X., Javanbakht, H., Song, B., Welikala, S.,
Stremlau, M., & Sodroski, J. 2006a, "Rapid turnover and
polyubiquitylation of the retroviral restriction factor TRIM5", Virology,
vol. 349, no. 2, pp. 300-315.
75. Diaz-Griffero, F., Vandegraaff, N., Li, Y., McGee-Estrada, K., Stremlau,
M., Welikala, S., Si, Z., Engelman, A., & Sodroski, J. 2006b,
"Requirements for capsid-binding and an effector function in TRIMCypmediated restriction of HIV-1", Virology, vol. 351, no. 2, pp. 404-419.

204

76. Diehl, L. J., Mathiason-DuBard, C. K., O'Neil, L. L., & Hoover, E. A.
1995, "Longitudinal assessment of feline immunodeficiency virus kinetics
in plasma by use of a quantitative competitive reverse transcriptase
PCR", The Journal of Virology, vol. 69, no. 4, pp. 2328-2332.
77. Diehl, W. E., Stansell, E., Kaiser, S. M., Emerman, M., & Hunter, E.
2008, "Identification of postentry restrictions to Mason-Pfizer monkey
virus infection in New World monkey cells", The Journal of Virology, vol.
82, no. 22, pp. 11140-11151.
78. Dolinski, K., Muir, S., Cardenas, M., & Heitman, J. 1997, "All cyclophilins
and FK506 binding proteins are, individually and collectively,
dispensable for viability in Saccharomyces cerevisiae",
Proc.Natl.Acad.Sci.U.S.A, vol. 94, no. 24, pp. 13093-13098.
79. Donzella, G. A., Schols, D., Lin, S. W., Este, J. A., Nagashima, K. A.,
Maddon, P. J., Allaway, G. P., Sakmar, T. P., Henson, G., De Clercq, E.,
& Moore, J. P. 1998, "AMD3100, a small molecule inhibitor of HIV-1 entry
via the CXCR4 co-receptor", Nat.Med., vol. 4, no. 1, pp. 72-77.
80. Dragic, T., Litwin, V., Allaway, G. P., Martin, S. R., Huang, Y.,
Nagashima, K. A., Cayanan, C., Maddon, P. J., Koup, R. A., Moore, J. P.,
& Paxton, W. A. 1996, "HIV-1 entry into CD4 sup + cells is mediated by
the chemokine receptor CC-CKR-5. [Article]", Nature, vol. 381, no. 6584,
pp. 667-673.
81. Driscoll, C. A., Menotti-Raymond, M., Roca, A. L., Hupe, K., Johnson, W.
E., Geffen, E., Harley, E. H., Delibes, M., Pontier, D., Kitchener, A. C.,
Yamaguchi, N., O'Brien, S. J., & MacDonald, D. W. 2007, "The Near
Eastern origin of cat domestication", Science, vol. 317, no. 5837, pp.
519-523.
82. Duina, A. A., Chang, H. C., Marsh, J. A., Lindquist, S., & Gaber, R. F.
1996, "A cyclophilin function in Hsp90-dependent signal transduction",
Science, vol. 274, no. 5293, pp. 1713-1715.
83. Edinger, A. L., Amedee, A., Miller, K., Doranz, B. J., Endres, M.,
Sharron, M., Samson, M., Lu, Z. H., Clements, J. E., Murphey-Corb, M.,
Peiper, S. C., Parmentier, M., Broder, C. C., & Doms, R. W. 1997,
"Differential utilization of CCR5 by macrophage and T cell tropic simian
immunodeficiency virus strains", Proc.Natl.Acad.Sci.U.S.A, vol. 94, no.
8, pp. 4005-4010.
84. Egberink, H. F., De Clercq, E., Van Vliet, A. L. W., Balzarini, J., Bridger,
G. J., Henson, G., Horzinek, M. C., & Schols, D. 1999, "Bicyclams,
Selective Antagonists of the Human Chemokine Receptor CXCR4,
Potently Inhibit Feline Immunodeficiency Virus Replication", The Journal
of Virology, vol. 73, no. 8, pp. 6346-6352.
85. Einarson, M. B., Pugacheva, E. N., & Orlinick, J. R. 2007, "Far Western:
Probing Membranes", Cold Spring Harbor Protocols, vol. 2007, no. 16, p.
db.
205

86. Eswar, N., Webb, B., Marti-Renom, M. A., Madhusudhan, M. S., Eramian,
D., Shen, M. Y., Pieper, U., & Sali, A. 2007, "Comparative protein
structure modeling using MODELLER", Curr.Protoc.Protein Sci., vol.
Chapter 2, p. Unit.
87. Fassati, A. & Goff, S. P. 2001, "Characterization of intracellular reverse
transcription complexes of human immunodeficiency virus type 1", The
Journal of Virology, vol. 75, no. 8, pp. 3626-3635.
88. Feng, Y., Broder, C. C., Kennedy, P. E., & Berger, E. A. 1996, "HIV-1
entry cofactor: functional cDNA cloning of a seven-transmembrane, G
protein-coupled receptor", Science, vol. 272, no. 5263, pp. 872-877.
89. Fenyo, E. M., Morfeldt-Manson, L., Chiodi, F., Lind, B., von Gegerfelt,
A., Albert, J., Olausson, E., & Asjo, B. 1988, "Distinct replicative and
cytopathic characteristics of human immunodeficiency virus isolates",
The Journal of Virology, vol. 62, no. 11, pp. 4414-4419.
90. Fischer, G., Tradler, T., & Zarnt, T. 1998, "The mode of action of
peptidyl prolyl cis/trans isomerases in vivo: binding vs. catalysis", FEBS
Lett., vol. 426, no. 1, pp. 17-20.
91. Fitzgibbon, J. E., Mazar, S., & Dubin, D. T. 1993, "A new type of G-->A
hypermutation affecting human immunodeficiency virus", AIDS
Res.Hum.Retroviruses, vol. 9, no. 9, pp. 833-838.
92. Forshey, B. M., von Schwedler, U., Sundquist, W. I., & Aiken, C. 2002,
"Formation of a Human Immunodeficiency Virus Type 1 Core of Optimal
Stability Is Crucial for Viral Replication", The Journal of Virology, vol.
76, no. 11, pp. 5667-5677.
93. Franke, E. K., Yuan, H. E., & Luban, J. 1994, "Specific incorporation of
cyclophilin A into HIV-1 virions", Nature, vol. 372, no. 6504, pp. 359362.
94. Franklin, S. P., Troyer, J. L., Terwee, J. A., Lyren, L. M., Boyce, W. M.,
Riley, S. P., Roelke, M. E., Crooks, K. R., & VandeWoude, S. 2007,
"Frequent transmission of immunodeficiency viruses among bobcats and
pumas", The Journal of Virology, vol. 81, no. 20, pp. 10961-10969.
95. Frohman, M. A., Dush, M. K., & Martin, G. R. 1988, "Rapid production of
full-length cDNAs from rare transcripts: amplification using a single
gene-specific oligonucleotide primer", Proc.Natl.Acad.Sci.U.S.A, vol. 85,
no. 23, pp. 8998-9002.
96. Fu, W., Sanders-Beer, B. E., Katz, K. S., Maglott, D. R., Pruitt, K. D., &
Ptak, R. G. 2009, "Human immunodeficiency virus type 1, human protein
interaction database at NCBI", Nucleic Acids Res., vol. 37, no. Database
issue, p. D417-D422.
97. Furukawa, A., Nagata, T., Matsugami, A., Habu, Y., Sugiyama, R.,
Hayashi, F., Kobayashi, N., Yokoyama, S., Takaku, H., & Katahira, M.

206

2009, "Structure, interaction and real-time monitoring of the enzymatic
reaction of wild-type APOBEC3G", EMBO J., vol. 28, no. 4, pp. 440-451.
98. Gabuzda, D. H., Lawrence, K., Langhoff, E., Terwilliger, E., Dorfman,
T., Haseltine, W. A., & Sodroski, J. 1992, "Role of vif in replication of
human immunodeficiency virus type 1 in CD4+ T lymphocytes", The
Journal of Virology, vol. 66, no. 11, pp. 6489-6495.
99. Gallo, R. C. 2006, "A reflection on HIV/AIDS research after 25 years",
Retrovirology., vol. 3, p. 72.
100. Gallo, R. C., Salahuddin, S. Z., Popovic, M., Shearer, G. M., Kaplan, M.,
Haynes, B. F., Palker, T. J., Redfield, R., Oleske, J., Safai, B., & . 1984,
"Frequent detection and isolation of cytopathic retroviruses (HTLV-III)
from patients with AIDS and at risk for AIDS", Science, vol. 224, no.
4648, pp. 500-503.
101. Gallo, S. A., Puri, A., & Blumenthal, R. 2001, "HIV-1 gp41 six-helix
bundle formation occurs rapidly after the engagement of gp120 by
CXCR4 in the HIV-1 Env-mediated fusion process", Biochemistry, vol. 40,
no. 41, pp. 12231-12236.
102. Gamble, T. R., Vajdos, F. F., Yoo, S. H., Worthylake, D. K., Houseweart,
M., Sundquist, W. I., & Hill, C. P. 1996, "Crystal structure of human
cyclophilin A bound to the amino-terminal domain of HIV-1 capsid", Cell,
vol. 87, no. 7, pp. 1285-1294.
103. Gao, F., Bailes, E., Robertson, D. L., Chen, Y., Rodenburg, C. M.,
Michael, S. F., Cummins, L. B., Arthur, L. O., Peeters, M., Shaw, G. M.,
Sharp, P. M., & Hahn, B. H. 1999, "Origin of HIV-1 in the chimpanzee Pan
troglodytes troglodytes", Nature, vol. 397, no. 6718, pp. 436-441.
104. Gaubert, P. & Cordeiro-Estrela, P. 2006, "Phylogenetic systematics and
tempo of evolution of the Viverrinae (Mammalia, Carnivora, Viverridae)
within feliformians: implications for faunal exchanges between Asia and
Africa", Mol.Phylogenet.Evol., vol. 41, no. 2, pp. 266-278.
105. Gemeniano, M. C., Sawai, E. T., Leutenegger, C. M., & Sparger, E. E.
2003, "Feline immunodeficiency virus ORF-Ais required for virus particle
formation and virus infectivity", The Journal of Virology, vol. 77, no. 16,
pp. 8819-8830.
106. Gifford, R. J., Katzourakis, A., Tristem, M., Pybus, O. G., Winters, M., &
Shafer, R. W. 2008, "A transitional endogenous lentivirus from the
genome of a basal primate and implications for lentivirus evolution",
Proc.Natl.Acad.Sci.U.S.A, vol. 105, no. 51, pp. 20362-20367.
107. Gilbert, C., Maxfield, D. G., Goodman, S. M., & Feschotte, C. 2009,
"Parallel germline infiltration of a lentivirus in two Malagasy lemurs",
PLoS.Genet., vol. 5, no. 3, p. e1000425.

207

108. Gitti, R. K., Lee, B. M., Walker, J., Summers, M. F., Yoo, S., &
Sundquist, W. I. 1996, "Structure of the amino-terminal core domain of
the HIV-1 capsid protein", Science, vol. 273, no. 5272, pp. 231-235.
109. Goncalves, J., Jallepalli, P., & Gabuzda, D. H. 1994, "Subcellular
localization of the Vif protein of human immunodeficiency virus type 1",
The Journal of Virology, vol. 68, no. 2, pp. 704-712.
110. Gooch, B. D. & Cullen, B. R. 2008, "Functional domain organization of
human APOBEC3G", Virology, vol. 379, no. 1, pp. 118-124.
111. Gothel, S. F. & Marahiel, M. A. 1999, "Peptidyl-prolyl cis-trans
isomerases, a superfamily of ubiquitous folding catalysts", Cell Mol.Life
Sci., vol. 55, no. 3, pp. 423-436.
112. Graham, F. L., Smiley, J., Russell, W. C., & Nairn, R. 1977,
"Characteristics of a human cell line transformed by DNA from human
adenovirus type 5", J.Gen.Virol., vol. 36, no. 1, pp. 59-74.
113. Gramaglia, I., Weinberg, A. D., Lemon, M., & Croft, M. 1998, "Ox-40
ligand: a potent costimulatory molecule for sustaining primary CD4 T
cell responses", J.Immunol., vol. 161, no. 12, pp. 6510-6517.
114. Gray, L., Sterjovski, J., Churchill, M., Ellery, P., Nasr, N., Lewin, S. R.,
Crowe, S. M., Wesselingh, S. L., Cunningham, A. L., & Gorry, P. R. 2005,
"Uncoupling coreceptor usage of human immunodeficiency virus type 1
(HIV-1) from macrophage tropism reveals biological properties of CCR5restricted HIV-1 isolates from patients with acquired immunodeficiency
syndrome", Virology, vol. 337, no. 2, pp. 384-398.
115. Grewe, C., Beck, A., & Gelderblom, H. R. 1990, "HIV: early virus-cell
interactions", J.Acquir.Immune.Defic.Syndr., vol. 3, no. 10, pp. 965974.
116. Griffin, S. D. C., Allen, J. F., & Lever, A. M. L. 2001, "The Major Human
Immunodeficiency Virus Type 2 (HIV-2) Packaging Signal Is Present on All
HIV-2 RNA Species: Cotranslational RNA Encapsidation and Limitation of
Gag Protein Confer Specificity", The Journal of Virology, vol. 75, no. 24,
pp. 12058-12069.
117. Haase, A. T. & Varmus, H. E. 1973, "Demonstration of a DNA provirus in
the lytic growth of visna virus", Nat.New Biol., vol. 245, no. 147, pp.
237-239.
118. Hall, T. A. 1999, "BioEdit: a user-friendly biological sequence alignment
editor and analysis program for Windows 95/98/NT. Nucl. Acids. Symp.
Ser. 41:95-98.", Nucleic Acid Symposium Series, vol. 41, pp. 95-98.
119. Harbury, P. B., Tidor, B., & Kim, P. S. 1995, "Repacking protein cores
with backbone freedom: structure prediction for coiled coils",
Proc.Natl.Acad.Sci.U.S.A, vol. 92, no. 18, pp. 8408-8412.

208

120. Hardy, W. D., Jr., McClelland, A. J., Zuckerman, E. E., Snyder, H. W.,
Jr., MacEwen, E. G., Francis, D., & Essex, M. 1980, "Development of
virus non-producer lymphosarcomas in pet cats exposed to FeLv",
Nature, vol. 288, no. 5786, pp. 90-92.
121. Harris, R. S., Bishop, K. N., Sheehy, A. M., Craig, H. M., Petersen-Mahrt,
S. K., Watt, I. N., Neuberger, M. S., & Malim, M. H. 2003, "DNA
deamination mediates innate immunity to retroviral infection", Cell, vol.
113, no. 6, pp. 803-809.
122. Harris, R. S. & Liddament, M. T. 2004, "Retroviral restriction by APOBEC
proteins", Nat.Rev.Immunol., vol. 4, no. 11, pp. 868-877.
123. Hatziioannou, T., Perez-Caballero, D., Cowan, S., & Bieniasz, P. D.
2005, "Cyclophilin interactions with incoming human immunodeficiency
virus type 1 capsids with opposing effects on infectivity in human cells",
The Journal of Virology, vol. 79, no. 1, pp. 176-183.
124. Hatziioannou, T., Perez-Caballero, D., Yang, A., Cowan, S., & Bieniasz,
P. D. 2004, "Retrovirus resistance factors Ref1 and Lv1 are speciesspecific variants of TRIM5alpha", Proc.Natl Acad Sci U.S.A, vol. 101, no.
29, pp. 10774-10779.
125. Hayward, J. J. & Rodrigo, A. G. 2008, "Recombination in feline
immunodeficiency virus from feral and companion domestic cats",
Virol.J., vol. 5, p. 76.
126. Heeney, J. L., Evermann, J. F., McKeirnan, A. J., Marker-Kraus, L.,
Roelke, M. E., Bush, M., Wildt, D. E., Meltzer, D. G., Colly, L., Lukas, J.,
& . 1990, "Prevalence and implications of feline coronavirus infections of
captive and free-ranging cheetahs (Acinonyx jubatus)", The Journal of
Virology, vol. 64, no. 5, pp. 1964-1972.
127. Henderson, I. C., Lieber, M. M., & Todaro, G. J. 1974, "Mink cell line Mv
1 Lu (CCL 64). Focus formation and the generation of "nonproducer"
transformed cell lines with murine and feline sarcoma viruses", Virology,
vol. 60, no. 1, pp. 282-287.
128. Hofmann, W., Schubert, D., LaBonte, J., Munson, L., Gibson, S.,
Scammell, J., Ferrigno, P., & Sodroski, J. 1999, "Species-specific,
postentry barriers to primate immunodeficiency virus infection", The
Journal of Virology, vol. 73, no. 12, pp. 10020-10028.
129. Hofmann-Lehmann, R., Fehr, D., Grob, M., Elgizoli, M., Packer, C.,
Martenson, J. S., O'Brien, S. J., & Lutz, H. 1996, "Prevalence of
antibodies to feline parvovirus, calicivirus, herpesvirus, coronavirus, and
immunodeficiency virus and of feline leukemia virus antigen and the
interrelationship of these viral infections in free-ranging lions in east
Africa", Clin.Diagn.Lab Immunol., vol. 3, no. 5, pp. 554-562.
130. Holden, L. G., Prochnow, C., Chang, Y. P., Bransteitter, R., Chelico, L.,
Sen, U., Stevens, R. C., Goodman, M. F., & Chen, X. S. 2008, "Crystal
209

structure of the anti-viral APOBEC3G catalytic domain and functional
implications", Nature, vol. 456, no. 7218, pp. 121-124.
131. Hosie, M. J. & Jarrett, O. 1990, "Serological responses of cats to feline
immunodeficiency virus", AIDS, vol. 4, no. 3, pp. 215-220.
132. Hosie, M. J., Robertson, C., & Jarrett, O. 1989, "Prevalence of feline
leukaemia virus and antibodies to feline immunodeficiency virus in cats
in the United Kingdom.", Vet.Rec., vol. 128, pp. 293-297.
133. Huthoff, H., Autore, F., Gallois-Montbrun, S., Fraternali, F., & Malim, M.
H. 2009, "RNA-dependent oligomerization of APOBEC3G is required for
restriction of HIV-1", PLoS.Pathog., vol. 5, no. 3, p. e1000330.
134. Huthoff, H. & Malim, M. H. 2007, "Identification of amino acid residues
in APOBEC3G required for regulation by human immunodeficiency virus
type 1 Vif and Virion encapsidation", The Journal of Virology, vol. 81,
no. 8, pp. 3807-3815.
135. Ikeda, Y., Ylinen, L. M., Kahar-Bador, M., & Towers, G. J. 2004,
"Influence of gag on human immunodeficiency virus type 1 speciesspecific tropism", The Journal of Virology, vol. 78, no. 21, pp. 1181611822.
136. James, L. C., Keeble, A. H., Khan, Z., Rhodes, D. A., & Trowsdale, J.
2007, "Structural basis for PRYSPRY-mediated tripartite motif (TRIM)
protein function", Proc.Natl.Acad.Sci.U.S.A, vol. 104, no. 15, pp. 62006205.
137. Janeway, C. A., Travers, P., Walport, M., & Shlomchik, M. 2001,
Immunobiology, Fifth edition edn, Garland Publishing.
138. Jarmuz, A., Chester, A., Bayliss, J., Gisbourne, J., Dunham, I., Scott, J.,
& Navaratnam, N. 2002, "An anthropoid-specific locus of orphan C to U
RNA-editing enzymes on chromosome 22", Genomics, vol. 79, no. 3, pp.
285-296.
139. Javanbakht, H., Diaz-Griffero, F., Stremlau, M., Si, Z. H., & Sodroski, J.
2005, "The contribution of RING and B-box 2 domains to retroviral
restriction mediated by monkey TRIM5 alpha", Journal of Biological
Chemistry, vol. 280, no. 29, pp. 26933-26940.
140. Javanbakht, H., Yuan, W., Yeung, D. F., Song, B., Diaz-Griffero, F., Li,
Y., Li, X., Stremlau, M., & Sodroski, J. 2006a, "Characterization of
TRIM5alpha trimerization and its contribution to human
immunodeficiency virus capsid binding", Virology, vol. 353, no. 1, pp.
234-246.
141. Javanbakht, H. N., Diaz-Griffero, F., Yuan, W., Yeung, D. F., Li, X.,
Song, B., & Sodroski, J. 2007, "The ability of multimerized cyclophilin A
to restrict retrovirus infection", Virology, vol. 367, no. 1, pp. 19-29.

210

142. Javanbakht, H., An, P., Gold, B., Petersen, D. C., O'hUigin, C., Nelson,
G. W., O'Brien, S. J., Kirk, G. D., Detels, R., Buchbinder, S., Donfield,
S., Shulenin, S., Song, B., Perron, M. J., Stremlau, M., Sodroski, J.,
Dean, M., & Winkler, C. 2006b, "Effects of human TRIM5[alpha]
polymorphisms on antiretroviral function and susceptibility to human
immunodeficiency virus infection", Virology, vol. 354, no. 1, pp. 15-27.
143. Jia, B., Serra-Moreno, R., Neidermyer, W., Rahmberg, A., Mackey, J.,
Fofana, I. B., Johnson, W. E., Westmoreland, S., & Evans, D. T. 2009,
"Species-specific activity of SIV Nef and HIV-1 Vpu in overcoming
restriction by tetherin/BST2", PLoS.Pathog., vol. 5, no. 5, p. e1000429.
144. Johnson, W. E., Eizirik, E., Pecon-Slattery, J., Murphy, W. J., Antunes,
A., Teeling, E., & O'Brien, S. J. 2006, "The late Miocene radiation of
modern Felidae: a genetic assessment", Science, vol. 311, no. 5757, pp.
73-77.
145. Joshi, A., Garg, H., Tompkins, M. B., & Tompkins, W. A. 2005,
"Preferential feline immunodeficiency virus (FIV) infection of CD4+
CD25+ T-regulatory cells correlates both with surface expression of
CXCR4 and activation of FIV long terminal repeat binding cellular
transcriptional factors", The Journal of Virology, vol. 79, no. 8, pp.
4965-4976.
146. Jouvenet, N., Neil, S. J., Zhadina, M., Zang, T., Kratovac, Z., Lee, Y.,
McNatt, M., Hatziioannou, T., & Bieniasz, P. D. 2009, "Broad-spectrum
inhibition of retroviral and filoviral particle release by tetherin", The
Journal of Virology, vol. 83, no. 4, pp. 1837-1844.
147. Kaiser, S. M., Malik, H. S., & Emerman, M. 2007, "Restriction of an
extinct retrovirus by the human TRIM5alpha antiviral protein", Science,
vol. 316, no. 5832, pp. 1756-1758.
148. Karlsson Hedestam, G. B., Fouchier, R. A., Phogat, S., Burton, D. R.,
Sodroski, J., & Wyatt, R. T. 2008, "The challenges of eliciting
neutralizing antibodies to HIV-1 and to influenza virus",
Nat.Rev.Microbiol., vol. 6, no. 2, pp. 143-155.
149. Katzourakis, A., Tristem, M., Pybus, O. G., & Gifford, R. J. 2007,
"Discovery and analysis of the first endogenous lentivirus",
Proc.Natl.Acad.Sci.U.S.A, vol. 104, no. 15, pp. 6261-6265.
150. Keckesova, Z., Ylinen, L. M., & Towers, G. J. 2006, "Cyclophilin A
renders human immunodeficiency virus type 1 sensitive to Old World
monkey but not human TRIM5 alpha antiviral activity", The Journal of
Virology, vol. 80, no. 10, pp. 4683-4690.
151. Keckesova, Z., Ylinen, L. M. J., & Towers, G. J. 2004, "The human and
African green monkey TRIM5{alpha} genes encode Ref1 and Lv1
retroviral restriction factor activities", Proceedings of the National
Academy of Sciences, vol. 101, no. 29, pp. 10780-10785.

211

152. Keeble, A. H., Khan, Z., Forster, A., & James, L. C. 2008, "TRIM21 is an
IgG receptor that is structurally, thermodynamically, and kinetically
conserved", Proc.Natl.Acad.Sci.U.S.A, vol. 105, no. 16, pp. 6045-6050.
153. Keele, B. F., Van Heuverswyn, F., Li, Y., Bailes, E., Takehisa, J.,
Santiago, M. L., Bibollet-Ruche, F., Chen, Y., Wain, L. V., Liegeois, F.,
Loul, S., Mpoudi Ngole, E., Bienvenue, Y., Delaporte, E., Brookfield, J.
F. Y., Sharp, P. M., Shaw, G. M., Peeters, M., & Hahn, B. H. 2006,
"Chimpanzee Reservoirs of Pandemic and Nonpandemic HIV-1", Science
p. 1126531.
154. Khan, M. A., Kao, S., Miyagi, E., Takeuchi, H., Goila-Gaur, R., Opi, S.,
Gipson, C. L., Parslow, T. G., Ly, H., & Strebel, K. 2005, "Viral RNA is
required for the association of APOBEC3G with human immunodeficiency
virus type 1 nucleoprotein complexes", The Journal of Virology, vol. 79,
no. 9, pp. 5870-5874.
155. Konig, R., Zhou, Y., Elleder, D., Diamond, T. L., Bonamy, G. M., Irelan,
J. T., Chiang, C. Y., Tu, B. P., De Jesus, P. D., Lilley, C. E., Seidel, S.,
Opaluch, A. M., Caldwell, J. S., Weitzman, M. D., Kuhen, K. L.,
Bandyopadhyay, S., Ideker, T., Orth, A. P., Miraglia, L. J., Bushman, F.
D., Young, J. A., & Chanda, S. K. 2008, "Global analysis of host-pathogen
interactions that regulate early-stage HIV-1 replication", Cell, vol. 135,
no. 1, pp. 49-60.
156. Kowalski, M., Potz, J., Basiripour, L., Dorfman, T., Goh, W. C.,
Terwilliger, E., Dayton, A., Rosen, C., Haseltine, W., & Sodroski, J.
1987, "Functional regions of the envelope glycoprotein of human
immunodeficiency virus type 1", Science, vol. 237, no. 4820, pp. 13511355.
157. Kozak, C. A. & Chakraborti, A. 1996, "Single amino acid changes in the
murine leukemia virus capsid protein gene define the target of Fv1
resistance", Virology, vol. 225, no. 2, pp. 300-305.
158. Lander, M. R. & Chattopadhyay, S. K. 1984, "A Mus dunni cell line that
lacks sequences closely related to endogenous murine leukemia viruses
and can be infected by ectropic, amphotropic, xenotropic, and mink cell
focus-forming viruses", The Journal of Virology, vol. 52, no. 2, pp. 695698.
159. Langelier, C. R., Sandrin, V., Eckert, D. M., Christensen, D. E.,
Chandrasekaran, V., Alam, S. L., Aiken, C., Olsen, J. C., Kar, A. K.,
Sodroski, J. G., & Sundquist, W. I. 2008, "Biochemical characterization
of a recombinant TRIM5alpha protein that restricts human
immunodeficiency virus type 1 replication", The Journal of Virology, vol.
82, no. 23, pp. 11682-11694.
160. Lee, Y. N. & Bieniasz, P. D. 2007, "Reconstitution of an infectious human
endogenous retrovirus", PLoS.Pathog., vol. 3, no. 1, p. e10.

212

161. Lee, Y. N., Malim, M. H., & Bieniasz, P. D. 2008, "Hypermutation of an
ancient human retrovirus by APOBEC3G", The Journal of Virology, vol.
82, no. 17, pp. 8762-8770.
162. Leonard, C. K., Spellman, M. W., Riddle, L., Harris, R. J., Thomas, J. N.,
& Gregory, T. J. 1990, "Assignment of intrachain disulfide bonds and
characterization of potential glycosylation sites of the type 1
recombinant human immunodeficiency virus envelope glycoprotein
(gp120) expressed in Chinese hamster ovary cells", Journal of Biological
Chemistry, vol. 265, no. 18, pp. 10373-10382.
163. Li, X. & Sodroski, J. 2008, "The TRIM5alpha B-box 2 domain promotes
cooperative binding to the retroviral capsid by mediating higher-order
self-association", The Journal of Virology, vol. 82, no. 23, pp. 1149511502.
164. Liao, C. H., Kuang, Y. Q., Liu, H. L., Zheng, Y. T., & Su, B. 2007, "A
novel fusion gene, TRIM5-Cyclophilin A in the pig-tailed macaque
determines its susceptibility to HIV-1 infection", AIDS, vol. 21 Suppl 8, p.
S19-S26.
165. Liddament, M. T., Brown, W. L., Schumacher, A. J., & Harris, R. S.
2004, "APOBEC3F properties and hypermutation preferences indicate
activity against HIV-1 in vivo", Curr.Biol., vol. 14, no. 15, pp. 1385-1391.
166. Lilly, F. 1967, "Susceptibility to 2 Strains of Friend Leukemia Virus in
Mice", Science, vol. 155, no. 3761, p. 461-&.
167. Lin, T. Y. & Emerman, M. 2006, "Cyclophilin A interacts with diverse
lentiviral capsids", Retrovirology, vol. 3.
168. Lindblad-Toh, K., Wade, C. M., & Mikkelsen, T. S. 2005, "Genome
sequence, comparative analysis and haplotype structure of the domestic
dog", Nature, vol. 438, no. 7069, pp. 803-819.
169. Liu, H. l., Wang, Y. q., Liao, C. h., Kuang, Y. q., Zheng, Y. t., & Su, B.
2005, "Adaptive evolution of primate TRIM5[alpha], a gene restricting
HIV-1 infection", Gene, vol. 362, pp. 109-116.
170. Liu, J., Chen, C. M., & Walsh, C. T. 1991, "Human and Escherichia coli
cyclophilins: sensitivity to inhibition by the immunosuppressant
cyclosporin A correlates with a specific tryptophan residue",
Biochemistry, vol. 30, no. 9, pp. 2306-2310.
171. Liu, R., Paxton, W. A., Choe, S., Ceradini, D., Martin, S. R., Horuk, R.,
MacDonald, M. E., Stuhlmann, H., Koup, R. A., & Landau, N. R. 1996,
"Homozygous defect in HIV-1 coreceptor accounts for resistance of some
multiply-exposed individuals to HIV-1 infection", Cell, vol. 86, no. 3, pp.
367-377.
172. Lochelt, M., Romen, F., Bastone, P., Muckenfuss, H., Kirchner, N., Kim,
Y. B., Truyen, U., Rosler, U., Battenberg, M., Saib, A., Flory, E.,
Cichutek, K., & Munk, C. 2005, "The antiretroviral activity of APOBEC3 is
213

inhibited by the foamy virus accessory Bet protein",
Proc.Natl.Acad.Sci.U.S.A, vol. 102, no. 22, pp. 7982-7987.
173. Luban, J. 2007, "Cyclophilin A, TRIM5, and Resistance to Human
Immunodeficiency Virus Type 1 Infection", The Journal of Virology, vol.
81, no. 3, pp. 1054-1061.
174. Luban, J., Bossolt, K. L., Franke, E. K., Kalpana, G. V., & Goff, S. P.
1993, "Human immunodeficiency virus type 1 Gag protein binds to
cyclophilins A and B", Cell, vol. 73, no. 6, pp. 1067-1078.
175. Lupas, A., Van Dyke, M., & Stock, J. 1991, "Predicting coiled coils from
protein sequences", Science, vol. 252, no. 5009, pp. 1162-1164.
176. Lusso, P., Earl, P. L., Sironi, F., Santoro, F., Ripamonti, C., Scarlatti,
G., Longhi, R., Berger, E. A., & Burastero, S. E. 2005, "Cryptic nature of
a conserved, CD4-inducible V3 loop neutralization epitope in the native
envelope glycoprotein oligomer of CCR5-restricted, but not CXCR4-using,
primary human immunodeficiency virus type 1 strains", The Journal of
Virology, vol. 79, no. 11, pp. 6957-6968.
177. Mallett, S., Fossum, S., & Barclay, A. N. 1990, "Characterization of the
MRC OX40 antigen of activated CD4 positive T lymphocytes--a molecule
related to nerve growth factor receptor", EMBO J., vol. 9, no. 4, pp.
1063-1068.
178. Mangeat, B., Turelli, P., Caron, G., Friedli, M., Perrin, L., & Trono, D.
2003, "Broad antiretroviral defence by human APOBEC3G through lethal
editing of nascent reverse transcripts", Nature, vol. 424, no. 6944, pp.
99-103.
179. Mangeat, B., Turelli, P., Liao, S., & Trono, D. 2004, "A single amino acid
determinant governs the species-specific sensitivity of APOBEC3G to Vif
action", Journal of Biological Chemistry, vol. 279, no. 15, pp. 1448114483.
180. Margolis, L. & Shattock, R. 2006, "Selective transmission of CCR5utilizing HIV-1: the 'gatekeeper' problem resolved?", Nature Reviews
Microbiology, vol. 4, no. 4, pp. 312-317.
181. Marin, M., Rose, K. M., Kozak, S. L., & Kabat, D. 2003, "HIV-1 Vif protein
binds the editing enzyme APOBEC3G and induces its degradation",
Nat.Med., vol. 9, no. 11, pp. 1398-1403.
182. Martin, A., Bardwell, P. D., Woo, C. J., Fan, M., Shulman, M. J., &
Scharff, M. D. 2002, "Activation-induced cytidine deaminase turns on
somatic hypermutation in hybridomas", Nature, vol. 415, no. 6873, pp.
802-806.
183. Martinez-Picado, J. & Martinez, M. A. 2008, "HIV-1 reverse transcriptase
inhibitor resistance mutations and fitness: a view from the clinic and ex
vivo", Virus Res., vol. 134, no. 1-2, pp. 104-123.

214

184. May, R. M. & Anderson, R. M. 1979, "Population biology of infectious
diseases: Part II", Nature, vol. 280, no. 5722, pp. 455-461.
185. McClure, J., Schmidt, A. M., Rey-Cuille, M. A., Bannink, J., Misher, L.,
Tsai, C. C., Anderson, D. M., Morton, W. R., & Hu, S. L. 2000,
"Derivation and characterization of a highly pathogenic isolate of human
immunodeficiency virus type 2 that causes rapid CD4+ cell depletion in
Macaca nemestrina", J.Med.Primatol., vol. 29, no. 3-4, pp. 114-126.
186. McDonald, D., Vodicka, M. A., Lucero, G., Svitkina, T. M., Borisy, G. G.,
Emerman, M., & Hope, T. J. 2002, "Visualization of the intracellular
behavior of HIV in living cells", J.Cell Biol., vol. 159, no. 3, pp. 441-452.
187. McEwan, W. A., McMonagle, E. L., Logan, N., Serra, R. C., Kat, P.,
VandeWoude, S., Hosie, M. J., & Willett, B. J. 2008, "Genetically
divergent strains of feline immunodeficiency virus from the domestic cat
(Felis catus) and the African lion (Panthera leo) share usage of CD134
and CXCR4 as entry receptors", The Journal of Virology, vol. 82, no. 21,
pp. 10953-10958.
188. McEwan, W. A., Schaller, T., Ylinen, L. M., Hosie, M. J., Towers, G. J.,
& Willett, B. J. 2009, "Truncation of TRIM5 in the Feliformia explains the
absence of retroviral restriction in cells of the domestic cat", The
Journal of Virology, vol. 83, no. 16, pp. 8270-8275.
189. Mehle, A., Goncalves, J., Santa-Marta, M., McPike, M., & Gabuzda, D.
2004a, "Phosphorylation of a novel SOCS-box regulates assembly of the
HIV-1 Vif-Cul5 complex that promotes APOBEC3G degradation", Genes
Dev., vol. 18, no. 23, pp. 2861-2866.
190. Mehle, A., Strack, B., Ancuta, P., Zhang, C., McPike, M., & Gabuzda, D.
2004b, "Vif overcomes the innate antiviral activity of APOBEC3G by
promoting its degradation in the ubiquitin-proteasome pathway",
Journal of Biological Chemistry, vol. 279, no. 9, pp. 7792-7798.
191. Menotti-Raymond, M. & O'Brien, S. J. 1993, "Dating the genetic
bottleneck of the African cheetah", Proc.Natl.Acad.Sci.U.S.A, vol. 90,
no. 8, pp. 3172-3176.
192. Miller, D. L., Taylor, S. K., Rotstein, D. S., Pough, M. B., Barr, M. C.,
Baldwin, C. A., Cunningham, M., Roelke, M., & Ingram, D. 2006, "Feline
immunodeficiency virus and puma lentivirus in florida panthers (Puma
concolor coryi): epidemiology and diagnostic issues", Vet.Res.Commun.,
vol. 30, no. 3, pp. 307-317.
193. Mische, C. C., Javanbakht, H., Song, B., Diaz-Griffero, F., Stremlau, M.,
Strack, B., Si, Z., & Sodroski, J. 2005, "Retroviral Restriction Factor
TRIM5{alpha} Is a Trimer", The Journal of Virology, vol. 79, no. 22, pp.
14446-14450.
194. Miyazawa, T., Furuya, T., Itagaki, S., Tohya, Y., Takahashi, E., &
Mikami, T. 1989, "Establishment of a feline T-lymphoblastoid cell line
215

highly sensitive for replication of feline immunodeficiency virus",
Arch.Virol., vol. 108, no. 1-2, pp. 131-135.
195. Moore, J. P., McKeating, J. A., Weiss, R. A., & Sattentau, Q. J. 1990,
"Dissociation of gp120 from HIV-1 virions induced by soluble CD4",
Science, vol. 250, no. 4984, pp. 1139-1142.
196. Moore, J. P., Sattentau, Q. J., Wyatt, R., & Sodroski, J. 1994, "Probing
the structure of the human immunodeficiency virus surface glycoprotein
gp120 with a panel of monoclonal antibodies", The Journal of Virology,
vol. 68, no. 1, pp. 469-484.
197. Muckenfuss, H., Hamdorf, M., Held, U., Perkovic, M., Lower, J.,
Cichutek, K., Flory, E., Schumann, G. G., & Munk, C. 2006, "APOBEC3
proteins inhibit human LINE-1 retrotransposition", Journal of Biological
Chemistry, vol. 281, no. 31, pp. 22161-22172.
198. Munk, C., Beck, T., Zielonka, J., Hotz-Wagenblatt, A., Chareza, S.,
Battenberg, M., Thielebein, J., Cichutek, K., Bravo, I. G., O'Brien, S. J.,
Lochelt, M., & Yuhki, N. 2008, "Functions, structure, and read-through
alternative splicing of feline APOBEC3 genes", Genome Biol., vol. 9, no.
3, p. R48.
199. Munk, C., Zielonka, J., Constabel, H., Kloke, B. P., Rengstl, B.,
Battenberg, M., Bonci, F., Pistello, M., Lochelt, M., & Cichutek, K. 2007,
"Multiple restrictions of human immunodeficiency virus type 1 in feline
cells", The Journal of Virology, vol. 81, no. 13, pp. 7048-7060.
200. Muramatsu, M., Sankaranand, V. S., Anant, S., Sugai, M., Kinoshita, K.,
Davidson, N. O., & Honjo, T. 1999, "Specific expression of activationinduced cytidine deaminase (AID), a novel member of the RNA-editing
deaminase family in germinal center B cells", Journal of Biological
Chemistry, vol. 274, no. 26, pp. 18470-18476.
201. Nakayama, E. E., 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", J.Virol., vol. 79, no.
14, pp. 8870-8877.
202. Naldini, L., Blomer, U., Gallay, P., Ory, D., Mulligan, R., Gage, F. H.,
Verma, I. M., & Trono, D. 1996, "In vivo gene delivery and stable
transduction of nondividing cells by a lentiviral vector", Science, vol.
272, no. 5259, pp. 263-267.
203. Narayan, O. & Clements, J. E. 1989, "Biology and pathogenesis of
lentiviruses", J.Gen.Virol., vol. 70 ( Pt 7), pp. 1617-1639.
204. Negre, D., Mangeot, P. E., Duisit, G., Blanchard, S., Vidalain, P. O.,
Leissner, P., Winter, A. J., Rabourdin-Combe, C., Mehtali, M., Moullier,
P., Darlix, J. L., & Cosset, F. L. 2000, "Characterization of novel safe
lentiviral vectors derived from simian immunodeficiency virus
216

(SIVmac251) that efficiently transduce mature human dendritic cells",
Gene Ther., vol. 7, no. 19, pp. 1613-1623.
205. Neil, S. J., Aasa-Chapman, M. M., Clapham, P. R., Nibbs, R. J.,
McKnight, A., & Weiss, R. A. 2005, "The promiscuous CC chemokine
receptor D6 is a functional coreceptor for primary isolates of human
immunodeficiency virus type 1 (HIV-1) and HIV-2 on astrocytes", The
Journal of Virology, vol. 79, no. 15, pp. 9618-9624.
206. Neil, S. J. D., Zang, T., & Bieniasz, P. D. 2008, "Tetherin inhibits
retrovirus release and is antagonized by HIV-1 Vpu", Nature, vol. 451,
no. 7177, pp. 425-430.
207. Newman, E. N., Holmes, R. K., Craig, H. M., Klein, K. C., Lingappa, J.
R., Malim, M. H., & Sheehy, A. M. 2005, "Antiviral function of APOBEC3G
can be dissociated from cytidine deaminase activity", Curr.Biol., vol. 15,
no. 2, pp. 166-170.
208. Newman, R. M., Hall, L., Kirmaier, A., Pozzi, L. A., Pery, E., Farzan, M.,
O'Neil, S. P., & Johnson, W. 2008, "Evolution of a TRIM5-CypA splice
isoform in old world monkeys", PLoS Pathog., vol. 4, no. 2, p. e1000003.
209. Nguyen, K. L., llano, M., Akari, H., Miyagi, E., Poeschla, E. M., Strebel,
K., & Bour, S. 2004, "Codon optimization of the HIV-1 vpu and vif genes
stabilizes their mRNA and allows for highly efficient Rev-independent
expression", Virology, vol. 319, no. 2, pp. 163-175.
210. Nishimura, Y., Goto, Y., Yoneda, K., Endo, Y., Mizuno, T., Hamachi, M.,
Maruyama, H., Kinoshita, H., Koga, S., Komori, M., Fushuku, S.,
Ushinohama, K., Akuzawa, M., Watari, T., Hasegawa, A., & Tsujimoto,
H. 1999, "Interspecies transmission of feline immunodeficiency virus
from the domestic cat to the Tsushima cat (Felis bengalensis euptilura)
in the wild", The Journal of Virology, vol. 73, no. 9, pp. 7916-7921.
211. Nisole, S., Lynch, C., Stoye, J. P., & Yap, M. W. 2004, "A Trim5cyclophilin A fusion protein found in owl monkey kidney cells can
restrict HIV-1", Proc.Natl.Acad.Sci.U.S.A, vol. 101, no. 36, pp. 1332413328.
212. Nisole, S., Stoye, J. P., & Saib, A. 2005, "TRIM family proteins: retroviral
restriction and antiviral defence", Nat.Rev.Microbiol., vol. 3, no. 10, pp.
799-808.
213. Nowarski, R., Britan-Rosich, E., Shiloach, T., & Kotler, M. 2008,
"Hypermutation by intersegmental transfer of APOBEC3G cytidine
deaminase", Nat.Struct.Mol.Biol., vol. 15, no. 10, pp. 1059-1066.
214. Ohagen, A. & Gabuzda, D. 2000, "Role of Vif in stability of the human
immunodeficiency virus type 1 core", The Journal of Virology, vol. 74,
no. 23, pp. 11055-11066.

217

215. OhAinle, M., Kerns, J. A., Li, M. M., Malik, H. S., & Emerman, M. 2008,
"Antiretroelement activity of APOBEC3H was lost twice in recent human
evolution", Cell Host Microbe, vol. 4, no. 3, pp. 249-259.
216. OhAinle, M., Kerns, J. A., Malik, H. S., & Emerman, M. 2006, "Adaptive
evolution and antiviral activity of the conserved mammalian cytidine
deaminase APOBEC3H", The Journal of Virology, vol. 80, no. 8, pp.
3853-3862.
217. Ohkura, S., Yap, M. W., Sheldon, T., & Stoye, J. P. 2006, "All three
variable regions of the TRIM5alpha B30.2 domain can contribute to the
specificity of retrovirus restriction", The Journal of Virology, vol. 80, no.
17, pp. 8554-8565.
218. Olivares, I., Gutierrez-Rivas, M., Lopez-Galindez, C., & Menendez-Arias,
L. 2004, "Tryptophan scanning mutagenesis of aromatic residues within
the polymerase domain of HIV-1 reverse transcriptase: critical role of
Phe-130 for p51 function and second-site revertant restoring viral
replication capacity", Virology, vol. 324, no. 2, pp. 400-411.
219. Opi, S., Takeuchi, H., Kao, S., Khan, M. A., Miyagi, E., Goila-Gaur, R.,
Iwatani, Y., Levin, J. G., & Strebel, K. 2006, "Monomeric APOBEC3G is
catalytically active and has antiviral activity", The Journal of Virology,
vol. 80, no. 10, pp. 4673-4682.
220. Owens, C. M., Song, B. W., Perron, M. J., Yang, P. C., Stremlau, M., &
Sodroski, J. 2004, "Binding and susceptibility to postentry restriction
factors in monkey cells are specified by distinct regions of the human
immunodeficiency virus type I capsid", Journal of Virology, vol. 78, no.
10, pp. 5423-5437.
221. Owens, C. M., Yang, P. C., Gottlinger, H., & Sodroski, J. 2003, "Human
and simian immunodeficiency virus capsid proteins are major viral
determinants of early, postentry replication blocks in simian cells", The
Journal of Virology, vol. 77, no. 1, pp. 726-731.
222. Page, K. A., Stearns, S. M., & Littman, D. R. 1992, "Analysis of mutations
in the V3 domain of gp160 that affect fusion and infectivity", The
Journal of Virology, vol. 66, no. 1, pp. 524-533.
223. Pancino, G., Fossati, I., Chappey, C., Castelot, S., Hurtrel, B.,
Moraillon, A., Klatzmann, D., & Sonigo, P. 1993, "Structure and
variations of feline immunodeficiency virus envelope glycoproteins",
Virology, vol. 192, no. 2, pp. 659-662.
224. Paul, T. A., Casey, J. W., Avery, R. J., & Sutton, C. A. 2007, "Expression
of feline immunodeficiency virus Vif is associated with reduced viral
mutation rates without restoration of replication of vif mutant viruses",
Virology, vol. 361, no. 1, pp. 112-122.
225. Pecon-Slattery, J., McCracken, C. L., Troyer, J. L., VandeWoude, S.,
Roelke, M., Sondgeroth, K., Winterbach, C., Winterbach, H., & O'Brien,
S. J. 2008a, "Genomic organization, sequence divergence, and
218

recombination of feline immunodeficiency virus from lions in the wild",
BMC.Genomics, vol. 9, p. 66.
226. Pecon-Slattery, J., Troyer, J. L., Johnson, W. E., & O'Brien, S. J. 2008b,
"Evolution of feline immunodeficiency virus in Felidae: implications for
human health and wildlife ecology", Vet.Immunol.Immunopathol., vol.
123, no. 1-2, pp. 32-44.
227. Pedersen, N. C. 1993, "The feline immunodeficiency virus.," in The
Retroviridae, vol. 2 J. A. Levy, ed., Plenum Press, New York, pp. 181228.
228. Pedersen, N. C., Ho, E. W., Brown, M. L., & Yamamoto, J. K. 1987a,
"Isolation of a T-lymphotropic virus from domestic cats with an
immunodeficiency syndrome.", Science, vol. 235, pp. 790-793.
229. Pedersen, N. C., Ho, E. W., Brown, M. L., & Yamamoto, J. K. 1987b,
"Isolation of a T-lymphotropic virus from domestic cats with an
immunodeficiency-like syndrome", Science, vol. 235, no. 4790, pp. 790793.
230. Perez-Caballero, D., Hatziioannou, T., Yang, A., Cowan, S., & Bieniasz,
P. D. 2005a, "Human tripartite motif 5alpha domains responsible for
retrovirus restriction activity and specificity", The Journal of Virology,
vol. 79, no. 14, pp. 8969-8978.
231. Perez-Caballero, D., Hatziioannou, T., Zhang, F. W., Cowan, S., &
Bieniasz, P. D. 2005b, "Restriction of human immunodeficiency virus
type 1 by TRIM-CypA occurs with rapid kinetics and independently of
cytoplasmic bodies, ubiquitin, and proteasome activity", Journal of
Virology, vol. 79, no. 24, pp. 15567-15572.
232. Perez-Caballero, D., Soll, S. J., & Bieniasz, P. D. 2008, "Evidence for
restriction of ancient primate gammaretroviruses by APOBEC3 but not
TRIM5alpha proteins", PLoS.Pathog., vol. 4, no. 10, p. e1000181.
233. Perron, M. J., Stremlau, M., & Sodroski, J. 2006a, "Two surface-exposed
elements of the B30.2/SPRY domain as potency determinants of N-tropic
murine leukemia virus restriction by human TRIM5alpha", The Journal of
Virology, vol. 80, no. 11, pp. 5631-5636.
234. Perron, M. J., Stremlau, M., Lee, M., Javanbakht, H., & Sodroski, J.
2006b, "The Human TRIM5{alpha} Restriction Factor Mediates
Accelerated Uncoating of the N-tropic Murine Leukemia Virus Capsid",
The Journal of Virology, vol. 81, pp. 2138-2148.
235. Peters, P. J., Bhattacharya, J., Hibbitts, S., Dittmar, M. T., Simmons,
G., Bell, J., Simmonds, P., & Clapham, P. R. 2004, "Biological analysis of
human immunodeficiency virus type 1 R5 envelopes amplified from brain
and lymph node tissues of AIDS patients with neuropathology reveals two
distinct tropism phenotypes and identifies envelopes in the brain that
confer an enhanced tropism and fusigenicity for macrophages", The
Journal of Virology, vol. 78, no. 13, pp. 6915-6926.
219

236. Peters, P. J., Sullivan, W. M., Duenas-Decamp, M. J., Bhattacharya, J.,
Ankghuambom, C., Brown, R., Luzuriaga, K., Bell, J., Simmonds, P.,
Ball, J., & Clapham, P. R. 2006, "Non-macrophage-tropic human
immunodeficiency virus type 1 R5 envelopes predominate in blood,
lymph nodes, and semen: implications for transmission and
pathogenesis", The Journal of Virology, vol. 80, no. 13, pp. 6324-6332.
237. Phillips, T. R., Talbott, R. L., Lamont, C., Muir, S., Lovelace, K., &
Elder, J. H. 1990, "Comparison of two host cell range variants of feline
immunodeficiency virus", The Journal of Virology, vol. 64, no. 10, pp.
4605-4613.
238. Pierce, M. M., Raman, C. S., & Nall, B. T. 1999, "Isothermal titration
calorimetry of protein-protein interactions", Methods, vol. 19, no. 2, pp.
213-221.
239. Pincus, T., Rowe, W. P., Hartley, J. W., & Lilly, F. 1971, "Genetic Locus
Affecting Infection by Naturally-Occurring Murine Leukemia Viruses
(Mlv'S) - Apparent Identity to Fv-1", Proceedings of the American
Association for Cancer Research, vol. 12, no. NMAR, p. 53-&.
240. Pion, M., Stalder, R., Correa, R., Mangeat, B., Towers, G. J., & Piguet,
V. 2007, "Identification of an arsenic-sensitive block to primate lentiviral
infection of human dendritic cells", The Journal of Virology, vol. 81, no.
21, pp. 12086-12090.
241. Pippig, S. D., Pena-Rossi, C., Long, J., Godfrey, W. R., Fowell, D. J.,
Reiner, S. L., Birkeland, M. L., Locksley, R. M., Barclay, A. N., & Killeen,
N. 1999, "Robust B cell immunity but impaired T cell proliferation in the
absence of CD134 (OX40)", J.Immunol., vol. 163, no. 12, pp. 6520-6529.
242. Plantier, J. C., Leoz, M., Dickerson, J. E., De Oliveira, F., Cordonnier,
F., Lemee, V., Damond, F., Robertson, D. L., & Simon, F. 2009, "A new
human immunodeficiency virus derived from gorillas", Nat.Med., vol. 15,
no. 8, pp. 871-872.
243. Poeschla, E. M., Wong-Staal, F., & Looney, D. J. 1998, "Efficient
transduction of nondividing human cells by feline immunodeficiency
virus lentiviral vectors", Nat.Med., vol. 4, no. 3, pp. 354-357.
244. Pontius, J. U. & O'Brien, S. J. 2007, "Genome Annotation Resource
Fields--GARFIELD: a genome browser for Felis catus", J.Hered., vol. 98,
no. 5, pp. 386-389.
245. Poss, M., Ross, H., Rodrigo, A., Terwee, J., VandeWoude, S., & Biek, R.
2008, "The molecular biology and evolution of feline immunodeficiency
viruses of cougars", Vet.Immunol.Immunopathol., vol. 123, no. 1-2, pp.
154-158.
246. Price, A. J., Marzetta, F., Lammers, M., Ylinen, L. M., Schaller, T.,
Wilson, S. J., Towers, G. J., & James, L. C. 2009, "Active site
remodeling switches HIV specificity of antiretroviral TRIMCyp",
Nat.Struct.Mol.Biol., vol. 16, no. 10, pp. 1036-1042.
220

247. Price, E. R., Zydowsky, L. D., Jin, M. J., Baker, C. H., McKeon, F. D., &
Walsh, C. T. 1991, "Human cyclophilin B: a second cyclophilin gene
encodes a peptidyl-prolyl isomerase with a signal sequence",
Proc.Natl.Acad.Sci.U.S.A, vol. 88, no. 5, pp. 1903-1907.
248. Prochnow, C., Bransteitter, R., Klein, M. G., Goodman, M. F., & Chen,
X. S. 2007, "The APOBEC-2 crystal structure and functional implications
for the deaminase AID", Nature, vol. 445, no. 7126, pp. 447-451.
249. Ptak, R. G., Gallay, P. A., Jochmans, D., Halestrap, A. P., Ruegg, U. T.,
Pallansch, L. A., Bobardt, M. D., de Bethune, M. P., Neyts, J., De
Clercq, E., Dumont, J. M., Scalfaro, P., Besseghir, K., Wenger, R. M., &
Rosenwirth, B. 2008, "Inhibition of human immunodeficiency virus type 1
replication in human cells by Debio-025, a novel cyclophilin binding
agent", Antimicrob.Agents Chemother., vol. 52, no. 4, pp. 1302-1317.
250. Rajsbaum, R., Stoye, J. P., & O'Garra, A. 2008, "Type I interferondependent and -independent expression of tripartite motif proteins in
immune cells", Eur.J.Immunol., vol. 38, no. 3, pp. 619-630.
251. Ramsauer, S., Bay, G., Meli, M., Hofmann-Lehmann, R., & Lutz, H. 2007,
"Seroprevalence of selected infectious agents in a free-ranging, lowdensity lion population in the Central Kalahari Game Reserves in
Botswana", Clin.Vaccine Immunol., vol. 14, no. 6, pp. 808-810.
252. Rasheed, S., Nelson-Rees, W. A., Toth, E. M., Arnstein, P., & Gardner,
M. B. 1974, "Characterization of a newly derived human sarcoma cell
line (HT-1080)", Cancer, vol. 33, no. 4, pp. 1027-1033.
253. Reymond, A., Meroni, G., Fantozzi, A., Merla, G., Cairo, S., Luzi, L.,
Riganelli, D., Zanaria, E., Messali, S., Cainarca, S., Guffanti, A.,
Minucci, S., Pelicci, P. G., & Ballabio, A. 2001, "The tripartite motif
family identifies cell compartments", Embo Journal, vol. 20, no. 9, pp.
2140-2151.
254. Rhodes, D. A., de Bono, B., & Trowsdale, J. 2005, "Relationship between
SPRY and B30.2 protein domains. Evolution of a component of immune
defence?", Immunology, vol. 116, no. 4, pp. 411-417.
255. Richardson, J., Pancino, G., Merat, R., Leste-Lasserre, T., Moraillon, A.,
Schneider-Mergener, J., Alizon, M., Sonigo, P., & Heveker, N. 1999,
"Shared usage of the chemokine receptor CXCR4 by primary and
laboratory-adapted strains of feline immunodeficiency virus", The
Journal of Virology, vol. 73, no. 5, pp. 3661-3671.
256. Roelke, M. E., Brown, M. A., Troyer, J. L., Winterbach, H., Winterbach,
C., Hemson, G., Smith, D., Johnson, R. C., Pecon-Slattery, J., Roca, A.
L., Alexander, K. A., Klein, L., Martelli, P., Krishnasamy, K., & O'Brien,
S. J. 2009, "Pathological manifestations of feline immunodeficiency virus
(FIV) infection in wild African lions", Virology, vol. 390, no. 1, pp. 1-12.
257. Roelke, M. E., Pecon-Slattery, J., Taylor, S., Citino, S., Brown, E.,
Packer, C., VandeWoude, S., & O'Brien, S. J. 2006, "T-lymphocyte
221

profiles in FIV-infected wild lions and pumas reveal CD4 depletion",
J.Wildl.Dis., vol. 42, no. 2, pp. 234-248.
258. Rold, C. J. & Aiken, C. 2008, "Proteasomal degradation of TRIM5alpha
during retrovirus restriction", PLoS.Pathog., vol. 4, no. 5, p. e1000074.
259. Rosenwirth, B., Billich, A., Datema, R., Donatsch, P., Hammerschmid,
F., Harrison, R., Hiestand, P., Jaksche, H., Mayer, P., Peichl, P., & .
1994, "Inhibition of human immunodeficiency virus type 1 replication by
SDZ NIM 811, a nonimmunosuppressive cyclosporine analog",
Antimicrob.Agents Chemother., vol. 38, no. 8, pp. 1763-1772.
260. Rosler, C., Kock, J., Kann, M., Malim, M. H., Blum, H. E., Baumert, T.
F., & von Weizsacker, F. 2005, "APOBEC-mediated interference with
hepadnavirus production", Hepatology, vol. 42, no. 2, pp. 301-309.
261. Ross, S. R. 2009, "Are viruses inhibited by APOBEC3 molecules from their
host species?", PLoS.Pathog., vol. 5, no. 4, p. e1000347.
262. Rot, A. & von Andrian, U. H. 2004, "Chemokines in innate and adaptive
host defense: basic chemokinese grammar for immune cells",
Annu.Rev.Immunol., vol. 22, pp. 891-928.
263. Russell, R. A. & Pathak, V. K. 2007, "Identification of two distinct human
immunodeficiency virus type 1 Vif determinants critical for interactions
with human APOBEC3G and APOBEC3F", The Journal of Virology, vol. 81,
no. 15, pp. 8201-8210.
264. Ryffel, B., Woerly, G., Greiner, B., Haendler, B., Mihatsch, M. J., &
Foxwell, B. M. 1991, "Distribution of the cyclosporine binding protein
cyclophilin in human tissues", Immunology, vol. 72, no. 3, pp. 399-404.
265. Saenz, D. T., Teo, W., Olsen, J. C., & Poeschla, E. M. 2005, "Restriction
of Feline Immunodeficiency Virus by Ref1, Lv1, and Primate
TRIM5{alpha} Proteins", The Journal of Virology, vol. 79, no. 24, pp.
15175-15188.
266. Saitou, N. & Nei, M. 1987, "The neighbor-joining method: a new method
for reconstructing phylogenetic trees", Mol.Biol.Evol., vol. 4, no. 4, pp.
406-425.
267. Salemi, M., De Oliveira, T., Courgnaud, V., Moulton, V., Holland, B.,
Cassol, S., Switzer, W. M., & Vandamme, A. M. 2003, "Mosaic genomes
of the six major primate lentivirus lineages revealed by phylogenetic
analyses", The Journal of Virology, vol. 77, no. 13, pp. 7202-7213.
268. Salzwedel, K., Smith, E. D., Dey, B., & Berger, E. A. 2000, "Sequential
CD4-coreceptor interactions in human immunodeficiency virus type 1
Env function: soluble CD4 activates Env for coreceptor-dependent fusion
and reveals blocking activities of antibodies against cryptic conserved
epitopes on gp120", The Journal of Virology, vol. 74, no. 1, pp. 326-333.

222

269. Santiago, M. L., Montano, M., Benitez, R., Messer, R. J., Yonemoto, W.,
Chesebro, B., Hasenkrug, K. J., & Greene, W. C. 2008, "Apobec3
encodes Rfv3, a gene influencing neutralizing antibody control of
retrovirus infection", Science, vol. 321, no. 5894, pp. 1343-1346.
270. Santiago, M. L., Range, F., Keele, B. F., Li, Y., Bailes, E., BibolletRuche, F., Fruteau, C., Noe, R., Peeters, M., Brookfield, J. F. Y., Shaw,
G. M., Sharp, P. M., & Hahn, B. H. 2005, "Simian Immunodeficiency Virus
Infection in Free-Ranging Sooty Mangabeys (Cercocebus atys atys) from
the Tai Forest, Cote d'Ivoire: Implications for the Origin of Epidemic
Human Immunodeficiency Virus Type 2", The Journal of Virology, vol.
79, no. 19, pp. 12515-12527.
271. Sardiello, M., Cairo, S., Fontanella, B., Ballabio, A., & Meroni, G. 2008,
"Genomic analysis of the TRIM family reveals two groups of genes with
distinct evolutionary properties", BMC.Evol.Biol., vol. 8, no. 1, p. 225.
272. Sattentau, Q. J. & Moore, J. P. 1991, "Conformational changes induced
in the human immunodeficiency virus envelope glycoprotein by soluble
CD4 binding", The Journal of Experimental Medicine, vol. 174, no. 2, pp.
407-415.
273. Sawyer, S. L., Emerman, M., & Malik, H. S. 2004, "Ancient adaptive
evolution of the primate antiviral DNA-editing enzyme APOBEC3G",
PLoS.Biol., vol. 2, no. 9, p. E275.
274. Sawyer, S. L., Emerman, M., & Malik, H. S. 2007, "Discordant Evolution
of the Adjacent Antiretroviral Genes TRIM22 and TRIM5 in Mammals",
PLoS Pathog., vol. 3, no. 12, p. e197.
275. Sawyer, S. L., Wu, L. I., Akey, J. M., Emerman, M., & Malik, H. S. 2006,
"High-frequency persistence of an impaired allele of the retroviral
defense gene TRIM5alpha in humans", Curr.Biol., vol. 16, no. 1, pp. 95100.
276. Sawyer, S. L., Wu, L. I., Emerman, M., & Malik, H. S. 2005, "Positive
selection of primate TRIM5alpha identifies a critical species-specific
retroviral restriction domain", Proc.Natl Acad Sci U.S.A, vol. 102, no. 8,
pp. 2832-2837.
277. Sayah, D. M. & Luban, J. 2004, "Selection for loss of Ref1 activity in
human cells releases human immunodeficiency virus type 1 from
cyclophilin A dependence during infection", Journal of Virology, vol. 78,
no. 21, pp. 12066-12070.
278. Sayah, D. M., Sokolskaja, E., Berthoux, L., & Luban, J. 2004,
"Cyclophilin A retrotransposition into TRIM5 explains owl monkey
resistance to HIV-1", Nature, vol. 430, no. 6999, pp. 569-573.
279. Schaller, T., Hue, S., & Towers, G. J. 2007, "An Active TRIM5 Protein in
Rabbits Indicates a Common Antiviral Ancestor for Mammalian TRIM5
Proteins", The Journal of Virology, vol. 81, no. 21, pp. 11713-11721.
223

280. Schumacher, A. J., Nissley, D. V., & Harris, R. S. 2005, "APOBEC3G
hypermutates genomic DNA and inhibits Ty1 retrotransposition in yeast",
Proc.Natl.Acad.Sci.U.S.A, vol. 102, no. 28, pp. 9854-9859.
281. Sebastian, S. & Luban, J. 2005, "TRIM5a selectively binds a restrictionsensitive retroviral capsid", Retrovirology, vol. 2.
282. Sheehy, A. M., Gaddis, N. C., & Malim, M. H. 2003, "The antiretroviral
enzyme APOBEC3G is degraded by the proteasome in response to HIV-1
Vif", Nat.Med., vol. 9, no. 11, pp. 1404-1407.
283. Sheehy, A. M., Gaddis, N. C., Choi, J. D., & Malim, M. H. 2002, "Isolation
of a human gene that inhibits HIV-1 infection and is suppressed by the
viral Vif protein", Nature, vol. 418, no. 6898, pp. 646-650.
284. Shimojima, M., Miyazawa, T., Kohmoto, M., Ikeda, Y., Nishimura, Y.,
Maeda, K., Tohya, Y., & Mikami, T. 1998, "Expansion of CD8alpha+betacells in cats infected with feline immunodeficiency virus", J.Gen.Virol.,
vol. 79 ( Pt 1), pp. 91-94.
285. Shimojima, M., Miyazawa, T., Ikeda, Y., McMonagle, E. L., Haining, H.,
Akashi, H., Takeuchi, Y., Hosie, M. J., & Willett, B. J. 2004, "Use of
CD134 As a Primary Receptor by the Feline Immunodeficiency Virus",
Science, vol. 303, no. 5661, pp. 1192-1195.
286. Si, Z., Vandegraaff, N., O'hUigin, C., Song, B., Yuan, W., Xu, C., Perron,
M., Li, X., Marasco, W. A., Engelman, A., Dean, M., & Sodroski, J. 2006,
"Evolution of a cytoplasmic tripartite motif (TRIM) protein in cows that
restricts retroviral infection", Proceedings of the National Academy of
Sciences, vol. 103, no. 19, pp. 7454-7459.
287. Siebelink, K. H. J., Karlas, J. A., Rimmelzwaan, G. F., Osterhaus, A. D.
M. E., & Bosch, M. L. 1995, "A determinant of feline immunodeficiency
virus involved in Crandell feline kidney cell tropism", Veterinary
Immunology and Immunopathology, vol. 46, no. 1-2, pp. 61-69.
288. SIGURDSSON, B., PALSSON, P. A., & Tryggcaddottir, A. 1953,
"Transmission experiments with maedi", J.Infect.Dis., vol. 93, no. 2, pp.
166-175.
289. Simmons, G., Reeves, J. D., McKnight, A., Dejucq, N., Hibbitts, S.,
Power, C. A., Aarons, E., Schols, D., De Clercq, E., Proudfoot, A. E., &
Clapham, P. R. 1998, "CXCR4 as a functional coreceptor for human
immunodeficiency virus type 1 infection of primary macrophages", The
Journal of Virology, vol. 72, no. 10, pp. 8453-8457.
290. Smirnova, N., Troyer, J. L., Schissler, J., Terwee, J., Poss, M., &
VandeWoude, S. 2005, "Feline lentiviruses demonstrate differences in
receptor repertoire and envelope structural elements", Virology, vol.
342, no. 1, pp. 60-76.
291. Soda, Y., Shimizu, N., Jinno, A., Liu, H. Y., Kanbe, K., Kitamura, T., &
Hoshino, H. 1999, "Establishment of a new system for determination of
224

coreceptor usages of HIV based on the human glioma NP-2 cell line",
Biochem.Biophys.Res.Commun., vol. 258, no. 2, pp. 313-321.
292. Soding, J., Biegert, A., & Lupas, A. N. 2005, "The HHpred interactive
server for protein homology detection and structure prediction", Nucleic
Acids Res., vol. 33, no. Web Server issue, p. W244-W248.
293. Sodroski, J. G. 1999, "HIV-1 entry inhibitors in the side pocket", Cell,
vol. 99, no. 3, pp. 243-246.
294. Sokolskaja, E., Berthoux, L., & Luban, J. 2006, "Cyclophilin a and TRIM5
alpha independently regulate human immunodeficiency virus type 1
infectivity in human cells", Journal of Virology, vol. 80, no. 6, pp. 28552862.
295. Song, B., Gold, B., O'hUigin, C., Javanbakht, H., Li, X., Stremlau, M.,
Winkler, C., Dean, M., & Sodroski, J. 2005a, "The B30.2(SPRY) Domain of
the Retroviral Restriction Factor TRIM5{alpha} Exhibits Lineage-Specific
Length and Sequence Variation in Primates", The Journal of Virology,
vol. 79, no. 10, pp. 6111-6121.
296. Song, J., So, T., Cheng, M., Tang, X., & Croft, M. 2005b, "Sustained
survivin expression from OX40 costimulatory signals drives T cell clonal
expansion", Immunity., vol. 22, no. 5, pp. 621-631.
297. Sparger, E. E., Luciw, P. A., Elder, J. H., Yamamoto, J. K., Lowenstine,
L. J., & Pedersen, N. C. 1989, "Feline immunodeficiency virus is a
lentivirus associated with an AIDS-like disease in cats.", AIDS, vol. 3
(suppl-1), p. S43-S49.
298. Stamnes, M. A., Shieh, B. H., Chuman, L., Harris, G. L., & Zuker, C. S.
1991, "The cyclophilin homolog ninaA is a tissue-specific integral
membrane protein required for the proper synthesis of a subset of
Drosophila rhodopsins", Cell, vol. 65, no. 2, pp. 219-227.
299. Starcich, B. R., Hahn, B. H., Shaw, G. M., McNeely, P. D., Modrow, S.,
Wolf, H., Parks, E. S., Parks, W. P., Josephs, S. F., Gallo, R. C., & .
1986, "Identification and characterization of conserved and variable
regions in the envelope gene of HTLV-III/LAV, the retrovirus of AIDS",
Cell, vol. 45, no. 5, pp. 637-648.
300. Stauch, B., Hofmann, H., Perkovic, M., Weisel, M., Kopietz, F.,
Cichutek, K., Munk, C., & Schneider, G. 2009, "Model structure of
APOBEC3C reveals a binding pocket modulating ribonucleic acid
interaction required for encapsidation", Proc.Natl.Acad.Sci.U.S.A, vol.
106, no. 29, pp. 12079-12084.
301. Stopak, K., de Noronha, C., Yonemoto, W., & Greene, W. C. 2003, "HIV1 Vif blocks the antiviral activity of APOBEC3G by impairing both its
translation and intracellular stability", Mol.Cell, vol. 12, no. 3, pp. 591601.

225

302. Stoye, J. P. 2006, "Koala retrovirus: a genome invasion in real time",
Genome Biol., vol. 7, no. 11, p. 241.
303. Stratton, M. R., Darling, J., Pilkington, G. J., Lantos, P. L., Reeves, B.
R., & Cooper, C. S. 1989, "Characterization of the human cell line
TE671", Carcinogenesis, vol. 10, no. 5, pp. 899-905.
304. Stremlau, M., Owens, C. M., Perron, M. J., Kiessling, M., Autissier, P., &
Sodroski, J. 2004, "The cytoplasmic body component TRIM5 alpha
restricts HIV-1 infection in Old World monkeys", Nature, vol. 427, no.
6977, pp. 848-853.
305. Stremlau, M., Perron, M., Welikala, S., & Sodroski, J. 2005, "Speciesspecific variation in the B30.2(SPRY) domain of TRIM5alpha determines
the potency of human immunodeficiency virus restriction", The Journal
of Virology, vol. 79, no. 5, pp. 3139-3145.
306. Stremlau, M., Song, B., Javanbakht, H., Perron, M., & Sodroski, J.
2006a, "Cyclophilin A: an auxiliary but not necessary cofactor for
TRIM5alpha restriction of HIV-1", Virology, vol. 351, no. 1, pp. 112-120.
307. Stremlau, M., Perron, M., Lee, M., Li, Y., Song, B., Javanbakht, H.,
Diaz-Griffero, F., Anderson, D. J., Sundquist, W. I., & Sodroski, J.
2006b, "From the Cover: Specific recognition and accelerated uncoating
of retroviral capsids by the TRIM5{alpha} restriction factor", Proceedings
of the National Academy of Sciences, vol. 103, no. 14, pp. 5514-5519.
308. Suspene, R., Rusniok, C., Vartanian, J. P., & Wain-Hobson, S. 2006,
"Twin gradients in APOBEC3 edited HIV-1 DNA reflect the dynamics of
lentiviral replication", Nucleic Acids Res., vol. 34, no. 17, pp. 4677-4684.
309. Svarovskaia, E. S., Xu, H., Mbisa, J. L., Barr, R., Gorelick, R. J., Ono,
A., Freed, E. O., Hu, W. S., & Pathak, V. K. 2004, "Human
apolipoprotein B mRNA-editing enzyme-catalytic polypeptide-like 3G
(APOBEC3G) is incorporated into HIV-1 virions through interactions with
viral and nonviral RNAs", Journal of Biological Chemistry, vol. 279, no.
34, pp. 35822-35828.
310. Svedhem, V., Lindkvist, A., Lidman, K., & Sonnerborg, A. 2002,
"Persistence of earlier HIV-1 drug resistance mutations at new treatment
failure", J.Med.Virol., vol. 68, no. 4, pp. 473-478.
311. Takahashi, N., Hayano, T., & Suzuki, M. 1989, "Peptidyl-prolyl cis-trans
isomerase is the cyclosporin A-binding protein cyclophilin", Nature, vol.
337, no. 6206, pp. 473-475.
312. Tamura, K., Dudley, J., Nei, M., & Kumar, S. 2007, "MEGA4: Molecular
Evolutionary Genetics Analysis (MEGA) software version 4.0",
Mol.Biol.Evol., vol. 24, no. 8, pp. 1596-1599.
313. Tamura, K., Nei, M., & Kumar, S. 2004, "Prospects for inferring very
large phylogenies by using the neighbor-joining method", Proc.Natl Acad
Sci U.S.A, vol. 101, no. 30, pp. 11030-11035.
226

314. Tareen, S. U., Sawyer, S. L., Malik, H. S., & Emerman, M. 2009, "An
expanded clade of rodent Trim5 genes", Virology.
315. Teng, B., Burant, C. F., & Davidson, N. O. 1993, "Molecular cloning of an
apolipoprotein B messenger RNA editing protein", Science, vol. 260, no.
5115, pp. 1816-1819.
316. Terwee, J. A., Yactor, J. K., Sondgeroth, K. S., & VandeWoude, S. 2005,
"Puma lentivirus is controlled in domestic cats after mucosal exposure in
the absence of conventional indicators of immunity", The Journal of
Virology, vol. 79, no. 5, pp. 2797-2806.
317. Thali, M., Bukovsky, A., Kondo, E., Rosenwlrth, B., Walsh, C. T.,
Sodroski, J., & Gottlinger, H. G. 1994, "Functional association of
cyclophilin A with HIV-1 virions", Nature, vol. 372, no. 6504, pp. 363365.
318. Thielen, B. K., Klein, K. C., Walker, L. W., Rieck, M., Buckner, J. H.,
Tomblingson, G. W., & Lingappa, J. R. 2007, "T cells contain an RNaseinsensitive inhibitor of APOBEC3G deaminase activity", PLoS.Pathog.,
vol. 3, no. 9, pp. 1320-1334.
319. Thompson, J. D., Higgins, D. G., & Gibson, T. J. 1994, "CLUSTAL W:
improving the sensitivity of progressive multiple sequence alignment
through sequence weighting, position-specific gap penalties and weight
matrix choice", Nucleic Acids Res., vol. 22, no. 22, pp. 4673-4680.
320. Torimiro, J. N., Javanbakht, H., Diaz-Griffero, F., Kim, J., Carr, J. K.,
Carrington, M., Sawitzke, J., Burke, D. S., Wolfe, N. D., Dean, M., &
Sodroski, J. 2009, "A rare null allele potentially encoding a dominantnegative TRIM5alpha protein in Baka pygmies", Virology.
321. Torten, M., Franchini, M., Barlough, J. E., George, J. W., Mozes, E.,
Lutz, H., & Pedersen, N. C. 1991, "Progressive immune dysfunction in
cats experimentally infected with feline immunodeficiency virus.",
J.Virol., vol. 65, no. 5, pp. 2225-2230.
322. Towers, G. J. 2007, "The control of viral infection by tripartite motif
proteins and cyclophilin A", Retrovirology., vol. 4, p. 40.
323. Towers, G., Bock, M., Martin, S., Takeuchi, Y., Stoye, J. P., & Danos, O.
2000, "A conserved mechanism of retrovirus restriction in mammals",
Proceedings of the National Academy of Sciences, vol. 97, no. 22, pp.
12295-12299.
324. Towers, G. J., Hatziioannou, T., Cowan, S., Goff, S. P., Luban, J., &
Bieniasz, P. D. 2003, "Cyclophilin A modulates the sensitivity of HIV-1 to
host restriction factors", Nat Med, vol. 9, no. 9, pp. 1138-1143.
325. Trkola, A., Dragic, T., Arthos, J., Binley, J. M., Olson, W. C., Allaway,
G. P., Cheng-Mayer, C., Robinson, J., Maddon, P. J., & Moore, J. P.
1996, "CD4-dependent, antibody-sensitive interactions between HIV-1
and its co-receptor CCR-5", Nature, vol. 384, no. 6605, pp. 184-187.
227

326. Troyer, J. L., Pecon-Slattery, J., Roelke, M. E., Black, L., Packer, C., &
O'Brien, S. J. 2004, "Patterns of feline immunodeficiency virus multiple
infection and genome divergence in a free-ranging population of African
lions", J.Virol., vol. 78, no. 7, pp. 3777-3791.
327. Troyer, J. L., VandeWoude, S., Pecon-Slattery, J., McIntosh, C.,
Franklin, S., Antunes, A., Johnson, W., & O'Brien, S. J. 2008, "FIV crossspecies transmission: an evolutionary prospective",
Vet.Immunol.Immunopathol., vol. 123, no. 1-2, pp. 159-166.
328. Troyer, J. L., Pecon-Slattery, J., Roelke, M. E., Johnson, W.,
VandeWoude, S., Vazquez-Salat, N., Brown, M., Frank, L., Woodroffe,
R., Winterbach, C., Winterbach, H., Hemson, G., Bush, M., Alexander,
K. A., Revilla, E., & O'Brien, S. J. 2005, "Seroprevalence and Genomic
Divergence of Circulating Strains of Feline Immunodeficiency Virus
among Felidae and Hyaenidae Species", The Journal of Virology, vol. 79,
no. 13, pp. 8282-8294.
329. Vallee, H. & Carre, H. 1904, "Sur la nature infectieuse de l'anémie du
cheval", Comptes rendus hebdomadaires des séances de l'Académie des
sciences, vol. 139, pp. 331-333.
330. van der Loo, W., Abrantes, J., & Esteves, P. J. 2009, "Sharing of
endogenous lentiviral gene fragments among leporid lineages separated
for more than 12 million years", The Journal of Virology, vol. 83, no. 5,
pp. 2386-2388.
331. van Manen, D., Rits, M. A., Beugeling, C., van Dort, K., Schuitemaker,
H., & Kootstra, N. A. 2008, "The effect of Trim5 polymorphisms on the
clinical course of HIV-1 infection", PLoS.Pathog., vol. 4, no. 2, p. e18.
332. Van Valen, L. 1973, "A new evolutionary law", Evolutionary Theory, vol.
1, pp. 1-30.
333. VandeWoude, S., Hageman, C. L., & Hoover, E. A. 2003, "Domestic cats
infected with lion or puma lentivirus develop anti-feline
immunodeficiency virus immune responses",
J.Acquir.Immune.Defic.Syndr., vol. 34, no. 1, pp. 20-31.
334. VandeWoude, S., O'Brien, S. J., & Hoover, E. A. 1997a, "Infectivity of
lion and puma lentiviruses for domestic cats", Journal of General
Virology, vol. 78, no. 4, pp. 795-800.
335. VandeWoude, S. & Apetrei, C. 2006, "Going Wild: Lessons from Naturally
Occurring T-Lymphotropic Lentiviruses", Clinical Microbiology Reviews,
vol. 19, no. 4, pp. 728-762.
336. VandeWoude, S., O'Brien, S. J., Langelier, K., Hardy, W. D., Slattery, J.
P., Zuckerman, E. E., & Hoover, E. A. 1997b, "Growth of Lion and Puma
Lentiviruses in Domestic Cat Cells and Comparisons with FIV", Virology,
vol. 233, no. 1, pp. 185-192.

228

337. Verschoor, E. J., Boven, L. A., Blaak, H., van Vliet, A. L., Horzinek, M.
C., & de Ronde, A. 1995, "A single mutation within the V3 envelope
neutralization domain of feline immunodeficiency virus determines its
tropism for CRFK cells", The Journal of Virology, vol. 69, no. 8, pp.
4752-4757.
338. Vetter, M. L., Johnson, M. E., Antons, A. K., Unutmaz, D., & D'Aquila, R.
T. 2009, "Differences in APOBEC3G expression in CD4+ T helper
lymphocyte subtypes modulate HIV-1 infectivity", PLoS.Pathog., vol. 5,
no. 2, p. e1000292.
339. Vigne, J. D., Guilaine, J., Debue, K., Haye, L., & Gerard, P. 2004, "Early
taming of the cat in Cyprus", Science, vol. 304, no. 5668, p. 259.
340. Virgen, C. A., Kratovac, Z., Bieniasz, P. D., & Hatziioannou, T. 2008,
"Independent genesis of chimeric TRIM5-cyclophilin proteins in two
primate species", Proc.Natl Acad Sci U.S.A, vol. 105, no. 9, pp. 35633568.
341. von Schwedler, U., Song, J., Aiken, C., & Trono, D. 1993, "Vif is crucial
for human immunodeficiency virus type 1 proviral DNA synthesis in
infected cells", The Journal of Virology, vol. 67, no. 8, pp. 4945-4955.
342. Wang, T., Tian, C., Zhang, W., Luo, K., Sarkis, P. T., Yu, L., Liu, B., Yu,
Y., & Yu, X. F. 2007, "7SL RNA mediates virion packaging of the antiviral
cytidine deaminase APOBEC3G", The Journal of Virology, vol. 81, no. 23,
pp. 13112-13124.
343. Weiss, C. D., Levy, J. A., & White, J. M. 1990, "Oligomeric organization
of gp120 on infectious human immunodeficiency virus type 1 particles",
The Journal of Virology, vol. 64, no. 11, pp. 5674-5677.
344. Weissenhorn, W., Dessen, A., Harrison, S. C., Skehel, J. J., & Wiley, D.
C. 1997, "Atomic structure of the ectodomain from HIV-1 gp41", Nature,
vol. 387, no. 6631, pp. 426-430.
345. Wiegand, H. L., Doehle, B. P., Bogerd, H. P., & Cullen, B. R. 2004, "A
second human antiretroviral factor, APOBEC3F, is suppressed by the HIV1 and HIV-2 Vif proteins", EMBO J., vol. 23, no. 12, pp. 2451-2458.
346. Willett, B. J., Cannon, C. A., & Hosie, M. J. 2002, "Upregulation of
surface feline CXCR4 expression following ectopic expression of CCR5:
implications for studies of the cell tropism of feline immunodeficiency
virus", The Journal of Virology, vol. 76, no. 18, pp. 9242-9252.
347. Willett, B. J. & Hosie, M. J. 2008, "Chemokine receptors and costimulatory molecules: unravelling feline immunodeficiency virus
infection", Vet.Immunol.Immunopathol., vol. 123, no. 1-2, pp. 56-64.
348. Willett, B. J., Hosie, M. J., Neil, J. C., Turner, J. D., & Hoxie, J. A.
1997a, "Common mechanism of infection by lentiviruses", Nature, vol.
385, no. 6617, p. 587.

229

349. Willett, B. J., McMonagle, E. L., Logan, N., Schneider, P., & Hosie, M. J.
2009, "Enforced covalent trimerisation of soluble feline CD134 (OX40)ligand generates a functional antagonist of feline immunodeficiency
virus", Mol.Immunol., vol. 46, no. 6, pp. 1020-1030.
350. Willett, B. J., McMonagle, E. L., Logan, N., Spiller, O. B., Schneider, P.,
& Hosie, M. J. 2007, "Probing the interaction between feline
immunodeficiency virus and CD134 by using the novel monoclonal
antibody 7D6 and the CD134 (Ox40) ligand", The Journal of Virology, vol.
81, no. 18, pp. 9665-9679.
351. Willett, B. J., McMonagle, E. L., Ridha, S., & Hosie, M. J. 2006a,
"Differential utilization of CD134 as a functional receptor by diverse
strains of feline immunodeficiency virus", Journal of Virology, vol. 80,
no. 7, pp. 3386-3394.
352. Willett, B. J., Picard, L., Hosie, M. J., Turner, J. D., Adema, K., &
Clapham, P. R. 1997b, "Shared usage of the chemokine receptor CXCR4
by the feline and human immunodeficiency viruses", The Journal of
Virology, vol. 71, no. 9, pp. 6407-6415.
353. Willett, B. J., McMonagle, E. L., Bonci, F., Pistello, M., & Hosie, M. J.
2006b, "Mapping the Domains of CD134 as a Functional Receptor for
Feline Immunodeficiency Virus", The Journal of Virology, vol. 80, no. 15,
pp. 7744-7747.
354. Wilson, S. J., Webb, B. L., Ylinen, L. M., Verschoor, E., Heeney, J. L., &
Towers, G. J. 2008, "Independent evolution of an antiviral TRIMCyp in
rhesus macaques", Proc.Natl Acad Sci U.S.A, vol. 105, no. 9, pp. 35573562.
355. Woo, J. S., Suh, H. Y., Park, S. Y., & Oh, B. H. 2006, "Structural basis
for protein recognition by B30.2/SPRY domains", Mol.Cell, vol. 24, no. 6,
pp. 967-976.
356. World Health Organisation 2005, World AIDS Epidemic Update.
357. Worobey, M., Gemmel, M., Teuwen, D. E., Haselkorn, T., Kunstman, K.,
Bunce, M., Muyembe, J. J., Kabongo, J. M., Kalengayi, R. M., Van
Marck, E., Gilbert, M. T., & Wolinsky, S. M. 2008, "Direct evidence of
extensive diversity of HIV-1 in Kinshasa by 1960", Nature, vol. 455, no.
7213, pp. 661-664.
358. Wu, X., Anderson, J. L., Campbell, E. M., Joseph, A. M., & Hope, T. J.
2006, "Proteasome inhibitors uncouple rhesus TRIM5alpha restriction of
HIV-1 reverse transcription and infection", Proc.Natl Acad Sci U.S.A, vol.
103, no. 19, pp. 7465-7470.
359. Wyatt, R., Moore, J., Accola, M., Desjardin, E., Robinson, J., &
Sodroski, J. 1995, "Involvement of the V1/V2 variable loop structure in
the exposure of human immunodeficiency virus type 1 gp120 epitopes
induced by receptor binding", The Journal of Virology, vol. 69, no. 9,
pp. 5723-5733.
230

360. Xu, H., Chertova, E., Chen, J., Ott, D. E., Roser, J. D., Hu, W. S., &
Pathak, V. K. 2007, "Stoichiometry of the antiviral protein APOBEC3G in
HIV-1 virions", Virology, vol. 360, no. 2, pp. 247-256.
361. Yamamoto, J. K., Hansen, H., Ho, E. W., Morishita, T. Y., Okuda, T.,
Saura, T. R., Nakamura, R. M., & Pedersen, N. C. 1989, "Epidemiologic
and clinical aspects of FIV infection in cats from the continental U.S.
and Canada and possible mode of transmission", J.Am.Vet.Med.Assoc.,
vol. 194, pp. 213-220.
362. Yang, Z. 2005, "The power of phylogenetic comparison in revealing
protein function", Proc.Natl.Acad.Sci.U.S.A, vol. 102, no. 9, pp. 31793180.
363. Yap, M. W., Lindemann, D., Stanke, N., Reh, J., Westphal, D.,
Hanenberg, H., Ohkura, S., & Stoye, J. P. 2008, "Restriction of foamy
viruses by primate Trim5alpha", The Journal of Virology, vol. 82, no. 11,
pp. 5429-5439.
364. Yap, M. W., Mortuza, G. B., Taylor, I. A., & Stoye, J. P. 2007, "The
design of artificial retroviral restriction factors", Virology, vol. 365, no.
2, pp. 302-314.
365. Yap, M. W., Nisole, S., Lynch, C., & Stoye, J. P. 2004, "Trim5{alpha}
protein restricts both HIV-1 and murine leukemia virus", Proceedings of
the National Academy of Sciences, vol. 101, no. 29, pp. 10786-10791.
366. Yap, M. W., Nisole, S., & Stoye, J. P. 2005, "A Single Amino Acid Change
in the SPRY Domain of Human Trim5[alpha] Leads to HIV-1 Restriction",
Current Biology, vol. 15, no. 1, pp. 73-78.
367. Yee, J. K., Miyanohara, A., LaPorte, P., Bouic, K., Burns, J. C., &
Friedmann, T. 1994, "A general method for the generation of high-titer,
pantropic retroviral vectors: highly efficient infection of primary
hepatocytes", Proc.Natl Acad Sci U.S.A, vol. 91, no. 20, pp. 9564-9568.
368. Ylinen, L. M., Schaller, T., Price, A., Fletcher, A. J., Noursadeghi, M.,
James, L. C., & Towers, G. J. 2009, "Cyclophilin A levels dictate
infection efficiency of human immunodeficiency virus type 1 capsid
escape mutants A92E and G94D", The Journal of Virology, vol. 83, no. 4,
pp. 2044-2047.
369. Ylinen, L. M. J., Keckesova, Z., Webb, B. L. J., Gifford, R. J. M., Smith,
T. P. L., & Towers, G. J. 2006, "Isolation of an Active Lv1 Gene from
Cattle Indicates that Tripartite Motif Protein-Mediated Innate Immunity
to Retroviral Infection Is Widespread among Mammals", The Journal of
Virology, vol. 80, no. 15, pp. 7332-7338.
370. Yoo, S. H., Myszka, D. G., Yeh, C. Y., McMurray, M., Hill, C. P., &
Sundquist, W. I. 1997, "Molecular recognition in the HIV-1
capsid/cyclophilin a complex", Journal of Molecular Biology, vol. 269,
no. 5, pp. 780-795.
231

371. Yu, Q., Chen, D., Konig, R., Mariani, R., Unutmaz, D., & Landau, N. R.
2004a, "APOBEC3B and APOBEC3C are potent inhibitors of simian
immunodeficiency virus replication", Journal of Biological Chemistry,
vol. 279, no. 51, pp. 53379-53386.
372. Yu, Q., Konig, R., Pillai, S., Chiles, K., Kearney, M., Palmer, S.,
Richman, D., Coffin, J. M., & Landau, N. R. 2004b, "Single-strand
specificity of APOBEC3G accounts for minus-strand deamination of the
HIV genome", Nat.Struct.Mol.Biol., vol. 11, no. 5, pp. 435-442.
373. Yu, X., Yu, Y., Liu, B., Luo, K., Kong, W., Mao, P., & Yu, X. F. 2003,
"Induction of APOBEC3G ubiquitination and degradation by an HIV-1 VifCul5-SCF complex", Science, vol. 302, no. 5647, pp. 1056-1060.
374. Yu, Y., Xiao, Z., Ehrlich, E. S., Yu, X., & Yu, X. F. 2004c, "Selective
assembly of HIV-1 Vif-Cul5-ElonginB-ElonginC E3 ubiquitin ligase complex
through a novel SOCS box and upstream cysteines", Genes Dev., vol. 18,
no. 23, pp. 2867-2872.
375. Zennou, V. & Bieniasz, P. D. 2006, "Comparative analysis of the
antiretroviral activity of APOBEC3G and APOBEC3F from primates",
Virology, vol. 349, no. 1, pp. 31-40.
376. Zhang, F., Hatziioannou, T., Perez-Caballero, D., Derse, D., & Bieniasz,
P. D. 2006, "Antiretroviral potential of human tripartite motif-5 and
related proteins", Virology, vol. 353, no. 2, pp. 396-409.
377. Zhang, H., Yang, B., Pomerantz, R. J., Zhang, C., Arunachalam, S. C., &
Gao, L. 2003, "The cytidine deaminase CEM15 induces hypermutation in
newly synthesized HIV-1 DNA", Nature, vol. 424, no. 6944, pp. 94-98.
378. Zheng, Y. H., Irwin, D., Kurosu, T., Tokunaga, K., Sata, T., & Peterlin,
B. M. 2004, "Human APOBEC3F is another host factor that blocks human
immunodeficiency virus type 1 replication", The Journal of Virology, vol.
78, no. 11, pp. 6073-6076.
379. Zhou, H., Xu, M., Huang, Q., Gates, A. T., Zhang, X. D., Castle, J. C.,
Stec, E., Ferrer, M., Strulovici, B., Hazuda, D. J., & Espeseth, A. S.
2008, "Genome-scale RNAi screen for host factors required for HIV
replication", Cell Host.Microbe, vol. 4, no. 5, pp. 495-504.
380. Zhu, J., Koken, M. H., Quignon, F., Chelbi-Alix, M. K., Degos, L., Wang,
Z. Y., Chen, Z., & de The, H. 1997, "Arsenic-induced PML targeting onto
nuclear bodies: implications for the treatment of acute promyelocytic
leukemia", Proc.Natl.Acad.Sci.U.S.A, vol. 94, no. 8, pp. 3978-3983.

232

-

Notebook B, Transmutation of species, Charles Darwin, 1837

