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AGRIP

APOBECS3 proteinin eru fjolskylda af-aminasa sem einungis er ad finna i spendyrum.
Morg pessara proteina geta hindrad retroveirusykingar med pvi ad af-aminera C i U 1
erfdaefni veirunnar medan 4 vixlritun stendur. Lentiveirur, m.a. HIV-1 hafa préad
motsvar vid pessu, veiru proteinid Vif (virion infectivity factor) sem ubiquitin merkir
APOBEC3 proteinin og studlar ad nidurbroti peirra. Vegna vinnu okkar med vif gen
madi-visnuveiru vildum vid athuga APOBEC3 gen og protein saudfjar (Ovis aries).
Reynt var ad finna vardveittar APOBEC3 radir Gr kindaerfdaefni i gagnagrunnum.
Litid hafdist upp ar krafsinu, pannig ad dkvedid var ad notast einnig vid efnivid ur
skyldum tegundum. Pannig var heegt ad finna og klona tveggja hneppa APOBEC3
protein Ur premur klaufdyrum, nautgripum (Bos taurus) og svinum (Sus scrofa) sem
og kindum. Tjaning pessara proteina i E. coli framkalladi stokkbreytingar. Pau gatu
hindrad eftirmyndun HIV-1 sem og fjarskyldrar gammaretroveiru MLV, sem bendir
til ad badi af-aminerningarvirkni og virkni gegn retroveirusykingum sé vardveitt.
APOBEC3 proétein klaufdyra reyndust onem fyrir hindrun med Vif proteini HIV-1.
Olikt hinum vel skilgreindu manna APOBEC3F og APOBEC3G D4 er pad N-enda
af-amineringarhneppid sem er virkt i klaufdyraproteinunum.

Radgreining erfdamengja manna og musa hefur leitt i [j6s mikinn mun i
fjolda APOBEC3 gena milli dyrategunda, fra einu i musum til sj6 i ménnum. Adrir
primatar virdast einnig hafa sj6 APOBEC3 gen. bad 14 beint vid ad spyrja hvernig og
hvenar pessi fjolgun hefur att sér stad. Til ad byrja med reyndum vid ad komast ad
fjolda APOBEC3 gena i klaufdyrum med pvi ad nota PCR byggt & vardveittum
rodum asamt leit i gagnabonkum en pad dugdi skammt. bvi var brugdid 4 pad rad ad
leita a0 APOBEC3 genum i BAC s6fnum sem innihéldu litninga DNA kinda og svina
og fullradgreina APOBEC3 gen pessara tegunda. Reyndust kindur hafa prju
APOBEC3 gen en svin tvd. A medan 4 pessu stéd var birt uppkast ad erfdamengi
nautgripa sem benti til ad likt og saudfé hafi nautgripir prjo APOBEC3 gen. { 6llum
premur tegundum eru vardveittar leidir til nokkurra mismunandi tjdningarforma.
bessar nidurstddur benda til pess ad sameiginlegur forfadir klaufdyra hafi haft prju
APOBEC3 gen og pridja genid hafi tapast snemma i proéun suidae attkvislarinnar.
betta bendir einnig til pess ad mikill og stddugur valprystingur hafi ahrif 4 fjolda
APOBEC3 gena mismunandi tegunda spendyra.

Komid hefur i 1j6s ad tegundarsérhaefni leikur stort hlutverk i samskiptum
sykils og hysils. APOBEC3 proétein virdast veita breidvirka vernd gegn retroveirum,
en hver veira hefur préad motleik sem er sérsnidin ad APOBEC3 proteinum
vidkomandi hysils. Tjaning & APOBEC3 proteinum Ur 6likum tegundum geeti pvi
hugsanlega dregid Ur veirusykingu milli tegunda eda sunum. Skortur a liffeerum til
liffeeragjafa hefur leitt af sér notkun efnividar ur 60rum dyrategundum til liffeeragjafa
i menn og hafa nokkrar slikar adferdir gefid goda raun. Helst er litid til svina vegna
hentugleika hvad vardar sterd, fjolda grislinga i hverju goti, stutts medgongutima og
hagkvemni i rektun. Veirusykingar hafa po verid talsvert til umraedu eftir ad synt
var fram 4 ad innrenar retroveirur ur svinum (PERV) geta sykt mannafrumur i
frumuraekt. Adferdir til ad draga ur haettu 4 sykingum eru pvi eftirsoknarverdar. Vid
vildum lata reyna & hvort tjaning 4 APOBEC3 proteini Gr annarri dyrategund geeta
dregid Ur eda hindrad ferslu veira frd svinum til manna. Samraektunartilraunir voru
notadar til ad syna fram 4 ad tjaning manna APOBEC3 i veiru-framleidandi



svinafrumum kom i veg fyrir sykingu yfir i mannafrumur. APOBEC3G hindradi
PERYV &0ur en veiran var innlimud i erfdaefni mannafrumanna. Hins vegar virtist
APOBEC3 protein svina ekki geta komid 1 veg fyrir sykingu svinaveirunnar. betta
bendir til ad nota matti tjaningu proteina milli tegunda til framleidslu & hattuminni
efnivid fyrir lifferagjafir.

Lykilord: Lentiveira, madi-visnu veira, APOBEC3, cytosin afaminering, retroveiru
hindrun
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ABSTRACT

The APOBEC3 proteins are a mammalian specific family of nucleic acid cytosine
deaminases. A number of family members, including the most studied family
member human APOBEC3G, have been shown to be able to inhibit retroviral
infection by causing C to U deamination of retroviral DNA during reverse
transcription. Some lentiviruses, including HIV-1, can counteract this defense
through the viral protein Vif (viron infectivity factor) that triggers APOBEC3 protein
ubiquitination and degradation. Because of our prior work with maedi-visna virus
our goal was to identify the APOBEC3 genes and proteins of sheep (Ovis aries). This
was done by searching for sheep material in databases using conserved motifs from
known APOBEC3 proteins. This was challenging since there was very little sheep
sequence available and APOBECS3 proteins are under strong positive selection which
makes for less conservation of sequence. By utilizing available sequences from
related artiodactyl species, we could identify and characterize double domain
APOBEC3 proteins from three artiodactyls (cloven hoof ungulates), cattle (Bos
taurus), pig (Sus scrofa) as well as sheep. Expression of all of these proteins in E.
coli triggered a mutator phenotype. They were also capable of blocking the
replication of HIV-1 and to a lesser extent, MLV a distantly related gammaretrovirus
of mice, indicating that both the deaminase and the anti-retroviral activites were
conserved. The dinucleotide preferences of these proteins were broader than the
highly specific preferences of the well studied human APOBEC3F and APOBEC3G.
The artiodactyl double-domain APOBEC3 proteins were resistant to inhibition by
HIV-1 Vif. Suprisingly, unlike the well characterized human proteins, the
deamination activity of these 3 artiodactyl double domain proteins resides in the N-
terminal deamination domain.

The genomic sequences of mice and humans revealed a dramatic expansion
in the number of APOBEC3 genes — from one in mice to seven in humans. Other
primates also appear to have seven APOBEC3 genes. An obvious question was
therefore whether this expansion occurred gradually during the evolution of
mammals or whether it occurred recently. To begin to address this question, we used
degenerate PCR, RACE and database searching to assess the number of APOBEC3
genes in the artiodactyl species we had worked with cattle, sheep and pigs. Several
APOBEC3 sequences were recovered but these approaches proved far from
definitive. We therefore used APOBEC3-specific hybridization to identify pig and
sheep BACs harboring this locus. The full DNA sequence spanning this genomic
region was determined by sequencing BAC fragments. Interestingly, sheep proved to
have three APOBEC3 genes, whereas pigs had only two. During the course of this
work, the cattle genome project released a draft sequence, which also indicated the
presence of three APOBEC3 genes. In all three species, read-through transcription
and alternative splicing also produced a catalytically active double domain protein,
bolstering the innate antiretroviral defenses. These data therefore suggest that the
common ancestor of primates and artiodactyls had three APOBEC3 genes and that
during mammalian evolution the suidae lineage lost one. These data further suggest
the presence of an ongoing selective pressure that has facilitated the gradual
expansion of APOBEC3 gene number during the evolution of mammals.
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An emerging theme in APOBEC3 research is species specificity. APOBEC3
proteins seem to have a broad inhibitory effect of retroviruses, but each retrovirus
seems to have evolved counter-measures that are specific to the APOBEC3 proteins
of their host. The usage of cross-species expression might therefore be beneficial in
raising barriers to impede cross species viral transmissions or zoonosis. The shortage
of allogenic material for transplantation has led to the possible use of materials of
non-human origin for transplantation purposes (Xenotransplantation). An
unprecedented opportunity for zoonosis occurs when live cells, tissues or organs are
transplanted from one species to another. Several xenotransplantation procedures
have shown preclinical promise for treating a number of human conditions. Pigs are
favorable xenotransplantation sources because of their human-like physiology, large
litters, short gestation period and genetic malleability. However, pig to human virus
transmission has been a concern since it was shown that porcine endogenous
retroviruses (PERVs) could infect human cells in culture. Methods that reduce PERV
transmission and possible xenozoonotic infections are therefore desirable. We
conceived that introducing a foreign APOBEC3 protein might impede the
transmission of viruses from pigs to humans. Long-term co-culture experiments were
used to show that PERV transmission form pig to human cells is reduced to nearly
undetectable levels by expressing human APOBEC3G in virus-producing pig kidney
cells. APOBEC3G interferes with PERV replicaion before the virus immortalizes by
integrating into human genomic DNA. In contrast the endogenous APOBEC3
proteins of pigs appeared insufficient to inhibit PERV. These studies indicate that
cross-species restriction strategies may help provide safer xenotransplantation
resources.

Keywords: Lentivirus, maedi-visna virus, APOBEC3, cytosine deamination,
retrovirus restriction
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1. INTRODUCTION

History of maedi-visna virus
In the mid 1930s a previously unknown disease became apparent in Icelandic sheep

in two different regions of the country (Coffin, 1992; Palsson, 1976).

This new disease manifested itself as dyspnoea (laboured breathing) and was always
fatal. The disease, known for its long incubation period and insidious onset, mainly
occurred in adult sheep older than 2-3 years old and started with the animals being
dyspnoeic under exposure to strenuous activity. The disease was called maedi (madi,
Icelandic for “shortness of breath” or “laboured breathing”) and also “dry maedi” to
differentiate it from another lung disease in sheep which was called “wet maedi”
(which turned out to be pulmonary adenomatosis caused by the jaagsiekte sheep
retrovirus (JSRV)), which had been observed a few years earlier in one of the regions
affected by this new disease. Both of these diseases were brought to Iceland by a
flock of sheep of the Karakul breed imported from Halle, Germany in 1933. The
sheep appeared healthy at inspection and showed no signs of any diseases during a
period of two months in quarantine. It is interesting to note that sheep of the Karakul
breed in Germany never developed any signs of disease corresponding to the ones
they brought into the Icelandic sheep population (Straub, 2004). This flock of
German sheep brought yet another disease that was only seen in sheep in the
southwest region of the country which was one of the two regions were maedi was
seen as well (the other was the north-eastern part). This was a neurological disease
which also had a long incubation period and was very insidious in its onset. It caused
encephalomyelitis with weakness in the hind limbs leading to paraplegia and even to
complete paralysis. It was named “visna” (Icelandic for wasting). It was rarely seen
and only came up in flocks that were also infected by maedi. In rare cases visna was
the more common disease (Palsson 1976).

In 1937 an eradication scheme was initialized to rid Iceland of maedi. The
country was divided into quarantine zones, and all the sheep in the infected zones
were culled, the farms left without sheep for three years and then restocked with
sheep from unaffected quarantine zones. It is estimated that up to 650.000 sheep
were culled during this process and approximately 150.000 sheep died from the
disease itself (Palsson 1976). In the years from 1937-1944 the Icelandic sheep



population went from 730.000 to 450.000 winterfed sheep (Palsson 1976). The
culling scheme was successful and the last infected flock was put down in 1965. To
this day Iceland is the only nation in the world that has successfully eradicated
maedi-visna virus or any lentiviral epidemic.

To battle these emerging diseases of the primary farming animal, the government
set-up (with generous funds from the Rockefeller Institute) an Institute of
Experimental Pathology affiliated with the medical department of the University of
Iceland in 1948. It was situated at a farm that the government had purchased in the
outskirts of the capital, Reykjavik. The Institute was known by the name of the farm
which had stood on the land, Keldur. The first director of the Institute was a young
Icelandic physician, Dr. Bjorn Sigurdsson. His work and that of his colleagues laid
the foundation for the scientific understanding of the new diseases. By serial
passages of homogenates from brain and lungs they found out that the diseases were
caused by a filterable agent, most probably a virus (Sigurdsson et al., 1957;
Sigurdsson et al., 1953). A hallmark of the experimental infection experiments was
the long incubation period. In most cases several months passed until any symptoms
of the disease were seen in the animals. Upon examination of organs at earlier time
points, microscopic changes in the affected organs were seen as well as an increase
of cells in the cerebral spinal fluid. In tissue cultures however the agents caused
syncytia formation and cell death in a matter of a few days (Sigurdsson et al., 1960) .

Based on Sigurdsson’s experience with these diseases, maedi and visna, as well
as rida (scrapie), he found that they did not fit into the accepted classification of
diseases at that time, either acute or chronic, due to their long incubation times and
very classical disease path that always led to a serious disease or death even though
the host immune system should have had ample time to neutralize the disease agent.
He therefore set forth a new class of disease and named them slow infections based

on the following identifications (Sigurdsson, 1954a; Sigurdsson, 1954b):

1. A very long period of latency, lasting from several months to several years.

2. Once clinical symptoms have appeared they last a long time, ending, usually
in serious disease or death.

3. Each of the atypically slow diseases is limited to a single host species and

pathological changes are usually confined to a single organ or tissue system.



Into this new class of diseases he suggested that along with maedi and visna
could be classified diseases known at that time, like infectious adenomatosis of sheep
lungs (caused by jaagsiekte sheep retrovirus, JSRV a betaretrovirus), rida or scrapie
(which was originally thought to be caused by a virus but was later found out to be
caused by apperantly folded prion poteins (PrP® -> PrP*) (Prusiner, 1982; Prusiner
and Scott, 1997), cancer of the udder in mice (caused by mouse mammory tumour
virus, MMTV a betaretrovirus) and Rous sarcoma in chickens (caused by Rous
sarcoma virus, a alpharetrovirus and one of the prototype retroviruses, first
characterized by Peyton Rous in 1911 (Rous, 1911; Sigurdsson and Palsson, 1958)) .

Diseases corresponding to those by MVV have been described in a number of
countries, with pneumonia being the most prevalent form. Countries affected by
maedi-like diseases include the USA, most countries in Europe, South Africa,

Ethiopia, Kenya and Kirgizstan (Thormar, 2005).

Strains of MVV
MVYV strains that have been isolated can be divided roughly into clinical and lab

strains where the clinical strains are isolates from natural infections and the lab
strains isolated from sheep that have been experimentally infected or prepared by
genetic manipulations. Some of these strains cause maedi only and some cause both
maedi and visna. Strains isolated from naturally infected sheep are diverse since the
virus is known in geographically distinct locations and has probably resided in the
sheep population for a very long time.

In scientific work the most widely used strains are visna-causing strains that
have been propagated both in vivo and in cell culture for many years. The origins of
many of them date back to the initial experimental infections that originated in 1949
where highly infectious and neurotropic strains were isolated (Figure 1). Examples of
such strains are K1514, which is widely used, and KV1772, which is a derivative of
K1514 and was selected for increased infectivity and neuroinvasiveness. An
infectious molecular clone derived from this strain yields highly infectious virus in
vivo and in cell culture (Andresson et al., 1993). The strain LV1-KS1 (commonly
known as KS1) is also a molecular clone and was isolated in similar fashion as
KV1772 (Staskus et al., 1991). Although genetically very similar to KV1772, KSI is

very different when it comes to infectivity, both in vitro and in vivo, when infecting



Icelandic sheep (Torsteinsdottir et al., 1997). The two molecular clones differ by 129
nucleotide substitutions and two deletions of 3 and 15 nucleotides in the env gene.
KS1 replicates well in SCP (sheep choroid plexus) cells, but replicates only to low
titers in macrophages, and is non-pathogenic in sheep. KV1772 replicates to high
titers in SCP cells and macrophages and is highly pathogenic in sheep. By
constructing recombinant viruses and a series of amino acid substitution mutations,
the attenuated phenotype of KS1 was mapped to two simultaneous point mutations
(as neither one alone was sufficient to convert KV1772 to a growth restrictive
phenotype), one in the CA domain of gag and the other in vif (Gudmundsson et al.,
2005, paper I). The ability of KS1 as an attenuated vaccine to induce protection after
intratracheal infection against superinfection with the highly pathogenic KV1772
was tested by infecting 4 sheep with KS1. Ten months later these sheep were
challenged with KV1772 and another 4 unvaccinated sheep of the same age were
infected simultaneously. All sheep became infected with the challenge virus. The
intratracheal vaccination with KSI1 did not protect against the challenge
superinfection. However, virus was isolated more frequently from the blood from the
unvaccinated controls than of the vaccinated animals and ten times more frequently
from lungs of unvaccinated sheep than from lungs of vaccinated sheep at sacrifice,
indicating some level protection (Petursson et al., 2005).

Maedi was the most prevalent disease form in the maedi-visna epizootic in
Iceland from 1933 to 1965. However, in some flocks visna was the main cause of
disease and death. Studies have shown that the neurovirulent strains have a
duplication in the U3 region of the MVV LTR which is a determinant of cell tropism
(Agnarsdottir et al., 2000). A deletion of a CAAAT sequence from either one of the
repeats resulted in poor virus growth in sheep choroid plexus (SCP) cells. A
duplication in the LTR encompassing the CAAAT sequence was found in four
neurological field cases that were sequenced, but no duplication was present in the
LTRs from seven maedi cases, indicating that the duplication in the LTR is
associated with neurovirulence (Oskarsson et al., 2007).

Many MVV strains have been fully sequenced. In 1985 Gonda and
colleagues identified a remarkable sequence and morphological similarity between
MVYV and what was called HTLV-III (later known as HIV-1). The similarities were
greater than to other known viruses, and it was therefore suggested that HIV-1 was

related to the lentiviruses (Gonda et al., 1985). The sequencing of the K1514 genome



further demonstrated the relationship between the viruses, especially based on
genome organization and sequence homologies in the po/ gene (Sonigo et al., 1985).
Based on these similarities HIV-1 was classified as a lentivirus. Since then other lab
strains of MV'V have been fully sequenced such as the widely used KS1 and KV1772
among others (Andresson et al., 1993; Staskus et al., 1991).
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Figure 1. Strains of maed-visna virus. Lineage of maedi-visna virus strains
isolated for increased infectivity and pathogenicity.

Retroviruses
The maedi-visna virus belongs to the retroviridae tamily. Retroviruses are a family

of single strand RNA viruses that reverse transcribe their genetic material into double
stranded DNA and integrate it into the genome of the host cell. The viral genome is
a single strand of (+) RNA 7-12 kb in length. All retroviruses have two linked copies
of gRNA in the mature virion (Lin and Thormar, 1970; Vogt, 1997)



The retroviridae 1s divided into three main groups, oncoviridae or
oncoviruses (1), spumaviridae or spuma- or foamyviruses (i1) and the /entiviridae or
lentiviruses (ii1) (Figure 2).

Oncoviridae or oncoretroviruses are tumour causing viruses divided into five
subdivisions, alpha o (simple tumour causing viruses, very host-specific, mainly
found in birds. Examples of alpharetroviruses are RSV and ALV), beta B (simple
oncogenic retroviruses that cause tumours in a variety of species, examples are
Mouse Mammary Tumour virus, MMTV, Jaaksiekte Sheep Retrovirus, JSRV, and
Mason-Pfizer Monkey virus), delta & (complex retroviruses that cause leukaemias in
a number of species. The best known are, Human T cell lymphotropic virus type 1,
HTLV-1 and Bovine Leukaemia virus, BLV); gamma v, the largest oncovirus
subgroup containing a large number of both endo- and exogenic viruses in a large
variety of species. The best known example is the Murine Leukaemia virus MLV.
Other gamma retroviruses include Gibbon ape leukaemia virus GALV in gibbons,
Feline leukaemia virus FeL'V in cats and porcine endogenous retrovirus PERV in
pigs, and epsilon € (the smallest group of oncoviruses and the least studied, found
mainly in fish. The best known are WDSV, walleye dermal sarcoma virus and SnRV
or snakehead retrovirus).

Spumaviridae or spuma- or foamyviruses are widespread viruses (the best
studied one being a chimpanzee derived virus termed PFV or primate foamy virus
but others include HFV human foamy virus, BFV bovine foamy virus and FFV feline
foamy virus) not known to cause disease and are in many ways unconventional
retroviruses when it comes to both infectivity and replication (they do not process or
cleave their Gag protein into smaller sub-units, the NC part of the foamy virus Gag
protein does not contain any zinc fingers and reverse transcription is nearly
completed before the virus buds from a producer cell).

Lentiviridae or lentiviruses are the most complex of the retroviruses.
Lentiviruses are found in a number of mammalian species; HIV-1 and HIV-2 (human
immunodeficiency virus) in humans, SIV (simian immunodeficiency virus) found in
a wide variety of simian species (virus strains/subtypes have been isolated from
around 30 species), BIV (Bovine immunodeficiency virus) in cows, MVV (maedi-
visna virus) in sheep, CAEV (caprine arthritis encephalitis virus) in goats, EIAV
(equine infectious anaemia virus) in horses and FIV (feline immunodeficiency virus)

in cats. The name lentivirus was based on Dr. Sigurdsson’s concept of slow



infections (lentus meaning slow in Latin) (Haase, 1975). They do not cause cell
transformations but are the cause of diseases with a long incubation period usually
leading to death. Retroviruses have been extensively studied for decades because of
their involvement in tumour formation and transformation of cell lines, and in the
last 25 years even more so due to the AIDS pandemic. HIV-1 has become the most
extensively studied 9000 nucleotides in history. Regardless of intense study, HIV

continues to be a major modern plague threatening humankind.
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Figure 2. Phylogeny of retroviruses. An un-rooted phylogenetic tree of
retroviruses based on homology of pol sequences (from Weiss et al 2006).

Genome and proteins
The overall genome organization of retroviruses is conserved. All encode the major

building blocks of the virus particle, Gag (group specific antigen), Pol (polymerase)
and Env (envelope). Along with Gag, Pol and Env, lentiviruses also encode Tat and
Rev. All but EIAV have Vif. Non-primate lentiviruses have dUTPase as part of the
pol gene, and the primate lentiviruses have Vpr, Nef. HIV-1 and SIV,, further have
Vpu, whereas HIV-2 and most SIV viruses have Vpx.

The LTR sequences on either end of the genome are important for
integration, reverse transcription and transcription regulation. The repeats are divided
into three regions, U3, R and US. U3 (unique) is at the 3* end of the RNA and U5 is
at the 5° end but R (repeat) is on both ends of the RNA genome. During reverse

transcription two copies of the repeats are formed in two jumps, one on each end of



the genome. The primer binding site where the tRNA primer binds is just outside the
US of the LTR. The U3 of the LTR contains the TATA box and other promoter and
enhancer sequences. The polyadenylation site for mRNA is between the R and U5 at
the 3” end (Sonigo et al., 1985; Vigne et al., 1987; Vigne et al., 1994; Vogt, 1997).
The MVV genome is 9.2 kb (Sonigo et al., 1985) (Figure 3).

MV

HIV-1

Figure 3. Genomes of lentiviruses. Comparison of the genomes of MVV,
CAEV and HIV-1. Based on (Clements and Zink, 1996)

Gag
The gag gene encodes a 55 kDa protein, Gag™> or P55Gag, a polyprotein precursor

that makes up the building blocks of the virion and regulates the assembly and
formation of virions, 2000-4000 Gag copies are found in each virion (Coffin, 1992).
Gag 1s further divided into three subunits, from the N end: matrix (MA, p17), capsid
(CA, p25) and nucleocapsid (NC, p14) (Pepin et al 1998). The viral Protease cleaves
Gag into its mature subunits.

The matrix protein MA controls Gag assembly and attachment to the cell
membrane. The membrane affinity is governed by N-end myristylation (Pepin et al
1998). The protein forms trimers that attach to the inside of the membrane. MA is
part of the RT- and preintegration complex (Vogt 1997).

CA 1s 200-270 amino acids, and it is rich in helixes. CA contains the major
homology region (MHR) that is conserved among all retroviruses, with the exception
of spumaviruses. CA forms a tight hydrophobic core that encloses the virus' genetic

material (Freed, 2001; Vogt, 1997).



NC is small basic protein, 79 amino acids in MVV (Andresson et al., 1993),
that packages the viral RNA and covers it after virus maturation. NC proteins of
lentiviruses contain two zinc fingers that interact with the packaging signal on the
viral RNA (Coffin 1992). The role of NC in reverse transcription is to ensure that the
tRNA primers bind to the right place on the viral genome and to facilitate the two

jumps in the process (Vogt 1997).

Pol
Pol is expressed with Gag when the 9.2 kb MVV viral mRNA is translated (Vigne et

al., 1987). The large precursor protein is called Gag-Pol. The subunits of Pol are the
reverse transcriptase RT, dUTPase (in non-primate lentiviruses only), integrase IN
and protease PR. Upon maturation Pol is cleaved into its subunits by autoproteolytic
activity and they are in the capsid core along with the viral RNA. Pol/ is not read in
the same reading frame as gag. In 5% of transcripts there is a frame shift that ensures
that the virions do not contain too much of the enzymes (Luciw and Leung, 1992).

RT is an RNA dependent DNA polymerase that can use RNA or DNA as
template. There are 10-20 copies attached to the NC complex in each virion . The C-
terminal domain of RT has RNase H activity enabling it to remove RNA from RNA-
DNA hybrids. The enzyme is a heterodimer of two RT peptides where the RNase has
been removed from one of the molecules. The HIV-1 RT has been described as a
hand with the active site in a groove that is protected by “fingers” (Luciw and Leung,
1992; Telesnitsky and Goff, 1997).

IN is at the C-terminal end of the Pol polypeptide and is responsible for the
integration of the provirus into the host's genome.

The viral protease PR cleaves the Gag and Pol polyproteins upon virus
maturation. PR forms dimers that recognize and cleave a motif of 7-8 hydrophobic
amino acids in the polyproteins (Vogt, 1997).

DU or dUTPase is only found in the non-primate lentiviruses. It is located
between RT and IN. Its role is to limit the mutation rate by ridding virons of dUTP
thereby inhibiting its incorporation into the proviral DNA during reverse
transcription. dUTPase appears to be dispensable for MVV infectivity in vivo

(Petursson et al., 1998).
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Env
The Env glycoprotein is a precursor of two subunits, TM (trans-membrane) and SU

(surface), which make up the spikes that stick out of the lipid bilayer covering the
virions. TM of MV'V is 44 kDa connected to the Matrix. The 135 kDa SU subunit is
connected to TM by non-covalent bonds (Pepin et al., 1998). Each Env “spike” is
made up of a trimer of TM proteins connected to a trimer of SU (Vogt, 1997). The
env proteins are responsible for receptor binding upon infection.

The SU part of Env contains both variable and conserved domains. The
conserved domains are important for receptor binding, but the variable domains
change rapidly and allows the viruses to escape recognition by the hosts immune
system (Gudnadottir, 1974). Glycosylation also plays a key role in shielding possible
antigens from recognition (Haflidadottir et al., 2008; Wei et al., 2003).

Additional virus proteins

Rev
The MVV Rev protein is 19 kDa formed in the first phase of transcription by a 1.4

kb mRNA transcript (Sargan and Bennet, 1989). Rev plays a key role in transport of
un- or singly spliced mRNA transcripts from the nucleus (Tiley et al., 1990). The N-
terminus contains a basic region which binds to a stem-loop structure in the Env
RNA called RRE (Rev responsive element) (Tiley and Cullen, 1992; Tiley et al.,
1991). The C-terminus contains a leucine rich region which affects trans-activation
of transcription (Tiley et al., 1991). Rev contains a nuclear export sequence (Meyer
et al., 1996), which facilitates the trafficking of the Rev-mRNA complexes from the

nucleus.

Tat
MVV Tat was previously described as a trans-activator protein similar to that of

other lentiviruses. Recent work has shown that it upregulates the MVV promoter
only 2-3 fold as compared to HIV-1 Tat which enhances transcription 100 to 1000
fold under the same conditions. In contrast to the primate lentiviruses, no TAR
(trans-acting responsive element) sequence has been identified in the MVV LTR and

the MVV Tat binds to cellular transcription factors which target the resulting
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complex to an AP-1 binding site in the LTR. The basal promoter activity of MVV is
40 fold higher than that of HIV-1 LTR (Hess et al., 1985). An accessory function of
MVV Tat similar to that of Vpr has been suggested, since it is incorporated into
virions and induces G2 arrest in the cell cycle of MVV Tat transfected cells (Villet et
al., 2003).

Vif

Vif (virion infectivity factor) is found in all lentiviruses except EIAV. The vif gene
encodes a small (230 amino acids and 29 kDa in MVV, 192 amino acids and 23 kDa
in HIV-1) and highly basic protein, separating the po/ and env genes. All lentiviral
Vif proteins are tryptophan rich and basic with an isoelectric point (pI) ranging from
9 — 10.8 (Shacklett and Luciw, 1994). The Vif protein of most lentiviruses is
cytoplasmic (Goncalves et al., 1994; Goncalves et al., 1995; Michaels et al., 1993;
Simon et al., 1997). The Vif protein of FIV has been shown to have both cytoplasmic
and nuclear localization, however (Chatterji et al., 2000).

Vif does not have sequence resemblance to known proteins and sequence
similarity between the Vif proteins of lentiviruses is rather limited. Despite limited
similarity all Vif proteins have a conserved region in the C-terminal half,
T/SLQXLA (where X can be any amino acid), which is necessary for their function
(Oberste and Gonda, 1992). Vif is expressed in the cytoplasm in the late phase of
transcription along with the structural proteins (Volsky et al., 1995).

Vif was implicated in a number of functions, but its precise role in viral
infectivity remained elusive for a very long time. The effect of the protein is
dependent on the producer cell, i.e. AVif viruses produced in permissive cells can
cause an infection in non-permissive cells. Vif has been shown to be important for a
sustainable in vivo infection in MVV, CAEV and SIV (Desrosiers et al., 1998;
Harmache et al., 1995; Harmache et al., 1996; Kristbjornsdottir et al., 2004).

The AVif phenotype

HIV-1 Vif was initially shown to be essential for HIV-1 replication in human
lymphocytes and a number of T cell derived cell lines termed non-permissive (CEM,
H9 and Hut78), but irrelevant for replication in cells that are called permissive which

include some human T cell lines (SupT1, CEM-SS and Jurkat) as well as a number
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of non-haematopoietic cell lines such as HeLa, COS7 and 293T (Gabuzda et al.,
1992; Strebel et al., 1987). In vitro experiments have shown AVif MVV grows to
some extent in foetal synovial cells (FOS) but poorly in choroid plexus cells (SCP)
and macrophages (Kristbjornsdottir et al., 2004). These cells could therefore be
termed semi-permissive (FOS) and non-permissive (SCP and macrophages).

In vivo experiments (infection of live animals) have been done with FIV in
cats (Inoshima et al., 1996), CAEV in goats (Harmache et al., 1996), SIVmac in
rhesus macaques (Desrosiers et al., 1998) and MVV in sheep (Kristbjornsdottir et al.,
2004). In goats infected with AVif CAEV there was very little antibody response
(Harmache et al., 1996). In monkeys the AVif virus grew very slowly and a very low
antibody response was measured (Desrosiers et al., 1998). Sheep infected
intratracheally with AVif MVV did not get infected, no viruses were isolated from
blood or tissues and there was no or very limited antibody response (Kristbjornsdottir
et al., 2004).

In vitro experiments with AVif viruses have been performed with HIV-1
(Gabuzda et al., 1992; Gabuzda et al., 1994; Gibbs et al., 1994; Park et al., 1994;
Sova and Volsky, 1993), HIV-2 (Reddy et al., 1995), SIV (Desrosiers et al., 1998),
FIV (Lockridge et al., 1999; Tomonaga et al., 1992), CAEV (Harmache et al., 1995)
and MVV (Kristbjornsdottir et al., 2004), and Vif turned out to essential for all of
these viruses for a sustainable infection of their natural target cells.

The role of Vif is producer cell dependent. AVif viruses from non-permissive
cells are non-infectious, whether they are used to infect permissive or non-permissive
cells. AVif viruses produced in permissive cells are able to infect all cell types. This
seems to be the case for all viruses harbouring Vif (Bouyac et al., 1997b; Chowdhury
et al., 1996; Courcoul et al., 1995; Gabuzda et al., 1992; Ochsenbauer et al., 1997;
Tomonaga et al., 1992; von Schwedler et al., 1993).

The difference of importance of Vif in different cell types can be explained
by two possibilities: Either there is an inhibitor in non-permissive cells or there is a
factor in permissive cells that is able to perform the role of Vif. This was
distinguished by fusing permissive and non-permissive cells. In these heterokaryons
the non-permissive phenotype was dominant, implying that the non-permissive cells
contained a host factor that was a potent inhibitor of HIV-1 neutralized by Vif and is

absent in the permissive cell types (Madani and Kabat, 1998; Simon et al., 1998a).
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This elusive host factor was later found to be APOBEC3G, initially termed CEM15
(Sheehy et al.,, 2002), a member of a recently discovered family of cytosine

deaminases (Jarmuz et al., 2002).

The interaction that occurs between Vif and APOBEC3 proteins will be described in

a later chapter.

Non MVYV auxiliary proteins
In addition to Tat, Rev and Vif HIV-1 encodes for three additional auxiliary proteins

called Vpr, Vpu and Nef. As in the case for Vif their principal activity appears to be
evasion from an array of cell-mediated antiviral resistance. Vpr facilitates infectivity
and causes G2 arrest. Vpu triggers CD4 degradation and enhances virion release by
counteracting an antiviral factor named tetherin (Neil et al., 2008). Nef triggers CD4
endocytosis and alters signal transduction in T cells. By limiting the number of CD4
receptors Vpu and Nef reduce the possibility of re-infection of cells and unnecessary

interactions with newly formed Env proteins (Malim and Emerman, 2008).

Lenitviral infection and replication

Receptor binding, entry and uncoating
The first step in lentiviral infection is the connection to the host cell being infected.

This depends on the interaction of a receptor molecule on the host cell and the Env
glycoproteins of the virus. HIV-1 uses the CD4 molecule and only infects CD4
positive T cells (Dalgleish, 1985; Dalgleish et al., 1984). HIV-1 also uses chemokine
surface molecules as co-receptors, either CXCR4 or CCRS5 (Alkhatib et al., 1996).
The receptor for MVV is unknown but it is probably a common surface molecule
since MVV can enter a very broad number of cell types (Lyall et al., 2000).

When the SU part of Env binds the receptor, a conformational change occurs so that
hydrophobic fusion peptides on the N-terminus of TM are uncovered and attach to
the cell membrane (Luciw and Leung, 1992). This causes a conformational change in
TM and the hairpin trimer is formed. The coat covering the virion is drawn to the cell

membrane and fuses to it (Malashkevich et al., 2001).
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After the fusion the virus core is launched into the cytoplasm. There the core

uncoats and the reverse transcription complex is formed in a process that is not well

understood, but cellular factors seem to play a key role (Freed, 2001).

Reverse transcription

The reverse transcriptase RT is a Mg2+ dependent RNA dependent DNA polymerase

that lacks proofreading ability (Baltimore, 1970; Lin and Thormar, 1970; Temin and
Mizutani, 1970).

Reverse transcription takes place in a number of steps, among them are two

jumps where nascent DNA strands are separated from their RNA template and bind

to the other end of the virus genome (Figure 4).

1.

tRNA primer binds to the primer binding site PBS close to the 5’ end of the
genome (Sonigo et al. 1985). From the PBS a short -DNA strand is formed to
the 5° end. Retroviruses use tRNA primers that they hijack from the producer
cell. MVV and HIV use tRNA"® (Sonigo et al., 1985). The tRNA is stretched
from its original conformation so that 17-18 bases can pair with the PBS
(Vogt, 1997).

The RNase H activity of RT degrades the RNA from the DNA/RNA hybrid
and a DNA strand with a tRNA end is formed. That is called strong-stop —
DNA.

The 100-150 base strong-stop DNA contains the R part of the LTR and base
pairs with the same region at the 3’ end of the viral RNA. This first jump is
aided by NC and is more often between RNA molecules rather than within
the same molecule (Panganiban and Fiore, 1988; Vogt, 1997)

The strong-stop -DNA becomes a primer for the formation of the remainder
of the minus (-) DNA strand that extends the length of the genome. RNase H
degrades the RNA template, but leaves bits at the polypurine sites close to the
5’ of the RNA template and close to the 3’ end of pol . (Freed, 2001; Sonigo
et al., 1985)The RNA bits act as primers for the formation of a plus (+) strand
DNA which extends until the tRNA primer at the end of the (-) strand has
been reverse transcribed and the PBS is formed. Then the tRNA primer is

degraded by RNase H.
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5. The short (+) DNA strand that is formed is called strong-stop (+) DNA has a
PBS that pairs with a similar sequence at the other end of the (-) DNA strand
(Freed, 2001). This is the second jump of the process and takes place within a
single molecule (Panganiban and Fiore, 1988).

6. The synthesis continues until a double stranded DNA provirus with identical

LTR sequences at both ends is formed (Freed, 2001).
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Nuclear entry and integration
Integration of the viral genome into the host cell chromosome is vital both for MVV

and HIV (List and Haase, 1997) (Figure 5).

After reverse transcription is completed the proviral DNA is, along with MA,
RT, IN and Vpr (HIV-1) in a preintegration complex, PIC (Acheampong et al.,
2003). IN cleaves 2 nucleotides off the 3’ ends of the genome (Brown, 1997) In
MVYV sometimes only one nucleotide is cleaved from the end (List and Haase, 1997).

The viral DNA 1is actively transported into the nucleus. Lentiviruses are
transported into the nucleus of non-dividing cells by means of nuclear localization
signals NLS in proteins. In HIV-1 MA and Vpr contain the NLS (Acheampong et al.,
2003).

After entry into the nucleus the PIC binds to the host chromosome and IN
catalyzes a reaction between the 3° OH ends of the provirus and staggered
phosphodiester bond in the host chromosome (Brown, 1997). Recent studies show
that in lentiviruses this is aided by the host factor LEDGF. Integrase proteins of all
lentiviruses including MVV bind directly to LEDGF (Cherepanov, 2007). Finally the
repair system of the host cell fills in the nicks at either side of the insertion

(Acheampong et al., 2003).

Transcription
Retroviruses use the transcription machinery system of the host cell to express and

replicate their genome. The transcription takes place in two phases, in the first phase
Tat and Rev (and Nef in HIV) are made but the building blocks and other viral
proteins and the genomic RNA are made in the second phase (Mazarin et al., 1988;
Sargan and Bennet, 1989).

Transcription is initiated on the junction of U3 and R at the 5’ end of the
provirus. In HIV-1 TFIID binds to the TATA box and transcription factors like Spl
and NF-kB bind to promoter sequences (Acheampong et al., 2003). In MVV there
are other sites such as AP-1 and AP-4 (Hess et al., 1989) that transcription factors
like cJun and cFos bind to (Carruth et al., 1996; Vigne et al., 1994).

Basal transcription from the HIV-1 LTR is low but is transactivated up to a
thousand fold by Tat (Freed, 2001; Rabson and Graves, 1997). The MVV LTR basal
level of transcription is around 50 fold higher than that of HIV-1.
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The RNA transcripts are processed in the same way as other cellular transcripts, with
a 5’ methyl cap and a polyA tail in U3 on the 3’ end (Sonigo et al., 1985).

The Rev protein is necessary to ensure that a subset of the newly formed
RNA transcripts are transported un- or single spliced out into the cytoplasm. In the
first phase of transcription a fully spliced transcript is formed encoding Tat and Rev
which are transported into the nucleus where the second phase is initiated when the
level of Rev becomes high enough. Rev binds RRE which is found on all unspliced
or partially spliced RNA transcripts. This stops further splicing and transports the
transcripts out of the nucleus. Rev traffics between the cytoplasm and the nucleus
due to a nuclear localization signal (Acheampong et al., 2003; Freed, 2001; Rabson

and Graves, 1997).

Expression of viral proteins and virion formation
Translation of viral proteins takes place on polyribosomes in the cytoplasm, and like

with cellular mRNA transcripts, they are either released into the cytoplasm or into

the endoplasmic reticulum.

Gag polyproteins

The N-terminus of MA is cotranslationally modified by myristic acid. This fatty acid
modification is essential for Gag membrane binding (Freed 2001, Leciw and Leung
1992). 5-10% of the unspliced mRNA is transcribed into a Gag-Pol polyprotein.
Lentiviruses can escape the stop codon at the 3’ end of gag by ribosomal frame
shifting where the ribosomes jump back one nucleotide at the 3’ end of gag and carry

on the pol reading frame (Acheampong et al., 2003; Swanstrom and Wills, 1997).

Env

Env is translated in the same way as membrane bound cellular proteins and is
trafficked to the cell membrane though the endoplasmic reticulum (Freed 2001,
Swanstrom and Wills 1997). The proteins are cotranslationally moved into the lumen
of the endoplasmic reticulum through the use of an N-terminal signal peptide. In the
endoplasmic reticulum the Env polyprotein forms intramolecular disulfide bonds,
undergoes oligomerization and glycosylation is initiated (Freed, 2001; Vogt, 1997).

In the Golgi the proteins are further glycosylated which generates a variety of
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products. During Env trafficking through the Golgi Env is cleaved to generate SU
and TM which are still linked by non-covalent bonds (Freed, 2001; Swanstrom and
Wills, 1997).

Figure 5. Lentiviral replication. Schematic of the HIV-1 replication cycle. See
text for further details Based on (Paillart et al., 2004).

18
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Viron assembly
Gag, Gag-Pol and Env assemble at the cell membrane. Gag plays a key role in this

process; Gag proteins polymerize and form a coat on the inside of the membrane that
starts to bud outwards. RNA 1is incorporated along with other viral proteins along
with a number of host factors. In a process called budding an immature virion buds
from the cell membrane of the host cell. The viral protease cleaves the Gag
polyproteins into their final conformation and an infectious virus is formed.

Gag and Gag-Pol are targeted to the cell membrane through myristylation of
the N-terminus of MA . Basic amino acids in MA are targeted to negatively charged
phospholipids on the inside of the cell membrane and increase the stability of the
interaction of Gag to the membrane (Acheampong et al., 2003; Freed, 2001)

Env is targeted to the cell membrane juxtaposed to assembling virion proteins
through an interaction of the cytoplasmic tail of TM and MA . This interaction also
protects Env from being endocytosed (Luciw and Leung, 1992; Swanstrom and
Wills, 1997).

The packaging of the viral genome is important for the formation of the viral
core. Gag alone can form viral like particles (VLPs) in vitro, but only if RNA is
involved. The assembly process begins with the interaction between RNA and the
NC part of Gag (Freed, 2001; Luciw and Leung, 1992; Swanstrom and Wills, 1997).
The packaging of the viral genome is specific mediated through a region containing a
stem-loop structure called the packaging signal. The region is spliced out of
shortened transcripts and therefore they are not packaged (Freed, 2001). Zinc fingers
in the NC part of Gag bind to the packaging signal and basic regions surrounding the
zinc fingers interact with the RNA (Luciw and Leung, 1992; Swanstrom and Wills,
1997). Each virion contains two copies of the viral RNA genome. The dimer
initiation signal is located close to the 5’ end of the genome in HIV (Freed 2001),
and a dimer initiation signal has also been located in MVV as well as encapsidation
determinants which are found in stem loop structures located downstream of the
major splice donor (Bjarnadottir et al., 2006; Monie et al., 2005).

The tRNA primer is necessary for the virus and it is packaged through a
connection with RT (Luciw and Leung 1992, Swanstrom and Wills 1997).

Budding occurs due to the polymerization of Gag. The C-terminus of CA, the
N-terminus of NC and other sequences are important for the process. CA alone can

form VLPs, but if NC is expressed along with it, particle formation becomes more
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efficient (Freed 2001). Due to the conformation of Gag the protein core formed is
roughly spherical. The particles do not pinch off the viral membrane automatically,
but rather the pinching off is regulated by regions of Gag, termed L-domains (Freed
2001, Swanstrom and Wills 1997).

Maturation
Virus maturation is visible in electron microscopy as a conformational change of the

virus core. Initially the core is spherical, but upon maturation the capsid becomes
denser and the takes on its final cone shaped formation. This is due to the viral
protease cleaving the Gag polyproteins and their structural rearrangement into an
electron-dense core (Freed 2001).

The viral protease PR forms homodimers with the active site at the bottom of
a cleft between the two subunits. The protease-mediated processing is specific
although PR recognises more than one cleavage site (Freed 2001, Luciw and Leung
1992, Swanstrom and Wills 1997). Protease mediated Gag and Gag-Pol processing
takes place in an ordered, stepwise cascade of cleavage reactions. This ensures that
maturation occurs only after the virus pinches off the producer cells and is regulated

by differential affinity of the protease for certain sites (Swanstrom and Wills, 1997).

Endogenous retroelements [and retroviruses]
Darwin could not have foretold that we are descended from viruses as well as from

apes. While there is clear evidence that viral diseases affected ancient civilizations,
viruses were not defined until the early years of the twentieth century, shortly after
the rediscovery of Mendelian genetics. That retroviral genomes can oscillate between
cell-free and cell-dependent modes of transmission seemed preposterous before the
discovery of reverse transcription in 1970. Those who had earlier provided
Mendelian evidence for germ-line transmission of retroviruses were subject to
friendly ridicule (Weiss, 2006).

Almost half of the mammalian genome is derived from ancient transposable
elements. Two general types, DNA-transposons and retroelements encompass ~2.8%
and 42.2% of the human genome, respectively (Deininger and Batzer, 2002; van de
Lagemaat et al., 2003). The DNA-transposons jump by a “cut and paste” mechanism

without an RNA intermediate, retroelements rely on an RNA transcript that is
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retrotranscribed by a reverse transcriptase, or a “copy and paste” mechanism, before
being integrated into the genome.

Human retroelements are split into two large groups, the non-LTR and LTR
elements. Two of the non-LTR members are present in extremely high copy numbers
in the mammalian germ line: the short interspersed elements (SINE) with the
prominent Alu and MIR repeats and the long interspersed elements (LINE)
containing the autonomous L1 and L2 sequences (Medstrand et al., 2002). SINEs
have no protein coding capacity and depend on LINE elements for their
amplification. The LTR class elements make up 8% of human chromosomes and
include retrotransposons, endogenous retroviruses (ERVs) and repeat elements with
HERYV origin, such as SINE-R. The SINE-R retrotransposon family contains a partial
sequence from a HERV-K LTR. The env genes of ERVs confer the potential to
spread between cells and individuals. Solitary LTRs of ERVs and retrotransposons,
generated by LTR-base homologous recombination processes, are usually one or two
orders of magnitude more abundant than preserved or partially complete proviruses
(Lower et al., 1996).

None of the HERVs seem to be active and they all appear to have integrated
and have been fixed for millions of years. No current transposition activity of
HERVs or endogenization of human exogenous retroviruses has been documented so
far. However, examples of probable ongoing endogenization processes are known
from other mammals. For example, mouse mammary tumour virus (MMTV) and
murine leukaemia viruses in mice, Jaagsiekte sheep retrovirus (JSRV) in sheep,
porcine endogenous retroviruses (PERV) in pigs, avian leukaemia viruses (ALV) in
chickens, and feline leukaemia virus (FeLV) in cats presently have both endogenous
and exogenous forms (Boeke and Stoye, 1997). Recently an unprecedented
opportunity to capture the endogenization of a retrovirus in real-time has been
revealed with the koala retrovirus (KoRV) which currently seems to be in transition
between an endogenous and exogenous state (Tarlinton et al., 2008). It has been
shown that koala retrovirus (KoRV) is a functional virus that is associated with
neoplasia (Tarlinton et al., 2005). KoRV also shows features of a recently inserted
endogenous retrovirus that is vertically transmitted. More interestingly, some isolated
koala populations have not yet incorporated KoRV into their genomes. Combined

with its high level of activity and variability in individual koalas, this suggests that
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KoRV 1is a virus in transition between an exogenous and endogenous element

(Tarlinton et al., 2008).

The recent insertion of retroelements in the human genome had led to
approximately 1 in every 1000 genetic mutations being caused by Alu insertions
(Deininger and Batzer, 1999) and a similar proportion by L1 insertions (Kazazian
and Moran, 1998).

A majority of L1 insertions causing disease are on the X chromosome
(Kazazian, 2000). The X chromosome has twice the normal level of L1 elements
(30% instead of 17%) and therefore it is either a hot spot for L1 insertion or there is a
positive selection for L1 . It has been proposed that the L1 elements may be highly
enriched on the human X chromosome because they may play a role as relays for the
X-inactivation signal (Bailey et al., 2000).

Although LTR-retrotransposons comprise around 8% of human DNA, most
contain only a single LTR, because of LTR-LTR recombination. Essentially all
human LTR-transposons are immobile, although a few HERV elements may remain
active. By contrast, the mouse genome harbours active LTR-retrotransposons in the
forms of intracisternal A particles (IAPs), MaLR and Etn elements (Baust et al.,
2002; Medstrand and Mager, 1998; Ostertag et al., 2003).

L1 elements comprise 17-20% of human and mouse DNA, and are the only
autonomous non-LTR retrotransposons in these genomes. Out of the more than
500,000 L1 copies, only around 80-100 are active in the average diploid human
genome (Brouha et al., 2003). By comparison, the diploid mouse genome likely
harbours ~3000 potentially active L1 elements (Goodier et al., 2001). Although the
retrotransposition frequency must be greater in the mouse than in humans, the best
estimates of retrotransposition frequency in humans are still relatively high — at least
1 in every 50 sperm (Deininger and Batzer, 2002; Ostertag et al., 2003). The human
and mouse genomes also harbour numerous non-autonomous non-LTR
retrotransposons, named SINEs. Alu elements are the major SINE in the human
genome, whereas B1 and B2 are the major SINE families in the mouse genome. Both
B1 and B2 elements are derived from tRNA genes. These SINEs probably all use the
proteins encoded by active L1s to mediate their mobility.

The taxonomy of HERVs is a source of confusion. The preferred systematic

nomenclature uses the amino acid specificity of the tRNA that hybridizes to the
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primer-binding site. The name is defined by adding its one letter code as a suffix to
the acronym HERV. HERV-K, for example, uses a lysine specific tRNA as a primer
for the initiation of the reverse transcription reaction. The limitations of this approach
include the fact that very distantly related viruses use the same tRNAs, and that
incomplete information about this short region due to deletions or mutations make
classifications of these retroviral sequences almost impossible.

The first HERV-K sequences in the human genome were identified by low
stringency Southern blot screenings of human genomic libraries with probes derived
from conserved pol region from Syrian hamster intracisternal particle A (Ono et al.,
1987).

Of the numerous retroviral insertions that have been characterized in
vertebrate genomes none have revealed significant homology to exogenous
lentiviruses (Gifford et al., 2005; Vogt, 1997). This has been taken as reflecting a
recent origin for the lenitiviral genus (such that there has not been sufficient time for
genome invasion to occur), or a biological barrier to genome invasion, arising either
from lentiviral mechanisms for trans regulation of gene expression (Lower et al.,
1996) or the lack of specific receptors for these viruses on germ cells (Stoye, 2006).
Recently Gifford and colleagues presented evidence for the first endogenous
lentivirus, present in the genome of the European rabbit, which was termed rabbit
endogenous lentivirus type K or RELIK (Katzourakis et al., 2007). These
endogenous lentiviral insertions contain putative tat and rev genes and corresponding
RNA secondary structural motifs demonstrate that germ-line infection by lentiviruses
can occur and that lentiviral mechanisms for complex regulation of expression do not
preclude successful germ-line colonization. RELIK lacks the vif gene. Thus, it is
tempting to speculate that the lack of vif was in part responsible for the successful
host control of the exogenous form of rabbit lentivirus. The sequences of RELIK are
so divergent that they prelude a clear-cut examination of the telltale monotonous G-
to-A mutational changes that mark the actions of APOBEC3 proteins. The discovery
of RELIK extends the host range of lentiviruses to a fifth mammalian order. All the
copies of RELIK are defective and analyses indicate that the rabbit genome contains
around 25 full-length viruses and 150 solo LTRs. By assuming that copies of RELIK
have evolved at the same rate as the rest of the rabbit genome since their divergence,

the authors estimated the time of origin of RELIK at least 7 million years, thus
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providing the first evidence for an ancient origin of lentiviruses (Katzourakis et al.,
2007).

Recently, Lee and Bieniasz reconstructed a proviral clone, termed HERV-
Kcon that resembles the presumed progenitor of HERV-K (HML-2), betaretrovirus-
like variants that entered the human genome within the last few million years. Most
of the mutations that were reversed to generate the infectious clone were from A to
G, suggesting that HERV-K may have been extinguished in humans in part by host
defenses that induce mutation of retroviral DNA. Indeed the replication of the
reconstituted HERV was inhibited by APOBEC3F, but interestingly neither by
APOBEC3G nor human TRIMS5a (Lee and Bieniasz, 2007).

Porcine endogenous retroviruses (PERVs) and xenotransplantation
Xenotransplantation is the transplantation of cells, tissues or organs between

different species. In humans, xenotransplantation can include: 1) transplantation of
solid animal organs, e.g. heart, kidney, liver, i1) transplantation of live animal cells,
e.g. pig neuronal and pig pancreatic islet cells, or iii) use of viable animal
cells/organs as part of a medical device such as extra-corporeal liver perfusions. The
animal species is referred to as the “source” species (Magre et al., 2003).

Successes in allotransplantation, with the availability of haemodialysis and
allogenic human organs from donors with brain death, has now led to a shortage of
allogenic/human donor organs and tissues, spurring a renewed interest in
xenotransplantation.

Pigs have been chosen as a favourable source species for xenotransplantation
for a number of logical reasons. Pigs attain sexual maturity within 9 months, have a
short gestation period of a 114 days and have large litters of somewhere between 9-
16 piglets. Large-scale breeding is highly feasible, no ethical issues or endangered
species issues need to be addressed using pigs. Adult pig organ size and life
expectancy are compatible with adult humans (Magre et al., 2003).

When transplanted into untreated humans or nonhuman primates, pig organs
are rejected hyperacutely within minutes by antibody-mediated complement
activation. Hyperacute rejection is the result of incompatibility between donor and
recipient encountered in vascularized organ xenotransplantation (Schuurman et al.,

2003). Hyperacute rejection is induced by naturally occurring antibodies reactive



25

against donor antigens (Cramer, 2000; Schuurman et al., 2003; Soin et al., 2000).
The major target antigen of human natural xenogenic antibodies is the galactose al,3
galactose sugar residues present on the cell surface of lower mammals and new
world monkeys (Schuurman et al 2003).

The birth of the first homozygous o 1,3 galactosyltransferase gene-knockout
pigs, not expressing the major xenoantigen recognized by human natural anti-Gal
antibodies, was reported in 2003 (Cooper, 2003). The first in vivo results following
the transplantation of these pig organs into baboons were published in 2004 (Tseng et
al., 2004). These newly modified pig organs offered significant progress in terms of
graft survival .

The risk of zoonosis, the inadvertent transfer of pathogens between species, is
emphasised in xenotransplantation because normal host defences, including the skin
and mucosal surfaces are bypassed when human and animal tissue are placed in close
contact. Animal pathogens, that under normal circumstances would be non-infectious
to humans, may become infectious in a xenotransplantation scenario. The use of
immunosuppressive therapy to minimise graft rejection further increases the risk of
infection by otherwise non-infectious or latent animal pathogens. The occurrence of
zoonotic infections originating from pigs is not unknown. Fatal cases of swine
influenza have been attributed to the swine influenza virus and pigs probably played
a role in the 1918-19 influenza pandemic (Wells et al., 1991). Encephalitis epidemics
in Malaysia and Singapore were caused by the Nipah virus in pigs that recently came
from a reservoir in fruit bats (Chua, 2003; Chua et al., 1999; Paton et al., 1999).

Although most known pathogens can be eliminated by SPF “specific
pathogen free” breeding and careful screening and monitoring of source animals
(Swindle, 1998), the main risk of zoonosis arises from the transfer of source
pathogens that are as yet unidentified, difficult to eliminate or maintained in a latent
or intracellular state in an asymptomatic host (e.g., endogenous retroviruses such as
PERV). Furthermore, genetic modification of source animals to host tolerance
induction may alter the host’s susceptibility to animal pathogens or “humanise”
animal pathogens allowing them to survive in human recipients (Weiss, 1998).

Viruses are currently under scrutiny as zoonotic agents as they can be
efficiently transmitted with viable cellular grafts, may be non-pathogenic in their
animal host but could cause serious disease in humans and present a reservoir of

potentially untreatable infections. Along with the aforementioned viruses, the swine
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influenza virus and the Nipha virus, a number of pig viruses have been linked with
the possibility of infecting humans. Among the most notable are members of the
herpesviridae, Porcine cytomegalovirus (PCMV) (Clark et al., 2003; Fryer et al.,
2001) and the Porcine lymphotropic herpesvirusues 1 and 2 (PLHV-1 and 2) (Ehlers
et al., 1999; Ulrich et al., 1999), Porcine hepatitis E virus (Halbur et al., 2001; Meng
et al., 1997; Williams et al., 2001). Porcine encephalomyocarditis virus (EMCV) a
picornavirus (Brewer et al., 2001) and the Porcine rotavirus (Santos et al., 1999).

PERV as C-type particles in porcine cell lines were first described in the
1970s (Breese, 1970). These particles were produced from a number of pig kidney
cell lines, among them PK-15 (Armstrong et al., 1971). Viral RNA was found to
hybridise to DNA but not RNA extracted from pig liver, indicating that despite the
apparently endogenous nature of these viruses they were not actively transcribed in
the pig liver (Todaro et al., 1974).

With the revival of xenotransplantation in the 1990s there has been renewed
interest in the biology of PERVs. In 1997 Clive Patience and colleagues
demonstrated the ability of PERVs to infect human cells in vitro (Patience et al.,
1997). In this study virus spontaneously released in PK-15 (PERV-PK) cell
supernatant was found to infect porcine ST-IOWA, mink lung (Mv-1-Lu) and human
embryonic kidney (293) cell lines, while MPK virus (PERV-MPK) was restricted to
ST-IOWA cells. Upon co-cultivation, PERV-PK was able to infect a broader range
of human cell lines. While RT activity was evident in PERV-PK infected 293 cell
supernatants, indicating productive infection, its absence in a PERV-PK infected
human fibrosarcoma (HT1080) cell line and primary human PBMCs, despite the
presence of PERV-PK sequences, suggested non-productive infection. Southern blot
analysis indicated multiple copy numbers of PERV in DNA extracted from the heart,
kidney and spleen of domestic pigs, confirming their endogenous nature (Patience et
al., 1997).

To date, three subgroups of PERV have been identified, termed PERV-A, -B
and -C, which contain highly conserved gag and pol genes, but diverge in their
envelope sequences. The observation that full-length PERV sequences
(approximately 8-15) vary among swine strains (Akiyoshi et al., 1998) led to the idea
that selective outbreeding of source pigs that expressed less PERV may reduce the
proviral load in source organs, thereby reducing the possible risk of transmission to

humans. Screening of SPF pigs for their genomic distribution of PERV showed the
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absence of PERV-C in some animals. However, persistently high levels of full-length
PERV genomes were found in organs of seven PERV-C negative animals. Isolation
and envelope sequencing of these full-length transcripts identified both functional
and defective PERV-A and PERV-B like envelope sequences which may indicate
replication competence of these transcripts (Bosch et al., 2000). In another study, the
presence of PERV mRNAs in a panel of tissues from SPF and conventional pigs was
determined by a semi-quantitative RT PCR. The results showed that PERV mRNA
levels were the same in both SPF and conventional pig tissues. PERV-A and PERV-
B envelopes were more represented compared with PERV-C envelopes and PERV
expression varied in tissues with the pancreas expressing the least and kidneys
expressing the highest levels of PERV mRNA (Clemenceau et al., 1999).
Furthermore, isolation of three PERV-A types and one PERV-B type replication —
competent molecular clones, from a PK-15 cell line genomic library may suggest that
the pig genome harbours a limited number of infectious PERV-A and PERV-B
sequences (Krach et al., 2001). Identification of such replication-competent
retroviruses in the pig genome may also help in identifying pig breeds which produce
lower levels of PERV or are devoid of individual proviruses as a result of
polymorphisms, thereby increasing the possibility of cloning PERV-free pigs
(Niebert et al., 2002; Oldmixon et al., 2002). However, the mere presence of PERC,
even if non-infectious, could lead to recombination events, mutation and other
possible changes, which may alter their “non-pathogenic” state. Non-infectious,
replication-deficient PERV may recombine with replication-competent, infectious
PERYV, or other related endogenous retroviruses. One example of a recombinant
PERV is already known. The PERV-NIH isolate contains an env sequence with the
receptor-binding domain derived from PERV-A and the cell fusion domains derived
from PERV-C (Wilson et al., 2000).

PERYV has been shown to be able to infect a panel of human cells (Patience et
al 1997). Productive infection of primary human endothelial and mesengial cells was
shown by detection of RT activity from the supernatants of cells co-cultivated with
virus producing cells (Martin et al.,, 2000). The danger of PERV in
xenotransplantation was further emphasised when mitogenic stimulation of primary
porcine PBMCs from two pig strains, the National Institutes of Health (NIH)
miniature pig (minipig) and the Yucatan pig, was found to release porcine C-type

retroviruses capable of productively infecting pig and human cell lines. The pol gene



28

of these viruses showed 95% nucleotide identity with PERV-PK virus (Wilson et al
1998). Xenotransplantation-relevant porcine cells, including primary porcine aortic
endothelial cells (PAECs) form the the main interface between a xenograft and a
recipients leukocytes and tissues), hepatocytes, lung and skin from various pig strains
and breeds were also shown to express PERV mRNA. These PAECs released
infectious PERV, which transferred to human 293 cells upon co-cultivation with
expression of both PERV-A and PERV-B subgroups (Martin et al 1998).

The ability of certain PERV to infect human cells has been documented in
vitro (Martin et al., 2002). However, using the same in vitro conditions, it has not
been possible to achieve viral transmission from cells from selected strains of
miniature swine (Martin et al 2002), and PERV transmission into humans or
nonhuman primates has never been observed in vivo after exposure to living porcine
tissues (Irgang et al., 2003; Magre et al., 2003). These discrepancies between in vitro
and in vivo results could be explained by the presence of natural immunity against

PERYV in human and/or primates (Blusch et al., 2002).

APOBECS3 protein family of cytosine deaminases

The APOBEC3 family cytosine deaminases
APOBEC3 (apolipoprotein B mRNA-editing catalytic polypeptide-like 3) proteins

belong to a family of polynucleotide cytosine deaminases that includes AID
(activation induced deaminase), APOBECI (Al), APOBEC2 (A2) and APOBEC4
(A4) (Conticello et al., 2005; Jarmuz et al., 2002; Rogozin et al., 2005). These
proteins catalyze the deamination of cytosine to uracil in single-stranded DNA and/or
RNA affecting diverse physiological functions. All family members have either one
or two deaminase motifs (Z domains) comprising the sequence His-Xaa-Glu-Xaa-,3.
28-Pro-Cys-Xaa,.4-Cys (where X can be nearly every amino acid), the histidine and
two cysteine residues coordinate a Zn>" ion, and the glutamic acid residue is involved
in proton shuttling. Catalysis results in hydrolytic deamination at the C4 position of
the cytosine base, thereby converting cytosine to uracil in a process called editing
(Teng et al., 1993; Wedekind et al., 2003).

APOBECI was the first family member to be identified and therefore the whole

family gets its cumbersome name from its function. APOBECI is involved in lipid
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metabolism (Teng et al., 1993). It is expressed in gastrointestinal tissues and
specifically edits C6666 in apolipoprotein B mRNA to generate a premature stop
codon that leads to a truncated functional form of apolipoprotein B (Teng et al.,
1993; Yamanaka et al., 1995). The longer apoB100 and the shorter apoB48 have
different effects on cholesterol metabolism (Anant and Davidson, 2001).

The second family member AID is expressed in B cells and is essential for
three types of immunoglobulin-gene diversification: somatic hypermutation, class
switch recombination and gene conversion through C to U editing at the
immunoglobulin loci (Eto et al., 2003; Muramatsu et al., 2000; Muramatsu et al.,
1999; Petersen-Mahrt et al., 2002). These processes are an integral part of the DNA-
level modifications that drive maturation of the vertebrate antibody response to
pathogens. Recently AID proteins from a panel of different vertebrates were shown
to be able to inhibit the replication of the retroelements LINE1 and MusD. AID was
able to inhibit the replication in a deamination independent manner. AID was as well
shown to be expressed in reproductive tissues in mice, which might suggest that AID
has or may have had innate immune functions in addition to its role in creating
antibody diversity. This data furthermore pinpoints AID as the ancestor of the
modern day APOBEC3 proteins (MacDuff et al., 2009).

APOBEC?2 is expressed most prominently in cardiac and skeletal muscle and
is regulated by NF-xB in human hepatocytes (Liao et al., 1999; Matsumoto et al.,
2006; Prochnow et al., 2007), but it has failed to show activity on cytosine with DNA
or RNA (Harris et al., 2002; Liao et al., 1999). APOBEC4 is the most recently
defined member of the family; it is primarily expressed in testes and is most
homologous to APOBECI of the other family members (Rogozin et al., 2005). The
physiological functions of APOBEC2 and APOBEC4 are still unknown.

APOBEC3 proteins have come to the forefront of this family by their
association with HIV-1 and their role not only in antiretroviral defenses but also their
activity against mobile genetic elements e.g., (Chiu and Greene, 2008; Cullen, 2006;
Harris and Liddament, 2004; Stenglein and Harris, 2006). The APOBEC3 genes are
syntenically arrayed between two conserved flanking genes, CBX6 and CBX7
(LaRue et al., 2008). Uniquely among the family, APOBEC3 genes vary in number
among species, from one in rodents to seven in primates. In humans the APOBEC3
genes are clustered on chromosome 22 (Harris and Liddament, 2004; Jarmuz et al.,

2002) and have been given names in alphabetical order (APOBEC3A to
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APOBEC3H). Early analyses suggested that APOBEC3E was a pseudogene, but
now it is thought that APOBEC3D and APOBEC3E form the N- and C-terminal
regions of one double-domain protein, called APOBEC3DE (Dang et al., 2006). Four
of these genes have two deaminase domains (APOBEC3B, APOBEC3DE,
APOBEC3F and APOBEC3G), and the others (APOBEC3A, APOBEC3C and
APOBEC3H) contain a single deaminase domain like the other members of the
APOBEC family.

The APOBECS3 proteins all appear to be globular proteins centered upon the
His-Xaa-Glu-Xaays.5-Pro-Cys-Xaa, 4-Cys conserved motif (Harjes et al., 2009). The
human proteins that contain two catalytic domains (APOBEC3B, APOBEC3DE,
APOBEC3F and APOBEC3G in humans) the entire unit is duplicated to form two
globular structures with a catalytic globular C-terminal half and a pseudocatalytic
globular N-terminal half (Harjes et al., 2009).

Each Z domain clearly belongs to one of the three distinct phylogenic
clusters, termed, Z1, Z2 and Z3 (LaRue et al., 2009; LaRue et al., 2008). Z-domain
assignments can be made simply by scanning predicted polypeptide sequences for
key identifying residues. This determination is facilitated by the fact that the Z
domain of all known A3 genes is encoded by a single exon. For instance, Z1 domains
have a unique isoleucine (I) adjacent to a conserved arginine common to all DNA
deaminases (Chen et al.,, 2008). Z2 domains possess a unique tryptophan-
phenylalanine (WF) motif five residues after the (pseudo)catalytic glutamate. Finally,
73 domains have a TWSPCx,4C zinc-coordinating motif, whereas both the Z1 and
72 domains have a SWS/TPCx,.4C motif. Since many A3 proteins have been subject
to positive selection (Sawyer et al., 2004), this Z-based scheme is also substantially
more robust to evolutionary constraints and pressures that have acted (and continue
to act) on A3 proteins in different lineages.

APOBEC proteins show a distinctive preference for deaminating cytosines in local
sequence contexts. For instance, human APOBEC3G prefers the second C in CpC
dinucleotides (GG dinuclotides in the viral plus strand cDNA), whereas human
APOBEC3F and APOBEC3B have a preference for the C of TpC dinucletides (GA
in the viral cDNA) (Bishop et al., 2004; Dochle et al., 2005a; Harris et al., 2003b;
Liddament et al., 2004; Wiegand et al., 2004). It has been shown for human
APOBEC3F and APOBEC3G that the C-terminal deaminase domain confers the
local target site preference . Mouse APOBEC3 shows a joint preference for TpC
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dinucleotides (~60%) and CpC (~30%). Cow and Sheep APOBEC3Z2-Z3 proteins
both have a dinucleotide preference similar to that seen for the mouse APOBEC3
protein (Jonsson et al., 2006), paper II. The recently cloned equine APOBEC3Z2a-
72b prefers the C of TpC dinucleotides (Bogerd et al., 2008). Almost all of the
APOBECS3 proteins tested have shown a preference for a pyrimidine (Y) base in the -
1 position. In contrast and notably, the porcine APOBEC3Z2-Z3 protein preferred
GpC in nearly half of the sequences analyzed (Jonsson et al., 2006), paper I, this
preference is shared by both human APOBEC3DE (Dang et al., 2006) and feline
APOBEC3Z72-Z3 (formerly A3CH) as the only APOBEC3 proteins shown to prefer
a purine base in the -1 position, which is what AID prefers (Beale et al., 2004). In
some cases a high sequence preference extends to the -2 position, the artiodactyl
APOBEC3Z2-Z3 proteins have a high preference for T as does the mouse
APOBECS3 protein (Jonsson et al., 2006), paper I1.

It has been difficult to resolve the structure of the APOBEC3 proteins, since
these are highly insoluble and prone to precipitation during purification (Chelico et
al., 2006; Iwatani et al., 2006). Recently, Chen et al. determined the structure of the
APOBEC3G catalytic domain, revealing six a-helices, including two that form the
zinc-coordinating active site, arranged over a hydrophobic platform consisting of five
B-strands (Chen et al., 2008).

In the cytoplasm of H9 T cells and mitogen activated CD4 T cells
APOBEC3G is assembled in 5-15 MDa high-molecular mass (HMM)
ribonucleoprotein (RNP) complexes and the deoxycytidine deaminase activity of
APOBEC3G is greatly inhibited in these complexes. The HMM A3G complexes can
be artificially converted to an enzymatically active low-molecular mass (LMM) form
by treatment with RNase A, suggesting that RNA components play an important role
in the assembly of HMM A3G complexes (Chiu et al., 2005).

APOBEC3 proteins probably use a well conserved way of engaging
retroelements as APOBEC3 proteins have been shown to be active against elements
both in mammals, lower vertebrates and even in such distantly related organisms as

yeast (Dutko et al., 2005; Schumacher et al., 2005).
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Inhibition of exogenous and endogenous retroelements
Due to the position of APOBEC3G in a family of cytosine deaminases the obvious

question was whether it had the ability to mutate HIV-1 DNA, since it had been
shown to possess DNA mutational activity in an E. coli based assay system (Harris et
al., 2002). It was then shown that expression of APOBEC3G in virus producing cells
yields APOBEC3G containing progeny virions that, upon infecting fresh cells,
produced reverse transcripts with numerous guanosine (G) to adenosine (A)
transition mutations on the plus (proviral ¢cDNA) strand (Harris et al., 2003b;
Mangeat et al., 2003; Mariani et al., 2003; Zhang et al., 2003).

For APOBEC3G to be able to inhibit HIV-1, it needs to be packaged into
nascent progeny virions. During encapsidation, APOBEC3G interacts with the Gag
polyprotein and with viral RNA. It is thought that APOBEC3G is packaged through
specific interactions between the N-terminal deamination domain and the NC region
of Gag as well as with binding to RNA (Bogerd and Cullen, 2008; Khan, 2005; Luo
et al., 2004; Navarro and Blackwell, 2005; Schafer et al., 2004; Svarovskaia et al.,
2004; Zennou et al., 2004). It is as of yet unresolved which types(s) of RNA it is that
promotes the packaging of APOBEC3G, though it is believed that HIV-1 genomic
RNA and 7SL RNA are likely candidates (Khan et al., 2007; Khan et al., 2005; Luo
et al., 2004; Wang et al., 2007). Amino acids 124 and 127 in APOBEC3G play a key
role in RNA binding and mutants of those residues yield proteins that do not package
and therefore do not inhibit infection (Huthoff and Malim, 2007; Wang et al., 2007,
Zhang et al., 2007) (Figure 6). Several lines of evidence point towards that the
deaminase activity of human APOBEC3G is required for efficient inhibition of Vif
defective HIV-1 as well as the two retrotransposons Tyl and the MusD (Miyagi et
al., 2007; Schumacher et al., 2008)
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Figure 6. APOBEC3 mediated inhibition of lentiviral infection. APOBEC3
(red) is produced in the producer cell and is incorporated into the budding
virion, Vif (green) can reduce or eliminate APOBEC3 by targeting it for
proteosomal degradation. Should APOBEC3 escape Vif and reach the target
cell, it can deaminate C to U in the —DNA strand, resulting in G to A
hypermutations that affect virus viability. Uracil residues have been
hypothesed to trigger degradation of the retroviral DNA before it can integrate
into the host genome (Based on Harris and Liddament 2004).

Deamination-independent inhibition
Recent work has shown that APOBEC3G can also inhibit infection somewhat

without the aid of G to A hypermutations. It has been shown by mutating any of the
catalytically important residues in the C-terminal deamination domain that editing is

entirely mediated by the C-terminal domain (Hache et al., 2005; Newman et al.,
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2005). It was then shown that these mutants could still inhibit HIV-1 infection to a
significant extent (Newman et al., 2005). It is still unknown what the underlying
mechanism is but it is becoming widely accepted that wild-type and catalytically
inert APOBEC3G are able to diminish the accumulation of reverse transcripts in
newly infected cells (Mangeat et al 2003, Mariani et al 2003, Bishop et al 2006, Guo
et al 2006, Holmes et al 2007, Luo et al 2007, Mbisa et al 2007, Bishop et al 2008)
(Bishop et al., 2006; Bishop et al., 2008; Guo et al., 2006; Holmes et al., 2007; Luo
et al., 2007; Mangeat et al., 2003; Mariani et al., 2003; Mbisa et al., 2007).

Apart from HIV-1, a wide array of retroviruses (and members of other virus
families) have been tested to see whether APOBEC3 proteins have an effect on their
replication, it can be said that most if not all retroviruses tested are sensitive to at
least one APOBEC3 protein. An emerging theme is that although the APOBEC3
proteins seem to be a broad defense against retroviruses, each retrovirus seems to
have adapted and has come up with a strategy that is specific for evasion of the

APOBECS3 proteins of its host (see tables 1 and 2 and the next chapter).

Eetroviruses Other vimses

HIV-1 ShVmas 5Vazm FFV
WT | awif | WT [ awif | WT | aesf | HILWV EIAY MLV | ABe: | HEV AAW Vac | HEV
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Table 1. Summary of restriction patterns by APOBEC3 proteins. Table
showing the inhibitory effect of APOBEC3 proteins of a range of viruses and
the species specificity of the Vif: APOBEC3 interaction (+ denotes ability to
inhibit virus whereas — denotes inability to inhibit virus).

34



35

Modes of viral escape
As mentioned earlier, all lentiviruses except EIAV code for Vif, which is a potent

APOBEC3 antagonist. The main focus of research has been on the HIV-1 Vif-
APOBEC3G interaction, which was the initial observation giving the clue to the role
of Vif (Sheehy et al., 2002). Vif induces polyubiquitylation of A3G for subsequent
degradation in the proteasome, thus preventing the incorporation of A3G into the
viral particle (Conticello et al., 2003; Mariani et al., 2003; Sheehy et al., 2003; Yu et
al., 2003). Vif achieves this by acting as an adaptor connecting A3G and the cullin5-
ElonginB-ElonginC- Rbx ubiquitin ligase (Yu et al., 2003). The conserved SLQXLA
motif in the C-terminus of Vif interacts with ElonginC and Elongin B and is referred
to as the BC box (Yu et al., 2003; Yu et al., 2004). A zinc-binding motif HxsCx;7.
18Cx3.sH that spans Vif amino acids 108-139, which is conserved within the primate
lentiviruses, together with a downstream LPx4L. motif mediate Cul5 interaction
(Stanley et al., 2008; Zhang et al., 2008).

The interaction between A3G and Vif has been mapped to amino acids 128-
130 in A3G and to the N-terminus of Vif (Huthoff and Malim, 2007; Russell and
Pathak, 2007; Schrofelbauer et al., 2004). In addition to APOBEC3G, A3F, A3C and
A3DE are also counteracted by Vif, and different sections of HIV-1 Vif mediate
interaction with the various APOBECs. Thus, residues at positions 22 to 44 are
important for A3G binding but not A3F, and conversely, residues 11 to 17 and 74 to
79 are important for A3F but not A3G binding. A region in Vif harboring
hydrophobic amino acids (positions 55-72) is required for both A3F and A3G
binding. The same residues that are important for A3F binding and degradation are
also important for A3C and A3DE (Zhang et al., 2008). It has also been reported that
Vif mediates degradation of A3G by the proteasomal pathway in the absence of
polyubiquitylation (Dang et al., 2008).

The Vif-mediated APOBECS3 restriction is species specific and may therefore
be one of the factors that determine virus host range and cross-species transmission
(Jonsson et al., 2006; Simon et al., 1998b) (table 1).

Non-lentiviral retroviruses that do not have a Vif protein have come up with novel
mechanisms to evade the APOBEC3 proteins they are challenged with.

Murine leukaemia virus (MLV) is insensitive to inhibition by mouse APOBEC3. The
evasion seems to take place by viron exclusion (Abudu et al., 2006; Doehle et al.,

2005b; Kobayashi et al., 2004) and a fi mechanism has as well been reported in

35



36

the cleavage of the mouse APOBEC3 protein by the viral protease (Abudu et al.,
2006). HTLV-1, which like HIV-1 targets CD4" T cells, appears mostly resistant to
APOBEC3G and seems to exclude APOBEC3G from the virions trough an acidic
extension of the virus nucleocapsid (Derse et al., 2007).

Foamy viruses encode a protein called Bet that binds to the APOBEC3
protein and prevents it from being packaged into the nascent virions. Unlike Vif, Bet
does not target the APOBEC3 proteins for protesomal degredation but rather binds
the APOBEC3 protein and sequesters it away from the site of virus formation

(Delebecque et al., 2006; Russell et al., 2005).

MNon-LTR
Expression profile Subcellulat LTE Betroslements Betroelements
localization | TAP | MusD | Tvl L1 Alu

A3A Faratinocyies, splesn, small mtastine, N/C + + + +
rtes, | hagzas, colorectal

N E ELLE

A3BE Kearatinocytas, colon, small nfestne, testis, N 4+ 4+ + +
ovary, stem cells, lung carcinoma, colerectal
adenccaremoma, Burkitt's hrmphoma ehromie
nryelogenons lsukenuz
A3C Many tissues and a vanety of cancer cell lines N/C - + + - -
AIDE Many tismmes NI
A3F Mamy tissues and probably coexpressed with C - - -+ -+ -
APOBECIC
A3G Prmmanily expressed in the byoophod and C
Human mryelond call hineage, thynms, tonzil, bone - - - -
o marow, also observed in testis, ovary, uterus,
Chimp braim, heart, kg, liver, kidnay, spleen, -
MAC pancreas, colorectal adenccarcinoma, and + - -
AGM Bmkitt's lymphoma + +/ i
A3H Fhevipheral blood hmphecytes, testis, ovary, N/C
fetal liver, sk, cerebellum, colon, small
intestine
MmA3 + + +
BtA3F Phenpharal bloed hmophoytas, fatal tissues

OaA3F Fharpherzl bloed brmphocytes, macrophages,
fatal iszues, chovood plesas
S AlF Phanpharal bloed haophocytas, fetal tissues

ol Bnelelle]

Table 2. Summary of restriction patterns and subcellular localization of
APOBECS3 proteins. Table showing the inhibitory effect of APOBECS3 proteins
of a range of endogensous retroelements and subcellular localization of the
APOBEC3 proteins. N=nuclear C=cytoplasmic (+ denotes ability to inhibit
virus whereas — denotes inability to inhibit virus).

APOBECS3 evolution and positive selection
One of the most interesting things about the APOBEC3 family is the vast difference

in gene numbers between mammalian species. It was first noticed by comparing the
human and rodent loci, and with more genomes being sequenced, the picture
becomes more and more intriguing. As ~*~n in paper Il sheep and cows have three
APOBEC3 genes and pigs have two (L et al., 2008). Other recent projects have

shown the same sort of variety with the cat locus consisting of four APOBEC3 genes
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(Munk et al., 2008) and horses having 6 APOBEC3 genes (Bogerd et al., 2008)
(Figure 7).
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Figure 7. Schematics of the APOBEC3 repertoires of mammals whose
genomes have been sequenced. Z1, Z2, Z3 domains are shown in green, orange
and blue, respectively. The numbers at the pyhlogenic branch points the
aproximate time, in millions of years, since the divergence of the ancestors of
the clades of the indicated present day species (from LaRue et al 2009).

The APOBEC3 gene family seems to be placental mammal specific since the
sequencing of the genomes of representative species of monotremata, the duck-billed
platyus (Warren et al., 2008) and marsupial, the opossum (Mikkelsen et al., 2007)
revealed no APOBEC3 genes. It will be interesting to see what future sequencing
projects bring as there is still missing information from some of the placental
mammal super-orders such as Afrotheria and Xhenartia.

The current day human APOBECS3 locus of 7 genes with 11 Z domains seems
to have expanded from the probable 3 domain Z1-Z2-Z3 formation of the placental
mammal ancestor during the early primate evolution about 25 — 65 million years ago.
A minimum of 8 recombination events were likely required to generate the present
day primate APOBEC3 locus (LaRue et al., 2008).

The human APOBEC3 locus seems quite unstable and two rather common
polymorphisms have been described 1 'y showing that the APOBEC3 proteins

are likely to be still engaged in consider..... genetic conflict.
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Kidd and coworkers presented a 29.5kb common deletion that removes the whole of
the APOBEC3B gene. Characterization of 1277 human samples with a PCR-based
genotyping assay found that this deletion varied greatly among major ethnic or
continental groups. The deletion is rare in Africans and Europeans (frequency of
0.9% and 6%), more common in East Asians and Amerindians (36.9% and 57.7%),
and almost fixed in Oceanic populations (92.9%). Overall the deletion has a
worldwide frequency of 22.5% (Kidd et al., 2007).

Two independent mutations in APOBEC3H give rise to an unstable protein
that has no detectable antiviral activity, the inferred ancestral APOBEC3H protein is
active against HIV but sensitive to HIV-1 Vif and very active against LINE-1
(OhAinle et al., 2008). The stability of the protein was lost twice during recent
human evolution through the acquisition of two different amino acid mutations that
decrease the half-life of the protein. Active APOBEC3H alleles are found among 51-
52% of African Americans and members of the Yoruba people from Nigeria, 10-18%
in Europeans and European Americans and only 3-4% in East Asians and Chinese-
American populations (OhAinle et al., 2008). Despite the fact that Z3 (or
APOBEC3H-like) genes have been found in all mammals that have been subjected to
research, the Z3 domain is the only one that has not undergone any sort of
duplication event and is always found on the distal (or 3’) end of the APOBEC3
locus next to the CBX7 gene (OhAinlie et al 2008, LaRue et al 2008 I, LaRue et al
2008 II — paper I1I).

APOBEC3G and the other members of the APOBEC3 family in primates,
except APOBEC3A which is under purifying selection, seem to have been engaged
in a genetic conflict throughout the history of primate evolution or at least during the
last 33 million years (Sawyer et al., 2004). The positive selection seems to be much
more ancient for it to have been only caused by the relatively modern lentiviruses.
This observation is further enhanced by the fact that this positive selection is evident
in primate species regardless of whether they are subject to SIV infection or not

(Zhang and Webb, 2004).

2. AIMS OF ™""E STUDY
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The overall aim of the thesis was to investigate innate host defenses against
retroviruses, and specifically the APOBEC3 proteins of artiodactyl species sheep,
cattle and pigs.

The specific aims of the thesis were:

- To characterize a maedi visna virus mutant with attenuated replication in sheep

macrophages and in vivo (paper I).

- To clone and characterize APOBEC3 from sheep and other artiodactyls and

investigate the evolution of these proteins (papers Il and III).
- To investigate whether cross-species expression of an APOBEC3 protein can
impede virus transmission by stably expressing human APOBEC3G in a pig cell-line

and monitoring whether its expression inhibits the transmission of PERV from pig to

human cells (paper IV).

3. MATERIALS AND METHODS
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Cells and cell-culture

Macrophage isolation and culture
Macrophage cultures were established as follows. Heparinized blood (100 - 400 ml)

was collected from normal sheep, and peripheral blood mononuclear cells obtained
by sedimentation on Histopaque-1077 (Sigma) were washed repeatedly in phosphate-
buffered saline and resuspended at 12x10° cells/ml in growth medium supplemented
with 5x107> M mercaptoethanol. They were then seeded into T25 tissue culture
flasks (25cm’, Nunc Inc.) or into 6-well plates. After incubation at 37°C in a
humidified atmosphere of 5% CO, for 24h, supernatant and unattached cells were
removed, the slide was washed twice with phosphate-buffered saline, and 5 ml new
growth medium was added to each of the culture flasks. Adherent cells were further

incubated for at least 7 days before they were infected.

Virus and cells
The molecularly cloned viruses KV1772 (formerly KV1772kv72/67; GenBank

accession number S55323.1) and KS1 (formerly LV1-1KS1; GenBank accession
number M6069.1) have been described previously (Andresson et al., 1993; Skraban
et al., 1999; Staskus et al., 1991). Sheep choroid plexus (SCP) cells established as
described previously (Sigurdsson et al., 1960) were grown at 37°C in a humidified
atmosphere of 5% CO; in Dulbecco’s Modified Eagle Medium (Gibco)
supplemented with 2mM glutamine, 100 IU of penicillin per ml, 100 IU of
streptomycin per ml and either 10% lamb serum (growth medium) or 1% lamb serum
(maintenance medium).

Transfections were performed by using ovine fetal synovial (FOS) cells.
DNA was transfected with Lipofectamine as specified by the manufacturer (Life
Sciences, Inc.). Transfected FOS cells were passaged and incubated in maintenance
medium until syncytia appeared (5 to 8 days). Supernatants from transfected cells
were also tested for the presence of reverse transcriptase (RT) activity before passage

into SCP cells.

Generation of stable cell lines
Stable APOBEC3G- or vector control-expressing PK-15 cell lines were constructed

by transfection using FuGENEG6 according to the manufacturer's protocol . Clones
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were selected using growth medium containing 1 mg/ml G418 (Cordier et al., 1990),
and APOBEC3G expressing clones were identified by immunoblotting using a
polyclonal antibody toward human APOBEC3G. All PK- 15 clones were maintained

in growth medium supplemented with 250 pg/ml G418 to ensure stable expression.

Long-term co-culture experiments

Long-term co-culture assays were performed in 6 well tissue culture plates with
inserts (Transwell®, Corning Inc.). This system uses a membrane with 0.4 uM
diameter pores, which keeps the two cell types separated physically but
simultaneously allows diffusion of nutrients and small molecules including virus
particles of approximately 0.1 uM (including PERV). Each experiment was initiated
with 75,000 PK-15 cells (insert) and 75,000 293T cells (well) as illustrated (Figure
7). At 72 hr intervals, each cell type was washed with PBS, subjected to mild
trypsinization and diluted into 4 parts fresh growth medium. Excess 293T cells were
used to prepare genomic DNA (Qiagen DNeasy kit). The rate of PERV transfer was
calculated using the pol gene levels from the last two data points (usually spanning a
3 day period). The difference between these levels represents PERV pol gene DNA
that has accumulated per 100,000 human f-actin gene copies (50,000 cells assuming

that the 293T cell line has two S-actin copies) per time period (Figure 8).

PK-15 (PERYV producer cells (+/- A3))

!

293T (target cells)

Figure 8. Schematic of the co-culture system. PERV transmitting PK-15 are grown on
top of the membrane of the insert an human 293T cells on the bottom of the well of
the culture dish.
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DNA methods

Artiodactyl A3F ¢cDNA sequences and expression plasmids
E. coli expression plasmids were derived from pTrc99A (GE Healthcare). The

SsA3F expression construct was made by PCR amplifying a cDNA [GB# B1346898
] (Fahrenkrug et al., 2002) using 5'-NNN NGA GCT CAG GTA CCA CCA TGG
ATC CTC AGC GCC TGA GAC and 5'- NNN NGT CGA CTC ATC TCG AGT
CAC TTC TTG ATG, digesting the PCR product with Kpnl and Sall and ligating it
into a similarly digested pTrc99A. The BtA3F expression construct was made in the
same manner by PCR amplifying a cDNA [GB# BE684372 (Smith et al., 2001)]
using oligonucleotides 5'-NNN NGA GCT CAG GTA CCA CCA TGC AAC CAG
CCT ACC GAG GC and 5'-NNN NGT CGA CCT AAA TTG GGG CCG TTA
GGA T. OaA3F was obtained by first amplifying a fragment by degenerate PCR
using oligonucleotides 5'-TWY RTV TCC TGG AGC CCC TG and 5'-CCR KWW
GTW GTA GAG GCG R, which were made to conserved regions of APOBEC3
proteins using template cDNA from sheep macrophages. The amplified fragment was
sequenced and used to make OaA3F-specific oligonucleotides for 3" prime RACE to
obtain the remainder of the OaA3F coding sequence, 5'-AAC CAG GTC TAT GCT
GGG ACT and 5-CTG GGG ATG TAC CAG AAT GTG were used with an oligo
dT primer 5'- AAG CAG TGG TAA CAA CGC AGA GTA CT30V N. The OaA3F
expression plasmid was made by amplification from cDNA from sheep macrophages
using oligonucleotides 5'-NNN NGA GCT CAG GTA CCA CCA TGC CCT GGA
TCA GCG ACC AC and 5'-NNN NGT CGA CCT AAG TCG GCG CCG TCA
GGA T in the same manner as the BtA3F and SsA3F constructs. E — Q zinc-binding
domain mutants were constructed using standard site-directed mutagenesis protocols
(Stratagene). The following oligonucleotides were used: SsA3F(E87 — Q) 5-CCG
ACC CGC CCT GCC ACG CCC AGC TCT GCT TCC TCT CTT GG and 5'-CCA
AGA GAG GAA GCA GAG CTG GGC GTG GCA GGG CGG GTC GG;
SsA3F(E267 — Q) 5'-ACA AGA AAA AGC GAC ATG CAC AAA TTC GTT
TTA TTG ACA AG and 5'-CTT GTC AAT AAA ACG AAT TTG TGC ATG TCG
CTT TTT CTT GT; BtA3F(E80 — Q) 5-GTG GGA CTC GCT GCC ACA CCC
AAC TCC GCT TCC TGT CTT GG and 5'-CCA AGA CAG GAA GCG GAG TTG
GGT GTG GCA GCG AGT CCC AC; BtA3F(E260 — Q) 5'-ACA AGA AGC AGC
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GGC ATG CAC AAA TTC GCT TTA TTG ACA AG and 5'-CTT GTC AAT AAA
GCG AAT TTG TGC ATG CCG CTG CTT CTT GT; OaA3F(E67 — Q) 5'-CTG
GGA CTC ACT GCC ACA GCC AAC GCC GCT TCC TGT CTT GG and 5'-CCA
AGA CAG GAA GCG GCG TTG GCT GTG GCA GTG AGT CCC AG;
0OaA3F(E247 — Q) 5'-ACA AGA AGC AGC GGC ATG CAC AAA TTC GCT
TTA TTG ACA AG and 5'-CTT GTC AAT AAA GCG AAT TTG TGC ATG CCG
CTG CTT CTT GT. Eukaryotic expression plasmids were derived from
pcDNA3.1(+) (Invitrogen) by subcloning the Kpnl/Sall-flanked A3 cDNAs from the
E. coli expression plasmids.

HsA3F, HsA3G and HsAID expression plasmids were described previously
(Hache et al., 2005; Harris et al., 2002)MmA3 was made in the same manner as the
artiodactyl constructs using oligonucleotides 5'-NNN NGA GCT CGG TAC CAC
CAT GGG ACC ATT CTG TCT GGG A and 5'-NNN NGT CGA CAT CAA GAC
ATC GGG GGT CCA AGC TG. E — Q zinc-binding domain mutants were
constructed using standard site-directed mutagenesis protocols (Stratagene). The
following oligonucleotides were used: HsSA3G(E67 — Q) 5'-CTT AAG TAC CAC
CCA CAG ATG AGA TTC TTC C and 5'-GGA AGA ATC TCA TCT GTG GGT
GGT ACT TAA G; HsA3G(E259 — Q) 5'-CCT TGA AGG CCG CCA TGC ACA
GCT GTG CTT CCT GG and 5-CCA GGA AGC ACA GCT GTG CAT GGC GGC
CTT CAA GG; HsA3F(E67 — Q) 5’-CTG AGC ACC ACG CAC AAA TGT GCT
TCC TC and 5-GAG GAA GCA CAT TTG TGC GTG GTG CTC AG;
HsA3F(E251 — Q) 5’-CCC ATT GTC ATG CAC AAA GGT GCT TCC TC and 5°-
GAG GAA GCA CCT TTG TGC ATG ACA ATG GG; MmA3(E73 — Q) 5'-CCA
GTA TAA AAA GCA GAT TTG AGC GTG GAT GTT GTC CTT G and 5'-CAA
GGA CAA CAT CCA CGC TCA AAT CTG CTT TTT ATA CTG G; MmA3(E290
— Q) 5'-CTT ATC AAG GAA GAG GAT TTG TGC ATG CTG TTT GCC TTT C
and 5'-GAA AGG CAA ACA GCA TGC ACA AAT CCT CTT CCT TGA TAA G.
Eukaryotic expression plasmids were derived from pcDNA3.1(+) (Invitrogen) and
pEGFP-N3 (Clontech) by inserting Kpnl and Sall or Sacl and Sall flanked A3

cDNAs from the E. coli expression plasmids.
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A3Z1 gene degenerate PCR analyses
Genomic DNA was isolated from the following tissues or cell lines: opossum kidney

tissue, mouse NIH-3T3 cells, pig PK-15 cells, peccary brain tissue, cow MDBK
cells, sheep FLK cells, horse blood cells (PBMC), African green monkey COS7 cells
and human 293T cells (DNeasy, Qiagen). 10ng genomic DNA was used as template
for PCR using primers designed to anneal to all known 4371 genes: 5’- GCC ATG
CRG AGC TSY RCT TCY TGG and 5’- GTC ATD ATK GWR AYT YKG GCC
CCA GC-3’. Two PCR rounds were used to achieve the final number of cycles (30
plus 18, 21 or 24 cycles). Amplicons were analyzed by agarose gel electrophoresis,
TOPO-cloned (Invitrogen) and subjected to DNA sequencing. In all instances, the
expected A3Z1 fragments were recovered (e.g., Z1 of human A34, A3B and A3G
could all be detected in a single reaction). 30 PCR cycles using identical conditions
awnd degenerate primers for the ALDOA gene were used as a positive control (5°-2
CGC TGT GCC CAG TAY AAG AAG GAY GG-3’ and 5’-CTG CTG GCA RAT
RCT GGC YTA).

Real-time PCR assay for MVV
Viral particles from 200 pl of cell-free supernatants from infected cells were pelleted

at 14,000 rpm for 1 hr in a microfuge. The pellet was dissolved in 10 pl TNE (10mM
Tris pH 7.5; 100 mM NaCl; 1 mM EDTA) with 0.1% Triton X-100. This lysate was
used for generating cDNA using RevertAid M-MulV reverse transcriptase
(Fermentas) and a primer from the gag gene (V-1818 5°CGG
GGTACCTTACAACATAGGGGGCGCGG 3'). Real-time PCR was carried out with
a DNA Engine Opticon System (MJ Research) in a final volume of 20 pl. The
primers and Tagman probe were as follows: Forward primer: V1636 5' -
TAAATCAAAAGTGTTATA ATTGTGGGA- 3', reverse primer: V-1719: 5' -
TCCCACAATGATGGCATATTA TTC- 3', Tagman probe: V1665Tagman 5'-FAM-
CCAGGACATCTCGCAAGA CAGTGTAGACA-BHQ-1- 3'. Calibration curves
were derived by running 10-fold dilutions of specific cDNA plasmid over the range
of 60 to 6 x 107 copies. Each assay included duplicate wells for each dilution of

calibration plasmids and for each cDNA sample.
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Genomic DNA Quantitative-PCR (qPCR) assays
Genomic DNA was isolated from human 293T cells using the DNeasy kit (Qiagen).

Duplicate 25 ul PCR reactions consisting of 10 ng of 293T genomic DNA, 100 nM
primers and 2x 1Q SYBR Green super mix (BioRad) were run on an iCycler iQ
Multicolor Real-Time PCR detection System (BioRad). The thermocycler conditions
consisted of an initial denaturation of 95°C for 5 min and 50 cycles of denaturation
(95°C for 15 sec) and annealing (58°C for 30 sec). After the 50 cycles, a melting
curve analysis (55°C to 95°C) was performed to confirm product specificity. The
cycle threshold (Cr) was generated using BioRad software and it was used to
calculate the amount of target DNA (PERV pol or human f-actin). A standard curve
was generated using the method of Dorak (Dorak, 2006) and a dilution series (10 to
107 copies) of a linearized plasmid containing the relevant 193 bp PERV pol gene
fragment. The equation generated from the standard curve (slope and y intercept)
was used to determine the efficiency of the PCR reaction and to quantify the number
of PERV pol gene or human f-actin copies in the qPCR reactions. PERV copy
numbers were normalized to those of S-actin. The primer sets used in this study
were: PERV pol (193 bp): 5°-AAC CCT TTA CCC TTT ATG TGG AT and 5’-AAA
GTC AAT TTG TCA GCG TCC TT; human B -actin (133 bp): 5’- ATC ATGTTT
GAG ACC TTC AA and 5’-AGA TGG GCA CAG TGT GGG T; pig genomicDNA
(341 bp product specific to intron 5 of the pig APOBEC3F locus): 5’- TGG GGA
GTG TGG AAT TAA CG and 5’-GGG GGT TAA GAA CCC AAC AT

PERY pol Gene DNA sequence analyses
Human 293T cell genomic DNA was prepared from terminal co-cultures and 50 ng

was used for high fidelity, PERV pol/ gene-specific PCR reactions (Phusion
polymerase; Finnzymes). 193 bp products were cloned using the Zero Blunt TOPO
PCR Cloning kit (Invitrogen) and sequenced (University of Minnesota Advanced
Genetic Analysis Facility). Sequence comparisons were performed using Sequencher
software (Gene Codes Corp.) and publicly available Clustal W alignment algorithms

(http://align.genome.jp/).
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RT-PCR experiments
Standard reverse transcription (RT)-PCR reactions were performed using RNA

prepared from PK-15 cells (TRIzol protocol, Invitrogen), MMLV reverse
transcriptase was used for cDNA synthesis using an oligo dT primer (Ambion) and
Taq polymerase was used for PCR . The primers specific to pig APOBEC3F were 5’-
TGG TCA CAG AGC TGA AGC AG and 5’-TTG TTT TGG AAG CAG CCT TT
(175 bp). The semi-nested primer set used to detect plasmid expressed pig
APOBEC3F was 5’-CCA AGG AGC TGG TTG ATT TC (exon 6, reaction 1), 5’-
CTG GAG CAA TAC AGC GAG AG (exon 7, reaction 2) and 5’-TAG AAG GCA
CAG TCG AGG, with the latter being vector specific (319 bp and 190 bp products,
respectively). The mammalian B -actin primers were 5’-CCT TCA ATT CCA TCA
TGA AGT G and 5'-CCA CAT CTG CTG GAA GGT (236 bp). These primers
amplify equally well a 236 bp B -actin fragment from all mammals tested, including

pigs and humans (e.g., Online Figure S3).

APOBECS3 loci genomic DNA sequences
A combination of array hybridization, 43-, CBX6- and CBX7-specific PCR was used

to 1identify one A3-positive BACs for sheep (CHORI-243 clone 268D23
http://bacpac.chori.org/library.php?1d=162) and two for pigs (RPCI-44 clones
344017 and 408D3). E. coli were transformed with these BACs, grown to saturation
in 50 ml cultures and used for DNA preparations as recommended (Marligen
Biosciences). Purified BAC DNA was sheared to an average of approximately 3000
bp (Hydroshear method, Genomic Solutions). Fragment ends were blunted with T4
and Klenow DNA polymerases (NEB) and ligated into pBluescriptSK- (Stratagene)
or pSMARTI17 HC (Lucigen). Individual subclones were picked randomly and
sequenced (ABI3730; Applied Biosystems). Phrap (P. Green, 1996,
http://www.phrap.org/phredphrap/phrap.html) and Sequencher 4.8 (Gene Codes

Corp.) were used to assemble DNA sequences and they were groomed manually.
Sequence coverage for the sheep A3 locus averaged 4.5 sequences and the pig 27
sequences. The genomic sequences were compared using Jdotter software
(http://www .jxxi.com/webstart/app/jdotter-a-java-dot-plot-viewer.jsp; (Brodie et al.,
2004)).  Repetitive  sequences  were identified using  RepeatMasker

(www.repeatmasker.org).



47

A3 exons were identified by directly comparing the genomic DNA sequences with
cDNA, EST and RACE sequences. The sheep CBX6 exons were identified with the
help of GenBank EST sequences EE808826.1, DY519385.1 and EE822736.1. The
pig CBX6 exons were also identified in this manner using BP158234.1, BP997823.1
& BP153834.1. The sheep and pig CBX7 exons were identified by homology to the
cow gene. Other CBX6 and CBX7, sequences, respectively, were NM_014292.3 and
NM 175709.2 , NM 001103094 and XM 604126 (cow), NM 028763.3 and
NM 144811 (mouse) and NM_001016617.2 & NM_001005071 (frog).

Amino acid alignments and phylogenetic analyses
Protein alignments and phylogenetic analyses of the conserved, zinc-binding

deaminase cores were done using the Clustal W software (Thompson et al., 1994). A

rooted phylogenetic tree was constructed using the neighbor-joining method.

Infections and Infectivity assays

Experimental infection of sheep.
Icelandic sheep, six months old were infected intratracheally with 1.0 ml of 10*

TCIDsy. Virus was injected into the trachea with a needle (23G) under sedation with

xylazinum (Xylapan®, 0.2 ml [.V.) (Torsteinsdottir et al., 2003).

Virus isolation from blood and organs
Virus was isolated from buffy coat as described previously (Torsteinsdottir et al.,

1997). The following organs were tested for presence of infectious virus by coculture
with SCP cells (Petursson et al., 1976): choroid plexus, cerebrum, cerebellum,
spleen, cervical, mediastinal and mesenteric lymph nodes, bone marrow and lungs
(one sample from each lobe). If no cytopathic effects were observed, the growth

medium was passaged twice, with the last observation after 6 weeks of culture.

Green fluorescent protein (GFP)-based retrovirus infection assays
293T cells were grown in DMEM supplemented with 10% FBS, penicillin and

streptomycin. Viruses were produced by lipid-mediated transfection (Fugene; Roche)
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of 50% confluent 293T cells with the following plasmids. HIV-GFP: 0.22 ng of CS-
CG (Miyoshi et al., 1998), 0.14 pg of pRKS5/Packl1(Gag-Pol), 0.07 ug of pRKS5/Rev,
0.07 pg of pMDG (VSV-G Env) and 0.5 pg of an APOBEC3 expression plasmid or
an empty vector control. In some experiments, an HIV-1 Vif or a AVif control
plasmid was included (0.5 pg). MLV-GFP was produced similarly, except the
proviral plasmid was pM3PGFP (0.2 pg) and a MLV Gag-Pol (0.14 pg) construct
was used, along with 0.06 pg of pMDG (VSV-G Env) and 0.4 pg of an APOBEC3
expression plasmid or an empty vector control. After 48 hours of incubation, the
virus-containing supernatants were clarified by low speed centrifugation, filtered
(0.45 um), and quantified using a reverse transcriptase activity-based ELISA (Cavidi
Tech). Reverse transcriptase-normalized supernatants were applied to fresh 293T
cells, and infection was allowed to proceed for 72 hr. Infectivity (GFP fluorescence)
was measured by flow cytometry (FACSCalibur, BD Biosciences). For experiments
requiring the recovery of retroviral DNA for hypermutation analyses, the viral
supernatants were treated with 50 units/ml DNase (Sigma) prior to 293T cell

infection.

Retroviral DNA sequence analyses
Genomic DNA was incubated with Dpnl to remove possible contaminating input CS-

CGplasmid DNA. GPF was amplified using high fidelity Phusion polymerase
(Finnzymes) and CSCG- specific primers, 5’-CG TGT ACG GTG GGA GGT CTA
and 5’-TT GGT AGC TGC TGT GTT GCT. The PCR products were cloned
directionally with internal Nhel and Xhol sites into pBluescript (Stratagene) and
sequenced using universal primers. Mutational analyses were performed using

Sequencher software (Gene Codes Corp.).

Molecular assays

Reverse Transcriptase assay
Reverse transcriptase (RT) activity of MVV was determined by taking 0.5 ml of cell-

free supernatants from infected cells and pelleting them at 14,000 rpm and 4°C for 60
min in an Eppendorf 5417C microcentrifuge. The pelleted virus was resuspended in
10 ml of TNE buffer containing 0.1% Triton X-100. This disrupted virus was

incubated at 37°C for 1 hour in a 50-ml reaction mixture containing 5S0mM Tris-HCI
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( pH 7.8), 20mM MgCl,, 2mM dithiothreitol, 20mM KCl, 0.25 optical density unit
each of poly (rA) and oligo (dT12+18) per ml, and 2.5 mCi of [3H]TTP (10+25
Ci/mmol; NEN). The reaction mixture (50 ml) was applied to DE81 filter paper discs
(Whatman) and air dried. The filters were washed three times in 5% Na,HPOs, once
in H,O, and then last in 70% ethanol. After drying, the filters were placed in vials
with Ultima Gold (Packard) and radioactivity was measured using a Packard Tri-
Carb liquid scintillation counter.

To determine RT activity of PERV whole cell protein extracts were prepared from
293T cells by suspending 500,000 cells in PBS, sonicating twice for 5 seconds and
clarifying the lysates by centrifugation. Soluble protein levels were quantified using
a BioRad Bradford assay. 10 pg of cell lysate was tested for reverse transcriptase
activity using a C-type-RT activity assay (Cavidi Tech) following themanufacturers’
instructions. Cell-free PK-15 supernatants (PERV-containing) were assayed directly

using the Cavidi Tech ELISA assay

E. coli-based deamination assay
Intrinsic cytosine deaminase activity of the APOBEC:s is tested by expressing them

in E. coli and monitoring mutation frequencies using the rifampicin-resistance (Rif")
mutation assay. Because E. coli naturally lacks an APOBEC-like DNA deaminase
activity but possesses replicases capable of immortalizing the uracil lesion as a
mutation, drugs such as rifampicin can be used to reveal changes in both mutation
frequency and pattern caused by the expression of human cytosine deaminase
proteins. Rifampicin binds the active site of the bacterium’s RNA polymerase
holoenzyme, thereby inhibiting its growth. Several amino acid changes affecting the
active site confer drug resistance, and at the DNA level they map to a relatively small
200 bp interval in the bacterium’s rpoB (RNA polymerase B) gene. Uracil DNA
glycosylase-deficient E. coli strain BW310 was transformed with isopropyl 1-thio-p-
p-galactopyranoside-inducible APOBEC expression constructs (above) or pTrc99A.
Individual colonies were picked and grown to saturation in a rich medium containing
100 pg/ml ampicillin and 1 mM isopropyl 1-thio-B-p-galactopyranoside (IPTG).
Appropriate dilutions were plated onto a rich medium containing 100 pg/ml
rifampicin or ampicillin to select Rif* colonies or measure cell viability, respectively,

after an overnight incubation. Mutation frequencies were reported as the number of
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Rif® colonies per 107 viable cells. 7poB sequences were obtained by colony PCR,

Exo-SAP (USB) treatment of the PCR product, and direct DNA sequencing.

Fluorescent Microscopy
One day prior to transfection, 20,000 cells were seeded onto LabTek chambered

coverglasses (Nunc). After 24 hr incubation, these cells were transfected with 250 ng
of the relevant plasmid construct. After an additional 24 hr of incubation, images of
the live cells were acquired using a Zeiss Axiovert 200 microscope at 400x total

magnification.  Images  were  analyzed wusing Image J  software

(http://rsb.info.nih.gov/ij).
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4. RESULTS

Simultaneous mutations in CA and Vif of Maedi-visna virus cause attenuated
replication in macrophages and reduced infectivity in vivo (paper I)

The growth attenuation of the KS1 molecular clone is determined by regions of
Vif and CA.

In this study the different cell tropism and pathogenicity of two molecular clones of
MVV was examined (Andresson et al., 1993; Staskus et al., 1991). One of the clones
(KS1) replicates well in sheep choroid plexus (SCP) cells, but replicates only to low
titers in macrophages and is non- pathogenic in sheep. The other clone (KV1772)
replicates to high titers in SCP cells, FOS cells and macrophages and is highly
pathogenic in sheep. Both clones have their origin in a transmission experiment
where virus was passaged serially through tissue culture and sheep and differ only by
1% 1in nucleotide sequence. By constructing a series of recombinant viruses the
attenuated phenotype of KS1 was mapped to two point mutations, one in the CA
domain of gag and the other in vif (Figure 9). Interestingly, the P-S mutation in Vif is
in a proline-rich region at the C-terminal end of the protein that has been shown to be
important for association with cellular membranes and interaction with the Gag
precursor Pr55%“® (Bouyac et al., 1997a; Goncalves et al., 1994; Goncalves et al.,

1995) whereas the mutation in CA is an L-R mutation in helix 7.

In vivo inoculation with the two parental strains and the recombinant virus
CA(L120R)-Vif(P205S).

The KSI1 strain has repeatedly been shown to be non-pathogenic in sheep, whereas
the KV1772 strain is highly pathogenic (Torsteinsdottir et al., 1997). Of 219 attempts
to isolate virus from blood of sheep infected with KS1 in various experiments, virus
was isolated only on one occasion. Sequencing of the CA and vif genes of this
isolate revealed a reversion of the L-R mutation in CA back to L. This isolate grew
well in macrophages.

Three sheep, 6 months old, were inoculated intratracheally with each of the
three virus strains, KV1772, KS1 and CA(L120R)-Vif(P205S). Blood was collected
for virus isolation once a week for the first 8 weeks and biweekly thereafter until

sacrifice after 18 weeks. At sacrifice virus isolations was attempted from several
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Figure 9. Diagrammatic representation of recombinant MVV derived from the
molecular clones KV1772 and KS1. The vertical bars indicate the amino acid
differences between the two clones. The restriction sites used to construct the
viruses are shown. The ability of each virus to grow in macrophages is shown
on the right (Figure courtesy of Bjarki Gudmundsson).

organs, including brain, lungs, spleen, lymph nodes and bone marrow. As shown in
Table 3, virus was readily recovered from blood and organs of the three sheep that
had been inoculated with strain KV1772, whereas no virus was isolated from sheep
inoculated with KS1 virus. However, one of the three sheep inoculated with the

recombinant CA(L120R)-Vif(P205S) virus was clearly infected. This result was not
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expected, since the CA(L120R)-Vif(P205S) strain has similar replication kinetics in
macrophages as the KS1 strain. Sequencing of the virus isolates did not show a
reversion of the mutations in CA and vif. One of the blood isolates was tested for
replication in macrophages and it showed attenuated replication similar to the
CA(L120R)-Vif(P205S) strain (data not shown). We then speculated that this
particular sheep might not express a putative virus inhibitor. We therefore infected
four additional sheep with the virus CA(L120R)-Vif(P205S), and isolated
macrophages from each sheep before infection for testing replication of the
CA(L120R)-Vif(P205S) strain compared to KV1772. Replication of the CA(L120R)-
Vif(P205S) strain was attenuated in macrophages from all of the four sheep (Figure
10). The sheep were kept for 18 weeks as before, and attempts were made to isolate
virus from the same organs. No virus was isolated from any of the organs, but one

isolate was recovered from blood (Table 3).

6000 800 -
000 a) —e— 1772 mo 4 B) —a— 1772
—E— CALIZ0RHINF20S5S) 800 - —m— CAL120R)-VH[P2055)
4000
500 -

3000 400 -
- 2000 - 001
— 200 -
E 1000 - 100 -
E o4 . o T T
= 0 10 15 0 10 15
o
<2
g 800 8000 -
—
'; 700 { © —a— 1772 000 d) —— 1772
ﬁ 600 2 B CALIZ0R-IPI0SS) —@— CA[L120R}VHP2OSS)
L w00 4 4000 -
o 400 - 2000

300 2000 -

200 -

100 1000 -

0 T T o T
0 10 15 0 10 15
Days post infection

Figure 10. Growth of viruses in macrophages from 4 different sheep.
Macrophages from 4 sheep were isolated and infected with 1772 and
CA(L120R)-Vif(P205S) and their growth measured by RT actvity. A) sheep

2089. B) sheep 2090. C) sheep 2091 and D) sheep 2092.
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Mo, positive/no. tested in:

WVirus strain and

Central
sheep no. Blood Lymph® Lungs NEFvous
F:}'.‘-lCITI

EV1772

2030 10/11 505 22 1/3

2081 8/11 5/5 22 073

2082 /11 2/5 02 0/3
K51

2074 0/11 0/ (2 0/3

2075 0/11 0/5 02 0/3

2076 0/11 0/5 02 0/3
CA(LT20R)-

Vif(P20a5)

2077 0/11 03 2 03

2078 2011 4/5 212 0/3

2079 0/11 0/ 02 0/3

2089 0/11 0/5 2 0/3

2090 0/11 0/5 02 0/3

2091 1/11 0/ 02 0/3

5092 0/11 0/5 02 03

@ Spleen, bone marrow, cervical, mediastinal, and mesenteric lymph nodes.

Table 3. Frequency of virus isolation from KV1772-, KSI-, and
CA(L120R)-Vif(P205S)-infected sheep

Evolutionary conserved and non-conserved retrovirus restriction activities of
artiodacyl double-domain APOBEC3 (APOBEC3F) proteins (paper II)

The initial aim of these studies was to clone and characterize the APOBEC3 proteins
of sheep, due to the fact that little sheep DNA sequence exists in public databases.
Therefore the project was broadened to include other closely related artiodactyl
species. These studies focused on APOBEC3 proteins from three representative
artiodactyl species: Cow (Bos taurus), sheep (Ovis aries) and pigs (Sus scrofa), that
were predicted to be of similar size and domain organization as the well
characterized human A3F and A3G, the most potent anti-retroviral human A3

proteins, as well as mouse A3.
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The double deaminase domain APOBECS3 proteins of artiodactyls
All known A3 proteins have either one or two conserved, zinc-binding deaminase

domains, consisting of amino acids HXE-X53.23-PCX,.4C (X can be nearly any amino
acid). The histidine and the two cysteines coordinate zinc and the glutamate
participates directly in the C -> U deamination reaction. NCBI BLAST searches
using the human and mouse A3 deaminase domains as query polypeptides revealed
several artiodactyl ESTs, which suggested the presence of at least one A3 protein in
cattle and pigs. Corresponding cDNA clones were obtained, sequenced and shown to
encode A3 proteins with two putative zinc-binding, cytosine deaminase domains
(Figure 11). The orthologous sheep double domain A3 cDNA sequence was obtained
using a combination of degenerate PCR and RACE (Figure 11). All three of these A3
proteins were similar in size to the double-domain human A3 proteins, except the pig
A3 protein, which was slightly longer due to a unique C-terminal, serine-rich

extension (Figure 11).

Nomenclature standards dictate that protein names should be assigned based
on the closest human orthologue. However, amino acid comparisons showed that the
N- and the C-terminal artiodactyl deaminase domains were most similar to different
human A3 proteins. To resolve this ambiguity and to facilitate name assignments, we
named the artiodactyl double domain proteins after ‘the human double domain A3
protein with the highest degree of active site identity’. The active sites of these
artiodactyl A3 proteins were 56-62% identical to HsA3F (Figurell). Thus, the
double domain deaminase proteins from cow, sheep and pig were named after
HsA3F and, were referred to as BtA3F, OaA3F and SsA3F, respectively in the paper.
Amino acid alignments of the active deaminase domains plus five residues on each
side showed that the cow and sheep A3F active sites are 78% identical (Figurell).
Both the cow and the sheep proteins shared a lower level of identity with the pig
protein (56%). Since then the naming system for non-primate A3 proteins has been

revised and that naming system will be used in the thesis.

As described above, all A3 proteins have either one or two conserved, zinc-binding
(Z) deaminase domains. These domains cluster into three distinct phylogenetic
groups: Z1, Z2 or Z3. The human double Z domain proteins, HsA3F and HsA3G,
have a Z2/72 and a Z2/Z1 organization, respectively, whereas the MmA3 protein has
a Z2/73 organization. Interestingly, all three of the artiodactyl A3F proteins have a
72/73 organization (Figurel1).
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Figure 11. A comparison of artiodactyl A3F proteins. (A) A schematic of
HsA3F, BtA3F, OaA3F and SsA3F. The conserved, zinc-binding deaminase
domains are boxed (*) and those that are catalytically active are additionally
shaded. The numbers on the right indicate the total polypeptide length. (B)
HsA3F, BtA3F, OaA3F and SsA3F active site amino acid alignments
[shaded regions from (A)]. The conserved HXE and PCXXC motifs are
boxed. Amino acid positions are indicated on the right. (C) A neighbor-
joining phylogenetic tree indicating the evolutionary relationship of several
representative  mammlian A3 family members. Branch lengths are
proportional to the number of amino acid differences. Comparisons were
done using the conserved Z domain amino acids, plus five additional
residues on either side. The Zla, Z1b and Z2 phylogenetic clusters are
indicated. HsA3D and HsA3E represent the N- and C-terminal domains of
HsA3DE. See the text for additional details.
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The artiodactyl double domain A3 proteins catalyze DNA cytosine deamination
To test whether the artiodactyl A3Z2-7Z3 proteins have the capacity to deaminate

cytosines within ssDNA, the intrinisic mutator activity of these proteins was
monitored using an E. coli-based mutation assay. Rifampicin resistance (Rif%) is
attributable to base substitution mutations in the E. coli RNA polymerase B (rpoB)
gene, and it occurs in approximately one of every five million bacterial cells.
Expression of several A3 family members can accelerate the accumulation of Rif®
mutations from a few- to several hundred-fold. The mutator phenotype is accounted
for by a pronouned C/G -> T/A transition bias within rpoB. This assay therefore

provides a robust measure of intrisic DNA cytosine deaminase activity.

Expression of each of the artiodactyl A3 proteins increased the Rif* mutation
frequency in E. coli from 3- to 7-fold, levels that were higher than those attributable
to HsA3F but slightly lower than than those caused by HsA3G (Figure 12).
Curiously, expression of MmA3 failed to cause an E. coli mutator phenotype, despite
the fact that it is clearly active and capable of deaminating the cDNA of a variety of
retroelements. It is not clear why MmA3 is inactive in this system, yet active in

others.

Artiodactyl A3F DNA cytosine deamination preferences were examined by
sequencing the rpoB gene of at least 100 independent Rif® mutants (Figure 12B and
C). In contrast to HsA3F and HsA3G, which preferentially deaminate cytosines at
rpoB nucleotide positions 1721 and 1691, 5°-TC and 5’-CC, respectively, the
artiodactyl A3 proteins showed less biased rpoB mutation spectra. Sheep A3Z2-7Z3
preferentially deaminated cytosine 1576, which is part of a 5’-GC dinucleotide. Pig
A37Z2-73 also preferred cytosine 1576. However, the pig protein also clearly
deaminated cytosine 1586, which is part of a 5’-AC dinucleotide. Interestingly, these
two cytosines, C;s76 and Cjsgs, are also preferred by HsAID (Figure 12B). The cow
A3Z2-73 did not appear to have any prominent rpoB local mutation preference, as
increased levels of C/G -> T/A mutation were apparent at several sites. In
conclusion, all three of the artiodactyl A3F proteins are capable of deaminating DNA
cytosines to uracils, which triggers a corresponding shift in the pattern of C/G -> T/A

transition mutations within the poB mutation substrate.
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Figure 12. DNA cytosine deaminase activity of the artiodactyl A3F proteins
in E.coli. (A) RifR mutation frequencies for 12 independent E.coli cultures
expressing a vector control (light blue), HsAID (purple), HsA3G (dark
blue), HsA3F (red), BtA3B (brown), OaA3B (black), SsA3F (pink) or
MmA3 . Each data point corresponds to the mutation frequency obtained
from a single culture, and the median mutation frequency for each condition
is shown (horizontal bar). (B) A histogram summarizing the C/G—T/A
transition mutations detected in rpoB. Only cytosines that had greater than
two mutations are shown. Apart from C1586, all of the cytosines are located
in the non-template strand of the rpoB gene. The number of independent
RifR mutants that were sequenced is indicated in parentheses in the legend.
For purposes of presentation the Y-axis extends below zero (a dotted line
marks the actual base-line), and the histogram bars follow the color scheme
(A). (C) Pie graphs depicting the frequency that each of the four
dinucleotides was targeted by the indicated A3 protein. The total number of
independent sequences analyzed is shown in the center of each graph, and
the deaminated cytosine is underlined in the legend. The dinucleotide
wedges of each pie are colored as indicated.

The artiodactyl double domain A3 proteins are predominantly cytoplasmic
As an initial step toward understanding the potential retroelement targets of the

artiodactyl A3F proteins, the sub-cellular distribution of these proteins was

determined. A3-GFP constructs were transfected into HeLa cells and the sub-cellular
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localization of the A3 proteins was determined by live cell fluorescence microscopy.
In agreement with prior work, HsA3B and a GFP-only control localized to the
nucleus and cell-wide, respectively. In contrast, the artiodactyl A3Z2-Z3 proteins and
MmA3 appeared predominantly cytoplasmic (Figure 13). Several of the images also
revealed brightly fluorescing, punctate cytoplasmic aggregations, which may
represent P bodies. The significance of the cytoplasmic punctae remains to be
determined. Nevertheless, the cytoplasmic localization pattern is nearly identical to
that of HsA3F and HsA3G suggesting that the property of localizing to the cytoplasm
is conserved and that the artiodactyl A3Z2-7Z3 proteins might function similarly to
inhibit the replication of LTR-dependent retroviruses such as HIV-1 or MLV (Figure
13).

GFP HsA3B HsA3F HsA3G

BtA3F QaA3F SsA3F MmA3

Figure 13. Sub-cellular distribution of the artiodactyl A3Z2-Z3 proteins in
comparison to the orthologous human and mouse A3 proteins. HeLa cells
showing localization of the indicated, GFP-tagged A3 proteins or a GFP-
only control. The scale bar indicates 10 mm (figure courtesy of Mark D.
Stenglein).

Retrovirus restriction by double domain artiodactyl A3 proteins
A clear trend in the genetic conflict between A3 proteins and retroelements is that an

A3 from a given host is either neutralized or avoided by retroelements that are
specific to the host species. In many instances, cross-species comparisons enable
potential species-specific mechanisms of neutralization to be avoided and the

restrictive potential of A3 proteins to be studied. We therefore asked whether the
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artiodactyl A3Z2-7Z3 proteins could inhibit the infectivity of HIV-1 and MLV-based
retroviruses. In these systems, a GFP gene embedded in proviral DNA provides a
measure of both transfection efficiency (which correlates directly with virus
production levels) and viral infectivity.

Expression of HsA3F and HsA3G caused 4- and 24-fold reductions in the
infectivity of HIV-GFP (Figure 14A). MmA3 was also capable of strongly inhibiting
HIV-GFP. In comparison, expression of BtA3Z2-73, OaA3Z2-Z3 or SsA3Z2-73
caused 30-, 8- and 29-fold decreases in the infectivity of HIV-GFP, respectively
(Figure 14A). These potent anti-HIV activities demonstrated that the artiodactyl A3F
proteins possess at least one retrovirus restriction activity. These results further imply
that the artiodactyl A3Z2-Z3 proteins are able to specifically associate with the HIV-

1 Gag/genomic RNA complex and thereby gain access to assembling virus particles.

Expression of MmA3 has little effect on the infectivity of MLV, presumably
because MLV excludes (or simply avoids) this A3 protein (Figure 14B). In contrast,
HsA3F and HsA3G inhibit the infectivity of MLV-based retroviruses, but to a lesser
extent than HIV lacking Vif (Figure 14B). Therefore, to ask whether the artiodactyl
A3Z2-73 proteins possess similar restriction potentials, the infectivity of MLV-GFP
produced in the presence of these A3 proteins was monitored. Interestingly, similar
to HsA3F or HsA3G, expression of the artiodactyl A3Z2-Z3 proteins reduced the
infectivity of MLV-GFP by 2- to 4-fold. Thus, the HIV-GFP and MLV-GFP
infectivity data combined to suggest that the artiodactyl A3Z2-Z3 proteins have a

relatively broad retrovirus restriction potential.

) MLY-GFP
HIV-GFP

Relative infectiviry
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Figure 14. Retrovirus restriction activity of the artiodactyl A3Z2-7Z3 proteins.
(A) Infectivity of HIV-GFP produced in the presence of a vector control or the
indicated A3 protein. Data were normalized to the infectivity of HIV-GFP
produced in the presence of a control vector, which was assigned a value of
one. The mean and the SEM of three independent experiments are shown.

(B) Infectivity of MLV-GFP produced in the presence of the indicated
constructs. Parameters are identical to those in (A).



61

The N-terminal zinc-binding, deaminase domain of the artiodactyl double
domian A3 proteins catalyzes C -> U deamination, and this activity is necessary
for full levels of retrovirus restriction

All of the double domain deaminases thus far characterized have catalytically
competent C-terminal Z domains and apparently inert N-terminal Z domains. Most
experiments have focused on HsA3B, HsA3F and HsA3G, DNA cytosine
deaminases that have Z1- or Z2-type, C-terminal active sites (Figure 11). However,
HsA3H, which has a single Z3-type deaminase motif, was also shown to possess
DNA cytosine deaminase activity. Thus, it was possible that either the N- or the C-
terminal Z domain (or both) of the artiodactyl A3Z2-Z3 proteins would be

catalytically active.

To begin to work out the mechanism of retrovirus restriction by artiodactyl
A3Z2-73 proteins and to test whether the N- or the C-terminal (or both) Z domains
of these proteins catalyze DNA cytosine deamination, the conserved glutamate (E) of
each active site was changed to glutamine (Q) and the resulting mutants were tested
for HIV-GFP restriction activity. As reported previously, the glutamate of both the
N- and the C-terminal Z domain of HSA3G contributed to inhibiting HIV-1
infectivity, but the C-terminal catalytic glutamate appeared to be more important
(Figure 15A). In contrast, both the N- and the C-terminal BtA3Z2-Z3 Z domain E ->
Q mutants appeared to retain full levels of anti-HIV activity. Interestingly, the N-
terminal OaA3Z2-73 and SsA3Z2-7Z3 7 domain E -> Q mutants were less able than
the corresponding C-terminal domain mutants to inhibit the infectivity of HIV-GFP,
a result particularly clear for SSA3F (Figure 15A). These data were essentially the
inverse of the HsA3F and HsA3G E -> Q mutant studies, and they suggested that the
N-terminal, Z domain of these proteins catalyzes retroviral cDNA C -> U
deamination. MmA3 was clearly distinct, as both the N- and the C-terminal Z

domain glutamates were required for HIV-GFP restriction (Figure 15A).

Although both the N- and the C-terminal Z domain E -> Q mutants of the
human and the artiodactyl A3 proteins showed significant levels of anti-retroviral
activity, we surmised that bona fide catalytic site mutants should be unable to
catalyze retroviral cDNA C -> U deamination (although they may still inhibit
retroviral infectivity). Minus strand uracils template the incorporation of plus strand
adenines, ultimately manifesting as retroviral plus strand G -> A hypermutations.

Therefore, to directly test which Z domain(s) catalyzes DNA cytosine deamination
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and to gain additional insight into the artiodactyl A3Z2-7Z3 retrovirus restriction
mechanism, the GFP gene from the aforementioned HIV-GFP infectivity
experiments was amplified by high-fidelity PCR, cloned and sequenced. HIV-GFP
produced in the presence of a control vector showed a low base substitution mutation
frequency, 0.00014 mutations per base, which is attributable to errors in reverse
transcription and PCR (Figure 15B). In contrast, viruses produced in the presence of
HsA3F, HsA3G, all three of the artiodactyl A3Z2-Z3 proteins or MmA3 showed a
30- to 80-fold increase in base substitution mutations, which were almost exclusively
plus-strand G -> A transition mutations (Figure 15B). HsA3G with a C-terminal
domain E -> Q mutation failed to cause retroviral hypermutation, although this
variant still significantly inhibited HIV-GFP infectivity (Figure 15). The HsA3F C-
terminal Z domain mutant was still able to modestly inhibit HIV-GFP infectivity,
without obvious signs of retroviral hypermutation. Interestingly, E -> Q substitutions
in the N-terminal (but not the C-terminal) domain of all three of the artiodactyl
A3Z2-73 proteins abolished the accumulation of retroviral hypermutations (Figure
15B). Thus, these data combined to demonstrate that the N-terminal Z domain of the
artiodactyl A3F proteins is catalytic and that both deaminase-dependent and -
independent activities are required for full levels of retrovirus restriction. In support
of this conclusion, the N-terminal Z domain glutamate of BtA3Z2-Z3 is required for
mutator activity in E. coli, whereas the C-terminal Z domain glutamate is

dispensable.

Retroviral hypermutation properties of artiodactyl double domain A3 proteins
As described above, the rpoB mutation spectra of BtA3Z2-7Z3, OaA3Z2-Z3 and

SsA3Z2-7Z3 suggested that these proteins would trigger retroviral hypermutation
patterns biased toward 5°-YC, 5’- GC, and 5°-RC, respectively (R =A or G; Y =C
or T; Figure 12C). To test this prediction, we examined the types of base substitution
mutations and the local retroviral cDNA deamination preferences in HIV-1
attributable to expression of the artiodactyl A3F proteins (Figure 15B). In terms of
the dinucleotide mutation preferences, the base immediately 5’ of the targeted
cytosine is a crucial target site determinant. HsA3F and HsA3G overwhelmingly
preferred 5°-TC (84%) and 5°-CC (84%), respectively, whereas MmA3 preferred 5°-
TC (61%) and 5°-CC (29%). Roughly paralleling the E. coli Rif® mutation data,
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HIV-GFP sequences revealed that the cow and the sheep A3Z2-Z3 proteins preferred
a pyrimidine (Y) 5° of the deaminated cytosine (93% and 79%, respectively).
Similarly, the pig A3Z2-Z3 protein preferred 5’-GC (47%). This is notable because
this is one of very few A3 proteins preferring 5’-purine-C (the proposed ancestor of
the modern day A3 proteins, the immunoglobulin gene deaminase AID also has this
preference). In addition, all of the A3 proteins characterized preferred a pyrimidine at

the -2 position, T in all cases except for HsA3G which preferred C.
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Figure 15. Relative contributions of the N- and C-terminal zinc-binding
domains to HIV-GFP restriction. (A) Infectivity of HIV-GFP produced in the
presence of a vector control or the indicated non-mutant (+) or mutant A3
protein containing an N-terminal E!Q substitution or a C-terminal E — Q
substitution. (B) Frequencies of plus-strand retroviral G — A hypermutation
observed in HIV-GFP DNA.

The artiodactyl double domain A3 proteins are fully resistant to HIV-1 Vif
HsA3F, HsA3G and chimpanzee A3G are neutralized by HIV-1 Vif. However, many

other monkey A3G proteins (e.g., African green monkey) and MmA3 are completely
resistant. The full sets of interactions that govern the A3-Vif conflict have not been
determined, and the artiodactyl A3F proteins are likely to prove useful in this regard.
Therefore, HIV-GFP infectivity was monitored in the presence or absence of HIV-1
Vif and human, artiodactyl or mouse A3 proteins. As described previously,
expression of HIV-1 Vif neutralized HsA3F and HsA3G (although the former to a
lesser extent) and caused a proportional recovery of HIV-GFP infectivity (Figure
16). Expression of HIV-1 Vif failed to enhance the infectivity of HIV-GFP produced
in the presence of MmA3 or any of the artiodactyl A3Z2-Z3 proteins. Thus, the
artiodactyl A3Z2-7Z3 proteins were fully resistant to HIV-1 Vif.
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Figure 16. Artiodactyl A3Z2-Z3 proteins are resistant to HIV-1 Vif.
Parameters are identical to those used in Figure 4A, except for the inclusion
of plasmids encoding HIV-11IIB Vif (+) or a HIV-111IB DVif (-) control,
which has translation stop codons at amino acids 33 and 34.

The artiodactyl APOBEC3 innate immune repertoire shows evidence for a
multi-functional domain organization that existed in the ancestor of placental
mammals (paper I1I)

The fact that mammals have varying numbers of A3 genes, with humans having
seven and mice only having one, led us to wonder whether there were additional A3
genes in the artiodactyls to those we had worked with in the context of paper II. To
address this point and to learn more about the evolution and functionality of A3
genes in mammals, we sequenced and characterized the full A3 repertoire of sheep

and pigs and compared to available information from the cow.

Sheep and cattle have three 43 genes with a Z1-7Z2-7.3 organization
We previously used degenerate PCR, RACE and database mining to identify a cDNA

for sheep A3Z2-Z. To address the number of A3 genes in artiodactyls
unambiguously, we sequenced the entire sheep 43 genomic locus. First, a sheep
A372-7Z3 cDNA was hybridized to a sheep BAC library to identify a corresponding

genomic sequence. Second, hybridization-positive BACS were screened by PCR for
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those that also contain the conserved flanking genes CBX6 and CBX7. One BAC was
identified that spanned the entire CBX6 to CBX7 region, and it was sheared,
subcloned, shotgun sequenced, assembled and analyzed. DNA sequence analyses
revealed that the sheep genomic locus contained an additional 43 gene between
CBX6 and 4372 (Figure 17A). This gene was called 4371, because it had sequence
characteristics of a Z1-type A3 protein. We therefore concluded that sheep have three
A3 genes and, importantly, that each mammalian 43 Z-type was present. This
conclusion was supported by the bovine genome assembly, which was released
during the course of our studies and showed that cattle also have a sheep-like, three
gene A3 repertoire (Figure 17A). The predicted 4371 coding sequences of sheep and
cattle are 86% identical, consistent with the fact that these two ruminant artiodactyls
shared a common ancestor approximately 14-25 million years ago (Bininda-Emonds

et al., 2007).

The pig has two A3 genes with a Z2-7Z3 organization
PCR reactions failed to identify an A3ZI-like gene in pigs. Since pigs and

cattle/sheep last shared a common ancestor approximately 70-80 MYA, we
considered the possibility that the negative PCR result was not a technical failure and
that pigs might actually have a different 43 repertoire. Again, to unambiguously
address this possibility, the pig 43 genomic locus was sequenced in entirety. A
porcine BAC library was probed with pig 43722-Z3 cDNA and two hybridization-
positive BACS were shotgun sequenced. The sequence assemblies revealed that pigs
have only two A3 genes, A3Z2 and A3Z3, between CBX6 and CBX7 (Figure 17A).
The cattle, sheep and pig 43 locus genomic sequences were compared using dotplot
analyses (Figures 17B). A 22 kb discontinuity was detected between the cow and the
pig sequences. The sheep and pig genomic sequences aligned similarly.

To begin to address whether the potential 4371 deletion in pigs occurred recently
(e.g., arare deletion fixed by selective breeding) or whether it was more ancient, we
asked whether a non-domesticated, distant relative of the pig, the collared peccary
(Tayassu tajacu), has an 4371 gene. Lineages leading to present-day domesticated
pigs and the peccary diverged approximately 25-35 MYA. A pan-species, 4321 PCR
primer set was developed and used in these experiments. In contrast to human,

African green monkey, horse, cow and sheep genomic DNA which yielded a 250-
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256 bp Z1-specific PCR products confirmable by DNA sequencing, the genomic
DNA of domesticated pig, the collared peccary, mice and opossum failed to yield a
product even after 54 cycles (Figure 17C). A highly conserved gene, ALDOA, was
used as a PCR control to demonstrate the integrity of the genomic DNA samples.
Interestingly, Z1 PCR product sequencing and recently released EST sequences

revealed that the related hoofed mammal, the horse, also has a Z1-type 43 gene.
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Figure 17. The 43 genomic repertoire of sheep, cattle and pigs. (4) An
illustration of the 43 genes of the indicated mammals. Z1, Z2 and Z3 domains
are colored green, orange and blue, respectively. The conserved flanking genes
CBX6 and CBX7 are shown and the scale is indicated. Solid lines represent
finished sequence and dotted lines represent gaps or incomplete regions.
Nonmammalian vertebrates such as frogs lack 43 genes. (B) A dotplot analysis
shows A3Z1 in cattle but not in pig genomic sequence. The x- and y-axis
numbers designate nucleotide positions within the indicated genomic
consensus sequences. (C) PCR analysis of genomic DNA from the indicated
species showing that a 250-256 bp Z1-specific amplicon can only be obtained
from a subset of mammals. The human 51 and 54 cycle amplicons were too
abundant to be run on the same gel. Monkey genomic DNA is from the African
green monkey. The ALDOA gene was used as a positive control (115 bp).
(Figure courtesy of Rebecca S. LaRue)



67

The restriction of Zoonotic PERV transmission by human APOBEC3G (paper
IV)

During the course of our work with pig APOBEC3 we were reminded that although
pigs do not harbor a lentivirus, they have endogenous retroviruses that have recieved
quite a bit of attention as a safety concern in xenotransplantation, where pigs are
considered the most suitable donor to fill the need for transplantation material for
humans. One of the major concepts coming out of APOBEC3 studies is that of
species-specificity, APOBEC3 proteins seem to have a broad effect on viruses but
successful viruses seem to have developed counter-measures against the APOBEC3
proteins of their host. This indicates that an APOBEC3 protein from a species to
which the virus has not yet adopted may provide an effective strategy for thwarting
this species-specific viral counter-defense. It is therefore reasonable to hypothesize
that cross-species expression of an APOBEC3 protein may be used to create a
powerful barrier to impede or perhaps even block retrovirus expression. Here, this
rationale is applied to the specific question of whether human APOBEC3G

expression can inhibit the transmission of PERV from pig to human cells.

A Co-culture Assay to Monitor PERV Transmission
To determine whether expression of human APOBEC3G would inhibit the transfer

of PERV from pig to human cells it was first necessary to establish a long-term co-
culture system. A trans-well assay was set up to monitor PERV transmission from
pig kidney PK-15 fibroblasts to recipient human embryonic kidney 293T cells
(Figure 18A). These two cell types were used because transmission from PK-15 to
293 cells had been reported previously. The trans-well system enabled co-cultures to
be sustained for several weeks, and it facilitated the recovery of each cell type for
downstream analyses. An additional benefit of this co-culture system (not provided
by transient assays) is that it enables the simultaneous analysis of multiple,
endogenous PERV elements, which are precisely the targets one would want to
monitor and ideally inhibit in (xeno)transplantation procedures. At each co-culture
passage point, surplus human 293T cells were used to prepare genomic DNA. PERV
transmission was monitored by subjecting these samples to quantitative (Q)-PCR.
PERV-specific pol gene PCR products could be detected in the human genomic

DNA samples after approximately two weeks of continuous co-culture (Figure 18B).
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From the point of first detection onward, the total number of PERV transmissions
continued to increase, averaging 190 new events per day per 50,000 cells (10° B-actin
copies; SEM = 62; n = 5 experiments). Importantly, pig cells did not breach the 293T
cell compartment because Q-PCR analyses of the same human genomic DNA
samples failed to detect a concomitant transfer of pig genomic DNA (Figure 18B).
Moreover, PERV copy number did not increase over a two week interval when
infected 293T cells were grown in isolation, indicating that PERV was not
replicating in the human cells and that the majority of the observed transmission
events were derived from the PK-15 cells (i.e., new events). These results combine to
indicate that the trans-well assay provides a robust system for monitoring bona fide

zoonotic PERV transmissions.
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Figure 18. PERV Transmission Assay. (A) Schematic of the co-culture system.
PERV transmitting PK-15 cells are grown on top of the membrane of the insert
and human 293T cells on the bottom of the well of the culture dish. Virus
particles are depicted diffusing through membrane pores. (B) The zoonotic
transmission of PERV from PK-15 cells to 293T cells is shown by the time-
dependent accumulation of PERV pol gene DNA in the human cells (solid
diamonds and squares). No concomitant transfer of pig genomic DNA occurred
through the duration of these experiments (open diamonds and squares). This
graph summarizes data for two independently derived PK-15 clones, V1
(squares) and V2 (diamonds). All data points were calculated using results from
duplicate Q-PCR reactions of genomic DNA from three parallel (but
independent) co-cultures. The error bars indicate the SEM.

Human APOBEC3G Inhibits PERV Transmission
The second key step in addressing our experimental question was isolating PK-15

clones that stably expressed human APOBEC3G. Clones expressing human
APOBEC3G c¢DNA or an empty vector control were established in parallel (Figure
19A). Immunoblotting identified clones with APOBEC3G levels similar to those in
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known APOBEC3G-expressing human T cell lines CEM and H9, which are non-
permissive for growth of Vif-deficient HIV-1. Although it was impossible to achieve
a physiologic expression level, the comparative immunoblot at least ensured that the
levels of APOBEC3G were equal or lower than those present in well-studied,
nonpermissive human T cell lines.

Co-culture experiments were set up to compare PERV transmission from two
independently derived PK-15 clones expressing human APOBEC3G and two vector
expressing controls. Remarkably, the human APOBEC3G expressing PK-15 clones
showed levels of PERV transmission that were lower than the Q-PCR detection
threshold of approximately 10 copies (Figure 19B). In contrast, the control clones
showed high levels of PERV transfer by co-culture day 17 and transmission events
continued to accumulate through the duration of the experiment.

The kinetics of PERV transmission were similar to those reported in Figure 17B
(these results also contributed to the aforementioned transfer rate calculations). These
data were further corroborated by additional experiments where PERV transmission
was monitored simultaneously by Q-PCR and by reverse-transcriptase ELISA

assays.

Figure 19. Human APOBEC3G
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The Sub-cellular Distribution of Human APOBEC3G is Virtually Identical in
Human and Pig Cell Lines

An ultimate application of the technology described here raises the potential problem
that human APOBEC3G may not be subjected to (proper) post-translational
regulation in pig cells and it may therefore promote carcinogenesis. Expression of
human APOBEC3G in a heterologous system has been shown to trigger elevated
levels of genomic C/G-to-T/A transition mutations. Therefore, to help mitigate this
risk (in addition to establishing clones that expressed relatively modest APOBEC3G
levels; above), we asked whether the predominantly cytoplasmic localization pattern
of human APOBEC3G would be maintained in PK-15 and in a swine testes cell line,
ST-IOWA (Figure 20). Unlike some other APOBEC3 proteins such as human
APOBEC3B, which is mostly nuclear, both human APOBEC3G and pig
APOBEC3F appeared predominantly cytoplasmic in either the human or the pig cell
lines (Figure 20). Both proteins also appeared to concentrate in cytoplasmic punctae,
which varied in number and were apparent in some of the cells regardless of species
of origin. Overall, these near-identical localization patterns suggested that human
APOBEC3G is not aberrantly regulated in pig cells and, interestingly, that these

proteins might be subjected to the same cellular regulatory mechanism(s).

Human Pig
GEP APOBEC3IG APOBEC3F

Pig
PK-15
Figure 20. The Sub-
cellular Distribution of
Human APOBEC3G in
Human and Pig Cell
Lines. Sub-cellular
distributions of GFP,
human APOBEC3G-
GFP and pig
APOBEC3F-GFP in the
indicated live pig and
human cell lines. The
scale bar in the top left
panel indicates 10 mM.
(figure courtesy of Mark
D. Stenglein).
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PERYV Appears Resistant to Porcine APOBEC3Z72-73
As demonstrated in paper II, pig APOBEC3Z2-Z3 can strongly inhibit the replication

of HIV (regardless of Vif) and modestly inhibit the replication of MLV, a gamma-
retrovirus phylogenetically related to PERV. Therefore, we wondered whether pig
APOBEC3Z2-7Z3 was expressed in PK-15 and, if so, whether PERV resists this
cellular defense. To begin to address this possibility, RT-PCR was used to test PK-15
cells for pig APOBEC3Z2-Z3 expression. Pig APOBEC3Z2-7Z3 mRNA was detected
readily. Full cDNA sequencing revealed that the predicted APOBEC3F protein of
PK-15 cells was 98% similar to the variant we reported in paper II. Eight amino acid
differences were found, but both the PK-15 and the previously reported
APOBEC3Z2-Z3 sequences were represented in pig genomic DNA sequences
suggesting that these may be breed-specific polymorphisms (paper III). These
observations indicated that either PERV resists the endogenous APOBEC3Z2-73
protein of its host or that the level of suppression by pig APOBEC3Z2-Z3 is not
sufficient to inhibit PERV transmission.

To begin to distinguish between these two hypotheses, PK-15 clones overexpressing
pig APOBEC3Z2-Z3 were established and used in transmission experiments. The
former hypothesis was favored because pig APOBEC3Z2-Z3 over-expression did not
significantly interfere with PERV transmission. These results were further supported
by PCR experiments showing that PERV could be amplified readily from 293T cells
that had been co-cultured with PK-15 over-expressing pig APOBEC3Z2-Z3. These
observations indicate that PERV is resistant to the endogenous APOBEC3 protein of
its host.

Evidence that Human APOBEC3G Inhibits PERV by a Deamination-
Independent Mechanism

The hallmark of APOBEC3G-dependent retrovirus restriction is plus-strand G to A
hypermutation, which is caused by the deamination of minus-strand cDNA C-to-U
during reverse transcription. The deamination of cytosines within single-strand DNA
requires glutamate 259 (E259) of APOBEC3G. To determine whether DNA
deamination is required in the APOBEC3G-dependent inhibition of PERV
transmission, we established a new set of PK-15 clones expressing APOBEC3G,
APOBEC3G E259Q or a vector control (Figure 21, inset). Surprisingly, both
APOBEC3G and the E259Q derivative diminished PERV transmission to near
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background levels (Figure 21). These data demonstrated that the mechanism of
inhibition does not require the DNA deaminase activity of APOBEC3G. These data
were further supported by the fact that plus strand G-toA hypermutations were not
apparent in the DNA of the rare transmission events that occurred in the presence of

human APOBEC3G.
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Figure 21. The APOBEC3G-dependent Inhibition of PERV Transmission is
Deamination-Independent. PERV-specific Q-PCR data using genomic DNA
prepared from 293T cells co-cultured with PK-15 clones expressing
APOBEC3G (G; triangles), APOBEC3G-E259Q (GE259Q; circles) or empty
vector (V; squares). Two datasets, each with an independent PK-15 clone in
three replica co-culture wells, were collected in parallel and averaged for each
data point. One standard error of the mean is shown. The experimental
parameters are identical to those used in Figure 1B. The inset immunoblots show
the APOBEC3G and a-tubulin levels of representative PK-15 clones expressing
the indicated construct. The human T cell line H9 provided a positive control for
APOBEC3G expression.

Genetic Variation in Zoonosed PERV DNA Sequences
To begin to genotype the infectious PERVs and to further probe the mechanism of

PERYV restriction by human APOBEC3G, the PERV pol gene DNA was amplified
from human 293T cells, cloned and sequenced (Figure 22A). Twenty-nine and
twenty-two sequences were analysed from APOBEC3G and control experiments,
respectively. To minimize possible PCR biases, any sequence that was recovered
multiple times was considered one event, unless it arose from independent
experiments. These DNA sequence analyses revealed several important points.

First, in contrast to vector control and pig APOBEC3F over-expressing cocultures,
the PERV pol gene DNA was difficult to amplify from the genomic DNA of 293T
cells that had been co-cultured with APOBEC3G-expressing PK-15 cells (Figure
22B). Taking this together with the observation that APOBEC3G does not affect PK-
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15 virus production (similar RT levels were observed in cell-free supernatants in the
presence or absence of APOBEC3G), we infer that APOBEC3G restricts PERV
transmission after virus production but before provirus integration (i.e., between
entry and integration). APOBEC3G may restrict PERV at an early reverse
transcription stage, possibly by interfering with primer binding, DNA synthesis
and/or integration as shown recently for APOBEC3G and HIV-1 substrates.

Second, control co-culture PERV transmission events were exceptionally diverse, as
15 unique pol sequences were detected and only 3 were found multiple times (Figure
22B). These data suggested that PK-15 cells have at least 15 active PERVs capable
of infecting human 293T cells, a number consistent with previous studies that
reported the existence of approximately 17-50 PERV copies in total (with only a
fraction being replication-competent). In contrast, the rare PERV sequences derived
from the APOBEC3G co-culture experiments showed a much lower genetic
complexity. Only three unique sequences were recovered, each differing by a single
nucleotide. In parallel experiments with HIV-based viruses, this APOBEC3G
expression construct caused approximately 30 G-to-A hypermutations per 1000 bases
analyzed. Thus, approximately 12 G-to-A transitions should have been recovered in
these PERV DNA analyses (nearly 90 if multiply recovered sequences would have
been considered). The absence of hypermutated PERV proviral DNA provided
further support for a deaminase-independent mechanism of restriction, which may

share features with other instances described previously.

A SLTR eny ¥ LTR
T LN gag | poi || i ; fati ;
1 g :Izy Figure 22. Genetic Variation in

-~

Ko et Zoonosed PERV DNA Sequences. (A)

B PK-15A3 genotype  Controls A schematic of the PERV genome

M None A3G A3Fole 293T PK-15 indicating the relevant 193 bp pol gene

pERV ol fragment (B) An agarose gel showing

200 193bp  that PERV DNA was amplified readily

400 pie apna from 293T cells cultured with PK-15

;[m_ Mibp  control clones (None) and pig

200 APOBEC3F overexpressing clones

'ﬁ[‘:["rﬂ: (A3Fo/e) but not with PK-15 clones

100 133 bp expressing human APOBEC3G (A3G;

top panel). PERV pol gene DNA (top

panel) and pig genomic DNA
(APOBECS3F locus; middle panel.

300



74

S. DISCUSSION

In recent years it has become increasingly clear that mammalian cells possess a
variety of antiretroviral activities, not only to combat the attack of exogenous
retroviruses, but also to defend themselves against possible harm caused by
transposition of endogenous retroelements which constitute a large portion of the
genome of all mammalian species. The APOBEC3 protein family of cytosine
deaminases has played a central role in this recently emerging experimental field of
“retrovirus restriction factors”. In the work presented in this thesis the main focus has
been on the cloning and characterization of the APOBEC3 proteins of sheep and two

other closely related artiodactyl species, cattle and pigs.

The first part of the thesis described in paper I focused on delineating the genetic
components of the difference in phenotype between the two MVV molecular clones
KV1772 and KS1. The attenuated replication and lack of infectivity of the KS1 clone
was traced to simultaneous mutations, one in the CA domain of gag and the other in
Vif. The CA mutation affected replication in macrophages somewhat, but with the
addition of the vif mutation the replication in macrophages was markedly reduced.
The mutation in vif on its own did not affect the replication in macrophages. During
the course of this work it became apparent that the main role of the Vif protein of
HIV-1 was to battle the human protein APOBEC3G, a member of a newly described
family of cytosine deaminases (Harris et al., 2003a; Mangeat et al., 2003; Sheehy et
al., 2002; Zhang et al., 2003). Although the interplay between the CA and Vif
mutations in MVV may not to be related to the role of Vif against these deaminases
we decided to venture into the new and rapidly expanding field of the antiretroviral
effects of the APOBEC3 family of cytosine deaminases.

The initial aim of these studies was to clone and characterize the APOBEC3
proteins of sheep. Due to the fact that little sheep DNA sequence exists in public
databases, the project was broadened to include other closely related species of the
artiodactyla order of placental mammals. These studies focused on APOBEC3
proteins from three representative artiodactyl species: Cow (Bos taurus), sheep (Ovis
aries) and pigs (Sus scrofa), that were predicted to be of similar size and domain

organization as the well characterized human APOBEC3F and APOBEC3G, that are
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the most potent anti-retroviral human APOBEC3 proteins, as well as the single
mouse APOBECS3 protein.

The cloned double domain APOBEC3Z2-Z3 proteins from these three cloven
hoof ungulates were all active deaminases and robustly inhibited the activity of HIV-
1 regardless of the expression of Vif. They also showed moderate inhibitory activity
against the simple gammaretrovirus MLV. One of the more intriguing features of the
artiodactyl A3Z2-73 proteins is the fact that the DNA cytosine deaminase activity
resides in the N-terminal zinc-binding domain, and not in the C-terminal zinc-
binding domain like several of the human double domain A3 proteins. These data
highlight the modular nature of the A3 proteins, which can clearly function as single
domain proteins, as double domain proteins with a catalytically active C-terminal
domain, as double domain proteins with a catalytically active N-terminal zinc-
binding domain or as two distinct single domain proteins (paper III). Prior studies
had demonstrated that the N-terminal, zinc-binding domain of HsA3G mediates
interactions with both HIV-1 Vif and Gag (Alce and Popik, 2004; Cen et al., 2004;
Conticello et al., 2003; Luo et al., 2004; Schafer et al., 2004; Svarovskaia et al.,
2004; Zennou et al., 2004). The C-terminal domain of HsA3G dictates DNA cytosine
deaminase activity, and both domains contribute to dimerization activity (Hache et
al., 2005; Newman et al., 2005; Shindo et al., 2003). Thus, the division of activities
between the N- and the C-terminal domains suggested that the A3 proteins are
rapidly evolving as modular domains centered upon the conserved, zinc-binding
deaminase motif.

The fact that mammals have varying numbers of APOBEC3 genes, with
humans having seven and mice only having one, led us to wonder whether there were
additional APOBEC3 genes in the artiodactyls to those we had worked with in paper
II. To address this point and to learn more about the evolution and functionality of
APOBEC3 genes in mammals, we sequenced and characterized he full APOBEC3
repertoire of sheep and pigs and compared that to available information from the cow
(paper III). We demonstrated that sheep and cattle have three A3 genes, 4321 A372
and A3Z3. However, the latter two genes and their counterpart in pigs have the
unique ability to produce a double-domain protein A3Z2-Z3 (which was the proteins
initially cloned and characterized in paper II), in addition to single-domain
polypeptides. Thus, the A3 proteome of these species is more formidable than gene

number alone would indicate. These studies also helped highlight the important point
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that, although A3 proteins consist of either one or two conserved Z domains, each of
these domains can function and evolve independently.

Prior to the present studies, it was clear that most (if not all) placental
mammals had Z2- and Z3-type A3 domains (e.g., human, mouse, cat, pig, sheep and
cow). It was far less clear how broadly the Z1 domain distributed. In paper III two
critical lines of evidence were presented, strongly indicating that the Z1 distribution
is equally broad and, importantly, that the common ancestor of placental mammals
had a Z1-Z2-7Z3 A3 gene repertoire, similar to that of present-day sheep and cattle.
These data support a model in which the common ancestor of the primate- and the
artiodactyl-containing mammalian super-orders, Euarchontoglires and
Laurasiatheria, respectively, had a A3Z1 gene and precisely one of each of the three
conserved Z domain types (i.e., a divergent model for A3 gene evolution, as opposed
to one in which 4371 genes evolved independently in several limbs of the
mammalian tree). It is noteworthy that our pan-species Z1 PCR analyses failed to
generate product from opossum genomic DNA and that the recently released
opossum and platypus genomic sequences lack 43 genes. This is unlikely to be a gap
in the DNA sequence assemblies because, like non-mammalian vertebrates, DNA
and protein searches clearly revealed the 43-flanking genes CBX6 and CBX7 in both
animals. Thus, unfortunately, these two interesting non-placental mammals are
unlikely to provide significant insights into the earliest stages of 43 gene evolution
(i.e., pre dating the Z1-7Z2-Z3 ancestor described here). Perhaps data from the other
two placental mammal super-orders, Afrotheria and Xenarthra (e.g., represented by
animals such as elephants and armadillos, respectively), will help shed light on
earlier stages of A3 gene evolution, when presumably an A/D-like gene transposed
between CBX6 and CBX7 and duplicated to give rise to the ancestral Z1-72-7Z3
locus. The elephants and armadillos are specifically used as examples of the two
super-orders since ongoing genome projects exist for both of these animal species
and it will be very interesting to see what the APOBEC3 loci of these species look
like or even if they contain any A3 genes. This shows as well that APOBECI is older
than the APOBEC3, since it has been previously shown that opossums encode a
functional APOBECI protein. Nevertheless, because all current data indicate that the
A3 genes are specific to placental mammals; it can be hypothesized that a unique role

of these genes may relate to the placenta itself, where the A3 proteins may function
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to help protect the developing fetus from potentially harmful retrotransposition
events and/or retroviral infections.

While working with the APOBEC3 proteins of pigs, we were reminded that
they were a species that do not harbor lentiviruses, however they have been under
scrutiny based on the fact that they have endogenous retroviruses (PERV) that have
been shown to be able to be transmitted from pig to human cells under laboratory
conditions. That caused some concern for the use of pig materials as resources for
transplantation purposes, where pigs have been proposed as the most convenient
animal, due to their human-like physiology, large litter sizes and how easy they are
to breed. We decided to try a novel approach to inhibit the transmission of PERVs
from pig to human cells, by introducing a “foreign” APOBEC3 protein into the
PERYV producing pig cells to see whether its expression would impede the transfer of
the viruses from the pig cells to the human cells. To do this we established a
quantitative assay to monitor the zoonotic transmission of PERV to human 293T
cells, using a co-culture set-up and quantitative real-time PCR. Expression of human
APOBEC3G in the pig PK-15 cell line strongly inhibited PERV zoonoses, while the
endogenous APOBEC3Z2-Z3 protein of pigs appeared considerably less effective.
These data were the first to demonstrate that APOBEC3 proteins can be used
purposefully to reduce if not prevent zoonotic retroviral infections.

Our data indicate that the engineering of pigs to express human APOBEC3G
(or an equally potent non-porcine APOBEC3) may result in animals whose cells and
tissues are much less likely to disseminate functional PERV. The deamination-
independence of the restriction mechanism suggests that a catalytically inert
APOBEC3G protein, such as E259Q, may be equally potent and simultaneously
reduce the risk of cancer-promoting mutagenesis. APOBEC3G or APOBEC3G-
E295Q expressing pigs may therefore constitute safer source animals for pig-to-
human xenotransplantation procedures. In contrast to knockdown, knockout (by gene
targeting or selective breeding) or most chemical-based anti-viral approaches to
neutralize PERV, the APOBEC3 anti-viral defense system has several advantages
including a potentially broad neutralizing activity and an applicability to situations
where many copies of a virus are already present in a genome. Analogous transgenic
applications can be envisaged, such as using cross-species APOBEC3 expression to
purposefully impede known viruses (e.g., the AIDS virus HIV-1 or the Hepatitis B
virus HBV). Moreover, for humans and other mammals with multiple APOBEC3
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proteins, our data encourage the development of methods to induce/up-regulate
endogenous APOBEC3 proteins, which have the capacity but may not normally
restrict a particular virus (e.g., human APOBEC3B and HIV-1). Our findings were
strengthened as an alternative in the prevention of PERV transmission when in a
recent paper PERV A and A/C viruses were shown to be insensitive to the inhibitory
effect of a range of TrimSa proteins including human TrimSa (Wood et al., 2009).

Based on our work with PERYV it is likely that APOBEC3 proteins could be
used therapeutically. Anti-retroviral therapies might take advantage of this powerful
innate defense system. In the fight against HIV-1 and AIDS in the near future the
focus will most likely be on the use of small molecules to disrupt the APOBEC3:Vif
interaction (Nathans et al., 2008).

Many key questions remain unanswered both on the mechanism and the
evolution of the APOBEC3 proteins. It will be interesting to gain knowledge of the
APOBEC3 repertoire of more mammalian species especially from other sub-orders
yet to be sequenced as well as mammalian species with special adaptations to
different or extreme environments such as whales and other marine mammals. There
are also questions to be answered on the interaction between the Vif proteins of non-
primate lentiviruses and the APOBEC3 proteins of their hosts. Studies have shown
that MVV lacking the vif gene is subject to G to A hypermutations (Kristbjornsdottir
et al., 2004) yet the Vif proteins of non-primate lentiviruses lack the HysCx17-18Cx3sH
zinc-binding domain that mediates Cul5 binding. The Vif proteins of the non-primate
lentiviruses have therefore adopted a different approach than the primate lentiviral
Vif proteins in quenching the threat of the host APOBEC3 proteins. An especially
interesting phenomenon is how the equine lentivirus EIAV avoids the multiple
APOBECS3 proteins found in horses since it does not harbor a Vif protein.

Further studies could bring further understanding in virus host interactions
and the evolution and adaptation of host restriction factors as well as the role of

species specificity in retroviral infections.
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Simultaneous Mutations in CA and Vif of Maedi-Visna Virus Cause
Attenuated Replication in Macrophages and Reduced
Infectivity In Vivo
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Maedi-visna virus (MVYV) is a lentivirus of sheep sharing several key features with the primate lentiviruses.
The virus causes slowly progressive diseases, mainly in the lungs and the central nervous system of sheep. Here,
we investigate the molecular basis for the differential growth phenotypes of two MVYV isolates. One of the
isolates, KV1772, replicates well in a number of cell lines and is highly pathogenic in sheep. The second isolate,
KS1, no longer grows on macrophages or causes disease. The two virus isolates differ by 129 nucleotide
substitutions and two deletions of 3 and 15 nucleotides in the env gene. To determine the molecular nature of
the lesions responsible for the restrictive growth phenotype, chimeric viruses were constructed and used to map
the phenotype. An L120R mutation in the CA domain, together with a P205S mutation in Vif (but neither
alone), could fully convert KV1772 to the restrictive growth phenotype. These results suggest a functional
interaction between CA and Vif in MVYV replication, a property that may relate to the innate antiretroviral

defense mechanisms in sheep.

Maedi-visna virus (MVYV) is a member of the lentivirus sub-
family of retroviruses, causing encephalitis (visna), pneumonia
(maedi), mastitis, and arthritis in sheep (26, 27). The primary
target cells of MVV infection are cells of the monocyte/mac-
rophage lineage, and virus expression is activated upon mac-
rophage maturation (6, 11, 22). However, various cell types are
permissive for infection by certain MVV strains in vitro. Len-
tiviruses in general exhibit a highly restricted cell and species
tropism. This restriction is largely determined by host factors
that either are required for virus replication or have antiviral
activity.

Recently, two classes of lentiviral inhibitors were identified.
One class is exemplified by APOBEC3G, a cytosine deaminase
that induces C-to-U lesions in the viral cDNA minus strand
during reverse transcription. This leads either to plus-strand
G—A hypermutation in integrated virus DNA (C—T on the
minus strand) or possibly also to the degradation of the retro-
viral cDNA prior to integration (14, 19, 21, 38). The vif gene,
which is present in all lentiviruses except equine infectious
anemia virus, counteracts APOBEC3G by causing its degrada-
tion. Vif is essential for virus infectivity in vivo and for repli-
cation in primary cells in vitro (5, 12, 13, 18, 20, 31).

We have shown that MVV lacking Vif is noninfectious in
sheep and that replication is cell type dependent. Thus, Vif-
deficient MVV replicates poorly in macrophages and sheep

* Corresponding author. Mailing address: Institute for Experimental
Pathology, University of Iceland, Keldur v/Vesturlandsveg, 112 Reyk-
javik, Iceland. Phone: 354-5855100. Fax: 354-5673979. E-mail: valand
(@hi.is.

choroid plexus (SCP) cells, whereas fetal ovine synovial (FOS)
cells appear semipermissive. We have also found an elevated
frequency of G—A mutations in Vif-deficient MVV, indicating
a function for MVV Vif that is similar to that of human im-
munodeficency virus type 1 (HIV-1) (18).

The capsid of retroviruses has been shown to be a target for
cellular restriction factors in various virus and cell systems. The
first of these to be characterized was Fv1, a gene product of an
endogenous retrovirus in the mouse genome that blocks cer-
tain strains of Friend leukemia virus. The amino acid sequence
of the capsid determines whether the virus is sensitive to Fvl or
not (4). A host factor, Lv1, restricting HIV-1 in many monkey
cells has recently been identified as tripartite motif protein S«
(TRIMSa), a protein of unknown function (32). A similar
restriction has been found in human cells that are resistant to
certain murine leukemia virus strains, and the capsid is tar-
geted here as well (15, 35). The restriction factor, Refl, has
also been shown to be a TRIM5« variant (17).

In this study, we examined the different cell tropism and
pathogenicity of two molecular clones of MVV (2, 33). One of
the clones (KS1) replicates well in SCP cells, but replicates only
to low titers in macrophages, and is nonpathogenic in sheep. The
other clone (KV1772) replicates to high titers in SCP cells and
macrophages and is highly pathogenic in sheep. Both clones
have their origin in a transmission experiment where virus was
passaged serially through tissue culture and sheep (29), and
they differ by 129 nucleotides. By constructing recombinant
viruses and a series of amino acid substitution mutations, we
mapped the attenuated phenotype of KS1 to two point muta-
tions, one in the CA domain of gag and the other in vif.
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FIG. 1. Diagrammatic representation of recombinant MVV derived from the molecular clones KV1772 and KS1. The vertical bars indicate the
amino acid differences between the two clones. The restriction sites used to construct the viruses are shown. The ability of each virus to grow in

macrophages is shown on the right.

MATERIALS AND METHODS

Virus and cells. The molecularly cloned viruses KV1772 (formerly
KV1772kv72/67) and KS1 (formerly LV1-1KS1) have been described previously
(2, 29, 30). SCP cells established as described previously (7, 28) were grown at
37°C in a humidified atmosphere of 5% CO, in Dulbecco’s modified Eagle
medium (Gibco) supplemented with 2 mM glutamine, 100 IU of penicillin per
ml, 100 IU of streptomycin per ml, and either 10% lamb serum (growth medium)
or 1% lamb serum (maintenance medium). Macrophage cultures were estab-
lished as described previously (29).

Transfections were performed by using FOS cells. DNA was transfected with
Lipofectamine as specified by the manufacturer (Life Sciences, Inc.). Transfected
FOS cells were passaged and incubated in maintenance medium until syncytia
appeared (5 to 8 days). Supernatants from transfected cells were also tested for
the presence of reverse transcriptase (RT) activity before passage into SCP cells.

RT assay. Viral particles from 0.5 ml of cell-free supernatants from infected
cells were pelleted at 14,000 rpm for 1 h in a microfuge. RT activity was
determined as described previously (1).

Real-time PCR assay. Viral particles from 200 pl of cell-free supernatants
from infected cells were pelleted at 14,000 rpm for 1 h in a microfuge. The pellet
was dissolved in 10 pl TNE (10 mM Tris, pH 7.5; 100 mM NaCl; 1 mM EDTA)
with 0.1% Triton X-100. This lysate was used for generating cDNA with Rever-
tAid M-murine leukemia virus reverse transcriptase (Fermentas) and a primer

from the gag gene (V-1818 [5'-CGGGGTACCTTACAACATAGGGGGCGCG
G-3']). Real-time PCR was carried out with a DNA Engine Opticon System (MJ
Research) in a final volume of 20 pl. The primers and TagMan probe were as
follows: forward primer, V1636 (5'-TAAATCAAAAGTGTTATAATTGTGGG
A-3"), reverse primer, V-1719 (5'-TCCCACAATGATGGCATATTATTC-3");
TaqMan probe, V1665TaqgMan (5'-FAM-CCAGGACATCTCGCAAGACAGT
GTAGACA-Black Hole Quencher-1-3"). (FAM is 6-carboxyfluorescein.) Cali-
bration curves were derived by running 10-fold dilutions of specific cDNA over
a range of 60 to 6 X 107 copies. Each assay included duplicate wells for each
dilution of calibration DNA and for each cDNA sample.

Construction of recombinant clones. The molecular clone KV1772 is con-
tained in two plasmids as described previously (29). The restriction enzymes used
for cloning are indicated in Fig. 1. Mutants were generated by PCR-mediated
site-directed mutagenesis, and the mutations were subsequently confirmed by
sequencing.

Experimental infection of sheep. Icelandic sheep, 6 months old, were infected
intratracheally with 1.0 ml of 10* 50% tissue culture infective doses. Virus was
injected into the trachea with a needle (23 gauge) under sedation with xylazinum
(Xylapan; 0.2 ml intravenously) (34).

Virus isolation from blood and organs. Virus was isolated from the buffy coat
as described previously (33). The following organs were tested for presence of
infectious virus by coculture with SCP cells (24): choroid plexus, cerebrum,
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cerebellum, spleen, cervical, mediastinal and mesenteric lymph nodes, bone
marrow, and lungs (one sample from each lobe). If no cytopathic effects were
observed, the growth medium was passaged twice, with the last observation after
6 weeks of culture.

RESULTS

The growth attenuation of the KS1 molecular clone is jointly
determined by Vif and CA. To begin to map the determinants
of the attenuated replication phenotype of the KS1 clone in
macrophages, a series of recombinants were constructed, using
restriction fragments from various parts of KS1 and with
KV1772 as a backbone. All recombinant viruses were tested
for replication in sheep blood-derived macrophages to see if
the impaired replication of KS1 was transferred with the re-
spective fragments. The macrophages were infected with equal
amounts of virus (as determined by measuring RT activity),
and replication was monitored by taking samples daily and
quantifying virus by measuring RT activity or using TagMan-
based real-time PCR.

We first tested a fragment comprising env, tat, vif, and a part
of pol (VB1) (Fig. 1). There was no effect on replication of the
virus in macrophages. Adding further regions of pol, env, and
the long terminal repeat did not have any effect either (clones
VB2, VB3, VB5, and VB3 to VB5) (Fig. 1). Only when the two
mutations in gag were added was the attenuated replication in
macrophages transferred (VB4) (Fig. 1). However, replacing a
shorter fragment containing the two gag mutations did not
result in significantly attenuated replication in macrophages
(VB6) (Fig. 1). Only when three mutations in vif were cloned
together with the mutations in gag did the virus acquire the
attenuated phenotype (VB7) (Fig. 1). The mutations in vif did
not have an attenuated effect on their own (VBS8) (Fig. 1). It
thus appears that there is an interaction between the mutations
in gag and vif.

To ask which mutation(s) in gag associated with those in vif,
a series of point mutations were introduced by site-directed
mutation of KV1772. One of the two mutations in gag was in
MA and the other was in CA. To distinguish between these two
mutations, they were each constructed separately together with
the mutations in vif. The virus with the mutation in MA rep-
licated well in macrophages, whereas the virus with the muta-
tion in CA replicated with kinetics similar to those of the KS1
strain, indicating that only the CA mutation was relevant. We
then constructed the P-S mutation in Vif separately [strain
Vif(P205S)], the mutation in CA separately [strain CA(L120R)],
and the two mutations together [strain CA(L120R)-Vif(P205S)].
The replication kinetics of these strains were compared with
the two parent strains in choroid plexus cells and macrophages.
All strains replicated similarly in choroid plexus cells, whereas
in macrophages CA(L120R) was somewhat affected and KS1
and CA(L120R)-Vif(P205S) replicated more slowly and to a
lower titer (Fig. 2). Adaptation of KS1 and CA(L120R)-
Vif(P205S) to growth in macrophages was observed upon ex-
tended passage, but direct reversion mutants were not de-
tected. We are currently searching for possible second-site
suppressor mutations.

Interestingly, the P-S mutation in Vif is in a proline-rich
region at the C-terminal end of the protein that has been
shown to be important for association with cellular membranes
and interaction with the Gag precursor Pr55%* (3, 9, 10),
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FIG. 2. Replication kinetics of virus production in blood-derived
macrophages (A) and sheep choroid plexus cells (B), as measured by
TagMan-based real-time PCR.

whereas the mutation in CA is an L-R mutation in a position
corresponding to amino acid 131 in helix 7 in HIV-1 (8, 36).

In vivo inoculation with the two parental strains and the
recombinant virus CA(L120R)-Vif(P205S). The KS1 strain has
repeatedly been shown to be nonpathogenic in sheep, whereas
the KV1772 strain is highly pathogenic (33). Of 219 attempts to
isolate virus from blood of sheep infected with KS1 in various
experiments, virus was isolated only on one occasion. Sequenc-
ing of the CA and vif genes of this isolate revealed a reversion
of the L-R mutation in CA back to L. This isolate grew well in
macrophages (Fig. 3).

Three sheep, each 6 months old, were inoculated intratra-
cheally with each of the three virus strains KV1772, KS1, and
CA(L120R)-Vif(P205S). Blood was collected for virus isola-
tions once a week for the first 8 weeks and biweekly thereafter
until sacrifice after 18 weeks. At sacrifice, virus isolations were
attempted from several organs, including brain, lungs, spleen,
lymph nodes, and bone marrow. As shown in Table 1, virus was
readily recovered from blood and organs of the three sheep
that had been inoculated with strain KV1772, whereas no virus
was isolated from sheep inoculated with KS1 virus. However,
one of the three sheep inoculated with the recombinant
CA(L120R)-Vif(P205S) virus was clearly infected. This result
was not expected, since the CA(L120R)-Vif(P205S) strain has
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FIG. 3. Replication kinetics of CA revertant (1650), KS1, and 1772
clones in blood-derived macrophages as measured by TagMan-based
real-time PCR.

replication kinetics in macrophages similar to those of the KS1
strain. Sequencing of virus isolates from the infected sheep did
not show a reversion of the mutations in CA and vif. One of the
blood isolates was tested for replication in macrophages, and it
showed attenuated replication similar to that of the
CA(L120R)-Vif(P205S) strain (data not shown). We then
speculated that this particular sheep might not express a pu-
tative virus inhibitor. We therefore infected four additional
sheep with the virus CA(L120R)-Vif(P205S) and isolated mac-
rophages from each sheep before infection to test replication
of the CA(L120R)-Vif(P205S) strain compared to KV1772.
Replication of the CA(L120R)-Vif(P205S) strain was attenu-
ated in macrophages from all of the four sheep (data not
shown). The sheep were kept for 18 weeks as before, and

TABLE 1. Frequency of virus isolation from KV1772-, KS1-, and
CA(L120R)-Vif(P205S)-infected sheep

No. positive/no. tested in:

Virus strain and

Central
sheep no. Blood Lymph* Lungs nervous
system

KV1772

2080 10/11 5/5 2/2 1/3

2081 8/11 5/5 2/2 0/3

2082 511 2/5 0/2 0/3
KS1

2074 0/11 0/5 072 0/3

2075 0/11 0/5 0/2 0/3

2076 0/11 0/5 072 0/3
CA(L120R)-

Vif(P205S)

2077 0/11 0/5 072 0/3

2078 2/11 4/5 2/2 0/3

2079 0/11 0/5 072 0/3

2089 0/11 0/5 0/2 0/3

2090 0/11 0/5 072 0/3

2091 111 0/5 0/2 0/3

2092 0/11 0/5 072 0/3

“ Spleen, bone marrow, cervical, mediastinal, and mesenteric lymph nodes.
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attempts were made to isolate virus from the same organs. No
virus was isolated from any of the organs, but one isolate was
recovered from blood (Table 1).

DISCUSSION

In this study, we traced the attenuated replication and in-
fectivity of the molecular clone KS1 to two simultaneous mu-
tations, one in the CA domain of gag and the other in vif. The
CA mutation affected replication in macrophages somewhat,
but with the addition of the vif mutation, replication in mac-
rophages was markedly reduced. The mutation in vif on its own
did not affect replication in macrophages. The finding that a
reversion of the mutation in CA in the KS1 clone caused a
reversion in phenotype further supports the importance of the
mutation in the capsid. The CA mutation is an L-R mutation
in amino acid 120 of MVV CA. This is a position correspond-
ing to K131 in helix 7 in the N-terminal domain of HIV-1 CA
protein. There is a charged amino acid in this position in all
lentiviruses except caprine arthritis encephalitis virus and
MVYV (36). Charge change mutants of adjacent amino acids in
helix 7 in HIV-1 have resulted in alteration in cell tropism that
seems to be independent of Refl/TRIM5a (16). These muta-
tions may therefore define an interaction of the capsid with
uncharacterized host proteins.

The mutation in the vif gene is a P-to-S mutation in the C
terminus, where membrane association, Gag interaction, and
Vif multimerization have been mapped for HIV-1; interaction
with Gag has also been mapped for caprine arthritis enceph-
alitis virus (3, 9, 10, 25, 37). The interaction with Gag has been
mapped to the nucleocapsid part of Gag in vitro, but no inter-
action has been detected with CA (3, 25). However, Vif has
been shown to play a role in the stability of the core of HIV-1
(23), and the interaction between Vif and CA may either be
indirect or too transient to be detected by standard methods
that are used for detecting protein-protein interactions. It is
possible that the two mutations are unrelated and that the
effect is additive. However, since the mutation in vif did not
have a detectible effect on replication on its own, it is tempting
to speculate that there is interaction of CA and Vif in the
replication of the virus.

Of seven sheep that were inoculated intratracheally with the
virus harboring the two mutations [CA(L120R)-Vif(P205S)],
one showed multiorgan infection typical of the wild type virus.
However, virus isolates from this sheep retained the two mu-
tations and replication characteristics of the mutant virus
[CA(L120R)-Vif(P205S)]. It therefore appears that this sheep
lacked host restriction. Unfortunately, the sheep is not avail-
able for further examination.

It is becoming increasingly clear that a variety of antiretro-
viral activities have evolved in mammals. The mutations we
have described in this report may define a novel host restric-
tion factor that targets the capsid and is counteracted by Vif.
Another possibility would be that the CA mutation slows the
growth of the virus by destabilizing the core, thus making it
more susceptible to host proteins in general. This might exac-
erbate the effect of APOBEC3 when Vif is attenuated. We are
currently addressing the possibility that APOBEC3 knockdown
in sheep macrophages rescues growth of the KS1 MVV.
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ABSTRACT

The APOBEC3 proteins are unique to mammals.
Many inhibit retrovirus infection through a cDNA
cytosine deamination mechanism. HIV-1 neutralizes
this host defense through Vif, which triggers
APOBEC3 ubiquitination and degradation. Here, we
report an APOBEC3F-like, double deaminase domain
protein from three artiodactyls: cattle, pigs and
sheep. Like their human counterparts, APOBEC3F
and APOBEC3G, the artiodactyl APOBEC3F proteins
are DNA cytosine deaminases that locate predomi-
nantly to the cytosol and can inhibit the replication
of HIV-1 and MLV. Retrovirus restriction is attri-
butable to deaminase-dependent and -independent
mechanisms, as deaminase-defective mutants retain
significant anti-retroviral activity. However, unlike
human APOBEC3F and APOBEC3G, the artiodactyl
APOBECS3F proteins have an active N-terminal DNA
cytosine deaminase domain, which elicits a broader
dinucleotide deamination preference, and they are
resistant to HIV-1 Vif. These data indicate that DNA
cytosine deamination; sub-cellular localization and
retrovirus restriction activities are conserved in
mammals, whereas active site location, local muta-
tional preferences and Vif susceptibility are not.
Together, these studies indicate that some proper-
ties of the mammal-specific, APOBEC3-dependent
retroelement restriction system are necessary and
conserved, but others are simultaneously modular
and highly adaptable.

INTRODUCTION

Expression of many of the human APOBEC3 (A3) proteins
has been shown to inhibit the infective potential and mobility
of a broad and growing number of retroviruses and retrotrans-
posons [reviewed by (1-4)]. Humans encode seven A3
proteins, Homo sapiens (Hs) HsA3A, HsA3B, HsA3C,
HsA3DE, HsA3F, HsA3G and HsA3H, in tandem on
chromosome 22 (2,5-7). HSA3A has recently been shown
to inhibit the mobility of both long terminal repeat (LTR)
and non-LTR retrotransposons (8—10). HsA3B can also
inhibit L1 and Alu retrotransposition, as well as the replica-
tion of SIV and to a lesser extent HIV-1 (8-13). HsA3C
potently inhibits SIV, but it has shown little activity against
other substrates (11,13). HSA3DE was recently shown to pos-
sess weak antiviral activity (14). HsA3G was the first member
of this family to be associated with HIV restriction (15).
HsA3F and HsA3G are both capable of potently inhibiting
a variety of exogenous and endogenous retroelements
(9,10,12,13,15-25). Finally, although HsA3H elicited DNA
cytosine deaminase activity, it was unable to restrict SIV or
HIV-1 replication (26). Several simian (e.g. chimpanzee),
one carnivore (cat) and one rodent (mouse) APOBEC3
protein have also been shown to possess retroelement restric-
tion activities [e.g. (20,25,27-30)]. APOBEC3 proteins from
other mammals have yet to be examined.

Three themes appear to be emerging from these studies.
First, the A3 proteins deaminate cytosines to uracils (C—U)
within single-strand DNA (ssDNA). This property enables the
A3 proteins to target the cDNA replication intermediates of
all of the aforementioned retroviruses and retrotransposons.
Second, retroelement restriction is mediated by at least two
distinct mechanisms—by retroviral cDNA cytosine deamina-
tion (the hallmark activity of this family of proteins) and by a
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deamination-independent mechanism that is not well
understood [e.g. (12,31-34)]. Finally, many of the retroele-
ments (especially the retroviruses) that have been examined
in detail can evade A3-dependent restriction. For instance,
the virion infectivity factor (Vif) of HIV-1 and SIV recruits
a cellular ubiquitin ligation complex to purge cells of A3G,
the Bet protein of several different foamy viruses appears
to directly bind and neutralize A3G and other retroviruses
have simply evolved to exclude A3 proteins from nascent
virions (e.g. MLV and HTLV) (13,28-30,33,35-39).

Strong evidence indicates that the conflict between host
A3 proteins and invasive retroelements is ancient. Phylo-
genetic analyses based on representative vertebrate
genome sequences indicate that the A3 proteins are at least
as old as the mammalian lineage, because rodents encode
one and primates seven A3 proteins (2,6). Other vertebrates,
such as birds and fish do not have A3 proteins per se, but
they do encode activation-induced deaminase (AID), an A3
orthologue that uses DNA cytosine deamination to trigger
immunoglobulin gene hypermutation and isotype switch
recombination [recently reviewed by (40-42)]. Comparative
studies of A3 proteins from humans and non-human primates,
New World monkeys, such as the tamarin and the woolly
monkey, have demonstrated that the mammalian A3 proteins
have been under a strong positive selection for at least 33 mil-
lion years (26,43,44). The strong and likely ongoing positive
selection and the unparalleled A3 gene expansion from one in
rodents to seven in primates combine to suggest that the A3
proteins form a highly flexible and adaptable innate host
defense system, which may very well be capable of readily
adapting to new and potentially invasive retroelements.

The evolutionary gap between rodents and primates is
~90-100 million years [e.g. (45)]. This large genetic distance
enables some comparative studies, but it limits others. There-
fore, to close some of this distance, to enable more extensive
comparative studies, and to examine potentially novel
A3-virus conflicts, we have cloned and characterized A3
proteins from representative artiodactyls: cattle (Bos taurus;
Bt), sheep (Ovis aries; Oa) and pigs (Sus scrofa; Ss). These
studies focused on artiodactyl A3 proteins that were predicted
to be similar in size (ca. 400 amino acids) and domain
organization (two conserved zinc-binding deaminase
domains) to the mouse Mus musculus (Mm) A3 protein and
the well-characterized HsA3F and HsA3G proteins. The
results of our studies emphasize the importance of DNA cyto-
sine deamination in retrovirus restriction, but they also high-
light the existence of a conserved deaminase-independent
restriction mechanism. Moreover, non-conserved properties,
such as Vif susceptibility, active site location and local
mutational preferences combine to suggest mechanistic
flexibilities that the APOBEC3 proteins might employ
while adapting to new and potentially threatening genetic
challenges.

MATERIALS AND METHODS

Artiodactyl A3F cDNA sequences and expression
plasmids

Escherichia coli expression plasmids were derived
from pTrc99A (GE Healthcare). The SsA3F expression

construct ~was made by PCR  amplifying a
cDNA [GB# B1346898 (46)] using 5'-NNNNGAGCTCAGG-
TACCACCATGGATCCTCAGCGCCTGAGAC and 5'-NN
NNGTCGACTCATCTCGAGTCACTTCTTGATG, digest-
ing the PCR product with Kpnl and Sall, and ligating it
into a similarly digested pTrc99A. The BtA3F expression
construct was made in the same manner by PCR amplifying
a cDNA [GB# BE684372 (47)] using oligonucleotides 5'-
NNNNGAGCTCAGGTACCACCATGCAACCAGCCTAC-

CGAGGC and 5-NNNNGTCGACCTAAATTGGGGCCGT-
TAGGAT. OaA3F was obtained by first amplifying a frag-
ment by degenerative PCR using oligonucleotides 5'-TWYR-
TVTCCTGGAGCCCCTG and 5-CCRKWWGTWGTAGA-
GGCGR, which were made to conserved regions of
APOBECS3 proteins using template cDNA from sheep macro-
phages. The amplified fragment was sequenced and used to
make OaA3F-specific oligonucleotides for 3’ RACE to obtain
the remainder of the OaA3F coding sequence, 5'-AACCAG-
GTCTATGCTGGGACT and 5-CTGGGGATGTACCAGA-
ATGTG were used with an oligo dT primer 5-AAGCAGTG-
GTAACAACGCAGAGTACT;gVN. The OaA3F expression
plasmid was made by amplification from cDNA of sheep
macrophages using oligonucleotides 5'-NNNNGAGCTCAG-
GTACCACCATGCCCTGGATCAGCGACCAC and 5'-NN-
NNGTCGACCTAAGTCGGCGCCGTCAGGAT in the
same manner as the BtA3F and SsA3F constructs. E—Q
zinc-binding domain mutants were constructed using standard
site-directed mutagenesis protocols (Stratagene). The follow-
ing oligonucleotides were used: SsA3F (E87—Q) 5'-CCGA-
CCCGCCCTGCCACGCCCAGCTCTGCTTCCTCTCTTGT

and 5-ACAAGAGAGGAAGCAGAGCTGGGCGTGGCA-
GGGCGGGTCGG; SsA3F (E267—Q) 5'-ACAAGAAAAA-
GCGACATGCACAAATTCGTTTTATTGACAAG and 5'-
CTTGTCAATAAAACGAATTTGTGCATGTCGCTTTTT-
CTTGT; BtA3F (E80—Q) 5-GTGGGACTCGCTGCCACA-
CCCAACTCC;GCTTCCTGTCTTGG and 5'-CCAAGACA-
GGAAGCGGAGTTGGGTGTGGCAGCGAGTCCCACG;
BtA3F (E260—Q) 5-ACAAGAAGCAGCGGCATGCACA-
AATTCGCTTTATTGACAAG and 5-CTTGTCAATAA-
AGCGAATTTGTGCATGCCGCTGCTTCTTGT;  OaA3F
(E67—Q) 5'-CTGGGACTCACTGCCACAGCCAACGCCG-
CTTCCTGTCTTGG and 5-CCAAGACAGGAAGCGGC-
GTTGGCTGTGGCAGTGAGTCCCAG; OaA3F (E247—Q)
5'-ACAAGAAGCAGCGGCATGCACAAATTCGCTTTAT-
TGACAAG and 5'-CTTGTCAATAAAGCGAATTTGTGC-
ATGCCGCTGCTTCTTGT. Eukaryotic expression plasmids
were derived from pcDNA3.1(+) (Invitrogen) by subcloning
the Kpnl/Sall-flanked A3 cDNAs from the E.coli expression
plasmids.

Additional DNA constructs

HsA3F, HsA3G and HsAID expression plasmids were
described previously (31,48). MmA3 was made in the same
manner as the artiodactyl constructs using oligonucleotides
5'-NNNNGAGCTCGGTACCACCATGGGACCATTCTGT-
CTGGGA and 5'-NNNNGTCGACATCAAGACATCGGG-
GGTCCAAGCTG. E—Q zinc-binding domain mutants
were constructed using standard site-directed mutagenesis
protocols (Stratagene). The following oligonucleotides were



used: HsA3G (E67—Q) 5-CTTAAGTACCACCCACAGA-
TGAGATTCTTCC and 5-GGAAGAATCTCATCTGT-
GGGTGGTACTTAAG; HsA3G(E259—Q) 5'-CCTTGAA-
GGCCGCCATGCACAGCTGTGCTTCCTGG and 5'-CCA-
GGAAGCACAGCTGTGCATGGCGGCCTTCAAGG; HsA-
3F(E67—Q) 5'-CTGAGCACCACGCACAAATGTGCTTC-
CTC and 5-GAGGAAGCACATTTGTGCGTGGTGCT-
CAG; HsA3F(E251—Q) 5-CCCATTGTCATGCACAAAG-
GTGCTTCCTC and 5-GAGGAAGCACCTTTGTGCATG-
ACAATGGG; MmA3(E73—Q) 5-CCAGTATAAAAAGC-
AGATTTGAGCGTGGATGTTGTCCTTG and 5-CAAG-
GACAACATCCACGCTCAAATCTGCTTTTTATACTGG;
MmA3(E290—Q) 5-CTTATCAAGGAAGAGGATTTGTG-
CATGCTGTTTGCCTTTC and 5'-GAAAGGCAAACAGC-
ATGCACAAATCCTCTTCCTTGATAAG. Eukaryotic
expression plasmids were derived from pcDNA3.1(+) (Invit-
rogen) and pEGFP-N3 (Clontech) by inserting Kpnl and Sall
or Sacl and Sall-flanked A3 cDNAs from the E.coli expres-
sion plasmids. The coding sequences of HSAID, HsA3F,
HSA3G and MmA3 used in this study are identical those rep-
resented by GenBank accession nos NP_065712, NP_660341,
NP_068594 and AAHO03314, respectively. The coding
sequence of HSA3B has two amino acid substitutions,
W228L and D316N (12), which distinguish it from GenBank
NP_004891.

Amino acid alignments and phylogenetic
analyses

Protein alignments and phylogenetic analyses of the
conserved, zinc-binding deaminase cores were done using
the Clustal W software (49). A rooted phylogenetic tree
was constructed using the neighbor-joining method. The
GenBank accession numbers of the sequences used
in these comparisons were AAI01974 (HsAl),
NP_112436 (MmA1), NP_037039 (RnAl), NP_006780
(HsA2), XP_538909 (CfA2), NP_001029527 (BtA2),
NP_033824 (MmA?2), XP_217334 (RnA2), XP_528775
(PtAID), NP_065712 (HsAID), NP_033775 (MmAID),
XP_575660 (RnAID), NP_001033771 (BtAID),
NP_663745 (HsA3A), NP_004891 (HsA3B), NP_055323
(HsA3C), Q96AK3 (HsA3DE), NP_660341 (HsA3F),
NP_068594 (HsA3G), NP_861438 (HsA3H), AAT44392
(PtA3G), ABD72578 (PtA3H), AAH03314 (MmA3) and
NP_001028875 (RnA3).

Rif® mutation assays

The intrinsic DNA cytosine deaminase activity of the A3
proteins was assayed by quantifying the accumulation
of Rif® mutants in ung-deficient E.coli [e.g. (31,48)]. Briefly,
dilutions of A3- or vector control-expressing single colo-
nies were grown to saturation in a rich bacterial growth
medium containing 100 pg/ml ampicillin and 1 mM
isopropyl-B-p-thiogalactopyranoside (IPTG). Aliquots were
spread to plates containing rifampicin (100 pg/ml; Sigma)
to select for Rif® mutants. Dilutions were spread to plates
containing ampicillin to determine the number of viable
cells. Mutation frequencies were calculated as the number
of Rif® mutants per 107 viable cells. For each experi-
mental condition, 8 or 12 independent transformants were
analyzed.
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Fluorescence microscopy

Cells were visualized on a Zeiss Axiovert 200 microscope at
400x total magnification. A total of 7500 HeLa cells were
seeded on LabTek chambered coverglasses (Nunc). After
24 h of incubation, these cells were transfected with 200 ng
of the pEGFP-N3-based DNA constructs. After an additional
24 h of incubation, images of the live cells were collected.
HsA3B, HsA3F and HsA3G-eGFP fusion constructs were
reported previously (12).

Green fluorescent protein (GFP)-based retrovirus
infection assays

293T cells were grown in DMEM supplemented with 10%
FBS, penicillin and streptomycin. Viruses were produced
by lipid-mediated transfection (Fugene; Roche) of 50%
confluent 293T cells with the following plasmids. HIV-
GFP: 0.22 pg of CS-CG (50), 0.14 ug of pRKS5/Pack1(Gag-
Pol), 0.07 ug of pRKS5/Rev, 0.07 pug of pMDG (VSV-G
Env) and 0.5 pg of an A3 expression plasmid or an empty
vector control, as described previously (31,51). In some
experiments, an HIV-1 Vif or a AVif control plasmid
was included (0.5 pg). MLV-GFP was produced similarly,
except the proviral plasmid was pM3P-GFP and a MLV
gag/pol construct was used (18,51). After 48 h of incubation,
the virus-containing supernatants were clarified by low speed
centrifugation, filtered (0.45 wm), and quantified using a
reverse transcriptase activity-based enzyme-linked immuno-
sorbent assay (ELISA) (Cavidi Tech). Reverse transcriptase-
normalized supernatants were applied to fresh 293T cells, and
infection was allowed to proceed for 72 h. Infectivity (GFP
fluorescence) was measured by flow cytometry (FACSCal-
ibur, BD Biosciences). For experiments requiring the recov-
ery of retroviral DNA for hypermutation analyses, the viral
supernatants were treated with 50 U/ml DNase (Sigma)
prior to 293T cell infection.

Retroviral DNA sequence analyses

Genomic DNA was incubated with Dpnl to remove possible
contaminating input CS-CG plasmid DNA. GFP was ampli-
fied using high-fidelity Phusion polymerase (Finnzymes)
and CS-CG-specific primers, 5'-CGTGTACGGTGGGAG-
GTCTA and 5-TTGGTAGCTGCTGTGTTGCT. PCR prod-
ucts were cloned and sequenced as described previously
(51). Mutational analyses were performed using Sequencher
software (Gene Codes Corp.).

GenBank accession numbers

The OaA3F cDNA sequence has been assigned GenBank
DQ974645. The GenBank EST entries for BtA3F
(BE684372) and SsA3F (BI346898) have been updated to
include the full cDNA sequence (DQ974646 and
DQ974647, respectively).

RESULTS

The double deaminase domain APOBEC3F proteins of
artiodactyls

All known A3 proteins have either one or two conserved,
zinc-binding deaminase domains, consisting of amino acids
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HXE-X53 ,5-PCX, 4C (X can be any amino acid) (2,5-7).
The histidine and the two cysteines coordinate zinc and the
glutamate participates directly in the C—U deamination reac-
tion. NCBI BLAST searches using the human and mouse A3
deaminase domains as query polypeptides revealed several
artiodactyl ESTs, which suggested the presence of at least
one A3 protein in cattle and pigs. Corresponding cDNA
clones were obtained, sequenced and shown to encode A3
proteins with two putative zinc-binding, cytosine deaminase
domains (Figure 1A and Supplementary Figures S1 and S2;
Materials and Methods). The orthologous sheep double
domain A3 cDNA sequence was obtained using a combina-
tion of degenerate PCR and RACE (Figure 1A and Supple-
mentary Figures S1 and S2). All three of these A3 proteins
were similar in size to the 373 amino acid HsA3F protein,
except the pig A3 protein, which was slightly longer due to
a unique C-terminal, serine-rich extension (Figure 1A and
Supplementary Figures S1 and S2).

Nomenclature standards dictate that protein names should
be assigned based on the closest human orthologue [e.g.
(52,53)]. However, amino acid comparisons showed that the
N- and the C-terminal artiodactyl deaminase domains were
most similar to different human A3 proteins (data not
shown). To resolve this ambiguity and to facilitate name
assignments, we named the artiodactyl double domain pro-
teins after ‘the human double domain A3 protein with the
highest degree of active site identity’ (see below for experi-
mental demonstrations). The active sites of these artiodactyl
A3 proteins were 56-62% identical to HsA3F (Figure 1B
and Supplementary Figure S1). With the exception of
HsA3E, which has equivalent identity (but no demonstrated
activity), all of the other human A3 proteins had less identity.
Thus, we have named the double domain deaminase proteins
from cow, sheep and pig after HSA3F and, hereafter, will
refer to them as BtA3F, OaA3F and SsA3F, respectively.
Amino acid alignments of the active deaminase domains
plus five residues on each side showed that the cow and
sheep A3F active sites are 78% identical (Figure 1B and
Supplementary Figures S1 and S2). Both the cow and the
sheep proteins shared a lower level of identity with the pig
protein (56%). These identity differences are consistent
with the estimated times of divergence from their last
common ancestor, as cows and sheep were estimated to
have diverged from each other 14-20 million years ago,
whereas pigs diverged from this lineage approximately
35-55 million years ago [e.g. (54)].

Phylogenetic analyses of the artiodactyl A3F proteins

As described above, all A3 proteins have either one or two
conserved, zinc-binding (Z) deaminase domains [e.g.
Figure 1A]. These domains cluster into three distinct phylo-
genetic groups: Zla, Z1b or Z2 (7). The human double Z
domain proteins, HSA3F and HsA3G, have a Zla/Zla and a
Z1a/Z1b organization, respectively, whereas the MmA3 pro-
tein has a Z1a/Z2 organization. Interestingly, all three of the
artiodactyl A3F proteins have a Zla/Z2 organization
(Figure 1C).

The active sites of most of the human DNA cytosine
deaminase-competent A3 proteins can be classed as Zl1
[e.g. HSA3F is Zla and HsA3G is Z1b (31,32)]. Recently,

the only human protein with a Z2 designation, HsA3H, was
also shown to possess DNA cytosine deaminase activity
(26). It is not clear, which Z domain(s) of MmA3 is active
(addressed below). Thus, the N-terminal Zla or the
C-terminal Z2 domain of the artiodactyl A3F proteins appeared
to have the potential to catalyze DNA cytosine deamination.

The artiodactyl A3F proteins catalyze DNA cytosine
deamination

To test whether the artiodactyl A3F proteins have the
capacity to deaminate cytosines within ssDNA, the intrinisic
mutator activity of these proteins was monitored using an
E.coli-based mutation assay. Rif® is attributable to base sub-
stitution mutations in the E.coli RNA polymerase B (rpoB)
gene, and it occurs in approximately 1 of every 5 million
bacterial cells. We have found previously that expression
of several A3 family members, including HsAID, rat
APOBECI1, HsA3C, HsA3F and HsA3G, can accelerate the
accumulation of Rif mutations from a few- to several
100-fold (48,51,55). The mutator phenotype is accounted
for by a pronouned C/G—T/A transition bias within rpoB.
This assay therefore provides a robust measure of intrisic
DNA cytosine deaminase activity.

Expression of each of the artiodactyl A3 proteins increased
the Rif® mutation frequency in E.coli from 3- to 7-fold, levels
that were higher than those attributable to HsA3F but slightly
lower than than those caused by HsA3G (Figure 2A). Curi-
ously, expression of MmA3 failed to cause an E.coli mutator
phenotype, despite the fact that it is clearly active and capable
of deaminating the cDNA of a variety of retroelements [e.g.
(20,27) and below]. It is not clear why MmA3 is inactive in
this system, yet active in others.

Artiodactyl A3F DNA cytosine deamination preferences
were examined by sequencing the rpoB gene of at least 100
independent Rif® mutants (Figure 2B and C). In contrast to
HsA3F and HsA3G, which preferentially deaminate cytosines
at rpoB nucleotide positions 1721 and 1691, 5'-TC and 5'-CC,
respectively (48,51), the artiodactyl A3F proteins showed less
biased rpoB mutation spectra. OaA3F preferentially deami-
nated cytosine 1576, which is part of a 5'-GC dinucleotide.
SsA3F also preferred cytosine 1576. However, SsA3F also
clearly deaminated cytosine 1586, which is part of a 5'-AC
dinucleotide. Interestingly, these two cytosines, Cs7¢ and
Cisges are also preferred by HsAID [Figure 2B and
(48,55)]. The fact that HSAID and SsA3F appear to share a
5'-purine-C deamination preference suggests that their com-
mon ancestor [perhaps an ancient AID (40)] may have had
a similar target preference. However, several groups have
reported that even subtle amino acid substitutions in HsA3
proteins can dramatically alter local DNA cytosine deamina-
tion preferences, and therefore it is not surprising that most of
the present day A3 proteins show non-AID-like mutational
preferences (13,31,56). For instance, BtA3F did not appear
to have any prominent rpoB local mutation preference, as
increased levels of C/G—T/A mutation were apparent at sev-
eral sites. In conclusion, all three of the artiodactyl A3F pro-
teins are capable of deaminating DNA cytosines to uracils,
which triggers a corresponding shift in the pattern of
C/G—T/A transition mutations within the rpoB mutation
substrate.
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Figure 1. A comparison of artiodactyl A3F proteins. (A) A schematic of HsA3F, BtA3F, OaA3F and SsA3F. The conserved, zinc-binding deaminase domains are
boxed (*) and those that are catalytically active are additionally shaded. The numbers on the right indicate the total polypeptide length. (B) HsA3F, BtA3F,
0aA3F and SsA3F active site amino acid alignments [shaded regions from (A)]. The conserved HXE and PCXXC motifs are boxed. Amino acid positions are
indicated on the right. (C) A neighbor-joining phylogenetic tree indicating the evolutionary relationship of several representative mammlian A3 family members.
Branch lengths are proportional to the number of amino acid differences. Comparisons were done using the conserved Z domain amino acids, plus five additional
residues on either side. The Z1a, Z1b and Z2 phylogenetic clusters are indicated. HsSA3D and HSA3E represent the N- and C-terminal domains of HsA3DE. See
the text for additional details. Bt, B.taurus (cow); Cf, Canis familiaris (dog); Hs, H.sapiens (human); Oa, O.aries (sheep); Pt, Pan troglodytes (chimpanzee); Rn,

Rattus norvegicus (rat); Ss, S.scrofa (pig).
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Figure 2. DNA cytosine deaminase activity of the artiodactyl A3F proteins in
E.coli. (A) Rif® mutation frequencies for 12 independent E.coli cultures
expressing a vector control (light blue), HSAID (purple), HsA3G (dark blue),
HsA3F (red), BtA3B (brown), OaA3B (black), SsA3F (pink) or MmA3
(gray). Each data point corresponds to the mutation frequency obtained from
a single culture, and the median mutation frequency for each condition is
shown (horizontal bar). (B) A histogram summarizing the C/G—T/A
transition mutations detected in rpoB. Only cytosines that had greater than
two mutations are shown. Apart from Csge, all of the cytosines are located in
the non-template strand of the rpoB gene. The number of independent Rif®
mutants that were sequenced is indicated in parentheses in the legend. For
purposes of presentation the Y-axis extends below zero (a dotted line marks
the actual base-line), and the histogram bars follow the color scheme (A).
(C) Pie graphs depicting the frequency that each of the four dinucleotides was
targeted by the indicated A3 protein. The total number of independent
sequences analyzed is shown in the center of each graph, and the deaminated
cytosine is underlined in the legend. The dinucleotide wedges of each pie are
colored as indicated.

The artiodactyl A3F proteins are predominantly
cytoplasmic

As an initial step toward understanding the potential retroele-
ment targets of the artiodactyl A3F proteins, the sub-cellular
distribution of these proteins was determined. A3-GFP
constructs were transfected into HeLa cells and the sub-cellu-
lar localization of the A3 proteins was determined by live cell
fluorescence microscopy. In agreement with prior work,
HsA3B and a GFP-only control localized to the nucleus and
cell-wide, respectively (12). In contrast, the artiodactyl A3F
proteins and MmA3 appeared predominantly cytoplasmic
(Figure 3). Many cells contained brightly fluorescing, punct-
ate cytoplasmic aggregations, which may represent P bodies
[e.g. (57)]. The significance of the cytoplasmic punctae
remains to be determined. Nevertheless, the cytoplasmic
localization pattern is nearly identical to that of HsA3F and
HsA3G suggesting that the property of localizing to the
cytoplasm is conserved and that the artiodactyl A3F proteins
might function similarly to inhibit the replication of LTR-
dependent retroviruses, such as HIV-1 or MLV [Figure 3;
compare with (9,12,16,58)]. One should note, however, that
the present data do not exclude the possibility that one or
more of these A3 proteins might also possess the nucleo-
cytoplasmic shuttling capability of AID, which also appears
predominantly cytoplasmic but is clearly capable of entering
and exiting the nuclear compartment where it triggers
antibody gene diversification processes (59,60).

Retrovirus restriction by artiodactyl A3F proteins

A clear trend in the genetic conflict between A3 proteins and
retroelements is that an A3 from a given host is either neutral-
ized or avoided by retroelements that are specific to the host
species. For instance, HIV-1 Vif counteracts both HsA3F and
HsA3G, and SIV 4, Vif inhibits African green monkey A3G
[e.g. (51,61-64). In many instances, cross-species compar-
isons enable potential species-specific mechanisms of neutral-
ization to be avoided and the restrictive potential of A3
proteins to be studied. We therefore asked whether the artio-
dactyl A3F proteins could inhibit the infectivity of HIV-1 and
MLV-based retroviruses. In these systems, a GFP gene
embedded in proviral DNA provides a measure of both trans-
fection efficiency (which correlates directly with virus
production levels) and viral infectivity [e.g. (18,51)].

Expression of HsA3F and HsA3G caused 4- and 24-fold
reductions in the infectivity of HIV-GFP, in agreement with
previous studies [Figure 4A and (51,64)]. MmA3 was also
capable of strongly inhibiting HIV-GFP. In comparison,
expression of BtA3F, OaA3F or SsA3F caused 30-, 8- and
29-fold decreases in the infectivity of HIV-GFP, respectively
(Figure 4A). These potent anti-HIV activities demonstrated
that the artiodactyl A3F proteins possess at least one retro-
virus restriction activity. These results further imply that
the artiodactyl A3F proteins are able to specifically associate
with the HIV-1 Gag-genomic RNA complex and thereby
gain access to assembling virus particles (addressed further
below).

Expression of MmA3 has little effect on the infectivity of
MLV, presumably because MLV excludes (or simply avoids)
this A3 protein [Figure 4B and (13,27,37,39)]. In contrast,
HsA3F and HsA3G inhibit the infectivity of MLV-based
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retroviruses, but to a lesser extent than HIV lacking Vif
[Figure 4B and, e.g. (18,51,64)]. Therefore, to ask whether
the artiodactyl A3F proteins possess similar restriction poten-
tials, the infectivity of MLV-GFP produced in the presence of
these A3 proteins was monitored. Interestingly, similar to
HsA3F or HsA3G, expression of the artiodactyl A3F proteins
reduced the infectivity of MLV-GFP by 2- to 4-fold. Thus,
the HIV-GFP and MLV-GFP infectivity data combined to
suggest that the artiodactyl A3F proteins have a relatively
broad retrovirus restriction potential.

The N-terminal zinc-binding, deaminase domain
of the artiodactyl A3F proteins catalyzes C—U
deamination, and this activity is necessary for full
levels of retrovirus restriction

All of the double domain deaminases thus far characterized
have catalytically competent C-terminal Z domains and
apparently inert N-terminal Z domains (10,12,31,32,34).
Most experiments have focused on HsA3B, HsA3F and
HsA3G, DNA cytosine deaminases that have Zla- or Z1b-
type, C-terminal active sites (Figure 1). However, HsA3H,
which has a single Z2-type deaminase motif, was also
shown to possess DNA cytosine deaminase activity (26).
Thus, it was possible that either the N- or the C-terminal Z
domain (or both) of the artiodactyl A3F proteins would be
catalytically active.

To begin to work-out the mechanism of retrovirus
restriction by artiodactyl A3F proteins and to test whether the
N- or the C-terminal (or both) Z domain of these proteins
catalyzes DNA cytosine deamination, the conserved gluta-
mate (E) of each active site was changed to glutamine (Q)
and the resulting mutants were tested for HIV-GFP restriction
activity. As reported previously, the glutamate of both the
N- and the C-terminal Z domain of HsA3G contributed
to inhibiting HIV-1 infectivity, but the C-terminal catalytic
glutamate appeared to be more important [Figure 5A and
(34,65,66)]. In contrast, both the N- and the C-terminal

BtA3F Z domain E—Q mutants appeared to retain full levels
of anti-HIV activity. Interestingly, the N-terminal OaA3F and
SsA3F Z domain E—Q mutants were less able than the
corresponding C-terminal domain mutants to inhibit the
infectivity of HIV-GFP, a result particularly clear for
SsA3F (Figure 5A). These data were essentially the inverse
of the HsA3F and HsA3G E—Q mutant studies, and they
suggested that the N-terminal, Z domain of these proteins
catalyzes retroviral cDNA C—U deamination. MmA3 was
clearly distinct, as both the N- and the C-terminal Z domain
glutamates were required for HIV-GFP restriction
(Figure 5A).

Although both the N- and the C-terminal Z domain E—Q
mutants of the human and the artiodactyl A3 proteins showed
significant levels of anti-retroviral activity, we surmised that
bona fide catalytic site mutants should be unable to catalyze
retroviral cDNA C—U deamination [although they may still
inhibit retroviral infectivity; e.g. (32)]. Minus strand uracils
template the incorporation of plus strand adenines, ultimately
manifesting as retroviral plus strand G—A hypermutations.
Therefore, to directly test which Z domain(s) catalyzes
DNA cytosine deamination and to gain additional insight
into the artiodactyl A3F retrovirus restriction mechanism,
the GFP gene from the aforementioned HIV-GFP infectivity
experiments was amplified by high-fidelity PCR, cloned and
sequenced. HIV-GFP produced in the presence of a control
vector showed a low base substitution mutation frequency,
0.00014 mutations per base, which is attributable to errors
in RT and PCR (Figure 5B). In contrast, viruses produced
in the presence of HsA3F, HsA3G, all three of the artiodactyl
A3F proteins or MmA3 showed between 30- and 80-fold
more base substitution mutations, which were almost exclu-
sively plus strand G—A transition mutations (Figure 5B
and Supplementary Figure S3). As described previously
by Malim and co-workers, HSA3G with a C-terminal domain
E—Q mutation failed to cause retroviral hypermutation,
although this variant still significantly inhibited HIV-
GFP infectivity [Figure 5 and Supplementary Figure S3
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Figure 4. Retrovirus restriction activity of the artiodactyl A3F proteins.
(A) Infectivity of HIV-GFP produced in the presence of a vector control or
the indicated A3 protein. Data were normalized to the infectivity of HIV-GFP
produced in the presence of a control vector, which was assigned a value of
one. The mean and the SEM of three independent experiments are shown.
HIV-1 Vif is not encoded by the proviral vector nor is it included in trans in
these experiments (contrast with those shown in Figure 6). (B) Infectivity of
MLV-GFP produced in the presence of the indicated constructs. Parameters
are identical to those in (A).

and (32)]. The HsA3F C-terminal Z domain mutant was still
able to modestly inhibit HIV-GFP infectivity, without obvi-
ous signs of retroviral hypermutation. Interestingly, E—Q
substitutions in the N-terminal (but not the C-terminal)
domain of all three of the artiodactyl A3F proteins abolished
the accumulation of retroviral hypermutations (Figure 5B and
Supplementary Figure S3). Thus, these data combined to
demonstrate that the N-terminal Z domain of the artiodactyl
A3F proteins is catalytic and that both deaminase-dependent
and independent activities are required for full levels of retro-
virus restriction. In support of this conclusion, the N-terminal
Z domain glutamate of BtA3F is required for mutator activity
in E.coli, whereas the C-terminal Z domain glutamate is
dispensable (Figure 5C).

Retroviral hypermutation properties of artiodactyl A3F
proteins

As described above, the rpoB mutation spectra of
BtA3F, OaA3F and SsA3F suggested that these proteins
would trigger retroviral hypermutation patterns biased toward
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Figure 6. Artiodactyl A3F proteins are resistant to HIV-1 Vif. Parameters are
identical to those used in Figure 4A, except for the inclusion of plasmids
encoding HIV-1yp Vif (+) or a HIV-1yyg AVif (—) control, which has
translation stop codons at 33 and 34 amino acids (79).

5'-YC, 5'- GC, and 5'-RC, respectively (R = Aor G; Y =C
or T; Figure 2C). To test this prediction, we examined the
types of base substitution mutations and the local retroviral
cDNA deamination preferences attributable to expression of
the artiodactyl A3F proteins (Figure 5B and Supplementary
Figures S3 and S4). In terms of the dinucleotide mutation
preferences, the base immediately 5’ of the targeted cytosine
is a crucial target site determinant. HsA3F and HsA3G over-
whelmingly preferred 5'-TC (84%) and 5'-CC (84%), respec-
tively, whereas MmA3 preferred 5'-TC (61%) and 5'-CC
(29%). Similar dinucleotide preferences were reported previ-
ously for these proteins [e.g. (13,18,51,64,67)]. Roughly
paralleling the FE.coli Rif® mutation data, HIV-GFP
sequences revealed that the cow and the sheep A3F proteins
preferred a pyrimidine (Y) 5’ of the deaminated cytosine (93
and 79%, respectively; Supplementary Figure S4). Similarly,
the pig A3F protein preferred 5'-GC (47%). This is notable
because this is the only example of an A3 protein preferring
5'-purine-C [the immunoglobulin gene deaminase AID also
has this preference; e.g. (68)]. In addition, the artiodactyl
A3F proteins preferred a T at the —2 position, which is
more similar to HsA3F than HsSA3G (which prefers a C at
this position).

The artiodactyl A3F proteins are fully resistant to
HIV-1 Vif

HsA3F, HsA3G and chimpanzee A3G are neutralized by
HIV-1 Vif [e.g. (51,64)]. However, many other monkey
A3G proteins (e.g. African green monkey) and MmA3 are
completely resistant (27,61-63,69). The full sets of interac-
tions that govern the A3-Vif conflict have not been deter-
mined, and the artiodactyl A3F proteins are likely to prove
useful in this regard. Therefore, HIV-GFP infectivity was
monitored in the presence or absence of HIV-1 Vif and
human, artiodactyl or mouse A3 proteins. As described
previously, expression of HIV-1 Vif neutralized HsA3F
and HsA3G (although the former to a lesser extent) and
caused a proportional recovery of HIV-GFP infectivity
[Figure 6; e.g. (13,51,64)]. Expression of HIV-1 Vif failed
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to enhance the infectivity of HIV-GFP produced in the pres-
ence of MmA3 or any of the artiodactyl A3F proteins. Thus,
the artiodactyl A3F proteins were fully resistant to HIV-1 Vif.

DISCUSSION

Murine A3 and many of the human A3 proteins are capable
of inhibiting the infectivity of a broad number of retroviruses
and endogenous retroelements. Here, we have cloned and
characterized a double domain A3 protein from three cloven
hoof ungulates, the artiodactyls cattle, sheep and pigs. Artio-
dactyls are positioned between rodents and primates in most
mammalian phylogentic trees. Thus, the artiodactyl A3F
proteins can be considered evolutionary intermediates
between the rodent and primate enzymes, and the studies
presented here contribute to bridging this vast, 90—100 mil-
lion year gap. The artiodactyl A3F data help delineate a num-
ber of conserved activities that define this group of proteins,
including DNA cytosine deaminase activity, cytoplasmic sub-
cellular localization and deaminase-dependent and indepen-
dent retrovirus restriction activities. Moreover, the artiodactyl
A3F proteins also help define non-conserved activities, the
varying local DNA cytosine deamination preferences and
the differential resistances to viral countermeasures, such as
HIV-1 Vif.

One of the most intriguing non-conserved features of the
artiodactyl A3F proteins is the fact that a DNA cytosine
deaminase activity resides in the N-terminal Z domain, and
not in the C-terminal Z domain like several of the human
double domain A3 proteins. These data highlight the modular
nature of the A3 proteins, which can clearly function as single
domain proteins, as double domain proteins with a catalyti-
cally active C-terminal Z domain or as double domain
proteins with a catalytically active N-terminal Z domain
(e.g. HsA3H, HsA3G and SsA3F, respectively). We have
not excluded the possibility that under some conditions or
with other A3 proteins that both the N- and the C-terminal
deaminase domains may be catalytically active. The mouse
A3 protein offers an additional dimension of intrigue, as
both the N- and the C-terminal zinc-binding deaminase
domains are required for retrovirus restriction and for DNA
cytosine deaminase activity (Figure 5 and Supplementary
Figure 2). Prior studies have demonstrated that the
N-terminal, zinc-binding domain of HsA3G mediates interac-
tions with both HIV-1 Vif and Gag (70-76). The C-terminal
domain of HsA3G dictates DNA cytosine deaminase activity,
and both domains appear to contribute to dimerization
activity (31,32,65). Thus, the division of activities between
the N- and the C-terminal domains suggests that the A3 pro-
teins are rapidly evolving as modular domains centered upon
the conserved, zinc-binding motif. Such modularity may very
well enable the A3 proteins to associate with each other to
form highly adaptable and potent anti-retroelement defenses.
For instance, in a multi-A3 protein complex, only one poly-
peptide needs to associate with the retroelement target in
order to direct the restrictive potential of the other member(s)
of the complex. Indeed, the first hints of such a combinatorial
restriction potential were observed in retroviral hypermuta-
tion loads upon HsA3F and HSA3G co-expression (51).

Taken together with previous studies, it is clear that the
mammalian A3 proteins can use both deamination-dependent



5692 Nucleic Acids Research, 2006, Vol. 34, No. 19

and -independent mechanisms to block the transmission of
retroviruses and retrotransposons [e.g. (9,12,31-34,65,77)].
As discussed above, our studies indicate that the DNA
cytosine deaminase activity can reside in either the N- or
the C-terminal Z domain and that this domain appears to be
the dominant contributor to restriction of HIV-based retro-
virus substrates. Similar observations have been made previ-
ously for HsA3G (34,65,66). In contrast, other studies have
indicated that either Z domain can mediate full (32,77)
or partial (16) levels of HIV-1 restriction. These differential
results may be attributable to differences in A3 protein
expression levels. A resolution to this apparent paradox
may be achieved by working-out the mechanism(s) of DNA
deamination-independent restriction.

The studies presented here represent the first essential steps
toward understanding the retroelement restriction activities of
a third major branch of the vertebrate tree (the other two
constituting rodents and primates). Ungulates, and specific-
ally the artiodactyls cattle, sheep and pigs, provide humans
with a number of benefits from food products to xenotrans-
plantation possibilities. The possible conflict(s) between
BtA3F and bovine immunodeficiency virus (BIV) and those
between OaA3F and the sheep lentivirus, maedi-visna virus
(MVYV), will be of particular future interest. Ongoing studies
have indicated that Vif-deficient MVV accumulates retroviral
G—A hypermutations with an OaA3F-like dinucleotide
mutation spectrum, suggesting that at least OaA3F is active
in vivo [(78); S. Franzdoéttir and V. Andrésdottir, unpublished
data]. Artiodactyl and human comparative studies may also
contribute to understanding how HIV-1 uses Vif to neutralize
human APOBEC3 proteins.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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SUPPLEMENTARY DATA for Jonsson et al.

Figure S1. A non-canonical protein sequence alignment of the artiodactyl APOBEC3F
proteins and the C- and N-terminal halves of human APOBEC3F. Alignments were done
with Clustal W software. BtA3F and OaA3F proteins are 83% identical. BtA3F and
OaA3F are 59% and 61% identical to SsA3F, respectively. Asterisks indicate identical
amino acids. The conserved, zinc-binding deaminase domains are boxed. As shown, note
that the N-terminal halves of the artiodactyl proteins have 72 identical residues with the
C-terminal half of human A3F (compare with Figure S2).

Figure S2. A canonical protein sequence alignment of the artiodactyl APOBEC3F
proteins and human APOBEC3F. The alignment parameters were similar to those used in
Figure S1. As shown, note that the N-terminal halves of the artiodactyl proteins have only
63 identical residues with the N-terminal half of human A3F (compare with Figure S1).

Figure S3. Tables summarizing the types of base substitution mutations observed in
HIV-GFP. The total number of bases sequenced and the overall percentages of G -> A
transitions are indicated below each profile. All mutations are designated using the
conventional plus-strand nomenclature. All of the non-mutant APOBEC3 proteins
analyzed were able to trigger extensive strand-specific G/C -> T/A hypermutations.

Figure S4. Local DNA cytosine deamination preferences. A comparison of the extended
local sequence preferences observed in the minus strand of HIV-GFP produced in the
presence of HSA3G, HsA3F, artiodactyl APOBEC3F proteins, MmA3 or the indicated E
-> Q catalytic mutants. The total number of C -> T transition mutations that were
detected is indicated.
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OaA3F TWSPCPNCASELVDFITRNDHLNLQIFASRLYFHWIKPFCRGLHQLQKAGISVAVMTHTE 331
SsA3F TWSPCHNCAKELVDFISNRHHLSLQLFASRLYFHWVRCYQRGLQRLQAKRVSVAVMKGPE 351
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Abstract

Background: APOBEC3 (A3) proteins deaminate DNA cytosines and block the replication of
retroviruses and retrotransposons. Each A3 gene encodes a protein with one or two conserved zinc-
coordinating motifs (Z1, Z2 or Z3). The presence of one A3 gene in mice (Z2-Z3) and seven in humans,
A3A-H (Zla, Z2a-Z1b, Z2b, Z2c-Z2d, Z2e-Z2f, Z2g-Zlc, Z3), suggests extraordinary evolutionary
flexibility. To gain insights into the mechanism and timing of A3 gene expansion and into the functional
modularity of these genes, we analyzed the genomic sequences, expressed cDNAs and activities of the full
A3 repertoire of three artiodactyl lineages: sheep, cattle and pigs.

Results: Sheep and cattle have three A3 genes, A3Z1, A3Z2 and A3Z3, whereas pigs only have two, A3Z2
and A3Z3. A comparison between domestic and wild pigs indicated that A3Z| was deleted in the pig
lineage. In all three species, read-through transcription and alternative splicing also produced a catalytically
active double domain A3Z2-Z3 protein that had a distinct cytoplasmic localization. Thus, the three A3
genes of sheep and cattle encode four conserved and active proteins. These data, together with
phylogenetic analyses, indicated that a similar, functionally modular A3 repertoire existed in the common
ancestor of artiodactyls and primates (i.e., the ancestor of placental mammals). This mammalian ancestor
therefore possessed the minimal A3 gene set, Z1-Z2-73, required to evolve through a remarkable series
of eight recombination events into the present day eleven Z domain human repertoire.

Conclusion: The dynamic recombination-filled history of the mammalian A3 genes is consistent with the
modular nature of the locus and a model in which most of these events (especially the expansions) were
selected by ancient pathogenic retrovirus infections.
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Background

Mammalian APOBEC3 (A3) proteins have the capacity to
potently inhibit the replication of a diverse set of reverse-
transcribing mobile genetic elements [1-5]. Susceptible
exogenous retroelements include lentiviruses (HIV-1,
HIV-2, several strains of SIV and FIV), alpharetroviruses
(RSV), betaretroviruses (MPMV), gammaretroviruses
(MLV), deltaretroviruses (HTLV), foamy viruses and the
hepadnavirus HBV (e.g., [6-14]). Susceptible endogenous
retroelements include the yeast retrotransposons Ty1 and
Ty2, the murine endogenous retroviruses MusD and Pmv,
the murine intracisternal A particle (IAP), the porcine
endogenous retrovirus PERV and, potentially, extinct ele-
ments such as chimpanzee PtERV1 and human HERV-K,
all of which require long-terminal repeats (LTRs) for rep-
lication [15-23]. In addition, some A3 proteins can also
inhibit L1 and its obligate parasite Alu, retrotransposons
that replicate by integration-primed reverse transcription
[24-30]. An overall theme is emerging in which most - if
not all - retroelements can be inhibited by at least one A3
protein.

However, it is now equally clear that the retroelements of
any given species have evolved mechanisms to evade
restriction by their host's A3 protein(s). For instance, HIV
and SIV use Vif to trigger a ubiquitin-dependent degrada-
tion mechanism, foamy viruses use a protein called Bet for
an imprecisely defined inhibitory mechanism and some
viruses such as MPMV, HTLV and MLV appear to employ
a simple avoidance mechanism (e.g., [6,31-34]). Thus, it
appears that all 'successful' retroelements have evolved
strategies to resist restriction by the A3 proteins of their
hosts.

The defining feature of the A3 family of proteins is a con-
served zinc(Z)-coordinating DNA cytosine deaminase
motif, H-x;-E-x,5_3;-C-x,_,-C (x indicates a non-conserved
position [35,36]). The A3 Z domains can be grouped into
one of three distinct phylogenetic clusters - Z1, Z2 or Z3.
(Figure 1 & Additional File 1). The Z-based classification
system, proposed originally by Conticello and coworkers
[35], was revised recently through a collaborative effort
[37]. From hereon, the new A3 nomenclature system will
be used. Z1 and Z2 proteins have a SW-S/T-Cx,_,-C
motif, whereas Z3 proteins have a TW-S-C-x,-C motif. Z1
and Z2 proteins can be further distinguished by H-x,-E-x.-
X-V/I and H-x,-E-x5-W-F motifs, respectively. Z1 proteins
also have a unique isoleucine within a conserved RIY
motif located C-terminal to the zinc-coordinating resi-
dues. At least one protein of each of the Z classes and
nearly all identified A3 proteins have exhibited single-
strand DNA cytosine deaminase activity. For instance,
human A3F, A3G and A3H possess catalytically compe-
tent Z2, Z1 and Z3 domains, respectively (e.g., [38-41]).

http://www.biomedcentral.com/1471-2199/9/104

We previously reported a double-domain A3Z2-Z3 gene
(formerly called A3F) from the artiodactyls, sheep (Ovis
aries), cattle (Bos taurus) and pigs (Sus scrofa) [42]. How-
ever, the fact that mammals have varying numbers of A3
genes (e.g., 7 in humans and only 1 in mice) led us to
wonder whether additional A3 genes would be present in
artiodactyls. To address this point and to learn more
about the evolution and functionality of A3 genes in
mammals, we sequenced and characterized the full A3
repertoire of sheep and pigs. Here, we demonstrated that
sheep and cattle actually have three A3 genes, A3Z1, A3Z22
and A3Z3, with a conserved potential to encode at least
four active and distinct proteins (A3Z1, A3Z2, A3Z3 and
A3Z2-73). We further showed that porcine lineage has a
deletion of the orthologous A3Z1 gene and the capacity to
encode only three proteins. These data enabled us to
deduce that the common ancestor of artiodactyls and pri-
mates possessed an A3 repertoire consisting of three Z
domains (Z1, Z2 and Z3). Our data further suggested an
evolutionary model in which most of the human A3 gene
expansion occurred more than 25 million years ago, dur-
ing early primate evolution and possibly even associated
with pathogen-induced population bottlenecks.

Results

Sheep and cattle have three A3 genes with a ZI1-Z2-Z3
organization

We previously used degenerate PCR, RACE and database
mining to identify a cDNA for sheep A3Z2-Z3 (formerly
called A3F; [42]). However, because humans have seven
A3 genes and mice have only one, we postulated that arti-
odactyls such as sheep and cattle might have an interme-
diate number. To address this possibility unambiguously,
we sequenced the entire sheep A3 genomic locus. First, a
sheep A372-Z3 cDNA was hybridized to a sheep BAC
library to identify corresponding genomic sequence. Sec-
ond, hybridization-positive BACS were screened by PCR
for those that also contain the conserved flanking genes
CBX6 and CBX7. One BAC was identified that spanned
the entire CBX6 to CBX7 region, and it was sheared, sub-
cloned, shotgun sequenced, assembled and analyzed
(Methods).

DNA sequence analyses revealed that the sheep genomic
locus contained another A3 gene between CBX6 and A3Z2
(Figure 2A). This gene was called A3Z1, because it had
sequence characteristics of a Z1-type A3 protein. We there-
fore concluded that sheep have three A3 genes and,
importantly, that each mammalian A3 Z-type was present.
This conclusion was supported by the bovine genome
assembly, which was released during the course of our
studies and showed that cattle also have a sheep-like,
three gene A3 repertoire (Figure 2A; Btau_4.0 http://
www.hgsc.bcm.tmc.edu/projects/bovine/). The predicted

A3Z1 coding sequences of sheep and cattle are 86% iden-
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Figure |

The mammalian A3 Z domains form three distinct phylogenetic groups. Bootstrap values are indicated in red. The
scale bar represents 0.| nucleotide changes per codon. See the Methods for details. Abbreviations for mammals: Hs = human,
Bt = cow, Oa = sheep, Ss = pig, Tt = peccary, Ec = horse, Cf = dog, Fc = cat, Mm = mouse and Rn = rat. Other abbreviations:

n = amino terminal domain and ¢ = carboxy terminal domain.

tical, consistent with the fact that these two ruminant arti-
odactyls shared a common ancestor approximately 14-25
million years ago (MYA) [43-45].

The pig has two A3 genes with a Z2-Z3 organization

PCR reactions failed to identify an A3Z1-like gene in pigs.
Since pigs and cattle/sheep last shared a common ancestor
approximately 70-80 MYA [43,44], we considered the
possibility that the negative PCR result was not a technical
failure and that pigs might actually have a different A3
repertoire. Again, to unambiguously address this possibil-
ity, the pig A3 genomic locus was sequenced in entirety. A
porcine BAC library was probed with pig A3Z2-Z3 cDNA

and two hybridization-positive BACS were shotgun
sequenced. The sequence assemblies revealed that pigs
have only two A3 genes A3Z2 and A3Z3 between CBX6
and CBX7 (Figure 2A).

The cattle, sheep and pig A3 locus genomic sequences
were compared using dotplot analyses (Figure 2B & Addi-
tional File 2). A 22 kb discontinuity was detected between
the cow and the pig sequences. The sheep and pig
genomic sequences aligned similarly. Multiple (likely
inactive) retroelements were found to flank A3Z1 in sheep
and cattle. Two were particularly close to the ends of the
22 kb A3Z1 region, a LINE/L1 and a SINE/tRNA-Glu. It is
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Figure 2

The A3 genomic repertoire of sheep, cattle and pigs. (A) An illustration of the A3 genes of the indicated mammals. Z|,
Z2 and Z3 domains are colored green, orange and blue, respectively. The conserved flanking genes CBX6 and CBX7 are shown
and the scale is indicated. Solid lines represent finished sequence and dotted lines represent gaps or incomplete regions. Non-
mammalian vertebrates such as frogs lack A3 genes. (B) A dotplot analysis shows A3Z| in cattle but not in pig genomic
sequence. The x- and y-axis numbers designate nucleotide positions within the indicated genomic consensus sequences. (C)
PCR analysis of genomic DNA from the indicated species showing that a 250-256 bp Z | -specific amplicon can only be obtained
from a subset of mammals. The human 51 and 54 cycle amplicons were too abundant to be run on the same gel. Monkey
genomic DNA is from the African green monkey. The ALDOA gene was used as a positive control (115 bp).

possible that one of these elements mediated a simple
direct repeat recombination event that deleted the A3Z1
region in pigs. However, we were unable to identify such
a causative retroelement in the pig genomic sequence.

To begin to address whether the potential A3Z1 deletion
in pigs occurred recently (e.g., a rare deletion fixed by
selective breeding) or whether it was more ancient, we
asked whether a non-domesticated, distant relative of the
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pig, the collared peccary (Tayassu tajacu), has an A3Z1
gene. Lineages leading to present-day domesticated pigs
and the peccary diverged approximately 25-35 MYA [43].
A pan-species, A3Z1 PCR primer set was developed and
used in these experiments. In contrast to human, African
green monkey, horse, cow and sheep genomic DNA which
yielded a 250-256 bp Z1-specific PCR products confirm-
able by DNA sequencing, the genomic DNA of domesti-
cated pig, the collared peccary, mice and opossum failed
to yield a product even after 54 cycles (Figure 2C). A
highly conserved gene, ALDOA, was used as a PCR control
to demonstrate the integrity of the genomic DNA samples.

Interestingly, Z1 PCR product sequencing and recently
released EST sequences revealed that the related hoofed
mammal, the horse, also has a Z1-type A3 gene (Figure 1C
& Additional File 3). Two-'toed' hoofed animals such as
sheep, cattle and pigs belong to the ungulate order artio-
dactyla (even-toe number), and one-'toed' hoofed ani-
mals such as horses belong to the ungulate order
perissodactyla (odd-toe number). Since these two ungu-
late orders diverged approximately 80-90 MYA [43,44]
and both have species with Z1-type A3 genes, it is highly
likely that the common ancestor also had an A3Z1 gene
(as well as A3Z2 and A3Z3 genes). It is therefore highly
unlikely that an A3Z1 gene independently appeared at the
same genomic position in artiodactyls, perissodactyls and
primates. Rather, all of the data support a model where a
common ancestor of the domesticated pig and the col-
lared peccary experienced a 22 kb deletion that resulted in
the loss of A3Z1 (i.e., a divergent evolutionary model).
Furthermore, since artiodactyls, perissodactyls and
humans shared a common ancestor approximately 80-
120 MYA [43,44], the presence of Z1-type A3 genes in
both the primate and the artiodactyl limbs of the mam-
malian tree is also most easily explained by common
ancestry. Thus, our combined datasets indicated that this
ancestor possessed a full A3 Z repertoire, with one of each
type of Z domain (Z1, Z2 and Z3), the minimal substrate
required to evolve into the present-day eleven Z domain
human A3 locus (discussed further below).

The artiodactyl A3Z2 and A3Z3 genes combine to encode
3 distinct mRNAs and proteins

We previously characterized several activities of the dou-
ble-domain A3Z2-Z3 protein from cattle, sheep and pigs
[42]. While re-confirming the 5' and 3' ends of the A3Z2-
Z3 transcripts by RACE, we discovered two interesting var-
iants that were conserved between these three species.
First, using sheep and cattle PBMC or cell line cDNA (FLK
and MDBK, respectively), 3' RACE frequently produced a
smaller than expected fragment. The sequence of this frag-
ment indicated the existence of a short 1037 bp transcript
due to premature termination 329 or 330 nucleotides into
intron 4 for sheep and cattle, respectively (Figure 3). This
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truncated transcript was readily amplified from sheep and
cattle PBMCs and represented by existing EST sequences
(Additional File 3 and data not shown). Therefore, this
novel transcript was predicted to result in a single-domain
72 protein, A3Z2, with a length of 189 and 202 amino
acids for sheep and cattle, respectively (Figure 3 & Addi-
tional File 3). A pig A3Z2 transcript was also identified by
RACE and EST sequences but, in contrast to sheep and cat-
tle, exon 4 was spliced to two additional exons before ter-
minating prematurely (Figure 3 & Additional File 3). As a
consequence, pig A3Z2 was predicted to be 265 amino
acids. These analyses indicated that artiodactyls have the
capacity to express a single domain A3Z2 protein, in con-
trast to what we had deduced previously [42].

Second, 5' RACE data and cattle and pig EST sequences
suggested that yet another mechanism served to broaden
the coding potential of the artiodactyl A3 locus (Addi-
tional File 3 and data not shown). Several transcripts
appeared to originate from the region immediately
upstream of A3Z3, whereas our prior studies had only
detected transcripts originating upsteam of A3Z2 [42]. A
comparison of cDNA and genomic sequences revealed the
presence of an exon in this location (A3Z3 exon 1 in Fig-
ure 3). Transcripts initiating here produced 941 (sheep),
964 (cow) or 1003 (pig) nucleotide messages. The result-
ing A3Z3 protein was predicted to be 206 residues for
sheep and cattle and 207 for pigs (Figure 3).

The A3Z3 mRNA data strongly suggested the existence of
an internal promoter. This was supported by cis-regula-
tory element prediction algorithms, which identified a
conserved interferon-stimulated response element (ISRE)
upstream of A3Z3, as well as upstream of A3Z2 (Figure 3
& Additional File 4). These ISREs were strikingly similar to
those located in the promoter regions of human A3DE,
A3F and A3G, supporting the likelihood that interferon-
inducibility is a conserved feature of many mammalian
A3 genes (e.g., [8,46-49]). These putative ISREs significant
similarity to functional elements in known interferon-
inducible genes ISG54 and ISG15 [50-52]. We also pre-
dicted binding sites for another well-known transcription
factor, Sp1, upstream of the A3Z3 transcription start site.
This activator was also recently reported for human and
cat A3 genes ([53,54]; LaRue & Harris, data not shown).

Together with our previous data on the double domain A3
protein of these artiodactyl species, A3Z2-Z3 [42], these
expression and promoter data revealed that two single-
domain A3 genes can readily encode at least three distinct
proteins — A3Z2, A3Z3 and A3Z2-Z3. A similar strategy
may also be used by rodents, which also have an A3 gene
with Z2 and Z3 domains. A similar modularity was
reported recently for the cat A3 locus, where two single
domain A3 genes combined to produce a functional dou-
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Figure 3

The coding potential of the sheep, cow and pig A3 genes. ZI, Z2 and Z3 domains are colored green, orange and blue,
respectively. The exons are shown below the gene schematics with coding regions represented by filled boxes and untrans-
lated regions by open boxes. The gene schematics and exon blow-ups are drawn to scale. Arrows indicate approximate posi-

tions of predicted ISREs (Additional File 4). See the main text and the Methods for details.
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ble-domain A3 protein [54]. We suggest that combining
single-domain A3s to yield functionally unique double-
domain proteins may be a general strategy used by many
mammals to bolster their A3-dependent innate immune
defenses.

All four artiodactyl A3 proteins — A3Z1, A3Z2, A3Z3 and
A3Z2-7Z3 - elicit DNA cytosine deaminase activity

All currently described A3 proteins have elicited single-
strand DNA cytosine to uracil deaminase activity in one or
more assays (e.g., [24,41,42,54-59]). For instance, we
showed that the artiodactyl A3Z2-Z3 proteins could cata-
lyze the deamination of E. coli DNA and retroviral cDNA
[42]. However, catalytic mutants indicated that only the
N-terminal Z2 domain of cow, sheep and pig A3Z2-Z3
was active. This observation contrasted with data for the
double-domain human A3B, A3F and A3G proteins,
where the C-terminal domain clearly contains the domi-
nant active site (e.g., [30,38-40,42,60]). Nevertheless,
these datasets suggested that the double-domain A3 pro-
teins have separated function, with one domain predom-
inantly serving as a catalytic center and the other as a
regulatory center.

However, a recent study with human A3B indicated that
both Z domains have the potential to be catalytically
active [61]. It was therefore reasonable to ask whether the
single domain A3Z2 and A3Z3 proteins of artiodactyls
would be capable of DNA cytosine deamination in an E.
coli-based activity assay. Flevated frequencies of
rifampicin-resistance (RifR) mutations in E. coli provide a

http://www.biomedcentral.com/1471-2199/9/104

quantitative measure of the intrinsic A3 protein DNA
cytosine deaminase activity (e.g., [38,40,56,57]). In con-
trast to full-length cow A3Z2-73, which triggered a modest
2-fold increase in the median RifR mutation frequency
over the vector control, non-induced levels of cow A3Z2
caused a large 50-fold increase (Figure 4A). The pTrc99-
based vector used in these studies has an IPTG-inducible
promoter, and induced levels of cow A3Z2 prevented E.
coli growth, presumably through catastrophic levels of
DNA cytosine deamination. In contrast, induced levels of
sheep or pig A3Z2 proteins were not lethal, but their
expression also caused significant increases in the median
RifR mutation frequency (Additional File 5 and LaRue &
Harris, data not shown). Thus, as anticipated by our prior
studies, the A3Z2 proteins of cattle, sheep and pigs
showed intrinsic DNA cytosine deaminase activity.

We were therefore surprised that induced levels of the cow
single-domain protein A3Z3 also caused a significant 4-
fold increase in the median Riff mutation frequency (Fig-
ure 4B). This result contrasted with the related Z3 protein
of humans, A3H, which appeared inactive in this assay
(Figure 4B & Additional File 3). However, it is worth not-
ing that other Z3-type A3 proteins, a different human A3H
variant, African green monkey A3H, thesus macaque A3H
and cat A3Z3 (formally A3H), all showed evidence for
DNA deaminase activity in the E. coli-based mutation
assay and/or in retrovirus infectivity assays [41,54,62,63].
Thus, our intended human A3H control appears to be the
exception rather than the rule and that the single-domain
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Figure 4

The artiodactyl A3 proteins catalyze DNA cytosine deamination. (A) Cow A3Z2 triggers a strong mutator phenotype
in E. coli. RifR mutation frequency of 4-6 independent bacteria cultures expressing basal levels of indicated A3 proteins (each X
represents data from a single culture). To facilitate comparisons, the median mutation frequency is indicated for each condi-
tion. (B) Cow A3Z3 triggers a modest mutator phenotype in E. coli. Labels and conditions are similar to those in panel (A),
except IPTG was used to induce protein expression. (C) Non-induced cow A3Z| triggers a strong mutator phenotype in E. coli,
which is completely abrogated by substituting the catalytic glutamate (E58) for alanine. Labels are similar to those in panel (A).
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A3Z3 protein of artiodactyls is capable of DNA cytosine
deaminase activity.

We also observed that the artiodactyl A3Z1 protein was
capable of robust DNA cytosine deaminase activity (e.g.,
Figure 4C and LaRue and Harris, unpublished data). This
result was fully anticipated based on the fact that the
related Z1 domain proteins of humans A3A, A3B and A3G
are catalytically active [24,30,61,64]. However, it is worth
noting three observations suggesting that cow A3Z1 is the
most active of all reported A3 proteins. First, we were
never able to directionally clone (even non-induced)
A3Z1 of sheep or cattle into pTrc99A, which has a leaky
promoter. Second, we were only able to topoisomerase-
clone cow A3Z1 in a direction opposite to the lac pro-
moter (n > 12). Finally, even with cow A3Z1 in the pro-
moter-opposing orientation in the topoisomerase cloning
plasmid, we observed 100-fold increases in RifR mutation
frequency in the E. coli-based mutation assay that were
fully dependent on the catalytic glutamate E58A (presum-
ably due to expression from a cryptic promoter; Figure
4C). To summarize this section, all four of the A3 proteins
of artiodactyls demonstrated intrinsic DNA cytosine
deaminase activity.

A3ZI1, A3Z2, A3Z3 and A3Z2-Z3 differentially localize in
cells

Fluorescent microscopy was used to examine the subcellu-
lar distribution of each of the artiodactyl A3 proteins
fused to GFP. Like the human A3 proteins, which each
have unique overall subcellular distributions, we imag-
ined that distinct localization patterns might correlate
with differential functions. For instance, the first column
of Figure 5 shows representative images of live HeLa cells
expressing human A3F-GFP, A3A-GFP, A3C-GFP and
A3H-GFP, which predominantly localize to the cyto-
plasm, cell-wide with a nuclear bias, cell-wide and cell-
wide with a clear nucleolar preference, respectively. Cow
A3Z1-GFP showed an indiscriminate cell-wide distribu-
tion similar to that of human A3A-GFP and GFP alone
(Figure 5, second row and data not shown).

As shown previously, cattle and pig A3Z2-Z3-GFP localize
to the cytoplasm, with some cells showing bright aggre-
gates (Figure 5, row 1; [19,42]). Cattle and pig A3Z2 also
appeared predominantly cytoplasmic, but a significant
fraction clearly penetrated the nuclear compartment (row
3). The subcellular distribution of cattle and pig A3Z2 dif-
fered from the similarly sized Z2 protein human A3C,
which was cell-wide, and it is therefore likely that an
active process underlies the cytoplasmic bias of the artio-
dactyl A3Z2 proteins. Interestingly, the A3Z3 proteins of
cattle and sheep, like human A3H, localized cell-wide
with clear accumulations in the nucleoli (row 4). Similar
data were obtained using these GFP fusion constructs in
live cattle MDBK cells and in live pig PK15 cells (LaRue &
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Harris, data not shown). These fluorescent microscopy
observations demonstrated that all of the artiodactyl A3
proteins can be expressed in mammalian cells and that
they have both distinct and overlapping subcellular distri-
butions.

The artiodactyl A3 genes show evidence for positive
selection

Many human, non-human primate and feline A3 genes
show signs of strong positive selection, which can be
interpreted as evidence for a history filled with pathogen
conflicts [41,54,65,66]. However, given the relative stabil-
ity of the artiodactyl A3 locus, at least in terms of gene
number, we wondered whether the artiodactyl A3 genes
might be under less intense selective pressure (perhaps
even neutral or negative). This possibility was assessed
using two methods to compare the number of mutations
that resulted in amino acid replacements to the number
that were silent between pairs of artiodactyl species. This
ratio of replacement (dN) to silent (dS) mutations yields
an omega () value, which if greater than one is indicative
of positive selection, if equal to one of neutral selection
and if less than one of negative selection. We focused
these analyses on the single exon that encodes the con-
served Z domain to minimize potentially confounding
effects from recombination.

We first generated a combined phylogeny for each distinct
A3 Z domain and its inferred ancestral sequences (Addi-
tional File 6). Using the PAML free ration model, the arti-
odactyl A3Z1 and the A3Z2 genes appeared to be under a
weak negative selection pressure, with o values uniformly
below one (Additional File 6). Similarly, since the exist-
ence of the last common ancestor of cattle and sheep or of
the pig and peccary, the artiodactyl A3Z3 genes showed
evidence for weak negative selection pressure (Additional
File 6C). However, a comparison of the inferred ancestral
ruminant sequence with the inferred porcine sequence
yielded a @ value of 1.5, suggesting that the ancestor(s) of
modern day artiodactyls may have experienced intermit-
tent positive selection (Additional File 6C). These values
were not as high as those for primate A3Z3 (A3H data
originally reported by [41] and re-calculated here with a
representative clade shown in Additional File 6C). More-
over, all of these data contrasted sharply with the artiodac-
tyl and primate AID genes, which are under an obvious
strong negative selection pressure presumably for essen-
tial functions in antibody diversification.

However, because the free ratio model averages all possi-
ble sites and has a tendency to underestimate instances of
positive selection, we subsequently used PAML NsSites to
do a more focussed examination of artiodactyl A3 Z
domain variation. Several distinct selection models were
used (M2 and M8 and two codon frequency models F61
and F3 x 4), and each yielded significant signs of positive
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The subcellular distribution of cow and pig A3 proteins in comparison to human A3 proteins with similar Z
domains. Representative images of live Hela cells expressing the indicated A3-GFP fusion proteins are shown. The scale bar

represents 25 um.
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selection (Table 1; see Methods for procedural details and
Additional File 3 for sequence information). The Z3
domain A3 genes of sheep, cattle, pig, peccary and horse
showed the highest dN/dS ratios, ranging from 4.4 to 5.8
and indicating that 22-31% of the residues were sub-
jected to positive selection. Lower but still significant pos-
itive dN/dS ratios were obtained for the Z2 domain A3
genes (1.7 to 2.3 with 33 to 46% of the residues under
positive selection). Moreover, together with available dog
and horse Z1 sequences, the Z1 A3 genes of cattle and
sheep showed intermediate degrees of positive selection,
with dN/dS ratios of 2.5 to 3.9 and 28 to 50% of the resi-
dues under some degree of positive selection (Table 1 &
Additional File 3). Thus, similar to most other mammals
analyzed to date, the artiodactyl A3 genes have been sub-
jected to strong evolutionary pressure (see Discussion).

A3 Z domain distribution in mammals

Our studies strongly indicated that the present-day A3
locus of sheep and cattle resembles one that existed in the
common ancestor of placental mammals, consisting of
precisely one of each of the three phylogenetically distinct
Z domains: Z1, Z2 and Z3 (Figure 6; also see Figure 1 &
Additional File 3). Molecular phylogenetic data helped us
infer that such a common ancestor existed approximately
100-115 MYA [43,44]. However, the bulk of the primate
A3 gene expansion most likely occurred more recently
because the main branches leading to rodents and
humans split 90-110 MYA. It is therefore likely that
rodents lost a Z1 A3 gene after branching off of the main
mammalian tree (like pigs, cats and some humans; see
Figure 6 &Discussion). Moreover, the recently published
draft of the rhesus macaque genome helped to further
whittle-down when the bulk of the primate-specific

Table I: Evidence for positive selection in the artiodactyl Z domains.
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expansion occurred, because these animals also possess a
human-like A3 gene repertoire (Figure 6; [41,67,68] and
our unpublished data). Thus, since the human and
macaque lineages diverged approximately 25 MYA
[43,67,69], the massive expansion from the inferred
sheep/cow-like Z1-Z2-7Z3 A3 gene set to a locus resem-
bling the present-day human repertoire must have
occurred within a relatively short 65-85 million year
period (indicated by an asterisk in Figure 6).

A minimum of 8 recombination events were required to
generate the present-day human A3 locus from the
common ancestor of artiodactyls and primates

The inferred ancestral Z1-Z2-Z3 locus was used as a start-
ing point to deduce the most likely evolutionary scenario
that transformed it into the much larger eleven Z domain
human A3 repertoire. Two types of recombination events
were considered, tandem duplications (obviously
required for A3 gene expansion) and deletions. Self-simi-
larities in the DNA sequence of the human A3 locus pro-
vided strong evidence for prior tandem duplications by
unequal crossing-over (for more details on tandem dupli-
cation modeling see [70,71]). This mode of evolution is
also supported by the fact that the human A3 locus con-
tains many retroelements that could serve as substrates for
homologous recombination [35]. Since our present stud-
ies showed that the Z domains are highly modular and
capable of individual function, they were considered as
the core units for duplications in our inference procedures
(i.e., an unequal cross-over event can simultaneously
duplicate one or more tandemly arranged Z-domains and
associated flanking sequences). Similarly, deletions could
involve one or more Z domains and result from unequal
crossing-over or intra-chromosomal events.

Z domain®> Codon frequency model® Comparison of null and positive selection Significance Tree lengthd dN/dS (%)°
modelsc
yA| Fél MI-M2 p=0.0l 2.6 2.5 (50)
M7-M8 p=0.0l 2.6 2.5 (50)
F3 x4 MI-M2 p =0.04 39 3.9 (28)
M7-M8 p=0.02 39 3.9(33)
72 Fél MI-M2 p = 0.005 24 2.3 (46)
M7-M8 p = 0.004 24 2.3 (45)
F3 x4 MI-M2 p=03 3.0 1.7 (27)
M7-M8 p =0.04 3.0 1.7 (33)
Z3 Fél MI-M2 p <0.001 24 4.5 (30)
M7-M8 p <0.001 24 44 (31)
F3 x4 MI1-M2 p <0.001 3.1 5.8(22)
M7-M8 p <0.001 3.1 5.7 (23)

20nly the sequences of Z domain-encoding exons were used in these analyses (see Table S| for GenBank accessions).
bTwo different codon frequency models were used to minimize potentially artificial results.
cLikelihood ratio tests were done to compare the null models M| and M7 to each positive selection model M2 and M8, respectively, using PAML

NsSites.

dTree length provides a measure of nucleotide substitutions per codon along all combined phylogenetic branches.
€The percentage of all codons influenced by positive selection is indicated in parentheses.
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Human (major)
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»* Chimpanzee
»» Rhesus Macaqu

The distribution of A3 Z domains in mammals. The common ancestor of the indicated placental mammals was inferred
to have a Z1-Z2-7Z3 A3 gene repertoire. ZI, Z2 and Z3 domains are colored green, orange and blue, respectively. A question
mark specifies the original AID-like ancestor. An asterisk indicates the likely period in which the bulk of the primate A3 gene
expansion occurred (see main text, Figure 7 and Additional File 7). Some humans are A3B deficient (minor allele; [75]). The
boxed A3 Z domain repertoires constitute the minimal set inferred from incomplete genomic sequences and EST data (Addi-

tional File 3).

An 8-event model for human A3 Z domain history is
shown in Figure 7 (see Additional File 7 for an alternative
representation). This model can be appreciated by consid-
ering the present-day human locus and then working
backward in time using highly similar local sequences
within the A3 locus, which provide 'footprints' for recent
recombination events. First, full-length A3A and the Z1
domain of A3B are 97% identical, and they are flanked by
nearly homologous ~5.5 kb regions (i.e., direct repeats of
95% identity). These footprints strongly suggested that a
recent duplication of two consecutive ancestral domains
(21-Z2) gave rise to present-day A3B (event 7). Second,
we inferred that this recent duplication resulted in a ves-
tigial Z2 domain upstream of A3C, which was subse-
quently deleted prior to the divergence of human and
chimpanzee lineages (event 8). Such a deletion event was
supported by the fact that ~3 kb regions of 92% identical
DNA reside upstream of the present-day A3B and A3C Z2

domains (these repeats lack similarity to other DNA
within the locus). Third, a 92% similarity between two
regions (~10 kb) encompassing the A3DE and A3F genes
suggested they originated from a recent duplication.
Moreover, a similar level of identity was found between
two other regions (~10 kb) encompassing the Z2 domains
of A3F and A3G. This strongly supported a common
ancestral origin for the N-terminal domains of the A3DE,
A3F and A3G genes (events 5 and 6). The likelihood of
these four relatively recent events suggested that the ances-
tral locus configuration prior to event 5 [Z1-(Z2),;-Z1-Z3]
was a key intermediate in the evolution of the primate A3
locus (event 4 product in Figure 7).

Unequal crossing-over events prior to the ancestral inter-
mediate were harder to infer because the footprints have
been erased by sequence divergence. We therefore devel-
oped an algorithm to compute the minimal series of
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Figure 7

An 8-event model for the duplication and deletion history of the human A3 repertoire. ZI|, Z2 and Z3 domains are
colored green, orange and blue, respectively. Five duplication and three deletion events were predicted to transform the
ancestral locus into the present-day human A3 repertoire. The first event was predicted to occur between two copies of the
ancestral Z1-Z2-Z3 locus. The Z domain(s) affected by each unequal crossing-over (UCO) event is shaded gray. The crossing-
over points are indicated by a dashed line arrows, and the resulting Z domain configurations are shown (we assumed that new
configurations achieved homozygosity prior to being involved in a subsequent UCO). Although deletion events 3 and 4 are
illustrated as interchromosomal UCOs, they could have also been caused by intrachromosomal events. Event 4 is depicted
before an inferred 'intermediate ancestor' common to nearly all of our models and therefore considered parsimonious, but this
event could have occurred any time after event 2. The underlying phylogeny for this model is identical to that shown in Figure
I, except the N-terminal domain of human A3B diverged prior to the point at which the N-terminal domains of human A3F/
A3DE and A3G split. An alternative depiction of this model is shown in Additional File 7 and details can be found in the main
text and Methods.
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duplication and deletion events that could have generated
this intermediate locus from the Z1-Z2-Z3 ancestor. Three
minimal scenarios were found and each involved 4
events. However, when phylogenetic data were consid-
ered, only one scenario was plausible and it involved a 2-
domain duplication, a 3-domain duplication and two sin-
gle domain deletions (respectively, events 1 to 4 in Figure
7 & Additional File 7). Thus, together with the events
detailed above, we inferred that the current human A3
repertoire is the product of 8 recombination events - 5
duplications and 3 deletions.

Theoretically, models with as few as 5 events are possible
if the likely intermediate locus configuration is ignored.
However, these models are also untenable as they clash
with phylogenetic and local sequence alignment data. It
should be noted that 8 events represent only a lower
bound to explain the evolution of the A3 human locus.
Scenarios involving more than 8 events could also lead to
the same domain organization, and some events may
have left no observable trace in the human lineage. Thus,
this lower bound could increase when the complete A3
locus sequence of more mammals, and especially more
primates, comes available. Finally, it is worth emphasiz-
ing that most (if not all) of the 8 recombination events
modeled here happened in the 65 to 85 million year
period between the points when the rodent and Old
World monkey (e.g., thesus macaque) lineages split from
the phylogenetic branch that led to humans (the time
frame indicated by the asterisk in Figure 6).

Discussion

The present studies were initiated to gain a better under-
standing of the full A3 repertoire of three artiodactyl line-
ages - cattle, pigs and sheep - and to achieve insights into
the mechanism and timing of the A3 gene expansion in
mammals. We demonstrated that sheep and cattle have
three A3 genes, A3Z1 A3Z2 and A3Z3. However, the latter
two genes and their counterpart in pigs have the unique
ability to produce a double-domain protein A3Z2-Z3, in
addition to single-domain polypeptides. Thus, the A3 pro-
teome of these species is more formidable than gene
number alone would indicate. Our studies also help high-
light the important point that, although A3 proteins con-
sist of either one or two conserved Z domains, each of
these domains can function and evolve independently.

Prior to the present studies, it was clear that most (if not
all) placental mammals had Z2- and Z3-type A3 domains
(e.g, human, mouse, cat, pig, sheep and cow
[35,36,42,54,72]). It was far less clear how broadly the Z1
domain distributed. Here, we presented two critical lines
of evidence strongly indicating that the Z1 distribution is
equally broad and, importantly, that the common ances-
tor of placental mammals had a Z1-Z2-Z3 A3 gene reper-
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toire, similar to that of present-day sheep and cattle. First,
the sheep and cattle A3 genomic sequences demonstrated
the presence of a Z1-type A3 gene outside of the primate
phylogenetic branches (Figure 6). Second, our pan-species
Z1 PCR data, public EST data and draft genomic
sequences from horses and dogs combined to show that a
A3Z1 gene exists in other parts of the artiodactyl-contain-
ing phylogentic branch set. These data supported a model
in which the common ancestor of the primate- and the
artiodactyl-containing mammalian super-orders, Euar-
chontoglires and Laurasiatheria, respectively, had a A3Z1
gene and precisely one of each of the three conserved Z
domain types (i.e., a divergent model for A3 gene evolu-
tion, as opposed to one in which A3Z1 genes evolved
independently in several limbs of the mammalian tree).
We have therefore established a critical foundation for
understanding the function(s) and evolutionary history of
the A3 repertoire of any other placental mammal.

It is noteworthy that our pan-species Z1 PCR analyses
failed to generate product from opossum genomic DNA
and that the recently released opossum and platypus
genomic sequences lack A3 genes (Figure 2C; [73,74]).
This is unlikely to be a gap in the DNA sequence assem-
blies because, like non-mammalian vertebrates, DNA and
protein searches clearly revealed the A3-flanking genes
CBX6 and CBX7 in both animals (LaRue & Harris, unpub-
lished data). Thus, unfortunately, these two interesting
non-placental mammals are unlikely to provide signifi-
cant insights into the earliest stages of A3 gene evolution
(i.e., pre-dating the Z1-Z2-Z3 ancestor described here).
Perhaps data from the other two placental mammal
super-orders, Afrotheria and Xenarthra (e.g., represented
by animals such as aardvarks and anteaters, respectively),
will help shed light on earlier stages of A3 gene evolution,
when presumably an AID-like gene transposed between
CBX6 and CBX7 and duplicated to give rise to the ances-
tral Z1-Z2-73 locus. Nevertheless, because all current data
indicate that the A3 genes are specific to placental mam-
mals, we hypothesize that a unique role of these genes
may relate to the placenta itself, where the A3 proteins
may function to help protect the developing fetus from
potentially harmful retrotransposition events and/or ret-
roviral infections.

A growing body of evidence indicates that the sole func-
tion of the A3 genes of mammals is to provide an innate
immune defense to retrovirus and retrotransposon mobi-
lization. This is supported by the fact that the single A3
gene of mice is dispensable and that many of the mamma-
lian A3 genes show evidence for a strong diversifying
selection ([10,41,65,66] and this study, Table 1).
Although the reason(s) are presently unknown, a large A3
repertoire is clearly more important for some mammals
than it is for others. Humans, chimpanzees and rhesus
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macaques have 11 Z domains, approximately 3- to 4-fold
more than any other known non-primate mammal (Fig-
ure 6). Indeed, our studies indicated that the ancestors of
humans and chimpanzees experienced at least eight Z
domain recombination events, which is more than the
total combined number of events for other known mam-
mals. Therefore, despite the fact that the artiodactyl A3
genes show evidence for positive selection, their relative
stability in copy number suggests that a considerable dis-
advantage - such as the potential to mutate genomic DNA
- may outweigh the innate benefit of having numerous
A3s to combat potentially invasive retroelements. This
possibility may very well relate directly to an emerging
trend in mammals, which is the frequent loss of a A3Z1
gene which encodes a protein that can penetrate the
nuclear compartment (e.g., Figure 5). An A3Z1 deletion
was shown here for pigs, inferred here for cats and mice/
rats, and demonstrated recently for some human popula-
tions (Figure 6 and [75]).

Finally, a major question is what selective pressure(s)
drove the A3 expansion from an ancestral Z1-Z2-Z3 reper-
toire to the present day human Z1-722-Z1-(Z22),-21-Z3
repertoire? We propose that large-scale events such as
gene expansions were selected by extremely pathogenic or
lethal retroviral epidemics, because rare expansions
would have been easily lost amongst a population of non-
expanded alleles. A powerful selective pressure such as a
lethal epidemic has the potential to produce a population
bottleneck such that mostly (or only) pathogen-resistant
individuals would survive (i.e., those with the appropriate
disease-resistant A3 repertoire). Such powerful selective
pressures would have the potential to promote and per-
haps even cause speciation events. We further predict that
such events may be marked by changes in A3 Z domain
copy number. It is therefore quite plausible that at least
some of the eight recombination events required to trans-
form the ancestral Z1-722-Z3 repertoire into the present
day human Z1-Z2-Z1-(Z22)421-Z3 repertoire may have
protected our human ancestors from ancient retroviral
infections and thereby facilitated the evolution of pri-
mates (a process that we have termed primatification).

Conclusion

The A3 locus of sheep and cattle consists of three genes,
A3Z1, A3Z2 and A3Z3, and the potential to encode four
functional proteins, three directly and one (A3Z2-Z3) by
read-through transcription and alternative splicing. The
A3 locus of pigs experienced a deletion and therefore lacks
A3Z1. The artiodactyl A3 repertoire demonstrates a
unique modularity centered upon the conserved zinc-
coordinating motifs. DNA deaminase activity data and
subcellular localization studies suggest that this modular-
ity may also correspond to a broader functionality. All of
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the data combined to indicate that the common ancestor
of artiodactyls and humans possessed a sheep/cattle-like
A3 gene set, with the organization and capacity to evolve
into the present day repertoires. The remarkable A3 gene
expansion in the primate lineage - from the three ances-
tral genes (A3Z21-A3Z2-A3Z3) to the present-day eleven Z-
domain human repertoire - was predicted to require a
minimum of eight recombination events, most of which
may have been required to thwart an ancient retroviral
infections.

Methods

Genomic DNA sequences

A combination of array hybridization, A3-, CBX6- and
CBX7-specific PCR was used to identify one A3-positive
BACs for sheep (CHORI-243 clone 268D23; a kind gift
from P. de Jong, BACPAC Resources Center, http://
bacpac.chori.org/library.php?id=162) and two for pigs
(RPCI-44 clones 344017 and 408D3; [76]). E. coli were
transformed with these BACs, grown to saturation in 50
ml cultures and used for DNA preparations as recom-
mended (Marligen Biosciences). Purified BAC DNA was
sheared to an average of approximately 3000 bp (Hydros-
hear method, Genomic Solutions). Fragment ends were
blunted with T4 and Klenow DNA polymerases (NEB)
and ligated into pBluescriptSK- (Stratagene) or pSMART-
HC (Lucigen). Individual subclones were picked ran-
domly and sequenced (ABI3730; Applied Biosystems).
Phrap (P. Green, 1996, http://www.phrap.org/phred
phrap/phrap.html) and Sequencher 4.8 (Gene Codes
Corp.) were used to assemble DNA sequences and they
were groomed manually. Sequence coverage for the sheep
A3 locus averaged 4.5 sequences and the pig 27 sequences.
The genomic sequences were compared using Jdotter soft-
ware (http://www.jxxi.com/webstart/app/jdotter-a-java-
dot-plot-viewer.jsp; [77]). Repetitive sequences were iden-

tified using RepeatMasker http://www.repeatmasker.org.

A3 exons were identified by directly comparing the
genomic DNA sequences with ¢cDNA, EST and RACE
sequences (below, Additional Files 3 &8 and [42]). Pre-
dicted ISREs were identified and compared using the
TransFac and Biobase databases through the softberry
NSITE portal http://www.softberry.com. The sheep CBX6
exons were identified with the help of GenBank EST
sequences EE808826.1, DY519385.1 and EE822736.1.
The pig CBX6 exons were also identified in this manner
using BP158234.1, BP997823.1 &BP153834.1. The sheep
and pig CBX7 exons were identified by homology to the
cow gene (below). Other CBX6 and CBX7, sequences,
respectively, were NM_014292.3 and NM_175709.2
(human), NM_ 001103094 and XM_604126 (cow),
NM_028763.3 and NM_ 144811 (mouse) and
NM_001016617.2 &NM_001005071 (frog).
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A3Z| gene degenerate PCR analyses

Genomic DNA was isolated from the following tissues or
cell lines: opossum kidney tissue, mouse NIH-3T3 cells,
pig PK-15 cells, peccary brain tissue, cow MDBK cells,
sheep FLK cells, horse blood cells (PBMC), African green
monkey COS7 cells and human 293T cells (DNeasy, Qia-
gen). 10ng genomic DNA was used as template for PCR
using primers designed to anneal to all known A3Z1
genes: 5'-GCC ATG CRG AGC TSY RCT TCY TGG and 5'-
GTC ATD ATK GWR AYT YKG GCC CCA GC-3'. Two PCR
rounds were used to achieve the final number of cycles
(30 plus 18, 21 or 24 cycles). Amplicons were analyzed by
agarose gel electrophoresis, TOPO-cloned (Invitrogen)
and subjected to DNA sequencing. In all instances, the
expected A3Z1 fragments were recovered (e.g., Z1 of
human A3A, A3B and A3G could all be detected in a single
reaction). 30 PCR cycles using identical conditions and
degenerate primers for the ALDOA gene were used as a
positive control (5'-CGC TGT GCC CAG TAY AAG AAG
GAY GG-3' and 5'-CTG CTG GCA RAT RCT GGC YTA).

Identifying expressed mRNAs by RACE

RNA was extracted from fresh pig (Sus scrofa Landrance/
Yorkshire cross), sheep (Ovis aries Hampshire) and cattle
(Bos taurus Hereford) PBMCs using the QIAamp RNA
Blood mini kit (Qiagen). 5' and 3' RACE was performed
using reagents from the FirstChoice RLM-RACE kit
(Ambion). The protocol was modified slightly by using
SAP (Roche) instead of CIP to remove 5'-phosphates. A3
c¢DNA 5' and 3' ends were amplified using Phusion high-
fidelity polymerase (NEB), purified and TOPO-cloned
(Invitrogen). All A3-specific primers used in conjunction
with the 5' and 3' RACE primers are listed in Additional
File 8.

A3 expression plasmids

The pTrc99A-based E. coli expression plasmids for sheep,
cattle and pig A372-Z3 and for human A3C and A3H were
reported previously [42,56]. Other pTrc99A-based con-
structs were made by ligating KpnlI- and Sall-digested PCR
fragments into a similarly cut vector. Cow A3Z2 and A3Z3
were amplified from PBMC cDNA (above) using primers
5'-NNN NGA GCT CAG GTA CCA CCA TGC AAC CAG
CCT ACC GAG GC & 5'-NNN NGT CGA CTC ACC CGA
GAA TGT CCT C and 5'-NNN NGA GCT CAG GTA CCA
CCA TGA CCG AGG GCT GGG C & 5'-NNN NGT CGA
CCT AAA TTG GGG CCG TTA GGA T, respectively. Pig
A372 was amplified from the USMARC1 ¢DNA library
[78] using primers 5'-NNN NGA GCT CAG GTA CCA CCA
TGG ATC CTC AGC GCC TGA GAC and 5'-NNN NGT
CGA CTC AGC GGT AAC AAATCC.

Cow A3Z1 was a special case (see main text). [t was ampli-
fied from PBMC cDNA (above) using primers 5'-NNN
NGA GCT CAG GTA CCA C CA TGG ACG AAT ATA CCT
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TCA CT and 5'-NNN NGT CGA CGT TIT GCT GAG TCT
TGA G and TOPO-cloned into pCR-BLUNT-II-TOPO
(Invitrogen). As a control, human A3A was amplified
using 5'-NNN NGA GCT CGG TAC CAC CAT GGA AGC
CAG CCC AGC and 5'-NNN NGT CGA CCC CAT CCT
TCA GTTTCC CTG ATT CTG GAG and TOPO-cloned. Cat-
alytic mutant derivatives of the cow A3Z1 and human A3A
plasmids were constructed by site-directed mutagenesis
(Stratagene) using oligonucleotides 5'-CCT GCC ATG
CAG CGC TCT ACT TCC TG & 5'-CAG GAA GTA GAG
CGCTGC ATG GCA GG and 5'-GGC CGC CAT GCG GCG
CTG CGT TCT TG & 5'-CAA GAA GCG CAG CGC CGC
ATG GCG GCC, respectively.

The artiodactyl A3 proteins were expressed in Hela cells as
N-terminal fusions to eGFP (pEGFP-N3; Clontech). Cow
and pig A3Z2-Z3-eGFP and the human A3A-, A3C-, A3F-
and A3H-eGFP constructs were reported previously
[42,79]. Cow and pig A3Z2-eGFP plasmids were made by
cloning Sacl/Sall-digested PCR products generated using
primers 5'-NNN NGA GCT CAG GTA CCA CCATGC AAC
CAG CCT ACC GAG GC & 5'-NNN NGT CGA CCC CGA
GAA TGT CCT CAA G and 5'-NNN NGA GCT CAG GTA
CCA CCATGG ATC CTC AGC GCC TGA GAC & 5'-NNN
NGT CGA CCC ACC TGG CGT GAG CAC C, respectively.
Cow and pig A3Z3-eGFP plasmids were made similarly
using primers 5'-NNN NGA GCT CAG GTA CCA CCA
TGA CCG AGG GCT GGG C & 5'-NNN GTC GAC TCC
AAT TGG GGC CGT TAG GAT and 5'-NNN NGA GCT
CAG GTA CCA CCA TGA CCG AGG GCT GGG CT & 5'-
NNN GTC GACTCC TCT CGA GTC ACT TCT TGA, respec-
tively

Due to the toxicity of cow A3Z1 in E. coli, an A3Z1::intron-
eGFP plasmid was made by overlapping PCR to join 3
separate fragments: A3Z1 exons 1 and 2 (primers 5'-NNN
NGA GCT CAG GTA CCA C CA TGG ACG AAT ATA CCT
TCA CT and 5'-CCT GGA CTCACCTTG TTG CGC), an L1-
derived intron ([80]; primers 5'-GTG AGT CCA GGA GAT
GTT TCA and 5'-CTG TTG AGA TGA AAG GAG ACA) and
A3Z1 exons 3-5 (primers 5'-CAT CTC AACAGG GITTGG
ATC A and 5'-NNN NGT CGA CGT TIT GCT GAG TCT
TGA G). The resulting PCR amplicon was digested with
EcoRI and Sall and then ligated into a similarly cut
pEGFP-N3 (Clontech).

RifR DNA deamination assays

Cytosine deaminase activity of the artiodactyl A3 protein
variants was measured by quantifying the accumulation
of Riff mutants in ung-deficient E. coli (e.g., [42,56]). All
A3 proteins were expressed from pTrc99A (AP Biotech),
with the exception of cow A3Z1 and human A3A, which
were expressed using pCR-BLUNT-II-TOPO (Invitrogen).
Experiments were done a minimum of three times, in the
presence or absence of IPTG as indicated.
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Fluorescence microscopy

To observe subcellular localization of A3 proteins, 5000
Hela cells were incubated for 24 h in Labtek chambered
coverglasses (Nunc), transfected with 200 ng of the
pEGFP-N3 based constructs and, after an additional 24 h
visualized on a Zeiss Axiovert 200 microscope at 400x
magnification. HsA3F, HsA3C, HsA3H, HsA3A, BtA3Z2-
73 and SsA3Z2-Z3 fusion constructs were previously
reported [19,42,79].

Phylogenies and positive selection calculations

7 domain exons were used for all phylogenetic, positive
selection and modelling studies. GARD showed no evi-
dence for recombination breakpoints within the Z
domain exons [81]. T_coffee version 5.31 was used for
multiple sequence alignments [82]. PAL2NAL software
was used to convert amino acid sequences to nucleotides
[83]. JalView was used to remove insertions/deletions
[84]. The dnaml program within the Phylip software pack-
age was used to generate a phylogenetic tree ([85]; an
identical tree was obtained with MrBayes version 3.1 [86],
except branch lengths differed slightly). Clustal W version
1.83.1 was also used for some individual domain compar-
isons [87].

Free ratio model positive selection studies were based on
a phylogenetic tree generated through Bayesian inference
using MrBayes version 3.1 [86]. Each tree was run for
250,000 generations with a burnin of 62,500 and stand-
ard default parameters. The PAML codeml program [88]
was used to generate dN/dS ratios (@ values) for phyloge-
netic tree branches. ® values from the free ratio model
using the F3 x 4 algorithm are shown in Additional File 6
(values from the F1 x 61 algorithm were similar and there-
fore not shown).

Positive selection was also evaluated in specific phyloge-
netic lineages using the NsSites model in the PAML
codeml program (Table 1). Individual Z domain phyloge-
netic trees were generated as described above and used in
these analyses. Z2 and Z3 comparisons were done for
sheep, cow, pig, peccary and horse sequences, and Z1
comparisons for sheep, cow, horse and dog sequences
(non-artiodactyl sequences were added for statistical sig-
nificance; GenBank accession numbers are in Additional
File 3). Models for neutral selection (M1 and M7) were
compared to those for positive selection (M2 and M8).
Likelihood ratio tests were performed to compare the null
and positive selection scenarios.

A3 gene expansion modelling

The aim was to infer the most likely histories of duplica-
tions and deletions that gave rise to the human A3 locus.
Instead of considering each gene as an individual element,

http://www.biomedcentral.com/1471-2199/9/104

we subdivided it into its N-terminal and C-terminal Z-
domains. Hence, the present-day human locus configura-
tion was represented as follows: Z1-Z2-Z1-(22).-Z1-Z3.
The considered duplications are 'multiple tandem dupli-
cations' resulting from unequal crossing over [70]. In
other words, a single duplication event can copy an arbi-
trary number of consecutive Z-domains, and place them
in the same order next to the original ones. Similarly, an
unequal crossing-over can remove an arbitrary number of
adjacent domains and cause deletions.

Various algorithms have been proposed to infer evolu-
tionary histories of tandemly arrayed gene families
[71,89-91], but none of them involve both multiple tan-
dem duplications and deletions. Consequently, we devel-
oped a brute force algorithm to enumerate all possible
evolutionary scenarios involving a minimum number of
duplications and deletions that can transform a particular
locus configuration into another. Such an exhaustive algo-
rithm has an exponential time complexity and it is
impractical for analyzing large gene families. However,
the limited size of the A3 locus and the classification of
the Z domains into three distinct categories made it useful
here (e.g., events 1 to 4 in Figure 7 & Additional File 7).

To infer the most recent evolutionary events (events 5 to
8 in Figure 7 & Additional File 7), we performed an anal-
ysis of the self-similarities within the human A3 locus. The
DNA sequence (hg18, chr22:37682569-37830946) with
identified interspersed repeats was downloaded from the
RepeatMasker web site http://www.repeatmasker.org. A
dot plot of this sequence with itself was obtained using
Gepard [92] to identify pairs of regions with very high
similarities. The three most significant were extracted and
further aligned using Blastz [93] with default parameter to
obtain the percentage of identity. These regions were used
to infer and model the most recent evolutionary events, as
described in the main text.

Data deposition

The GenBank accession number for the sheep A3 genomic
sequence is FI042940. The GenBank accession numbers
for the two pig A3 genomic sequences are FI042938 and
F1042939. All A3 cDNA and EST sequences have also been
deposited (see Additional File 3 for a full list of GenBank
accession numbers).

Abbreviations

A.A.: amino acid; A3: APOBEC3; A3A: APOBEC3B; A3B:
APOBEC3C; A3C: APOBEC3C; A3DE: APOBEC3DE; A3F:
APOBEC3F; A3G: APOBEC3G; A3H: APOBEC3H; GFP:
Green Fluorescent Protein; PAML: Phylogenetic Analysis
by Maximum Likelihood; MYA: Millions of Years Ago; Z:
Zinc-coordinating motif
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Additional file 1

APOBEC3 Z domain conservation. Web LOGO profiles depicting
amino acid conservation within each mammalian Z domain. The multiple
sequence alignments used to generate the phylogenic tree in Figure 1 were
used to create consensus profiles for each of the indicated Z domains using
Web LOGO [94]. Arrowheads below the amino acid profiles indicate res-
idues that define each Z type (see the main text for additional details).
Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2199-9-104-S1.ps]

Additional file 2

APOBEC3genomic locus comparisons. Dotplot alignments of (A) the
sheep and pig and (B) the sheep and cow A3 genomic sequences.
Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2199-9-104-S2.eps]

Additional file 3

Mammalian A3 and AID sequences. A table summarizing all DNA
sequences used in this study, including GenBank accession numbers.
Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2199-9-104-S3.eps]

Additional file 4

APOBEC3promoter element conservation. Predicted interferon-stimu-
lating response elements (ISRE) in the promoter regions of the indicated
A3 genes and known interferon-inducing genes 1SG54 and 1SG15. The
ISRE sequences are shown relative to the translation initiation codon
ATG. Identities to human sequences are shaded gray.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2199-9-104-S4.eps]

Additional file 5

E. coli-based DNA cytosine deaminase activity data. DNA cytosine
deaminase activity of the pig A322-7Z3 and A3Z2 proteins in E. coli. Con-
ditions and labels are identical to those used in Figure 4, except 10 inde-
pendent cultures were grown under IPTG-induced conditions and
analyzed.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2199-9-104-S5.eps]

Additional file 6

Evidence for positive selection inAPOBEC3gene evolution. Phyloge-
netic trees showing relative relationships and o values for the indicated
(A) Z1 domains, (B) Z2 domains, (C) Z3 domains and (D) the Z
domain of AID. The phylogenetic trees were determined using MrBayes,
and the  values were calculated using the PAML free ratio model. w val-
ues are shown in red adjacent to (or where space is non-permitting, to
right of) each phylogenetic branch. Asterisks denote branches where the @
value was infinity (i.e., dS was zero). The units for the scale bars are
nucleotide changes per codon. The dotted line in panel (C) was used to
provide more space to depict the human and non-human primate Z3 tree
branches. See the main text and Methods for additional details.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2199-9-104-S6.eps]

Additional file 7

ProposedAPOBEC3 gene diversification events during primatifica-
tion. An alternative representation of the 8-event model for the duplica-
tion and deletion history of the human A3 repertoire. Z1, Z2 and Z3
domains are colored green, orange and blue, respectively. The Z
domain(s) involved in each event are shaded gray. Dark black and red
lines mark duplications (one color for the original segment and one color
for the duplicated segment), crosses designate deletions and light gray
lines indicate no change. See the main text, Figure 7 and Methods for
details.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2199-9-104-S7.doc]

Additional file 8

Primers used to identify expressed APOBEC3transcripts from cow,
sheep and pig PBMCs. A table summarizing the oligonucleotide primers
used in this study.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2199-9-104-S8.doc]
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Supplemental figure legends

Figure S1. Web LOGO profiles depicting amino acid conservation within each
mammalian Z domain. The multiple sequence alignments used to generate the phylogenic
tree in Figure 1 were used to create consensus profiles for each of the indicated Z
domains using Web LOGO [94]. Arrowheads below the amino acid profiles indicate

residues that define each Z type (see the main text for additional details).

Figure S2. Dotplot alignments of (4) the sheep and pig and (B) the sheep and cow A3

genomic sequences.

Figure S3. Predicted interferon-stimulating response elements (ISRE) in the promoter
regions of the indicated A3 genes and known interferon-inducing genes ISG54 and
ISG15. The ISRE sequences are shown relative to the translation initiation codon ATG.

Identities to human sequences are shaded gray.

Figure S4. DNA cytosine deaminase activity of the pig A3Z2-Z3 and A3Z2 proteins in
E. coli. Conditions and labels are identical to those used in Figure 4, except 10

independent cultures were grown under IPTG-induced conditions and analyzed.

Figure SS. Phylogenetic trees showing relative relationships and o values for the
indicated (4) Z1 domains, (B) Z2 domains, (C) Z3 domains and (D) the Z domain of AID.

The phylogenetic trees were determined using MrBayes, and the ® values were
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calculated using the PAML free ratio model. w values are shown in red adjacent to (or
where space is non-permitting, to right of) each phylogenetic branch. Asterisks denote
branches where the w value was infinity (i.e., dS was zero). The units for the scale bars
are nucleotide changes per codon. The dotted line in panel (C) was used to provide more
space to depict the human and non-human primate Z3 tree branches. See the main text

and Methods for additional details.

Figure S6. An alternative representation of the 8-event model for the duplication and
deletion history of the human 43 repertoire. Z1, Z2 and Z3 domains are colored green,
orange and blue, respectively. The Z domain(s) involved in each event are shaded gray.
Dark black and red lines mark duplications (one color for the original segment and one
color for the duplicated segment), crosses designate deletions and light gray lines indicate

no change. See the main text, Figure 7 and Methods for details.
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Table S1. Mammalian A3 and AID sequences

Species Common Protein Accession Journal
name number
Bos taurus Cow A3Z1 EU864534 This study
Bos taurus Cow A3Z2-Z3 DQ974646 Joénsson et al., 2006
Bos taurus Cow A3Z2 EU864535 This study
Bos taurus Cow A3Z3 EU864536 This study
Bos taurus Cow AID NM_001038682 Verma and Aitken, 2005
Ovis aries Sheep A3Z1 EU864541 This study
Ovis aries Sheep A3Z2-Z3 DQ974646 Jonsson et al., 2006
Ovis aries Sheep A3Z2 EU864542 This study
Ovis aries Sheep A3Z3 EU864543 This study
Ovis aries Sheep AID EE793762 This study
Sus scrofa Pig A3Z2-Z3 DQ974646 Jonsson et al., 2006
Sus scrofa Pig A3Z2 EU864539 This study
Sus scrofa Pig A3Z3 EU864540 This study
Sus scrofa Pig AID BP157753 This study
Tayssu tajacu Peccary A3Z2-73 EU864537 This study
Tayssu tajacu Peccary AID EU864538 This study
Equus caballus Horse A3Z1 XM_001499871 Genome project ID: 19129
Equus caballus Horse A3Z2 XM_001501833  Genome project ID: 19129
Equus caballus Horse A3Z3 XM_001501833  Genome project ID: 19129
Felis catus Cat A3Z2b-Z3 EF173021 Munk et al., 2007
Canis lupus Dog A3Z1 XM_847690 Genome project ID: 12384
Canis lupus Dog A3Z2 AACNO010393938 Kirkness et al., 2003
Canis lupus Dog A3Z3 XM_538369 Genome project ID: 12384
Canis lupus Dog AID NM_001003380 Ohmori et al., 2004
Mus musculus Mouse A3Z2-73 NM_030255 Many; LaRue et al., 2008
Mus musculus Mouse AID NM_009645 Many; LaRue et al., 2008
Rattus norvegicus Rat A3Z2-73 NM_001033703 Strausberg et al., 2002
Rattus norvegicus Rat AID XM_001060382 Twigger et al., 2007
Homo sapiens Human A3A (A3Z1a) NM_145699 Many; LaRue et al., 2008
Homo sapiens Human A3B (A3Z2a-Z1b) NM_004900 Many; LaRue et al., 2008
Homo sapiens Human A3C (A3Z2b) NM_014508 Many; LaRue et al., 2008
Homo sapiens Human A3DE (A3Z2c-Z2d) NM_152426 Many; LaRue et al., 2008
Homo sapiens Human A3F (A3Z2e-Z2f) NM_145298 Many; LaRue et al., 2008
Homo sapiens Human A3G (A3Z2g-Z1c) NM_021822 Many; LaRue et al., 2008
Homo sapiens Human A3H (A3Z3) NM_181773 Many; LaRue et al., 2008
Homo sapiens Human AID NM_020661 Many; LaRue et al., 2008
Pan troglodytes Chimp A3H DQ408607 OhAinle et al., 2006
Pan troglodytes Chimp AID NM_001071809 Zhou et al., 2005
Macaca mulatta Macaque A3H XM_001096739  Genome project ID: 16397
Macaca mulatta Macaque AID XM_001113641 Genome project ID: 16397
Hylobates Gibbon A3H DQ408608 OhAinle et al., 2006
syndactylus
Pongo pygmaeus  Orangutan A3H DQ408610 OhAinle et al., 2006
Gorilla gorilla Gorilla A3H DQ408609 OhAinle et al., 2006
Pan paniscus Bonobo A3H DQ408606 OhAinle et al., 2006
Miopithecus Talapoin A3H DQ408613 OhAinle et al., 2006
talapoin
Papio anubis Baboon A3H DQ408605 OhAinle et al., 2006
Cercocebus atys Sooty A3H DQ408611 OhAinle et al., 2006
mangabey
Saguinus labiatus Tamarin A3H DQ408614 OhAinle et al., 2006
Ateles belzebuth Spider A3H DQ408612 OhAinle et al., 2006
Lagothrix lagotricha Woolly A3H DQ408615 OhAinle et al., 2006

monkey




Table S2. Primers used to identify expressed APOBECS3 transcripts from cow, sheep and pig PBMCs.

Outer Inner Outer Inner
5 RACE 5 RACE 3’ RACE 3’ RACE

Cow A3Z1 ACTCTGATGGCACCCAAAAC GCCTCTCCATCTCGTAGCAC TTTGGATCAACCGGAGAAAC TCCTGAAGGAGAACCACCAC
Cow A3Z72-73 ATGCTCAGCGTCACATTCTG GGAGGCACGTGAGTGGTATT ACCAGCTGAAGCAGCGTAAT GCATAAGACGAAGGCTCCAG
Cow A3Z72 Same as cow A372-73 Same as cow A372-73 CAGAATGTGACGCTGAGCAT GGAGCCCATGTGGACATTAT
Cow A3Z3 n.a. n.a. Same as cow A3Z2-Z3 Same as cow A3Z2-Z3
Sheep A3Z1 n.a. n.a. TCCGTTCTTGGAATCTGGAC GAAGGAGAACCGCCACATAA
Sheep A3Z22-7Z3 TCAGCGTCACATTCTGGTACA  AGTCCCAGCATAGACCTGGTT AACCAGGTCTATGCTGGGACT CTGGGGATGTACCAGAATGTG
Sheep A3Z2 Same as sheep A3Z2-Z3  Same as sheep A3Z2-Z3 Same as sheep A3Z2-Z3 Same as sheep A3Z2-Z3
Sheep A3Z3 n.a. n.a. Same as sheep A3Z2-Z3 Same as sheep A3Z2-Z3
Pig A3Z2-Z3 n.a. n.a. CCAAGGAGCTGGTTGATTTC CTGGAGCAATACAGCGAGAG
Pig A3Z2 n.a. n.a. ACGTCACCTGGTTCATCTCC ACTGCTGGAACAACTTCGTG
Pig A3Z3 n.a. n.a. Same as pig A3Z2-Z3 Same as pig A3Z2-Z3

n.a. = not applicable
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The Restriction of Zoonotic PERV Transmission by
Human APOBEC3G

Stefan R. Jonsson'>3#?, Rebecca S. LaRue'*>®, Mark D. Stenglein'>3, Scott C. Fahrenkrug®®, Valgerdur Andrésdéttir®, Reuben S. Harris'>3*

1 Department of Biochemistry, Molecular Biology and Biophysics, University of Minnesota, Minneapolis, Minnesota, United States of America,
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Transposon Research, University of Minnesota, Minneapolis, Minnesota, United States of America, 4 Institute for Experimental Pathology, University of
Iceland, Reykjavik, Iceland, 5 Department of Animal Sciences, University of Minnesota, St. Paul, Minnesota, United States of America

The human APOBEC3G protein is an innate anti-viral factor that can dominantly inhibit the replication of some endogenous
and exogenous retroviruses. The prospects of purposefully harnessing such an anti-viral defense are under investigation. Here,
long-term co-culture experiments were used to show that porcine endogenous retrovirus (PERV) transmission from pig to
human cells is reduced to nearly undetectable levels by expressing human APOBEC3G in virus-producing pig kidney cells.
Inhibition occurred by a deamination-independent mechanism, likely after particle production but before the virus could
immortalize by integration into human genomic DNA. PERV inhibition did not require the DNA cytosine deaminase activity of
APOBEC3G and, correspondingly, APOBEC3G-attributable hypermutations were not detected. In contrast, over-expression of
the sole endogenous APOBEC3 protein of pigs failed to interfere significantly with PERV transmission. Together, these data
constitute the first proof-of-principle demonstration that APOBEC3 proteins can be used to fortify the innate anti-viral
defenses of cells to prevent the zoonotic transmission of an endogenous retrovirus. These studies suggest that human
APOBEC3G-transgenic pigs will provide safer, PERV-less xenotransplantation resources and that analogous cross-species
APOBEC3-dependent restriction strategies may be useful for thwarting other endogenous as well as exogenous retrovirus
infections.

Citation: Jonsson SR, LaRue RS, Stenglein MD, Fahrenkrug SC, Andrésdéttir V, et al (2007) The Restriction of Zoonotic PERV Transmission by Human

APOBEC3G. PLoS ONE 2(9): e893. doi:10.1371/journal.pone.0000893

INTRODUCTION

Viral zoonoses have impacted human populations through the
ages. The 1918 influenza epidemic, the 2003 SARS incident and
the ongoing HIV/AIDS pandemic constitute clear examples of
virus transfer from birds [1], bats [2] and chimpanzees [3].
Domesticated animals can also function as zoonotic intermediates
(e.g., [4,5]). Additional and unprecedented opportunities for
zoonoses occur when live cells, tissues or organs are transplanted
from one species to another [6]. However, despite risks and
technical and immunological challenges, several xenotransplanta-
tion procedures have shown preclinical promise for treating
diabetes, heart, kidney and other human diseases (¢e.g., [7-9]).

Pigs are favourable xenotransplantation sources because of their
human-like physiology, large litters, short gestation period and
genetic malleability [10]. However, pig to human virus trans-
mission has been a concern since it was shown that porcine
endogenous retroviruses (PERVs) could infect human cells in
culture [6,11-13]. Although PERV transmission has yet to be
documented in xenotransplantation patients, significant concerns
still exist regarding PERV and other potentially pathogenic viruses
[14,15]. Strategies to reduce the likelihood of PERV transmission
have been proposed, such as selective breeding for lower levels of
PERYV, RNAI transgenesis to knock-down PERV expression or
systematic deletion of active PERV copies (e.g., [15,16]). The first
two are unlikely to be completely effective or risk-free and the
third, albeit theoretically feasible, may be overly technical and
prohibitively expensive. Therefore, alternative, robust and cost-
effective methods to reduce PERV transmission and possible
xenozoonotic infections are desirable.

APOBEC3G is a single-strand DNA cytosine deaminase best
understood as a potent inhibitor of HIV-1 replication [17-23]. It
can however also inhibit a variety of other exogenous and
endogenous retroviruses/elements (e.g., [17,18,24-29]). APO-
BEC3G engages an assembling retrovirus particle, accesses the

@ PLoS ONE | www.plosone.org

RNA genome-containing virus core and, upon reverse transcription,
deaminates cDNA cytosines to uracils (C-to-U). Catastrophic levels
of uracil either directly inactivate the coding capacity of the virus or
trigger the degradation of the viral DNA. The former manifests as
genomic strand-specific guanine to adenine (G-to-A) hypermutations
(cDNA strand C-to-T transitions). However, in several instances, it is
noteworthy that the deaminase activity of APOBEC3G or other
APOBECS3 proteins is partly or even completely dispensable (e.g.,
HIV-1, hepatitis B virus, L1 and Alu [27-32]).

Interestingly, throughout evolution, the retroviruses of many
mammals appear to have become largely immune to APOBEC3G
or to the APOBEC3G-like proteins of their hosts. HIV-1 expresses
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an accessory protein, Vif, which neutralizes APOBEC3G through
ubiquitination and degradation [33-36]. Simian immunodeficien-
cy virus (SIV) uses a similar Vif-dependent mechanism [17,26].
Foamy viruses employ an unrelated viral protein called Bet, for
which the precise neutralization mechanism is currently unclear
[37,38]. Murine leukaemia virus (MLV) and human T-lympho-
trophic virus-1 (HTLV-1) may simply avoid APOBECS proteins
by preventing encapsidation [26,39,40].

However, cell-based studies have indicated that an APOBEC3
protein from a mammal to which the virus has not yet adapted
may provide an effective strategy for thwarting species-specific
viral counter-defenses. For instance, human APOBEC3G can
potently inhibit the replication of SIV (except isolates such as
SIV,, which encode a Vif protein closely related to that of HIV-
1), feline foamy virus and MLV (eg., [17-20,25,26,39,41,42]).
Similarly, mouse APOBEC3 can potently block HIV-1 replication
(regardless of Vif), although it is completely unable to impede the
replication of MLV [26,41]. One of the most dramatic examples
to date used human and mouse APOBEC3 proteins to inhibit the
mobilization of the yeast retrotransposons Tyl and Ty2 [43,44].
Thus, it 1s reasonable to hypothesize that cross-species expression
of an APOBEC3 protein may be used to create a powerful barrier
to impede or perhaps even block retrovirus infection. Here, this
rationale 1s applied to the specific question of whether human
APOBEC3G expression can inhibit the transmission of PERV
from pig to human cells. The results demonstrate that PERV
transmission can be strongly inhibited by APOBEC3G.

RESULTS

A Co-culture Assay to Monitor PERV Transmission
To determine whether expression of human APOBEC3G would
inhibit the transfer of PERV from pig to human cells it was first
necessary to establish a long-term co-culture system. A trans-well
assay was set up to monitor PERV transmission from pig kidney
PK-15 fibroblasts to recipient human embryonic kidney 293T cells
(Figure 1A). These two cell types were used because transmission
from PK-15 to 293 cells had been reported previously [11]. The
trans-well system enabled co-cultures to be sustained for several
weeks, and it facilitated the recovery of each cell type for
downstream analyses. An additional benefit of this co-culture
system (not provided by transient assays) is that it enables the
simultaneous analysis of multiple, endogenous PERV elements,
which are precisely the targets one would want to monitor and
ideally inhibit in (xeno)transplantation procedures.

At each co-culture passage point, surplus human 293T cells
were used to prepare genomic DNA. PERV transmission was
monitored by subjecting these samples to quantitative (Q)-PCR.
PERV-specific pol gene PCR products could be detected in the
human genomic DNA samples after approximately two weeks of
continuous co-culture (Figure 1B). From the point of first detection
onward, the total number of PERV transmissions continued to
increase, averaging 190 new events per day per 50,000 cells (10°
beta-actin copies; SEM =62; n=5 experiments). Importantly, pig
cells did not breach the 293T cell compartment because Q-PCR
analyses of the same human genomic DNA samples failed to detect
a concomitant transfer of pig genomic DNA (Figure 1B; also see
Online Figure S1 for PERV po/ gene Q-PCR standard curves,
representative PERV-specific datasets and human beta-actin
controls). Moreover, PERV copy number did not increase over
a two week interval when infected 293T cells were grown in
isolation, indicating that PERV was not replicating in the human
cells and that the majority of the observed transmission events
were derived from the PK-15 cells (i.e., new events). These results
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Figure 1. PERV Transmission Assay. (A) Schematic of the co-culture
system. PERV transmitting PK-15 cells are grown on top of the
membrane of the insert and human 293T cells on the bottom of the
well of the culture dish. Virus particles are depicted diffusing through
membrane pores. (B) The zoonotic transmission of PERV from PK-15
cells to 293T cells is shown by the time-dependent accumulation of
PERV pol gene DNA in the human cells (solid diamonds and squares).
No concomitant transfer of pig genomic DNA occurred through the
duration of these experiments (open diamonds and squares). This
graph summarizes data for two independently derived PK-15 clones, V1
(squares) and V2 (diamonds). All data points were calculated using
results from duplicate Q-PCR reactions of genomic DNA from three
parallel (but independent) co-cultures. The error bars indicate the SEM.
See the Materials and Methods and Online Figure S1 for additional
details, representative raw data and controls.
doi:10.1371/journal.pone.0000893.g001

combine to indicate that the trans-well assay provided a robust
system for monitoring bona fide zoonotic PERV transmissions.

Human APOBEC3G Inhibits PERV Transmission

The second key step in addressing our experimental question was
isolating PK-15 clones that stably expressed human APOBEC3G.
Clones expressing human APOBEC3G cDNA or an empty vector
control were established in parallel (Figure 2A). Immunoblotting
identified clones with APOBEC3G levels similar to those in known
APOBEC3G-expressing human T cell lines CEM and H9, which
are non-permissive for growth of Vif-deficient HIV-1 [19].
Although it was impossible to achieve a physiologic expression
level, the comparative immunoblot at least ensured that the levels
of APOBECS3G were equal or lower than those present in well-
studied, non-permissive human T cell lines.

Co-culture experiments were set up to compare PERV trans-
mission from two independently derived PK-15 clones expressing
human APOBEC3G and two vector expressing controls. Re-
markably, the human APOBEC3G expressing PK-15 clones
showed levels of PERV transmission that were lower than the
Q-PCR detection threshold of approximately 10 copies (Figure 2B;
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Figure 2. Human APOBEC3G Inhibits PERV Transmission. (A) An
immunoblot showing PK-15 clones expressing human APOBEC3G (G1
and G2) or a control vector (V1 and V2). PK-15 and 293T cell lysates
were used as negative controls. CEM and H9 were used as positive
controls for APOBEC3G expression. A non-specific (but pan-species)
band is shown as a protein loading control (marked by an asterisk). (B)
Q-PCR data using genomic DNA prepared from 293T cells co-cultured
with two independently derived APOBEC3G expressing PK-15 clones
(G1 and G2, circles and triangles, respectively) or two vector control
clones (V1 and V2, diamonds and squares, respectively). The
experimental parameters are identical to those used in Figure 1B.
doi:10.1371/journal.pone.0000893.9002

Online Figure S1). In contrast, the control clones showed high
levels of PERV transfer by co-culture day 17 and transmission
events continued to accumulate through the duration of the
experiment. The kinetics of PERV transmission were similar to
those reported in Figure 1B (these results also contributed to the
aforementioned transfer rate calculations). These data were
further corroborated by additional experiments where PERV
transmission was monitored simultaneously by Q-PCR and by
reverse-transcriptase ELISA assays (Online Figure S2).

The Sub-cellular Distribution of Human APOBEC3G

Is Virtually Identical in Human and Pig Cell Lines

An ultimate application of the technology described here raises the
potential problem that human APOBEC3G may not be subjected to
(proper) post-translational regulation in pig cells and it may therefore
promote carcinogenesis. Expression of human APOBEC3G in
a heterologous system has been shown to trigger elevated levels of
genomic C/G-to-T/A transition mutation [44]. Therefore, to help
mitigate this risk (in addition to establishing clones that expressed
relatively modest APOBEC3G levels; above), we asked whether the
predominantly cytoplasmic localization pattern of human APO-
BEC3G would be maintained in PK-15 and in a swine testes cell
line, ST-IOWA (Figure 3; compare with other APOBEC3G reports
[18,35,41]). Unlike some other APOBECS3 proteins such as human
APOBECS3B, which is mostly nuclear, both human APOBEC3G
and pig APOBECSF appeared predominantly cytoplasmic in either
the human or the pig cell lines (Figure 3; [28,31,41]). Both proteins
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Figure 3. The Sub-cellular Distribution of Human APOBEC3G in
Human and Pig Cell Lines. Sub-cellular distributions of GFP, human
APOBEC3G-GFP and pig APOBEC3F-GFP in the indicated live pig and
human cell lines. The scale bar in the top left panel indicates 10 uM.
doi:10.1371/journal.pone.0000893.g003

also appeared to concentrate in cytoplasmic punctae, which varied in
number and were apparent in some of the cells regardless of species
of origin (described previously for APOBEC3G; eg., [45,46]).
Opverall, these near-identical localization patterns suggested that
human APOBECS3G is not aberrantly regulated in pig cells and,
interestingly, that these proteins might be subjected to the same
cellular regulatory mechanism(s).

PERV Appears Resistant to Porcine APOBEC3F
During the course of these experiments, we reported some of the
activities of pig APOBEC3F [41]. It could strongly inhibit the
replication of HIV (regardless of Vif) and modestly inhibit the
replication of MLV, a gamma-retrovirus phylogenetically related
to PERV. Therefore, we wondered whether pig APOBEC3F was
expressed in PK-15 and, if so, whether PERV resists this cellular
defense. To begin to address this possibility, RT-PCR was used to
test PK-15 cells for pig APOBEC3F expression. Pig APOBEC3F
mRNA was detected readily (Online Figure S3A). Full cDNA
sequencing revealed that the predicted APOBECS3F protein of
PK-15 cells was 98% identical to the variant we reported
previously [41]. Eight amino acid differences were found, but
both the PK15 and the previously reported APOBECS3F sequences
were represented in pig genomic DNA sequences suggesting that
these may be breed-specific polymorphisms (R.S.L. and R.S.H.,
manuscript in preparation). These observations indicated that
either PERV resists the endogenous APOBECSF protein of its
host or that the level of suppression by pig APOBECSF is not
sufficient to inhibit PERV transmission.

To begin to distinguish between these two hypotheses, PK-15
clones over-expressing pig APOBEC3F were established and used
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in transmission experiments. The former hypothesis was favored
because pig APOBECSF over-expression did not significantly
interfere with PERV transmission (Online Figure S3B). These
results were further supported by PCR experiments showing that
PERYV could be amplified readily from 293T cells that had been
co-cultured with PK-15 over-expressing pig APOBEC3F (unlike
the APOBEC3G scenario; below).

We further noted that it is highly unlikely that another resident
APOBEC3 protein contributes to PERV restriction, because
genomic DNA sequencing showed that pigs have only one
APOBEC3 gene, APOBEC3F (R.S.L. and R.S.H., manuscript in
preparation). These observations combined to indicate that PERV
is resistant to the endogenous APOBECS protein of its host. In
hindsight, this was not particularly surprising given the emerging
trend that (successful) retroviruses are selected in part by their
ability to evade the APOBEC3 proteins of their host species (see
Introduction).

Evidence that Human APOBEC3G Inhibits PERV By

a Deamination-Independent Mechanism

The hallmark of APOBEC3G-dependent retrovirus restriction is
plus-strand G-to-A hypermutation, which is caused by the de-
amination of minus-strand cDNA C-to-U during reverse transcrip-
tion [17,18,20,24,25]. The deamination of cytosines within single-
strand DNA requires glutamate 259 (E259) of APOBEC3G [47-49].
Based on homology to structurally defined deaminases, E259 likely
functions by helping position the water molecule that ultimately
Initiates the deamination reaction by attacking the cytosine ring (as
a hydroxide; reviewed by [17,23,50,51]).

To determine whether DNA deamination is required the
APOBEC3G-dependent inhibition of PERV transmission, we
established a new set of PK-15 clones expressing APOBEC3G,
APOBEC3G E259Q or a vector control (Figure 4, inset).
Surprisingly, both APOBEC3G and the E259Q) derivative
diminished PERV transmission to near background levels
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Figure 4. The APOBEC3G-dependent Inhibition of PERV Transmission
Is Deamination-Independent. PERV-specific Q-PCR data using genomic
DNA prepared from 293T cells co-cultured with PK-15 clones expressing
APOBEC3G (G; triangles), APOBEC3G-E259Q (GE259Q; circles) or empty
vector (V; squares). Two datasets, each with an independent PK-15
clone in three replica co-culture wells, were collected in parallel and
averaged for each data point. One standard error of the mean is shown.
The experimental parameters are identical to those used in Figure 1B.
The inset immunoblots show the APOBEC3G and o-tubulin levels of
representative PK-15 clones expressing the indicated construct. The
human T cell line H9 provided a positive control for APOBEC3G
expression.

doi:10.1371/journal.pone.0000893.g004
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(Figure 4). These data demonstrated that the mechanism of
inhibition does not require the DNA deaminase activity of
APOBEC3G. These data were further supported by the fact that
plus strand G-to-A hypermutations were not apparent in the DNA
of the rare transmission events that occurred in the presence of

human APOBEC3G (below).

Genetic Variation in Zoonosed PERV DNA Sequences
To begin to genotype the infectious PERVs and to further probe the
mechanism of PERV restriction by human APOBEC3G, the PERV
pol gene DNA was amplified from human 293T cells, cloned and
sequenced (Figure 5A; Online Figure S4). T'wenty-nine and twenty-
two sequences were analysed from APOBEC3G and control
experiments, respectively. To minimize possible PCR biases, any
sequence that was recovered multiple times was considered one
event, unless it arose from independent experiments. These DNA
sequence analyses revealed several important points.

First, in contrast to vector control and pig APOBEC3F over-
expressing co-cultures, PERV po/ gene DNA was difficult to
amplify from the genomic DNA of 293T cells that had been co-
cultured with APOBEC3G-expressing PK-15 cells (Figure 5B and
every significant sampling point in our Q-PCR experiments).
Taking this together with the observation that APOBEC3G does
not effect PK-15 virus production (similar RT levels were observed
in cell-free supernatants in the presence or absence of APO-
BEC3G; data not shown), we infer that APOBEC3G restricts
PERV transmission after virus production but before provirus
integration (z.e., between entry and integration). APOBEC3G may
restrict PERV at an early reverse transcription stage, possibly by
interfering with primer binding, DNA synthesis and/or integration

po[ “ ] env |3I LTR

Sequenced fragment
B PK-15 A3 genotype
M  None

A sirpg
| gag |
L]

Controls

A3G A3Fo/e 293T PK-15

PERV pol
193 bp

Pig gDNA
341 bp

Human
f-actin
133 bp

Figure 5. Genetic Variation in Zoonosed PERV DNA Sequences. (A) A
schematic of the PERV genome showing coding regions (gag, pol and
env) and long-terminal repeats (LTRs). The relevant 193 bp pol gene
fragment is indicated. (B) An ethidium bromide-stained agarose gel
showing that PERV pol gene DNA was amplified readily from 293T cells
cultured with PK-15 control clones (None) and pig APOBEC3F over-
expressing clones (A3Fo/e) but not with PK-15 clones expressing
human APOBEC3G (A3G; top panel). PERV pol gene DNA (top panel)
and pig genomic DNA (APOBEC3F locus; middle panel) PCR products
were detected in PK-15 genomic DNA, whereas human beta-actin was
strongly detected in the 293T cell genomic DNA samples (@ much
weaker amplification of pig beta-actin occurred because the human
primers had partial complementarity to pig sequences, 20/21 and 17/18
nucleotides).

doi:10.1371/journal.pone.0000893.9005
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as shown recently for APOBEC3G and HIV-1 substrates (e.g.,
[30,52-55]).

Second, control co-culture PERV transmission events were
exceptionally diverse, as 11 unique po/ sequences were detected
and only 4 were found multiple times (Online Figure S4). These
data suggested that PK-15 cells have at least 11 active PERVs
capable of infecting human 293T cells, a number consistent with
previous studies that reported the existence of approximately 17—
50 PERV copies in total (with only a fraction being replication-
competent; [11,12]). In contrast, the rare PERV sequences derived
from the APOBEC3G co-culture experiments showed a much
lower genetic complexity. Only three unique sequences were
recovered, each differing by a single nucleotide (Online Figure S4).
In parallel experiments with HIV-based viruses, this APOBEC3G
expression construct caused approximately 30 G-to-A hypermuta-
tions per 1000 bases analyzed (e.g., [41]). Thus, approximately 12
G-to-A transitions should have been recovered in these PERV
DNA analyses (nearly 90 if multiply recovered sequences would
have been considered). The absence of hypermutated PERV
proviral DNA provided further support for a deaminase-in-
dependent mechanism of restriction, which may share features
with other instances described previously (e.g., [27-30]).

DISCUSSION

We have established a quantitative assay to monitor the zoonotic
transmission of PERV to human 293T cells. Expression of human
APOBEC3G in the pig PK-15 cell line strongly inhibited PERV
zoonoses, while the endogenous APOBEC3F protein of pigs
appeared considerably less effective. These data are the first to show
that human APOBEC3G can inhibit PERV and the first to
demonstrate that APOBEC3 proteins can be used purposefully to
reduce if not prevent zoonotic retroviral infections. These results were
not anticipated because human APOBECS3G has a relatively weak
effect against the PERV-related gamma-retrovirus MLV [26,39].
Our data indicate that the engineering of pigs to express human
APOBEC3G (or an equally potent non-porcine APOBECS3) may
result In animals whose cells and tissues are much less likely to
disseminate functional PERV. The deamination-independence of
the restriction mechanism suggests that a catalytically inert
APOBEC3G protein, such as E259Q), may be equally potent
and simultaneously reduce the risk of cancer-promoting muta-
genesis. APOBEC3G or APOBEC3G-E295Q) expressing pigs may
therefore constitute safer source animals for pig-to-human
xenotransplantation procedures. In contrast to knockdown, knock-
out (by gene targeting or selective breeding) or most chemical-based
anti-viral approaches to neutralize PERV [15], the APOBEC3 anti-
viral defense system has several advantages including a potentially
broad neutralizing activity (effective against PERV and likely several
other endogenous and exogenous viruses) and an applicability to
situations where many copies of a virus are already present in
a genome. Analogous transgenic applications can be envisaged, such
as using cross-species APOBEC3 expression to purposefully impede
known viruses (e.g., the AIDS virus HIV-1 or the Hepatitis B virus
HBV). Moreover, for humans and other mammals with multiple
APOBEC3 proteins, our data encourage the development of
methods to induce/up-regulate endogenous APOBECS proteins,
which have the capacity but may not normally restrict a particular

virus (e.g., human APOBEC3B and HIV-1).

MATERIALS AND METHODS

Cell lines, plasmids and co-culture experiments
The porcine kidney PK-15 fibroblast cell line and the swine testes
ST-IOWA cell line were obtained from the ATCC and cultured in
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Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented
with 10% fetal bovine serum (Gemini), and 25 units/ml penicillin
and 25 pg/ml streptomycin at 37°C and 5% CO,. Human
embryonic kidney 293T and HeLa (A. Bielinsky, University of
Minnesota) cell lines were grown under the same conditions. The
T cell lines H9 and CEM (M. Malim, Kings College London) were
cultured in RPMI-1640 supplemented with 10% fetal bovine
serum (Gemini), and 25 units/ml penicillin and 25 pg/ml
streptomycin at 37 °C and 5% COs. Plasmids encoding human
APOBEC3G, human APOBEC3G-E259Q) and porcine APO-
BEC3F were described previously [41]. The human APOBEC3G
and porcine APOBEC3F c¢DNA sequences used here are
identical to GenBank accession numbers, NM_021822 and
NM_001097446, respectively.

Stable APOBEC3G- or vector control-expressing PK-15 cell
lines were constructed by transfection using FuGENE6 according
to the manufacturer’s protocol (Roche) or by electroporation
(BioRad, 250V, 950 uFa). Clones were selected using growth
medium containing 1 mg/ml G418 (Roche), and APOBEC3G
expressing clones were identified by immunoblotting using a poly-
clonal antibody toward human APOBEC3G (J. Lingappa,
University of Washington). All PK-15 clones were maintained in
growth medium supplemented with 250 yug/ml G418 to ensure
stable expression.

Long-term co-culture assays were performed in 6 well tissue
culture plates with inserts (Transwell®, Corning Inc.). This system
uses a membrane with 0.4 UM diameter pores, which keeps the
two cell types separated physically but simultaneously allows
diffusion of nutrients and small molecules including virus particles
of approximately 0.1 UM (including PERV). Each experiment was
initiated with 75,000 PK-15 cells (insert) and 75,000 293T cells
(well) as illustrated (Figure 1A). At 72 hr intervals, each cell type
was washed with PBS, subjected to mild trypsinization and diluted
into 4 parts fresh growth medium. Excess 293T cells were used to
prepare genomic DNA (Qiagen DNeasy kit).

The rate of PERV transfer was calculated using the pol gene
levels from the last two data points (usually spanning a 3 day
period). The difference between these levels represents PERV pol
gene DNA that has accumulated per 100,000 human beta-actin gene
copies (50,000 cells assuming that the 2931 cell line has two beta-actin
copies) per time period. Individual rates from 5 independent
experiments were averaged to determine the overall transmission
rate (190+/—62 events per day per 50,000 cells). Data from
Figures 1B, 2B and S2A contributed to rate calculations.

Genomic DNA Q-PCR assays

Genomic DNA was isolated from human 293T cells using the
DNeasy kit (Qiagen). Duplicate 25 pl PCR reactions consisting of
10 ng of 293T genomic DNA, 100 nM primers and 2 x 1Q) SYBR
Green super mix (BioRad) were run on an iCycler iQ) Multicolor
Real-Time PCR detection System (BioRad). The thermocycler
conditions consisted of an initial denaturation of 95°C for 5 min
and 50 cycles of denaturation (95°C for 15 sec) and annealing
(58°C for 30 sec). After the 50 cycles, a melting curve analysis
(55°C to 95°C) was performed to confirm product specificity. The
cycle threshold (Cr) was generated using BioRad software and it
was used to calculate the amount of target DNA (PERV pol or
human beta-actin). A standard curve was generated using the
method of Dorak [56] and a dilution series (10 to 107 copies) of
a linearized plasmid containing the relevant 193 bp PERV pol
gene fragment. The equation generated from the standard curve
(slope and y intercept) was used to determine the efficiency of the
PCR reaction and to quantify the number of PERV pol gene or
human beta-actin copies in the Q-PCR reactions. PERV copy
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numbers were normalized to those of beta-actin using the method of
[56]. The primer sets used in this study were: PERV pol (193 bp):
5'-AAC CCTTTA CCC TTT ATG TGG AT and 5'-AAA GTC
AAT TTG TCA GCG TCC TT; human beta-actin (133 bp)[57]:
5'-ATC ATG TTT GAG ACC TTC AA and 5'-AGA TGG
GCA CAG TGT GGG T; pig genomic DNA (341 bp product
specific to intron 5 of the pig APOBECSF locus): 5'-TGG GGA
GTG TGG AAT TAA CG and 5'-GGG GGT TAA GAA CCC
AAC AT.

RT-PCR experiments

Standard reverse transcription (RT)-PCR reactions were per-
formed using RNA prepared from PK-15 cells (TRIzol protocol,
Invitrogen), M-MLV reverse transcriptase was used for cDNA
synthesis using an oligo dT' primer (Ambion) and Taq polymerase
was used for PCR (Roche). The primers specific to pig
APOBECSF were 5'-TGG TCA CAG AGC TGA AGC AG
and 5'-TTG TTT TGG AAG CAG CCT TT (175 bp). The
semi-nested primer set used to detect plasmid-expressed pig
APOBECSF was 5'-CCA AGG AGC TGG TTG ATT TC (exon
6, reaction 1), 5'-CTG GAG CAA TAC AGC GAG AG (exon 7,
reaction 2) and 5'-TAG AAG GCA CAG TCG AGG, with the
latter being vector specific (319 bp and 190 bp products, re-
spectively). The mammalian beta-actin primers were 5'-CCT TCA
ATT CCA TCA TGA AGT G and 5'-CCA CAT CTG CTG
GAA GGT (236 bp). These primers amplify equally well a 236 bp
beta-actin fragment from all mammals tested, including pigs and
humans (e.g., Online Figure S3).

Fluorescent microscopy

The human APOBEC3G-GFP, pig APOBEC3F-GFP and GIFP
expression constructs were described previously [28,41]. The pig
and human cell lines were maintained as above. One day prior to
transfection, 5,000-20,000 cells were seeded onto LabTek
chambered coverglasses (Nunc). After 24 hrs incubation, these
cells were transfected with 250 ng of the relevant plasmid
construct. After 24 hrs of additional incubation, images of the
live cells were acquired using a Zeiss Axiovert 200 microscope at
400 % total magnification. Images were analyzed using Image J
software (http://rsb.info.nih.gov/1).

Reverse transcriptase activity assays

Whole cell protein extracts were prepared from 293T cells by
suspending 500,000 cells in PBS, sonicating twice for 5 seconds
and clarifying the lysates by centrifugation. Soluble protein levels
were quantified using a BioRad Bradford assay. 10 ug of cell lysate
was tested for reverse transcriptase activity using a C-type-RT
activity assay (Cavidi Tech) following the manufacturers’ instruc-
tions. Cell-free PK-15 supernatants (PERV-containing) were
assayed directly using the Cavidi Tech ELISA assay.

PERV po/ gene DNA sequence analyses

Human 293T cell genomic DNA was prepared from terminal co-
cultures and 50 ng was used for high fidelity, PERV pol gene-
specific PCR reactions (Phusion polymerase; Finnzymes). 193 bp
products were cloned using the Zero Blunt TOPO PCR Cloning
kit (Invitrogen) and sequenced (University of Minnesota Advanced
Genetic Analysis Facility). Sequence comparisons were performed
using Sequencher software (Gene Codes Corp.) and publicly
available Clustal W alignment algorithms (http://align.genome.

/).
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SUPPORTING INFORMATION

Figure S1 Quantitative Real-time PCR Analyses. (A) Standard
curves depicting Q-PCR data obtained using dilutions of
a linearized PERV pol gene plasmid alone (squares) or diluted
plasmid plus 10 ng of 293T cell genomic DNA (diamonds). Under
both conditions, all template amounts (10 to 10’ copies) amplified
efficiently (the log-linear slope equations are shown). The
correlation co-efficiency value (R?), which reports the technical
accuracy of the assay, is also indicated. The standard curve data
points were the average of 2 independent reactions with deviations
smaller than the symbols (i.e., C* errors for each point ranged
from 0 to 0.4). (B) Two representative control Q-PCR datasets
showing the amplification of PERV po/ gene DNA from pig PK-15
cell genomic DNA (circles). Two additional control Q-PCR
datasets showing that the PERV-specific primers fail to amplify
product from uninfected human 293T cell genomic DNA
(squares). The reaction threshold, 10 times the mean standard
deviation of the background fluorescence level (BioRad), is
indicated. (C) Representative co-culture Q-PCR amplification
curves of PERV pol gene DNA. Template genomic DNA isolated
from human 293T cells co-cultured with vector expressing PK-15
cells (diamonds) or human APOBEC3G-expressing PK-15 cells
(triangles) was used. (D) Representative Q-PCR amplification
curves of the 293T cell beta-actin gene, which served as an internal
standard for quantifying the real-time PCR data. Raw Q-PCR
data will be made available on request.

Found at: doi:10.1371/journal.pone.0000893.s001 (9.93 MB TIF)

Figure 82 APOBEC3G inhibits PERV transmission. (A) A
graph showing the accumulation of PERV pol gene-specific PCR
products in 293T cells co-cultured with a control cell line (V3) but
not with an APOBEC3G-expressing cell line (G1). The data points
were an average of two Q-PCR runs and the difference between
each run was smaller than the plotted symbol. The experimental
parameters were identical to those used in the experiments shown
in Figures 1B and 2B. (B) Relative levels of reverse transcripta-
se(RT)-activity detected in soluble extracts of day 28 co-cultured
293T cells, which were used to generate the Q-PCR data shown in
Figure S2A. Uninfected 293T cell lysates had a relatively high
endogenous RT activity. Therefore, to help with the presentation
of these data, this level was normalized to one and all of the other
data were calculated relative to this value. The level of RT activity
in PK-15 extracts was much higher than that of 293T cell extracts
(+/—PERV) and it had reached saturation (out of range) when
these data were collected.

Found at: doi:10.1371/journal.pone.0000893.s002 (4.76 MB TTF)

Figure 83 Pig APOBEC3F Is Expressed in PK-15 Cells and its
Over-expression Does Not Markedly Inhibit PERV Transmission.
(A) An image of an ethidium bromide-stained agarose gel showing
the results of an RT-PCR amplification experiment using PK-15
cellular RNA and appropriate controls. The top panel shows that
PK-15 and representative PK-15 derived clones all expressed pig
APOBECSF, as indicated by the specific 175 bp pig APOBEC3F
PCR product (confirmed by DNA sequencing). 293T cell mRNA
and a diluted pig APOBEC3F expression plasmid were used as
negative and positive controls, respectively. A larger, non-specific
band was apparent only in the 293T cell RT-PCR reactions. The
bottom panel shows that a conserved, 236 bp beta-actin gene
fragment could be amplified from both PK-15 cells and human
293T cells (but not from diluted plasmid DNA). Note that this
primer set differs from the human-specific set used in the Q-PCR
experiments. The sizes of the marker (M) DNA bands are shown.
(B) An image of an ethidium bromide-stained agarose gel showing
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expression of plasmid-derived pig APOBEC3F in PK-15 cells after
26 days of continuous co-culture. Non-transfected (NT) cells and
diluted APOBEC3F plasmid DNA (pDNA) provided negative and
positive controls, respectively. The larger 319 bp (far right lane
only) and smaller 190 bp bands are the specific PCR products of
the first and second rounds of semi-nested PCR, respectively
(confirmed by DNA sequencing). (C) A histogram summarizing
the level of PERV transmission that was observed after 23 days of
co-culturing human 2931 cells with PK-15 cells expressing a vector
control or over-expressing pig APOBEC3F. Two datasets, each
with an independent PK-15 clone in three replica co-culture wells,
were collected in parallel and averaged for each histogram bar.
One standard error of the mean is shown. The experimental
parameters are identical to those used in Figure 1B.

Found at: doi:10.1371/journal.pone.0000893.s003 (8.52 MB TTF)

Figure S4 Genetic Variation in Zoonosed PERV pol Gene
Sequences. (A) Sequences of the PERV pol gene fragments cloned
from 293T cells co-cultured with control vector-expressing PK-15
cells. The number of times that each sequence was recovered is
shown (N). Experiments 1 and 2 used genomic DNA prepared
from the 293T cells used to generate the data shown in Online
Figure S2 (day 28 samples) and Figure 2B (day 23), respectively.
The most frequently detected 147 bp PERV pol gene sequence is
shown in its entirety (which together with PCR primers makes up
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Legends to the Supporting Online Figures

Figure S1. Quantitative Real-time PCR Analyses

(A) Standard curves depicting Q-PCR data obtained using dilutions of a linearized PERV
pol gene plasmid alone (squares) or diluted plasmid plus 10 ng of 293T cell genomic
DNA (diamonds). Under both conditions, all template amounts (10 to 10’ copies)
amplified efficiently (the log-linear slope equations are shown). The correlation co-
efficiency value (R?), which reports the technical accuracy of the assay, is also indicated.
The standard curve data points were the average of 2 independent reactions with
deviations smaller than the symbols (i.e., Ct errors for each point ranged from 0 to 0.4).
(B) Two representative control Q-PCR datasets showing the amplification of PERV pol
gene DNA from pig PK-15 cell genomic DNA (circles). Two additional control Q-PCR
datasets showing that the PERV-specific primers fail to amplify product from uninfected
human 293T cell genomic DNA (squares). The reaction threshold, 10 times the mean
standard deviation of the background fluorescence level (BioRad), is indicated.

(C) Representative co-culture Q-PCR amplification curves of PERV pol gene DNA.
Template genomic DNA isolated from human 293T cells co-cultured with vector
expressing PK-15 cells (diamonds) or human APOBEC3G-expressing PK-15 cells

(triangles) was used.

(D) Representative Q-PCR amplification curves of the 293T cell B-actin gene, which
served as an internal standard for quantifying the real-time PCR data. Raw Q-PCR data

will be made available on request.
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Figure S2. APOBEC3G inhibits PERV transmission

(A) A graph showing the accumulation of PERV pol gene-specific PCR products in 293T
cells co-cultured with a control cell line (V3) but not with an APOBEC3G-expressing
cell line (G1). The data points were an average of two Q-PCR runs and the difference
between each run was smaller than the plotted symbol. The experimental parameters

were identical to those used in the experiments shown in Figures 1B and 2B.

(B) Relative levels of reverse transcriptase(RT)-activity detected in soluble extracts of
day 28 co-cultured 293T cells, which were used to generate the Q-PCR data shown in
Figure S2A. Uninfected 293T cell lysates had a relatively high endogenous RT activity.
Therefore, to help with the presentation of these data, this level was normalized to one
and all of the other data were calculated relative to this value. The level of RT activity in
PK-15 extracts was much higher than that of 293T cell extracts (+/- PERV) and it had

reached saturation (out of range) when these data were collected.

Figure S3. Pig APOBEC3F Is Expressed in PK-15 Cells and Its Over-expression Does

Not Markedly Inhibit PERV Transmission

(A) An image of an ethidium bromide-stained agarose gel showing the results of an RT-
PCR amplification experiment using PK-15 cellular RNA and appropriate controls. The
top panel shows that PK-15 and representative PK-15 derived clones all expressed pig
APOBEC3F, as indicated by the specific 175 bp pig APOBEC3F PCR product
(confirmed by DNA sequencing). 293T cell mRNA and a diluted pig APOBEC3F
expression plasmid were used as negative and positive controls, respectively. A larger,

non-specific band was apparent only in the 293T cell RT-PCR reactions. The bottom
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panel shows that a conserved, 236 bp f-actin gene fragment could be amplified from both
PK-15 cells and human 293T cells (but not from diluted plasmid DNA). Note that this
primer set differs from the human-specific set used in the Q-PCR experiments. The sizes
of the marker (M) DNA bands are shown.

(B) An image of an ethidium bromide-stained agarose gel showing expression of
plasmid-derived pig APOBEC3F in PK-15 cells after 26 days of continuous co-culture.
Non-transfected (NT) cells and diluted APOBEC3F plasmid DNA (pDNA) provided
negative and positive controls, respectively. The larger 319 bp (far right lane only) and
smaller 190 bp bands are the specific PCR products of the first and second rounds of

semi-nested PCR, respectively (confirmed by DNA sequencing).

(C) A histogram summarizing the level of PERV transmission that was observed after 23
days of co-culturing human 293T cells with PK-15 cells expressing a vector control or
over-expressing pig APOBEC3F. Two datasets, each with an independent PK-15 clone in
three replica co-culture wells, were collected in parallel and averaged for each histogram
bar. One standard error of the mean is shown. The experimental parameters are identical

to those used in Figure 1B.

Figure S4. Genetic Variation in Zoonosed PERV pol Gene Sequences

(A) Sequences of the PERV pol gene fragments cloned from 293T cells co-cultured with
control vector-expressing PK-15 cells. The number of times that each sequence was
recovered is shown (N). Experiments 1 and 2 used genomic DNA prepared from the
293T cells used to generate the data shown in Online Figure S2 (day 28 samples) and

Figure 2B (day 23), respectively. The most frequently detected 147 bp PERV pol gene

S3



sequence is shown in its entirety (without the PCR primers, which together make up the
193 bp product shown in Figure 5). Identical nucleotides in other sequences are
represented by dashes and non-identical nucleotides by the indicated DNA bases.
GenBank accession numbers are shown for po/ gene fragments with 100% identity to
previously reported sequences. PERV DNA sequences detected more than once are
asterisked in Figure 5C.

(B) Sequences of the PERV pol gene fragments cloned from 293T cells co-cultured with
control APOBEC3G-expressing PK-15 cells. Parameters are identical to those described

above.
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A PERYV transfers in vector control experiments

N Expt Sequence
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