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The TRIMS5a proteins of humans and some Old World monkeys have been shown to block infection of
particular retroviruses following virus entry into the host cell. Infection of most New World monkey cells by the
simian immunodeficiency virus of macaques (SIV,,,.) is restricted at a similar point. Here we examine the
antiretroviral activity of TRIM5« orthologs from humans, apes, Old World monkeys, and New World monkeys.
Chimpanzee and orangutan TRIMSa proteins functionally resembled human TRIMS5«, potently restricting
infection by N-tropic murine leukemia virus (N-MLV) and moderately restricting human immunodeficiency
virus type 1 (HIV-1) infection. Notably, TRIM5« proteins from several New World monkey species restricted
infection by SIV,,,. and the SIV of African green monkeys, SIV . Spider monkey TRIMSa, which has an
expanded B30.2 domain v3 region due to a tandem triplication, potently blocked infection by a range of
retroviruses, including SIV,,.., SIV,,., HIV-1, and N-MLV. Tandem duplications in the TRIMSa B30.2
domain vl region of African green monkeys are also associated with broader antiretroviral activity. Thus,
variation in TRIMS5« proteins among primate species accounts for the observed patterns of postentry restric-
tions in cells from these animals. The TRIM5« proteins of some monkey species exhibit dramatic lengthening

of particular B30.2 variable regions and an expanded range of susceptible retroviruses.

Following entry into the host cell, retroviruses must negoti-
ate a series of processes to establish a permanent infection of
the host cell. These include the uncoating of the viral core,
reverse transcription, nuclear access, and integration of the
viral DNA into the host genome (1, 45). Early, postentry re-
strictions to retrovirus infection can determine tropism at the
species level (6, 14, 15, 32, 36). Infection by N-tropic murine
leukemia virus (N-MLV), for example, is inefficient in most
human cells and certain cell lines from African green monkeys
(4, 39). Human immunodeficiency virus type 1 (HIV-1) en-
counters a postentry block in Old World monkeys, whereas
simian immunodeficiency virus of macaques (SIV,,.) is
blocked in most New World monkey cells (14, 15, 32). These
species-specific restrictions share several features. First, the
block occurs prior to or concurrent with reverse transcription,
which occurs in the cytoplasm of the host cell. At most, low
levels of early reverse transcripts are made in restricted cells (7,
14, 23, 32). Second, the viral determinant of susceptibility to
the block is the capsid protein (7, 11, 19, 25, 26, 39). Other
capsid-binding proteins, such as cyclophilin A in the case of
HIV-1, can modify the degree of the restriction (25, 27, 41).
Third, the restriction is mediated by dominant host factors, the
activity of which can be titrated by the introduction of virus-
like particles containing proteolytically processed capsid pro-
teins of the restricted viruses (3, 7, 10, 23, 25, 40).

These observations suggested a model in which host restric-
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tion factors interact, directly or indirectly, with the viral capsid
and prevent its progression along the infection pathway. A
tripartite motif (TRIM) protein, TRIMS«, was identified as
the major factor in rhesus monkey cells restricting HIV-1 in-
fection (37). The rhesus monkey TRIMS5a (TRIMSa,,,) was
shown to confer potent resistance to HIV-1 infection in oth-
erwise susceptible cells and was necessary for the maintenance
of the block to the early phase of HIV-1 infection in Old World
monkey cells (37). Cells expressing TRIM5«,,, exhibited partial
inhibition of SIV_,,. infection but were as susceptible as con-
trol cells to infection by Moloney murine leukemia virus
(MoMLYV) vectors (37). Humans express a protein, TRIM5a,,,,
that is 87% identical in amino acid sequence to the rhesus mon-
key protein, TRIMSa,,,. Even when expressed at comparable
levels, TRIMS5q,,,, was less potent at suppressing HIV-1 and SIV-
mac infection than TRIMSe,, (12, 37, 47). Recently, TRIMSay,,
was shown to be responsible for the postentry restriction of N-
MLYV in human cells (12, 17, 27, 47). TRIMS5a,,, was less effective
than TRIMSa,,,, at blocking these murine leukemia viruses (27).
The TRIMS5a protein from African green monkeys, TRIMS5a,,

inhibited N-MLV, HIV-1, and SIV,,. infection (12, 17, 4g7).
These observations underscore the importance of species-specific
variation in TRIMS orthologs to the ability to restrict infection by
particular retroviruses.

The tripartite motif that defines the TRIM proteins includes
a RING domain, B-box 2 domain, and coiled-coil domain (28).
Some TRIM proteins, including TRIMS, contain a C-terminal
B30.2 or SPRY domain (13, 28). Differential splicing of the
TRIMS primary transcript gives rise to the expression of sev-
eral isoforms of the protein product (28). The TRIMSa iso-
form is the largest product (493 amino acid residues in hu-
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mans) and contains the B30.2/SPRY domain. The other
TRIMS isoforms (y and 3 are the best substantiated of these)
lack an intact B30.2/SPRY domain. The TRIMSv,, isoform
does not inhibit HIV-1 or SIV, . infection (37). Thus, the
B30.2 domain is critical for the ability of TRIM5« to mediate
antiretroviral effects.

Studies of endogenous retroviral sequences indicate that
vertebrates, including humans, have been exposed to retrovi-
ruses for many millions of years (2, 16, 18, 20-22, 34, 35, 42-44,
46). This long history of host-retrovirus coevolution might fa-
vor the selection of particular TRIMS5a proteins that effectively
suppress lethal retrovirus infections. Conversely, retroviral
capsids may have evolved to minimize the impact of the
TRIMSa protein produced by the favored host species. Here
we clone the TRIM5 cDNAs of several primate species and
study the antiretroviral activities of these TRIMS5« variants.

MATERIALS AND METHODS

Cells for TRIM5 ¢DNA synthesis. SOMK-FP (Pindak) cells from a Bolivian
squirrel monkey (Saimiri boliviensis boliviensis), Vero cells from an African green
monkey (Cercopithecus aethiops pygerythrus), COS-1 cells from another subspe-
cies (Cercopithecus aethiops tantalus) of African green monkey, murine NIH3T3
cells, and human HeLa cells were obtained from the American Type Culture
Collection. Primary rhesus lung fibroblasts were derived from a rhesus macaque
(Macaca mulatta) (15). The Coriell Institute for Medical Research (Camden,
N.J.) supplied the following cells: AG05352 from a black-handed spider monkey
(Ateles geoffroyi), AG05308 from a red-chested mustached tamarin (Saguinus
labiatus), AG06209 from a Sumatran orangutan (Pongo pygmaeus abelii), and
GMO03448 from a chimpanzee (Pan troglodytes verus).

TRIMS cDNA cloning and sequencing. First- and second-strand cDNA syn-
thesis employed a cDNA synthesis kit (Clontech), using RNA prepared from the
cells described above. Human and primate TRIMS cDNAs encoding TRIMS5a
were amplified using TRIMf2, 5'-GCGGAATTCGCCATGGCTTCTGGAATC
CTGGTT-3', and TRIMr2, 5'-GCGATCGATGCCTCAAGAGCTTGGTGAG
CACAG-3'".

Amplification was carried out using the Clontech Advantage PCR kit, ther-
mocycling the reactions at 95°C for 30 s followed by 30 cycles of 95°C for 30 s,
55°C for 1 min, and 68°C for 3 min. Amplified cDNAs were inserted into the
pCR-BluntII-TOPO plasmid (Invitrogen) and sequenced using the following
primers: M13f (—20), GTAAAACGACGGCCAGT; M13r (—21), AACAGCT
ATGACCATG; TRIMf3, GGAAGCTGACATCAGAGA; TRIMf4, GATAAG
AGACAAGTGAGC; TRIMr3, TCTACCTCCCAGTAATG; and TRIMr4, TC
CTTCTCCAGGTTTTGC.

Creation of cells stably expressing TRIM5«a variants. Retroviral vectors en-
coding the TRIMS5a variants were created by using the pLPCX vector (37). The
pLPCX-TRIMS5a vectors contain only the amino acid-coding sequence of the
TRIMSa ¢cDNA. With the exception of human TRIM5a, the TRIMSa proteins
possess N-terminal epitope tags derived from influenza virus hemagglutinin
(HA). In the human TRIMS5a construct, the HA tag is at the C terminus (37).
Recombinant viruses were produced in 293T cells by cotransfecting these
pLPCX plasmids with the pVPack-GP and pVPack-VSV-G packaging plasmids
(Stratagene). The pVPack-VSV-G plasmid encodes the vesicular stomatitis virus
(VSV) G envelope glycoprotein, which allows efficient entry into a wide range of
vertebrate cells (5, 15, 48). The resulting virus particles were used to transduce
~1 % 10° HeLa and NIH3T3 cells in the presence of 5 g of Polybrene/ml. Cells
were selected in 1 pg of puromycin (Sigma)/ml.

Immunoblotting. HA-tagged TRIMSa proteins expressed stably in HeLa cells
were detected by Western blotting of whole-cell lysates. Cells were lysed in 150
mM NaCl, 50 mM Tris-Cl (pH 7.5), and 1% Triton X-100. The primary antibody
for detection of the HA tag was HA.11 (Covance, Berkeley, Calif.). As a control,
B-actin was detected with the C-2 antibody (Santa Cruz Biotechnology). Follow-
ing the binding of primary antibody, the membrane was incubated with horse-
radish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology)
and ECL reagent (Amersham).

Infection with viruses expressing GFP. Recombinant viruses (HIV-1-GFP,
SIV.-GFP, N-MLV-GFP, B-MLV-GFP, and MoMLV-GFP) expressing the
humanized Renilla reniformis green fluorescent protein (GFP) were prepared as
previously described (27, 37). The SIV,,,,-GFP virus was created from the
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pSIV,em Tan-1 plasmid (33), which was provided by Marcelo Soares and Beat-
rice Hahn through the National Institutes of Health AIDS Research and Ref-
erence Reagent Program. A DNA fragment encoding GFP (Clontech) was
inserted into Xhol and NotI sites in place of nef sequences 8900 to 9000 in the
SIV, gmTan-1 provirus. A deletion from nucleotides 6300 to 7100 was introduced
into an env subclone from this provirus, and the Age I-Xhol fragment containing
the env deletion was cloned back into the proviral plasmid. Recombinant viruses
were produced by transfection of 293T cells with this plasmid, pHCMV-G, and
a Rev-expressing plasmid, as described elsewhere (15, 27, 37). HIV-1-GFP,
SIV 0-GFP, and SIV,,,-GFP viral stocks were quantified by measuring reverse
transcriptase activity, as described previously (29). The infectivity of the N-
MLV-GFP, B-MLV-GFP, and MoMLV-GFP viruses was determined by titrat-
ing the virus stocks on 293T cells. For infection, 3 X 10* HeLa or NIH 3T3 cells
expressing the TRIM5a variants were seeded in 24-well plates and incubated
with 2 X 10* to 4 X 10* cpm of HIV-1-GFP or SIV-GFP viruses, or MLV-GFP
viruses at a multiplicity of infection of 0.5, for 12 to 16 h. Cells were washed and
returned to culture for 48 h and then subjected to fluorescence-activated cell
sorter (FACS) analysis with a FACScan (Becton Dickinson).

Nucleotide sequence accession numbers. The primate TRIM5 nucleotide se-
quences have been deposited in the GenBank database under accession numbers
AY740612 to AY740618.

mac’

RESULTS

TRIM5a« proteins from different primate species. To inves-
tigate the functional importance of variation in the TRIMSa
protein, TRIM5 cDNA was cloned from the cells of several
primate species. In addition to the previously reported (12, 17,
37, 47) TRIM5 cDNAs from humans and Old World monkeys
(rhesus monkeys and African green monkeys), TRIM5 cDNA
was cloned from two ape species (chimpanzee and orangutan)
and three New World monkeys (squirrel monkey, tamarin, and
spider monkey). The predicted amino acid sequences of these
primate TRIMSa orthologs are aligned in Fig. 1. We note a
few features of the primate TRIMSa sequences potentially
relevant to the function of these proteins. Key structural ele-
ments comprising the known TRIM domains, such as the cys-
teines and histidines of the RING and B-box 2 domains, are
invariant among the primate TRIMS« proteins studied. The
sequences of the RING, B-box 2, and coiled-coil domains align
well, with lineage-specific variation in individual amino acid
residues apparent (Fig. 1). In the B30.2 domain, interspecies
variation in TRIMS5a is dramatic. Sequence comparisons of the
B30.2 domains of multiple TRIM proteins have revealed four
variable regions, designated vl to v4; in these variable regions,
significant length polymorphism as well as individual residue
variation occur (33a). The boundaries of v1, v2, and v3 are
depicted in Fig. 1; the v4 region of primate TRIMSa proteins
exhibits no length polymorphism (33a) and is not shown. Dra-
matic length polymorphism is observed in the v1 and v3 regions
of primate TRIMSa proteins. Old World primate TRIMSa
proteins possess relatively long v1 regions, whereas New World
primate TRIMSa proteins exhibit relatively long v3 regions
(33a). Of particular note, the TRIMS5a proteins of African
green monkeys and related monkeys possess unusually long v1
regions as a result of tandem sequence duplications (Fig. 1).
Similarly, the extremely long v3 region of spider monkeys, a
New World species, arises from a tandem triplication. In sum-
mary, lineage-specific variation characterizes primate TRIMS5a
proteins, particularly with respect to the B30.2 domains.

Expression of the primate TRIMS« proteins. Hela cells
stably expressing the TRIMSa proteins of different primates
were established. All of the TRIMS5a proteins were engineered
to contain an N-terminal epitope tag, except human TRIMSa,
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e et TR RING ----------ccccmmmmon |
human MASGILVNVK EEVTCPICLE LLTQPLSLDC GHSFCQACLT ANHKKSMLDK .GESSCPVCR 60
chimpanzee MASGILVNVK EEVTCPICLE LLTQPLSLDC GHSFCQACLT ANHKKSMLDK .GESSCPVCR
orangutan  MASGILVNVK EEVTCPICLE LLTQPLSLDC GHSFCQACLT ANHKKSTLDK .GERSCPVCR
agm (pyg) MASGILVNVK EEVTCPICLE LLTEPLSLPC GHSLCQACIT ANHKESML'K "*“ERSCPVCR
agm(tan) MASGILVNVK EEVTCPICLE LLTEPLSLPC GHSFCQACIT ANHKESML 'K #"ERSCPVCR
rhesus m. MASGILINVK EEVTCPICLE LLTEPLSLHC GHSFCQACIT ANHK'SML'K FGERSCPVCR
squirrel m. MASGILVSIK EEVTCPICLE LLTEPLSLDC GHSFCQACIT ANHKESMLH. QGERSCPLCR
tamarin MASGILVNIK EEVTCPICLE LLTEPLSLDC GHSFCQACIT ANHKESTPH. QGERSCPLCR
spider m. MASGILLNIK EEVTCPICLE LLTEPLSLDC GHSFCQACIT ANHKESTLH. QGERSCPLCR
[ B-Box 2 -----
human ISYQPENIRP NRHVANLVEK LREVKLSP.E GQKVDHCARH GEKLLLFCQE DGKVICWLCE 120
chimpanzee ISYQPENIRP NRHAANIVEK LREVKLSP.E GQKVDHCAHH GEKLLLFCQE DGKVICWLCE
orangutan  VSYQPKNIRP NRHVANIVEK LREVKLSP.E GQKVDHCARH GEKLLLFCKE DGKVICWLCE
agm (pyg) ISYQPENIQP NRHVANIVEK LREVKLSPEE GQKVDHCARH GEKLLLFCQE D! KVICWLCE
agm(tan) ISYQPENIOP NRHVANIVEK LREVKLSPEE GQKVDHCARH GEKLLLFCQE DS KVICWLCE
rhesus m. ISYQPENIQOP NRHVANIVEK LREVKLSPEE GQKVDHCARH GEKLLLFCQE D-KVICWLCE
squirrel m. LPYQSENLRP NRHLASIVER LREVMLRPEE RQNVDHCARH GEKLLLFCEQ DGNIICWLCE
tamarin MSYPSENLRP NRHLANIVER LEEVMLSPEE GQKVGHCARH GEKLLLFCEQ DGNVICWLCE
spider m. VSYQSENLRP NRHLANIAER LREVMLSPKE GQKVDRCARH GEKLLLFCQQ HGNVICWLCE
-------- | [==mmmmmm e eeeeeeeioo--------- Coiled coil
human RSQEHRGHHT FPTEEVAQEY QVKLQAALEM LRQKQQEAEE LEADIREEKA SWKTQIQYDK 180
chimpanzee RSQEHRGHHT FLTEEVAREY QVKLQAALEM LRQKQQEAEE LEADIREEKA SWKTQIQYDK
orangutan  RSQEHRGHHT FLTEEVAQKY QVKLQAALEM LRQKQQEAEE LEADIREEKA SWKTQIQYDK
agm (pyg) RSQEHRGHHT FLMEEVAQEY HVKLQTALEM LRQKQQEAEK LEADIREEKA SWKIQINYDK
agm(tan) RSQEHRGHHT FLMEEVAQEY HVKLQTALEM LRQKQQEAEK LEADTREEKA SWKIQIYDK
rhesus m. RSQEHRGHHT FLMEEVAQEY HVKLQTALEM LRQKQQEAEK LEADIREEKA SWKIQIYDK
squirrel m. RSQEHRGHNT FLVEEVAQKY REKLQVALET MRQKQQDAEK LEADVRQEQA SWKIQIQNDK
tamarin RSQEHRGHHT LLVEEVAEKY QEKLQVALEM MRQKQQODAEK LEADVREEQA SWKIQIRNDK
spider m. RSQEHRGHST FLVEEVAQKY QEKLOVALEM MRQKQQDAEK LEVDVREEQA SWKIQIENDK
_________________________________________________________ |
human TNVLADFEQL RDILDWEESN ELQONLEKEEE DILKSLTNSE TEMVQQTQSL RELISDLEHR 240
chimpanzee TNVLADFEQL RDILDWEESN ELQNLEKEEE DILKSLTKSE TEMVQQTQSV RELISDLERR
orangutan  TSVLADFEQL RDILDWEESN ELQNLEKEEE DILKSLTKSE TEMVQQTQSV RELISDVEHR
agm (pyg) TNVSADFEQL REILDWEESN ELQNLEKEEE DILKSLTKSE TEMVQQTQ'M RELISDLEHR
agm(tan) TNVSADFEQL REILDWEESN ELQNLEKEEE DILKSLTKSE TEMVQQTQ'M RELISDLEHR
rhesus m. TNVSADFEQL REILDWEESN ELQNLEKEEE DILKSLTKSE TEMVQQTQ'M RELISFLEHR
squirrel m. TNIMAEFKQL RDILDCEESN ELQNLEKEEK NILKRLVQSE NDMVLQTQSV RVLISDLERR
tamarin TNIMAEFEQL RDILDCEESE ELONLEKEEK NILKRLVQSE SDMVLQTQSM RVLISDLERR
spider m. TNILAEFKQL RDILDCEESN ELONLEKEEE NLLKTLAQSE NDMVLQTQSM RVLIADLEHR
'_-_
human LQGSVMELLQ GVDGVIKRTE NVTLKKPETF PKNQRRVFRA PDLKGMLEVF RELTDVRRYW 300
chimpanzee LQGSVMELLQ GVDGVIKRME NVTLKKPETF PKNQRRVFRA PDLKGMLEVF RELTDVRRYW
orangutan LQGSVMELLQ GVDGIIKRMQ NVTLKKPETF PKNQRRVFRA PNLKGMLEVF RELTDVRRYW
agm(pyg) LQGSMMELLQ GVDGIIKRVE NMTLKKPKTF HKNQRRVFRA PDLKGML"F RELTDVRRYW
agm(tan) LQGSMMELLQ GVDGIIKRIE NMTLKKPKTF HKNQRRVFRA PDLKGML"F RELTDVRRYW
rhesus m. LQGSMMDLLQ GVDGIIKRIE NMTLKKPKTF HKNQRRVFRA PDLKGMLIMF RELTDARRYW
squirrel m. LQGSVVELLQ DVDGVIKRIE KVTLQKPKTF LNEKRRVFRA PDLKRMLQVL KELTEVQRYW
tamarin LOGSVLELLQ GVDDVIKRIE TVTLQKPKTF LNEXRRVFRA PDLKAMLQAF KELTEVQRYW
spider m. LQGSVMELLQ DVEGVIKRIK NVTLQKPKTF LNEKRRVFRA PDLKGMLQVF KGLEEVQCYW

J. VIROL.

FIG. 1. Primate TRIM5a sequences. The primary amino acid sequences of the TRIMS« proteins studied herein are aligned. The primate
species of origin are indicated to the left of the sequences (agm, African green monkey; pyg, subspecies pygerythrus; tan, subspecies tantalus; m.,
monkey). Amino acid residues that exhibit variation among the TRIMSa proteins are colored blue in the hominoids, green in the Old World
monkeys, and red in the New World monkeys. Gaps in the sequence are indicated by dots. The boundaries of the RING, B-box 2, coiled-coil, and
B30.2(SPRY) domains are indicated. The locations of variable regions (v1, v2, and v3) within the B30.2(SPRY) domain are indicated (33a). The
tandemly duplicated sequences within the v1 regions of African green monkey TRIMS5a proteins are underlined in green and black. The tandemly
triplicated sequences in the TRIMSa protein of spider monkeys are underlined in red. The v4 variable region is not marked.
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————— B30.2 (SPRY) Cm e WL e
human VDVTVAPNNI SCAVISEDKR QVSSPEPQII YGARGTRYQT FV........ cc:cescessss 360
chimpanzee VDVTVAPNNI SCAVISEDMR QVSSPKPQII YGARGTRYQT FM........
orangutan VDVTVAPNDI SYAVISEDMR QVSCPEPQIT YGAQGTTYQT ¥YV........
agm (pyg) VDVTLAPNNI SHAVIAEDKR QVSYRNPQIM YOSPGSLEC TNFSYCT
agm(tan) VDVTLAPNNI SHAVIAEDKR QVSYQNPQIM YOQAPGSLFGS LTNFNYYT
rhesus m. VDVTLATNNI SHAVIAEDKR QVSSENPQIM YOAPGTLF.. ....c0044
squirrel m. AHVTLVPSHP SYTIISEDGR QVRYOQEP... ....ccecee sesoasoaans
tamarin AHVTLVESHP SYAVISEDER QVRYOPQ. .. cicivivvsns susaavnonn
spider m. AHVTLVPEHP SCTVISEDER QVRYIOBO. .. sressrsensne ssensrsesrs
~~~~~~ > Cmmmmmm V2 o>
human NFNYCTGI LGSQSITSGK HYWEVDVSKK TAWILGVCAG FQPDAMCNIE ENENYQPKYG 420
chimpanzee .NFNYCTGI LGSQSITSGK HYWEVDVSKK SAWILGVCAG FQPDAMCNIE KNENYQPKYG
orangutan .NFNYCTGI LGSQSITSGK HYWEVNVSKK SAWILGVCAG FQPDAMYNIE QNENYQPQYG
agm(pyqg) LTNFNYCTGV LGSQSITSGK HYWEVDVSKK SAWILGVCAG FQPDATYNIE QNENYQPKYG
agm(tan) LTNFNYCTGV LGSQSITSGK HYWEVDVSKK SAWILGVCAG FQPDATYNIE QNENYQPKYG
rhesus m. LTNFNYCTGV LGSQSITSGK HYWEVDVSKEK SAWILGVCAG FQSDAMYNIE QNENYQPKYG
squirrel m. LVEVQYFYGV LGSPSITSGK HYWEVDVSNK RAWTLGVCVS LEKCTANQSVS GTENYQPKNG
tamarin SVEVNYFYGV LGSPSITSGK HYWEVDVTNE RDWILGICVS FECHNAEKWNVL RPENYQPEKNG
spider m. SVEVEYFCGV LGSPGFTSGK HYWEVDVSNK SAWILGVCVS LECTA..NVP GIENYQPENG
e V3 s
human BT RARE v Ww v SR TR VERTERE FAESTEEE SRR SRR RS 480
clinpanses THVERL: .. coonissies dassibaknme mREansaEes  Sne s waee e e
orangutan 3123t T O —————
agm (pyg) AWVEEE: ¢ o wa vwa sl b T diee Vewrss v s AR ey swree Wee e
agm(tan) BUWE: e o wath F0A 55 SR AR RO WSRO R B s A | R
rhesus m. b 4,y 4 SR PR ————
SuAreel Wi TOUIGLENRG WER. i i isasnsanns Aainanions Abeeirsrsv SEvaievese
tamarin FUPTOLOINER MWW - i oain i s W R - | RS o BN T e
spider m. YWVIGLONAN NYSAFQDAVP GTENYQPKNG NRRNKGLRNA DNYSAFRDTF QPINDSWVTG
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ >
o A PPOR——— EEGVKCSAFQ DSSFHTPSVP FIVPLSVIIC PDRVGVFLDY EACTVSFFNI 540
chimpanzee .......... EEGVKCSAFQ DGSFHTPSAP FIVPLSVIIC PDRVGVFLDY EACTVSFFNI
OEADGUERTY L isaesd ans EEGVKCSAFQ DGSFHNPSAP FIVPLSVIIC PDRVGVFLDY EACTVSFFNI
) Ak 5 ——— QEGDKYSVFQ DGSSHTPFAP FIVPLSVIIC PDRVGVF'DY EACTVSFFNI
EOMIERRY Lsusaen e QEGDKYSVFQ DGSSHTPFAP FIVPLSVIIC PDRVGVFVDY EACTVSFFNI
KRR M s essaas sas QEGVKYSVFQ DGSSHTEFAP FIVPLSVIIC PDRVGVF'/DY EACTVSFFNI
SOULETel Wy soevvear AF (QSSFEFRDFL AGSRLTLSPP LIVPLFMTIC PNRVGVFLDY EARTISFFNV
Camarin: i vasses AF QDAVKYSDFQ IGSRSTASVP LIVPLFMTIY PNRVGVFLDY EACTVSFFNV
spider m. LENVDNYNAF QDAVKYSDFQ DGSCSTPSAP LMVPLFMAIC PKRVGVFLDC KACTVSFFNV
B30, 2(8PRY) ~==rmmmn |
Human TNHGFLIYKF SHCSFSQPVF PYLNPRKCGV PMTLCSPSS 579
chimpanzee TNHGSLIYKF SHCSFSQPVF PYLNPRKCGV PMTLCSPSS
orangutan TNHGFLIYKF SHCSFSQPVF PYLNPRKCRV PMTLCSPSS
agm (pyg) TNHGFLIYKF SQCSFSKFPVF PYLNPRKCTV PMTLCSFSS
agm(tan) TNHGFLIYKF SQCSFSKPVF PYLNPRKCTV PMTLCSPSS
rhesus m. TNHGFLIYKF SOCSFSKFVF FYLNPRKCTV PMTLCSFSS
squirrel m. TSNGFLIYKF SDCHFSYPVF PYFNPMTCEL PMTLCSPSS
tamarin TNNGFLIYKF SNCHFSYPVF PYFSPMTCEL PMTLCSPSS
spider m. TSNGCLIYKF SKCHFSYPVF PYFSPMICKL PMTLCSPSS

FIG. 1—Continued.

which possesses a C-terminal tag (37). As the antiretroviral
activity of rhesus monkey TRIMS5«a has been shown to be
slightly affected by the presence of a C-terminal epitope tag
(37), we opted to use N-terminal tags for most of the primate
TRIMSa constructs. To verify that the TRIMSa proteins were
expressed, cell lysates were Western blotted with an antibody

that recognizes the epitope tag. In parallel, the lysates were
blotted and probed with an anti-B-actin antibody. The results
indicated that all of the TRIMSa variants are expressed, and
that the levels of expression are within two- to threefold of
each other (Fig. 2). In addition to the major TRIMS« band,
bands that are presumably the result of posttranslational mod-
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8 ification were evident. The nature of these bands is under
P -~ = . N & investigation.
E g E - - £ 5 3 Restriction of primate immunodeficiency virus infection by
5 % S 2 = g E o 2 g, primate TRIM5« proteins. The HeLa cells expressing the
o E 8 = = 5 £ 3D g % TRIMS5a proteins of different primate species and control
g E é g 3 UU)- ﬁ ‘% S 6 HeLa cells transduced with the empty pLPCX vector were
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FIG. 2. Expression of the primate TRIM5a proteins. Lysates from
HeLa cells stably expressing the indicated primate TRIMSa proteins,
which contained HA epitope tags, were subjected to Western blotting
with an antibody against HA. Control lysates from HeLa cells trans-
duced with the empty pLPCX vector were analyzed in parallel (Vec-
tor). The major band corresponding to the TRIM5a protein is indi-
cated by a white circle. The lysates were also Western blotted with an
antibody directed against B-actin.

incubated with recombinant viruses containing the GFP gene.
The recombinant viruses were derived from HIV-1, SIV_,..,
SIV 4m, and MoMLYV proviruses. The efficiency of infection
was monitored by measuring the percentage of GFP-positive
target cells.

As has been previously observed (37), human TRIMSa mod-
erately inhibited HIV-1-GFP infection but did not significantly
affect SIV,,,,.-GFP infection (Fig. 3). Human TRIMS5« did not
inhibit SIV,,,,,-GFP infection. The patterns of restriction ob-
served for the chimpanzee and orangutan TRIMS5a proteins
were similar to that of human TRIMSa. Rhesus monkey
TRIMSa potently restricted infection by HIV-1-GFP and
SIV,m-GFP and partially blocked SIV,,,.-GFP infection.
Both African green monkey TRIMS5a proteins restricted HIV-
1-GFP infection, but only TRIM5a from the C. aethiops tan-
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FIG. 3. Effect of expression of the primate TRIMSa proteins on retrovirus infection. HeLa cells expressing TRIMS« proteins from the various
primate species, or control HeLa cells transduced with the empty pLPCX vector (Vector), were incubated with the indicated recombinant viruses
expressing GFP. Infected, GFP-positive cells were counted by FACS. The results of a typical experiment are shown. Similar results were obtained
in three independent experiments. Hom, hominoid; OWM, Old World monkey; NWM, New World monkey.
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FIG. 4. Effect of expression of the primate TRIM5a proteins on infection of different MLVs. NIH3T3 cells expressing TRIMSa proteins from
the various primate species, or control HelLa cells transduced with the empty pLPCX vector (Vector), were incubated with the indicated
recombinant viruses expressing GFP. Infected, GFP-positive cells were counted by FACS. The results of a typical experiment are shown. Similar
results were obtained in three independent experiments. Hom, hominoid; OWM, Old World monkey; NWM, New World monkey.

talus subspecies blocked SIV,,,.-GFP infection. Neither Afri-
can green monkey TRIMSa protein significantly inhibited
infection by SIV,,,,-GFP viruses.

The TRIMSa proteins from all three New World monkey
species examined in this study potently restricted SIV ,,,.-GFP
infection (Fig. 3). The spider monkey TRIMS«a protein also
efficiently blocked HIV-1-GFP and SIV,,,,-GFP infections.
Modest inhibition of SIV,,,,,-GFP infection was observed for
squirrel monkey and tamarin TRIMSa proteins; the latter
TRIMS5a protein also partially blocked HIV-1-GFP infection.

MoMLV-GFP infection was not significantly affected by ex-
pression of any of the primate TRIMSa proteins examined
(Fig. 3), indicating the specificity of the observed inhibitory
effects on infection by primate immunodeficiency viruses.

Restriction of N-MLYV infection by primate TRIM5« pro-
teins. The NIH3T3 cells expressing the different primate
TRIMSa proteins were incubated with recombinant murine
leukemia viruses N-MLV-GFP, B-MLV-GFP, and MoMLV-
GFP. The percentage of GFP-positive target cells was used as
an indication of the efficiency of infection.

All of the primate TRIMSa proteins inhibited N-MLV-GFP

infection, at least moderately (Fig. 4). The TRIMSa proteins
from humans, chimpanzee, orangutan, and African green mon-
keys significantly reduced the efficiency of N-MLV-GFP infec-
tion. The New World monkey TRIMS5a proteins less potently
inhibited N-MLV-GFP infection. None of the TRIMSa pro-
teins tested significantly affected the efficiency of B-MLV-GFP
or MoMLV-GFP infection.

DISCUSSION

Considerable variation among TRIMSa proteins of different
primate species exists (33a). This observation is consistent with
expectations of variation in host molecules that coevolve with
the infectious agents targeted. Despite the observed variation,
all of the cloned TRIMS« proteins retain the ability to sup-
press infection by at least one of the retroviruses tested. Key
elements of the TRIM domains, such as the cysteines and
histidines of the RING domain, are preserved in all of the
primate TRIMSa proteins. RING domain cysteines have been
shown to contribute to the anti-HIV-1 activity of rhesus mon-
key TRIMSa (37).
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The patterns of postentry restrictions on the infection of
several retroviruses in the cells of various primate species can
be explained by TRIMSa variation. HIV-1 infection is blocked
soon after entry into Old World monkey cells (14, 15, 32); the
TRIMSa proteins from these monkeys potently restrict HIV-1
infection. SIV .. infection encounters postentry restrictions in
most New World monkey cells (15). The TRIMS5a proteins of
three species from distinct branches of the New World monkey
phylogenetic tree potently blocked SIV .. infection. Although
New World monkeys have not been exhaustively characterized
with respect to postentry restriction of immunodeficiency virus
infection, owl monkeys represent the only known exception to
the block to SIV,,,. in the New World lineage of monkeys (15).
The owl monkey TRIM5 has recently been shown to be dis-
rupted by a retrotransposon-mediated insertion, precluding
expression of the complete TRIMSa protein in this species (24,
30). Combined with our data, this observation suggests that
TRIMS5a is the major postentry restriction factor for SIV, . in
New World monkey cells. Given the current geographic isola-
tion of New World monkeys from known SIVs, TRIMS5a ac-
tivity against SIV, ... in these species may have been selected by
past viral epidemics.

N-MLYV infection is restricted at a postentry level in the cells
of some but not all primates (4, 40). TRIM5a accounts for this
restriction in the cells of humans and African green monkeys
(12, 17, 27, 47). Rhesus monkey cells do not restrict N-MLV
infection after virus entry (4, 39), consistent with the less po-
tent ability of the TRIMSa protein from this species to block
N-MLYV infection. We observed that the TRIMSa proteins of
chimpanzees and orangutans efficiently inhibited N-MLV in-
fection, suggesting that the cells of some apes will restrict
infection by this virus. A gibbon cell line has been reported to
be susceptible to N-MLV infection (4, 39), suggesting that
quantitative or qualitative differences in TRIMS5«a expression
or antiviral function in some ape cells exist. The TRIMS«a
proteins of New World monkeys exhibited only moderate in-
hibition of N-MLYV infection. This is consistent with the re-
ported ability of marmoset cells to support the early, postentry
steps in N-MLYV infection (4, 39). As expected, owl monkey
cells, which do not express a complete TRIMSa protein (24,
30), are also susceptible to infection by recombinant N-MLV
vectors. Further work will be required to determine if the
sporadic restriction of N-MLV infection observed in some
mammalian species other than primates (4, 39) is mediated by
TRIMS-related proteins.

Some of the observations made in this and related studies
(12, 17, 27, 47) support a role for TRIM5« in determining the
species tropism of retroviruses in vivo. In no instance does a
retrovirus naturally infect a host that encodes a TRIM5a pro-
tein with potent restricting activity against the virus. The ubig-
uitous expression of the TRIMS5« protein in many cells of the
host (28) probably contributes to the strength of this correla-
tion. Moreover, it appears that naturally infecting immunode-
ficiency viruses may have evolved to reduce the impact of the
TRIMS5a protein of the preferred host species to an acceptable
minimum. Thus, HIV-1 demonstrates only moderate sensitiv-
ity to the TRIMSa proteins of humans and chimpanzees.
SIV .o Is relatively resistant to inhibition by the TRIM5«
proteins from two subspecies of African green monkey. Like-
wise, SIV ... is only moderately inhibited by the rhesus monkey

mac
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TRIMS5a protein; although rhesus macaques are an Asian spe-
cies and not naturally infected by SIVs, they are related to
mangabeys (Cercocebus species), the natural host of SIV, .,
from which SIV, . was derived (8, 9, 31). The TRIMS«a pro-
teins of rhesus macaques and mangabeys are phylogenetically
related (33a).

The TRIMSa proteins of the different primate species were all
efficiently expressed in the transduced HeLa cells. Therefore,
most of the observed specificity for particular retroviruses likely
arises from intrinsic differences in the TRIMS5a proteins them-
selves. The most dramatic variation among primate TRIMS5«a
proteins occurs in the B30.2 (SPRY) domain, which has been
shown to be essential for the ability of TRIMSa,, to restrict
HIV-1 infection (37). Comparative analysis of multiple TRIM
proteins has revealed the existence of four variable regions within
the B30.2 domain (33a). Considerable length polymorphism in
the v1 and v3 variable regions characterizes the TRIMSa proteins
of primates. The v1 region of Old World primates is relatively
long (33a); the v1 region of TRIM5a,,, has been shown to be the
major determinant of anti-HIV-1 potency of that protein (38).
The v3 region of New World primates is relatively long (33a); this
feature might contribute to the potent restriction of SIV . ob-
served for these TRIMS5a variants. An attractive model is that the
variable regions of the B30.2 domain represent surface-exposed
loops that mediate contacts with the targeted viral capsid. Such a
model is supported by the observation that owl monkeys do not
express TRIMS5a but instead express TRIMCyp, a fusion protein
in which the TRIMSa B30.2 domain is replaced by cyclophilin A
(24, 30). TRIMCyp acquires the ability to restrict HIV-1 infection
by virtue of the binding of the HIV-1 capsid by the cyclophilin A
moiety (24, 30). Thus, carboxy-terminal elements that contact
retroviral capsids may be functionally complemented for antiviral
activity by the TRIMS amino-terminal elements.

Consistent with a contribution of the B30.2 variable regions
to antiretroviral specificity is the observation that the TRIMS«
variants with the broadest range of targeted viruses exhibited
unusually long variable regions. The African green monkey
TRIMSa v1 region is 46 residues long, 18 residues longer than
the corresponding region of most Old World monkey TRIMS«
proteins (33a). African green monkey TRIM5a variants can
restrict HIV-1, SIV .., N-MLV, and equine infectious anemia
virus (12, 17, 47). These restrictions, although broad in range,
are not nonspecific, as the SIV,,,,, virus, as well as B-MLV and
MoMLYV, are not inhibited. Moreover, SIV, .. infection is po-
tently blocked by TRIMSa, ., (cany but is not affected by the
closely related TRIMSa, g pye)- Thus, subtle sequence differ-
ences between viruses and TRIMSa proteins can exert signif-
icant effects on the efficiency of restriction.

The spider monkey TRIMSa v3 region is 96 residues long,
much larger than the length of 41 residues typical of New
World monkey v3 regions (33a). Like the long v1 region of the
African green monkey TRIMSa protein, the spider monkey
TRIMSa v3 region apparently arose by the generation of tan-
dem repeat sequences. The spider monkey TRIMSa protein
was able to inhibit HIV-1, SIV ., SIV,,,, and, partially, N-
MLV. Long B30.2 variable loops may provide flexible struc-
tures and multiple sequence motifs, allowing interaction with
several different viral capsids.

Future studies should clarify the interactions of TRIMSa
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proteins and retrovirus capsids and might suggest avenues for
intervention in retroviral infections.
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