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The Trim5« protein from several primates restricts retroviruses in a capsid (CA)-dependent manner. In owl
monkeys, the B30.2 domain of Trim5 has been replaced by cyclophilin A (CypA) following a retrotransposition.
Restriction of human immunodeficiency virus type 1 (HIV-1) by the resulting Trim5-CypA fusion protein
depends on CA binding to CypA, suggesting both that the B30.2 domain might be involved in CA binding and
that the tripartite RING motif, B-BOX, and coiled coil (RBCC) motif domain can function independently of the
B30.2 domain in restriction. To investigate the potential of RBCCs from other Trims to participate in
restricting HIV-1, CypA was fused to the RBCC of Triml, Trim18, and Trim19 and tested for restriction.
Despite low identity within the RBCC domain, all fusion proteins were found to restrict HIV-1 but not the
nonbinding G89V mutant, indicating that the overall structure of RBCC and not its primary sequence was
important for the restriction function. The critical interaction between CA and Trim-CypA appears to take
place soon after viral entry. Quantitative PCR analysis of viral reverse transcriptase products revealed that the
different fusion proteins block HIV-1 at two distinct stages of its life cycle, either prior to reverse transcription
or just before integration. With Triml and Trim18, this timing is dependent on the length of the Trim
component of the fusion protein. These observations suggest that restriction factor binding can have different

mechanistic consequences.

Retroviruses are restricted by a number of host cellular
proteins. Some of these factors act at an early stage of the life
cycle in a capsid (CA)-dependent manner (36). The prototypic
example is the murine gene Fv1, which blocks the replication
of murine leukemia virus (MLV) (23). It was found to act
postentry but preintegration, with the products of reverse tran-
scription from the restricted virus being detected in infected
cells. There are two major alleles of FvI: FvI", which restricts
B-tropic virus, and Fv1®, which prevents infection by N-tropic
virus. A single amino acid change in residue 110 of the MLV
CA can alter MLV from N-tropic to B-tropic and vice versa
(22). Similar blocks were subsequently described in a number
of primate cells that restrict N-MLV but not B-MLYV, suggest-
ing a CA-mediated interaction (38). However, in contrast to
Fvl, this restriction factor, Refl, prevented reverse transcrip-
tion of N-MLV RNA.

Human immunodeficiency virus type 1 (HIV-1) was also
found to be restricted in cells from Old World monkeys and
the owl monkey (2, 10, 14). Replacing the HIV-1 CA with that
from simian immunodeficiency virus could alleviate this block,
indicating CA dependence. This restriction factor, which was
termed Lvl, also prevented the initiation of reverse transcrip-
tion. Similarities between the mode of action of Refl and Lvl
prompted experiments showing that preincubation of African
green monkey cells with N-MLV, which was restricted in these
cells, could abolish the block to subsequent HIV-1 infection,
thereby suggesting that Refl and Lvl might be identical (12).
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Functional cloning from a rhesus monkey cDNA library led
to the identification of Trim5«a as a gene that restricted HIV-1
in a CA-specific manner (37). Trim5a is a member of the Trim
family of proteins, named after the #ripartite motif that they
possess, comprising a RING motif, B-BOX, and coiled coil
(RBCC) (32). Like many, but not all, members of the Trim
family, it also possesses a B30.2 domain downstream of the
RBCC (28). Subsequently, Trim5« from African green mon-
keys was also found to restrict HIV-1 and restriction of N-
MLV was shown by the TrimS« from humans and rhesus and
African green monkeys (13, 21, 31, 41). These observations,
together with the increase of N-MLYV titers in cells treated with
small interfering RNA to Trim5«, implied that Trim5« was the
major contributor to Ref1 activity in primates. However, Trim1
was also shown to restrict N-MLV but not B-MLYV, suggesting
that other Trim proteins could have antiretroviral activity (41).

In owl monkeys, the Trim5 gene contains a retrotransposed
insertion of cyclophilin A (CypA) between exons 7 and 8 (27,
33). One of the mRNA isoforms produced from this locus, V4,
is translated into a Trim5-CypA (T5C) fusion protein (27).
This protein restricts HIV-1 but not the G89V CA mutant,
which does not bind CypA. Only the isoform that contained
the intact CypA domain could bind and restrict HIV-1, sug-
gesting that the restriction factor acts by binding HIV-1 CA via
the CypA domain (27). Since Trim5« and T5C contain similar
RBCC motifs, the results also implied that the B30.2 domain of
TrimSa could have the same role as CypA in restriction.

Despite sharing more than 80% homology with the rhesus
Trim5«, the human protein shows little restriction of HIV-1.
Replacing the B30.2 domain in human Trim5a with the cor-
responding region from the rhesus protein was sufficient to
confer the ability to restrict HIV-1. Exchanging the B30.2 do-
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TABLE 1. Primers used in this study

Sequence”

Primer

...CACCATGGAAACACTGGAGTC
.CGGCGGCGTCGATGAGGACTGTTGACCGTTC
AGTCCTCATCGACGCCGCCGCCTGGGACCTTG
TTAAAGTTGTCCACAGTCCAC
.CGGCGGCGTCTCGGGTAGGTTCACTGTTCC
ACCTACCCGAGACGCCGCCGCCTGGGACCTTG
.CGGCGGCGTCGGCTGTTAAATAATCTAACCCC
TTTAACAGCCGACGCCGCCGCCTGGGACCTTG
.CACCATGGAAACACTGGAGTCAG
.CGGCGGCGTCGATGAGTGATGCTGACCGCTC
ATCACTCATCGACGCCGCCGCCTGGGACCTTG
.CGGCGGCGTCCTTCCCAGGCTCACTGCTGC
.GCCTGGGAAGGACGCCGCCGCCTGGGACCTTG
.CACCATGGAGCCTGCACCCGCCCG
.CGGCGGCGTCTTTCCCCTGGGTGATGCAAGAG
.CCAGGGGAAAGACGCCGCCGCCTGGGACCTTG
..CTCGAGTTAAGCGTAATCTGGAACATCGTATG
GGTATTCGAGTTGTCCACAGTC
..ATGATTGAACAAGATGGATTG
TGACAGCCGGAACACGGCGG
...TCTGGCTAACTAGGGAACCCA
...CTGACTAAAAGGGTCTGAGG
AACTAGGGAACCCACTGCTTAAG
TTGTCTTCGTTGGGAGTGAATTAG
TGCTGGGATTACAGGCGTGAG
...FAM)ACACTACTTGAAGCACTCAAGGCAAGCT
TT(TAMRA)

Alu probe...

“ FAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine.

main of Trim18, which does not restrict N-MLV, with that
from Trim1, which does, results in a chimeric protein capable
of restriction, confirming the involvement of the B30.2 domain
in CA recognition (42). This result also suggested that the
RBCC from Trims that do not normally restrict retroviruses
could have the potential to do so when combined with a CA-
binding domain.

An investigation into the potential of the RBCC from other
Trim proteins in restricting HIV-1 could shed light on the role
played by the tripartite motif in restriction. In addition, since
the Trim proteins have been reported to define different cel-
lular compartments (32), restricting Trim proteins could act as
beacons for tracking the path taken by the virus to get to the
nucleus. Hence, we set out to test the ability of the RBCCs
from Triml1, Trim18, and Trim19 to restrict HIV-1 in fusion
with CypA. These studies form the basis of this report.

MATERIALS AND METHODS

Cells and viruses. All cell lines were maintained in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum and antibiotics. Viruses were
prepared as previously described (35) by transfection of 293T cells with 7 pg each
of vesicular stomatitis virus G, Gag-Pol, or vector plasmids. For making viruses
to deliver the restriction factors, pHIT60 was used for expressing the Moloney
MLV Gag-Pol (35). MLV tester viruses were made with pLNCG (41) and
pCIGN (N-tropic) or pCIGB (B-tropic) (3). HIV-1 tester viruses were made with
pCSGW (enhanced green fluorescent protein [EGFP] vector) (1) and p8.91 (wild
type) (45) or pG89V (CA mutant) (41).

Construction of fusion proteins. Chimeric proteins are denoted T (for Trim),
a number (identifying the Trim), C (cyclophilin A), and S, M, or L (short,
medium, or long form). Fusion proteins were made by overlapping PCR using
Pfu Ultra (Stratagene). Primers are listed in Table 1. RBCCs were amplified
from Trimla (GenBank AY625005), Trim18a (AF230976), or Trim19 (S50913)
cloned in previously described vectors, while CypA was amplified from
OMKTrim5CypA V4 (27, 41). Primer pairs T1F-T1CS2 and T1CS3-CR were
used for T1CS, while T1F-T1CL2 and T1CL3-CR were used for T1CL. Primer
pairs TIF-T1CM2 and T1CM3-CR were used to construct TICM. Primer pairs
T18F-T18CS2 and T18CS3-CR were used for T18CS, while T18F-T18CL2 and
T18CL3-CR were used for T18CL. Finally, primer pairs T19F-T19C2 and
T19C3-CR were used for T19C.

J. VIROL.

The two PCR products were gel purified using a QIAquick gel extraction kit
(QIAGEN) and joined in a second PCR using Trim1F and CR for T1CS, T1CM,
and T1CL; T18F and CR for T18CS and T18CL; and T19F and CR for T19C.
The C-terminal hemagglutinin (HA)-tagged fusion proteins were made by PCR
using the forward primers for the respective Trims together with the reverse
primer CHAR, which contains the sequence encoding amino acid residues 99 to
107 of the influenza virus hemagglutinin. All PCR products were cloned into
pENTR-Topo and transferred into pLGatewaylY carrying the enhanced yellow
fluorescent protein (YFP) gene for restriction assay or pLGatewaySN (M. Yap,
unpublished data) for microscopy. The structures of all plasmids were verified by
DNA sequencing.

Restriction assay. Assays in HT1080 cells were performed by two-color fluo-
rescence-activated cell sorting (FACS) analysis as previously described (14, 17).

Quantitative PCR of reverse transcription products, 2-LTR circles, and pro-
viruses. Virus stocks were treated with RQ1 DNase (Promega) at 10 units/ml for
1 h at room temperature to remove any DNA that could be carried over from
transfection during viral production. Cells that had been previously transduced
with the restriction factors at a multiplicity of infection (MOI) of >10 were
infected with the DNase-treated virus at an MOI of 1. Total genomic DNA of the
infected cells was extracted using the DNeasy tissue kit (QIAGEN) at 7, 24, and
48 h postinfection for the detection of reverse transcription products, circles
formed by apparent end ligation of unintegrated linear viral DNA (2-LTR
circles), and integrated proviruses, respectively.

MLV late reverse transcriptase (RT) products were detected using primers
directed against the neomycin resistance gene in the vector (NeoF and NeoR;
see Table 1). HIV-1 early RT products were detected using primers that recog-
nized the RUS sequence (HIVEF and HIVER), while 2-LTR circles were de-
tected using the primer pair 2LTRF and 2LTRR. Integrated proviruses were
detected as previously described (8) using primer pair 2LTRF and AluR together
with an Alu probe. Quantitative PCR for detection of reverse transcription
products and 2-LTR circles was performed using the ABI Prism 7000 sequence
detection system from Applied Biosystems with either 150 ng (reverse transcrip-
tion products) or 250 ng (2-LTR circles) of total DNA, 70 nM of each primer,
and 1X SYBR Green mix (ABgene) in a reaction volume of 25 pl. Quantitative
PCR for integrated provirus was performed in a reaction volume of 25 ul
containing 250 ng of total DNA, 40 uM of each primer, and 1X Absolute QPCR
mix (Abgene). The program consisted of an initial incubation at 50°C for 2 min,
followed by 95°C for 15 min before 40 cycles of 95°C for 15 seconds and 60°C for
1 min. The results were normalized against actin positive controls.

Western blot analysis. TE671 cells were transduced with MLV-based vectors
expressing various Trim-CypA fusions in 12-well plates. The volume of virus
added was adjusted so that 70% of the cells were transduced with each construct
as determined by FACS analyses. Cells were reseeded into 5-cm dishes and
grown to confluence before lysing with 0.5 ml of lysis buffer (1% NP-40, 150 mM
NaCl, and 50 mM Tris-HCI, pH 8). The lysate was cleared by centrifugation and
25 pg of protein was boiled in 1X sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE) loading buffer containing 2.5 M urea. SDS-PAGE
was performed with 10% denaturing gels containing 2.5 M urea, and the sepa-
rated bands were transferred onto polyvinylidene difluoride membranes (Mil-
lipore). The membranes were blocked overnight in phosphate-buffered saline
containing 0.1% Tween 20 and 5% milk and probed with monoclonal anti-GFP
(Santa Cruz Biotechnology) or monoclonal anti-HA (Sigma-Aldrich). Detection
was performed using horseradish peroxidase-conjugated anti-mouse antibody
(Pierce) and an ECL kit (Amersham).

RESULTS

RBCC-CypA chimeras restrict HIV-1. We have previously
shown that the B30.2 domain of Trim5« was involved in spec-
ificity determination during HIV-1 restriction (42). In addition,
we found that Trim1 but not Trim18 restricted N-MLV and the
specificity of this restriction also mapped to the B30.2 domain.
Substituting CypA for the B30.2 domain of human, rhesus, and
African green monkey TrimSa resulted in chimeric proteins
that restrict HIV-1 in a CypA-binding dependent manner, sug-
gesting that the RBCC and the B30.2 were acting as two
different functional domains (42). Thus, it seems possible that
the RBCC of Trim1 and other members of the Trim family
could replace that of TrimS« to restrict HIV-1 when fused to
CypA. To investigate this possibility, a series of chimeric genes
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FIG. 1. Restriction of HIV-1 by Trim-CypA fusion proteins. (A) A
schematic representation of the fusion proteins is shown with the last
amino acid position from the parental Trim indicated on top of each
construct at the point of fusion. (B) Bar graph showing restriction.
HT1080 cells were transduced with MLV-based vectors carrying the
Trim-CypA gene as well as the YFP marker at an MOI of 1. Two days
posttransduction, the cells were challenged with HIV-1 or the G89V
CA mutant carrying the GFP marker. After 2 further days restriction
was measured by FACS analyses. Restriction is measured as a ratio of
the percentage of GFP-positive YFP-positive cells to that of GFP-
positive YFP-negative cells. A ratio that was less than 0.3 was taken as
positive restriction, while a ratio of 0.7 or more showed no restriction.

Restriciton

were prepared by fusing the CypA-containing exon of owl
monkey T5C to the C terminus of the RBCC from African
green monkey Trimla and Trim18a, as well as human Trim19
(the promyelocytic leukemia gene) and testing for restriction.

Two CypA chimeras were initially made for both Trim1 and
Trim18 (Fig. 1). The first pair consisted of CypA joined to the
end of the coiled-coil motif (T1CS and T18CS), while in the
second, CypA replaced the B30.2 domains of these proteins
(T1CL and T18CL). Trim19 lacks a B30.2 domain and does
not restrict HIV-1 when overexpressed in cells (data not
shown). It becomes oncogenic when the RBCC region is fused
to retinoic acid receptor « at either residue 394 or 552 (17).
This suggested that the minimum size of Trim19 RBCC re-
quired for activity was at least 394 residues. Hence, a fusion
protein was made by joining CypA to the first 394 amino acids
of Trim19 (T19C).

The fusion genes were cloned into vector pENTR-Topo
and transferred into a retroviral vector containing EYFP,
pLGatewaylY, by recombination. They were then introduced
into human HT1080 cells by transduction and assayed for re-
striction by challenging the transduced cells with either HIV-1
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FIG. 2. Abolition of restriction by CsA. HT1080 cells were trans-
duced with MLV-based vectors carrying the Trim-CypA fusion gene
and the YFP marker, and CsA (3 pg/ml) was added at different times
following infection. Restriction was measured 2 days later by FACS
analysis.

or the G889V CA mutant carrying the EGFP marker. Both
CypA fusion proteins of Trim1 and Trim18 restricted HIV-1
but not the nonbinding mutant G89V (Fig. 1). T19C also
restricted HIV-1 in a CypA-dependent manner. This indicated
that the RBCCs of members of the Trim family other than
Trim5 also had the potential to contribute to the restriction of
HIV-1 if they could bind CA by means of CypA.

Trim-CypA fusion proteins act soon after viral entry. The
Trim proteins have been shown to localize to different com-
partments of the cell (32). This suggests that incoming virions
might interact with different Trim-CypA fusion proteins at
different stages during their transit of the cell. One way of
following the interaction between virus and restriction factor
would be to determine the time at which this process occurs
after entry. To achieve that, we made use of the ability of the
immunosuppressive drug cyclosporine (CsA) to disrupt the
binding of CypA to HIV-1 CA (25). Virus entry into cells
previously transduced with the various Trim-CypA fusion
genes was synchronized by infecting at 4°C, which allows virus
binding but prevents entry into the cell. After 1 h, cells were
washed with cold phosphate-buffered saline to remove un-
bound viruses and the temperature was raised to 37°C, allow-
ing fusion to proceed. CsA was then added at various times and
the effect on restriction was determined.

As expected, CsA did not affect the ability of TrimSa to
restrict HIV-1 (Fig. 2). Addition of CsA in the first 15 min
following entry resulted in a significant decrease in restriction,
from less than 0.1 (Fig. 1) to greater than 0.5, by T5C, T1CL,
T1CS, and T19C. The effect on restriction was less pronounced
when CsA was added after 1 h and was essentially abolished
when it was added after 6 h. Similar observations were made
for T18CS and T18CL (data not shown). These results sug-
gested that the saturating levels of restriction factors bind to
incoming virions within 1 hour of viral entry. They also implied
that the outcome of the interaction between the restriction
factor and the virus was essentially irreversible, since late CsA
addition did not affect restriction.

Trim-CypA fusion proteins block HIV-1 at different stages
of its life cycle. To investigate the nature of the restriction by
the different Trim-CypA fusion proteins, we next sought to
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determine the stage of the viral life cycle that was blocked by
the restriction factors. Human TE671 cells were transduced
with the HIV-1 restriction genes at high MOIs (>10). The cells
were then challenged with equal amounts of N-MLV or HIV-1
2 days posttransduction. Total genomic DNA was extracted
from the infected cells either 7, 24, or 48 h postinfection and
quantitative PCR was performed to detect early products of
reverse transcription, 2-LTR circles, and integrated proviruses,
respectively.

In agreement with previous reports (33, 37), much less early
HIV-1 RT products were detected in cells transduced with
T5C than in cells that were not transduced (Fig. 3A). T1ICL
and T18CL also seemed to block reverse transcription, with a
significant reduction in early RT products compared with the
untransduced control. By contrast, the levels of early RT prod-
ucts that were found in cells transduced by T1CS, T18CS and
T19C were comparable to those found in the control. Similar
results were obtained with the late products of RT (data not
shown). This implied that the block by these restriction factors
occurred at a post-reverse transcription stage.

To investigate the effects of the restriction factors on events
occurring beyond reverse transcription, the amounts of 2-LTR
circles were quantified 24 h postinfection. Although the 2-LTR
circles are the dead-end products of the viral life cycle, they are
thought to be an indication of productive nuclear entry (6). As
expected, the fusion proteins that blocked at reverse transcrip-
tion (T1CL, T18CL, and T5C) also resulted in a decrease in
2-LTR circles compared to that of the negative control (Fig.
3B). However, cells containing T1CS, T18CS, and T19C, which
did not affect reverse transcription, were found to have similar
levels of 2-LTR circles as in the negative control, suggesting
that the block occurred much later in the infection process,
most probably following nuclear entry. It seems unlikely that
this late block can be explained by a nuclear localization of
these various fusion proteins, since they appear to bind incom-
ing virions very soon after entry. In addition, the nuclear lo-
calization signal of T19 (17) is not present in our T19C con-
struct.

In order to assess the effect on integration, the amounts of
proviruses in the infected cells were quantitated 48 h postin-
fection. We could not detect any proviruses in all cells express-
ing the restriction factors (Fig. 3C). This suggested that T1CS,
T18CS, and T19C could impair integration. Hence, although
the various restriction factors all appear to bind incoming
virions at the same time after viral entry, restriction is mani-
fested at different stages in the viral life cycle.

In this context it appeared important to characterize the
restriction properties of Trim1 directed against N-MLV (41).
Mus dunni cells were transduced with human Trim5«, Vero
Trim 1, or the FvI” gene (MOI > 10) and infected with N-
MLV, and the products of reverse transcription were quanti-
fied. There was significantly less late MLV RT product in M.
dunni cells expressing Vero Trim 1 than in the nontransduced
cells, although the reduction was not as great as seen with cells
expressing human Trim5« (Fig. 4). This appears consistent
with previous observations that TrimS« was the main contrib-
utor to the Refl activity in human cells (41). Transduced Fv1?,
like natural FvI” in BALB-3T3 cells (19, 40), does not affect
reverse transcription.

Although T1CS and T1CL both contained the same RBCC
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FIG. 3. Trim-CypA fusion proteins block HIV-1 at different stages
following entry. Cells were transduced with MLV-based vectors carry-
ing the restricting gene. Two days posttransduction, the cells were
challenged with HIV-1 that had been pretreated with DNase. Total
DNA was isolated 7, 24, or 48 h following infection and early RT
products, 2-LTR circles, and integrated proviruses were quantified,
respectively. (A) Quantification of early HIV-1 RT products in TE671
cells. (B) Quantification of late HIV-1 2-LTR circles in TE671 cells.
(C) Quantification of integrated proviruses in TE671 cells. (D) West-
ern blot analysis of YFP expressed in Trim-CypA-containing cells.
Total cellular protein was extracted from the cells, and 25 pg was
separated on a 10% denaturing gel containing 2.5 M urea and blotted.
Detection was performed using a monoclonal anti-GFP antibody.

and the same CA binding domain, they seem to block HIV-1 at
different stages of the life cycle. One difference between T1CS
and T1CL is the presence of a fibronectin type 3 repeat (34) in
the latter molecule. To test any involvement of this domain in
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specifying the stage of restriction, it was removed from T1CL
to form T1CM, which contains amino acids 1 to 381 of Trim1
fused to CypA. Despite deletion of the fibronectin repeat,
T1CM was found to resemble T1CL in restriction phenotype
(Fig. 3), indicating that this domain does not play a role in
determining the stage of restriction.

An alternative explanation for the differences in stage of
blocking could be due to the levels of fusion proteins present
in the cells. To explore this possibility, Western blot analyses
were performed. Since our vector expressed both Trim-Cyp
and YFP from the same message using an internal ribosome
entry site (IRES), we reasoned that the amount of YFP
present in these cells would give an indication of the expression
levels of the Trim-Cyp fusions. Probing with anti-YFP indi-
cated that the levels of expression were comparable in the cells
containing the different Trim-Cyp fusions (Fig. 3D), suggesting
that the differences in restriction phenotype observed did not
result from differences in expression level. However, we still
could not rule out the possibility that the different fusion pro-
teins might have different stabilities in the cell once they were
translated.

We therefore sought to detect the fusion proteins directly.
Unexpectedly, the fusion proteins could not be detected using
polyclonal anti-CypA antibodies from two different sources
even though both reacted well with cellular CypA. Since anti-
bodies to Triml are not readily available, we prepared C-
terminally HA-tagged versions of T1CL, T1CS, T1CM, and
T19C. These proteins all restricted HIV-1 but not G89V (data
not shown) and were present at similar levels in the transduced
cells (Fig. 5A). However, to our surprise, HA-tagged T1CS was
found to block reverse transcription (Fig. 5B). Similar results
were obtained when the proteins were tagged at the N termi-
nus. A possible explanation is that the HA tag altered the
conformation of the original fusion protein, causing it to be-
have differently from the untagged protein. However, TI9C-HA
still blocked at a late stage despite being present at levels
similar to those of the other proteins that blocked early.
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FIG. 5. Expression of Trim-CypA HA-tagged fusion proteins in
TEG671 cells. Cells were transduced with MLV-based vectors carrying
the restricting gene. Two days posttransduction, the cells were chal-
lenged with HIV-1 that had been pretreated with DNase. Total DNA
was isolated 7 h following infection and early RT products were quan-
tified. (A) Western blot analysis of HA-tagged Trim-CypA. Total cel-
lular protein was extracted from the cells and 25 g was separated on
a 10% denaturing gel containing 2.5 M urea and blotted. Detection
was performed using a monoclonal anti-HA antibody. (B) Quantifica-
tion of early HIV-1 RT products in TE671 cells.

Hence, it is unlikely that the differences in stage of block result
solely from concentration effects of the restriction factors.

DISCUSSION

In this study we show that fusing CypA to the RBCC do-
mains of Trim1, Trim18, and Trim19 results in the generation
of chimeric proteins capable of restricting HIV-1 replication.
Thus, despite sharing less than 20% primary sequence identity
to the RBCC domain of the naturally occurring restriction
factor found in the owl monkey, there is sufficient similarity to
allow functional replacement.

Different roles in restriction have been proposed for the RBCC
of Trim5a. The RING domain of some proteins has been shown
to possess E3 ligase activity, which is involved in the addition of
ubiquitin to proteins targeted for degradation (5, 15, 18, 20, 24,
39). Although it is tempting to speculate that restriction could
involve ubiquitin-mediated targeted destruction of CA, a recent
report has shown that proteosomal degradation is not required
for restriction (30). Alanine substitution of the zinc-coordinating
cysteines in the Trim5a RING was shown to reduce but not
abolish restriction (37). Hence, although the RING is important
for restriction activity, it is not the only component of the RBCC
that contributes to restriction, as evidenced by the loss of activity
that follows B-box deletion (16, 29). Indeed, the B-box and coiled-
coil motifs have been implicated in mediating protein-protein
interactions, either with other copies of the same protein or with
other proteins to form multiprotein complexes (4, 9, 32). Thus,
the RBCC domain may act as a scaffold on which other cellular
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components of the restriction machinery assemble, possibly lead-
ing to the sequestering of incoming viral particles. The RBCC has
also been implicated in localization of the Trim proteins (32).
Hence, another role of the RBCC in restriction could be to bring
the restriction factor to the appropriate cellular compartment
through which the incoming virus must pass.

Previous work has suggested that controlled disassembly of CA
from reverse transcription complexes is essential for optimal
HIV-1 replication (11). It therefore seems possible that restriction
factor binding might perturb this process. One might envisage
that factor binding could destabilize the reverse transcription
complexes, resulting in premature dissociation of the cores and
failure to initiate reverse transcription. Factors that block after
reverse transcription may act by hyperstabilizing the core, pre-
venting subsequent dissociation required for release of the
genetic material for integration. This process might be facili-
tated by homomultimerizing signals present within the RBCC
domain (26, 32).

Our studies show that all the various TrimCypA chimeras
bind to CA very soon after viral entry, an observation consis-
tent with a very recent report concerning Trim5-CypA (30).
However, two different patterns of restriction were observed,
before and after the process of reverse transcription. For the
later block, the formation of 2-LTR circles, an indicator of
nuclear entry, was not affected. A similar post-reverse tran-
scription block of MLV in hamster cells that also does not
affect the formation of 2-LTR circles has recently been re-
ported (7). These results stand in contrast to Fvl, which does
not block reverse transcription but does reduce the number of
2-LTR circles (19). The restriction of simian immunodeficiency
virus by squirrel monkey Trim5 was also reported to block after
reverse transcription; it would be interesting to determine
whether production of 2-L'TR circles was affected (44).

It therefore follows that CA-targeted restriction can result in
blocks at three different stages of the viral life cycle: prior to
reverse transcription, pre-2-LTR circle, and post-2-LTR circle
(Fig. 6). It will be of great interest to compare the CA content

of reverse transcription and preintegration complexes isolated
from control cells and cells that are restricted at different
stages in the viral life cycle.

As discussed in Results, it seems unlikely that this difference
is due to concentration effects. Certainly, concentration does
not affect the phenotype of Fvl- or Trim5-mediated restriction,
since cells transduced with factor and expressing at least 10-
fold more protein than seen in nontransduced cells block virus
replication at the same stage as cells expressing normal levels
of factor (19, 38, 43; M. Dodding, unpublished data). The three
blocks that have been identified represent three different
modes of restriction. However, they need not be mutually
exclusive; viruses escaping the earlier blocks could be re-
stricted later in the infection process.

It is tempting to speculate that each block could involve a
different mechanism (for example, ubiquitination, modulation
of core stability, and sequestering). Each mechanism could be
degenerate, and inhibiting one might still lead to restriction by
the others. This could account for the current discrepancies in
data favoring one mechanism over the other.
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