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Chance favors a prepared genome
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uring evolution, all verte-
brates have been exposed to
multiple waves of cross-
species infection by retrovi-
ruses. A number of defensive strategies
have developed, among them the spon-
taneous expression, throughout the
body, of restriction factors, antiviral pro-
teins that will bind to the capsid (CA)
protein of incoming virions and inter-
fere with virus replication (1). One ex-
ample of such a protein is TRIMS5a,
first described in 2004, that provides
species-specific retrovirus restriction and
can prevent HIV-1 infection (2).
TRIMSa can block retrovirus replica-
tion either before or after reverse tran-
scription seemingly dependent on
proteasome engagement (3). It com-
prises an N-terminal RBCC domain
made up of RING (R), B-box (B),
and coiled-coil (CC) modules and a C-
terminal B30.2 domain (4). The B30.2
domain mediates virus binding and de-
termines which viruses a given TRIM5«
will restrict, whereas the RBCC domain
is important for TRIMS« multimeriza-
tion and appears responsible for com-
municating with the proteasome. Shortly
after the initial description of Trim5«, a
novel restriction protein was reported in
Aotus trivirgatus (owl monkey). Insertion
of a cyclophilin A (CypA) pseudogene
between exons 7 and 8 of the TRIMS
gene resulted in formation of a fusion
protein where the CypA has replaced
the B30.2 domain (5, 6). Because CypA
can bind CA from various lentiviruses
(7), this fusion protein can act as a re-
striction factor for a number of viruses
including HIV-1. Remarkably, it now
appears that the owl monkey fusion pro-
tein is not unique. Three articles in this
issue of PNAS, by Wilson et al. (8), Vir-
gen et al. (9), and Brennan et al. (10),
and two articles published elsewhere
(11, 12) provide a description of the sec-
ond, independent case of the generation
of a Trim5CypA fusion protein.

A Second Fusion Event

This second chimeric gene, which we
will refer to as Trim5CypA2, was identi-
fied in three different species of ma-
caque monkeys, Macaca mulatta (rhesus
macaque) (8, 11), Macaca nemestrina
(pig-tailed macaque) (9-12), and Ma-
caca fascicularis (long-tailed or crab-
eating or cynomolgus macaque) (10).
Like Trim5CypAl from Aotus,
Trim5CypA2 appears to have been
generated by LINE element-mediated

www.pnas.org/cgi/doi/10.1073/pnas.0800667105

A TrimSa.
1 2 3 4 56 7 8
AN ] O e
. [] Coding exon
VYV VWV B RING
i H B-Box2
Trim5CypAl
et L ey W Coiled coil
URANIE ] |5 e
N VV VW VV & cypa
@ Splice donor
Trim5CypA2 @  Splice acceptor

ANl =

%

B GATCCACCCGCCTCGGCCTGCCAAAGTGCTGGGAT TACAGGCATGAGCTACCGCGCCCAGCCTGTGCTTATTTTCTT AARATAATTTTIGT

DA A A E E S P V L L A | s o s s b i i s A S G N S

o i V) P e o S s e S S o

T T Oy s . i s 7 O < e S P

5 K e G 2 Lt o A N5 A 5 2 T N i, s il s i A e s s W

K H Vv

M N T V

]

g T A D/ G0 G O S

I

[EATAATTTITGTAT TAAAAAATTCACATTAAATAAGT CCTAATG

[ Target site duplication
[ Inserted sequence
I CypA reading frame

Fig. 1.

V Splice acceptor site
O Specificity determinant

=== Polyadenylation signal

Genomicorganization and sequence of Trim5CypA2. (A) Organization of Trim5 gene showing the

CypA insertions in Trim5CypA1 and Trim5CypAz2. Coding exons (solid lines) and noncoding exons (dashed
lines) are drawn to scale. Exon numbers are found at the top, and the mRNA derived from splicing are
indicated below. The Trim5 domains (RING, B-Box, CC, B30.2, and CypA) are color-coded. Splice donors and
acceptors are depicted as circles at the bottom of the boxes representing the exons. CypA is inserted
between exons 7 and 8 in Trim5CypA1, where exon 7 is spliced to CypA instead of exon 8. In Trim5CypA2,
CypA is inserted within the noncoding part of exon 8, and inactivation of the splice acceptor site in exon7
results in the splicing of exon 6 to CypA. (B) Sequence of the CypA insertion in Trim5CypA2. The inserted
sequence, which is highlighted in green, is flanked by target site duplications, which are highlighted in
yellow. The CypA reading frame is colored orange. The splice acceptor site (orange arrowhead), HIV-2
specificity determinant (cyan hexagon), and polyadenylation signals (red bar) are indicated.

insertion (13) of a CypA pseudogene
within the TRIMS locus. However, the
pseudogenes are found at two different
locations; in Trim5CypAl it lies between
TRIMS exons 7 and 8, whereas in
Trim5CypAZ2 it is present in the un-
translated region of exon 8 (Fig. 14). It
was present, in homozygous form, in
>20 pig-tailed macaques and in both of
the cynomolgus macaques examined. By
contrast, it represents one of seven
Trim5 alleles found in rhesus macaques
(8, 14). Interestingly, it appears to be
present in Indian (allele frequency 25%)
but absent in Chinese rhesus macaques
(8). The inheritance of Trim5CypA2
might prove a useful tool for examining
unresolved issues regarding the evolu-
tion of different macaque species (15).
Trim5CypALl is translated from
mRNA formed by splicing from the end
of TRIMS exon 7 to a splice acceptor

PNAS

found in the CypA insertion just up-
stream of the CypA coding sequences,
whereas the Trim5CypA2 mRNA is
formed by joining the end of TRIMS
exon 6 to the CypA splice acceptor site
(Fig. 14). A SNP inactivating the exon
7 splice acceptor cosegregates with the
retrotransposed CypA sequences in
Trim5CypA2 (8, 11), presumably result-
ing in increased splicing to CypA. How-
ever, we cannot be certain whether this
SNP occurred before or after CypA
insertion.

Surprisingly, the Trim5CypA2 gene
product, unlike that from Trim5CypAl,
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does not inhibit HIV-1 replication. It is
therefore possible that macaques in
which Trim5CypA2 has replaced
TRIMSa might provide useful systems
for studies involving HIV-1 growth.
However, Trim5CypA2 clearly has re-
striction activity because it can block
infection by HIV-2, simian immunodefi-
ciency virus (SIV)agmtan, and feline
immunodeficiency virus (FIV) (8, 9).
This difference in restriction properties
results from a point mutation leading to
an H69R change in the CypA domain
(Fig. 1B) (9). Like the Trim5CypAl pro-
tein and Trim5e«, the Trim5CypA2 gene
product appears to block virus replica-
tion before reverse transcription of viral
RNA in a proteasome-dependent fash-
ion; as with the other factors, blocking
proteasome function with MG132 leads
to the nonproductive accumulation of
nonintegrated viral DNA (8). Restric-
tion of HIV-2 and SIVgmtan by the
Trim5CypA2 gene product can be com-
pletely inhibited by treatment of cell
cultures with the CypA binding drug,
cyclosporine A, indicating a direct
interaction between the Trim5CypA2
protein and CA (9) (8). By contrast,
cyclosporine A only partially reverses
Trim5CypAZ2 inhibition of FIV replica-
tion, most likely because the H69R
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change increases the affinity for the FIV
CA protein.

Random or Predictable Evolution?

The description of the original
Trim5CypA fusion was greeted with
considerable surprise. Reports of a sec-
ond case of exon shuffling involving the
same gene parents prompt a closer ex-
amination of whether twice is just a co-
incidence or really part of a pattern that
will be confirmed by the identification
of further hybrids. It may be instructive
to consider the example of retroviral
vectors designed for gene finding. Basic
features include a system for high-
frequency insertion into chromosomes,
an efficient splice acceptor system to
join genes, a polyadenylation signal to
stabilize transcripts, and a selectable/
visible marker gene to detect gene splic-
ing (16). CypA can provide all of these
properties. Database mining reveals that
CypA is one of the most common pseu-
dogenes, implying that retrotransposition
of this sequence can occur at high fre-
quency (17). In addition, a splice accep-
tor signal is found just upstream of the
CypA OREF, and a polyadenylation sig-
nal is found downstream (Fig. 1B). Fur-
ther, resistance to retroviral infection
could clearly provide a strong evolution-
ary advantage allowing selection of fu-
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sion genes incorporating CypA in a
fashion leading to retrovirus restriction.
Multimerizing CypA moieties by fusion
to other Trim genes or the murine Fvl
gene in vitro has been shown to generate
novel restriction factors (18, 19), so the
choice of the upstream partner would
appear more flexible. However, fusion
to Trim5 may give a more efficient re-
striction factor perhaps because of pro-
teasome recruitment. Alternatively,
Trim5 may be truly dispensable for nor-
mal cell physiology, allowing gene
fusions at little cost to the organism,
unlike other members of the Trim
family.

Although we have no way of knowing
which retrovirus provided the selective
forces in Aotus or Macaca for
Trim5CypAl or Trim5CypA2, selection
certainly seems to have occurred, be-
cause all 10 species of owl monkey have
Trim5CypAl (20) and members of three
of the major groups (15) of macaques
have Trim5CypAZ2, thereby confirming
the protective value of the Trim5CypA
chimera. It thus appears abundantly
clear that Trim5CypA chimeric proteins
can block viral infections, but it remains
to be seen what fraction of infections
can be resisted in this manner. Might
this represent the natural shape of
things to come in the battle against
AIDS?
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