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The retroviral restriction factor, TRIM5q, blocks infection of a spectrum of retroviruses soon after virus
entry into the cell. TRIM5« consists of RING, B-box 2, coiled-coil, and B30.2(SPRY) domains. The B-box 2
domain is essential for retrovirus restriction by TRIM5«, but its specific function is unknown. We show here
that the B-box 2 domain mediates higher-order self-association of TRIMS5«,,, oligomers. This self-association
increases the efficiency of TRIMS«a binding to the retroviral capsid, thus potentiating restriction of retroviral
infection. The contribution of the B-box 2 domain to cooperative TRIM5« association with the retroviral capsid
explains the conditional nature of the restriction phenotype exhibited by some B-box 2 TRIM5« mutants; the
potentiation of capsid binding that results from B-box 2-mediated self-association is essential for restriction
when B30.2(SPRY) domain-mediated interactions with the retroviral capsid are weak. Thus, B-box 2-depen-
dent higher-order self-association and B30.2(SPRY)-dependent capsid binding represent complementary
mechanisms whereby sufficiently dense arrays of capsid-bound TRIM5« proteins can be achieved.

The host restriction factor TRIMSa blocks the infection of
some retroviruses at an early, postentry step in a species-
specific manner (38). For example, rhesus monkey TRIMSa
(TRIMSa,,,) potently blocks the infection of human immuno-
deficiency virus (HIV-1) and several other retroviruses; by
contrast, human TRIM5a (TRIM5e,,,,) only modestly restricts
HIV-1 infection, but potently blocks infection by N-tropic mu-
rine leukemia viruses (N-MLV) (13, 17, 28, 33, 35, 38, 45).
Restricting TRIMS5a proteins specifically recognize the viral
cores and accelerate the uncoating process, which may inter-
fere with the orderly disassembly of the viral capsid (11, 32,
39); Viral cDNA synthesis is typically interrupted, although
experiments with proteasome inhibitors indicate that this is not
necessary for restriction of infection (1, 39, 42).

TRIMS5a is a member of the tripartite motif (TRIM) protein
family and consists of RING, B-box 2, coiled-coil, and
B30.2(SPRY) domains (26, 34). The role of individual
TRIMSa domains in antiretroviral restriction has been inves-
tigated. The B30.2(SPRY) domain of TRIM5a determines
viral specificity and restriction potency by mediating recogni-
tion of the retroviral capsid (21, 30, 40, 46). The coiled-coil
domain is essential for TRIMSa oligomerization, which con-
tributes to binding avidity for the viral capsid and thus restric-
tion potency (16, 27, 30). The RING finger domain is the
signature of a class of E3 ubiquitin ligases involved in protea-
some-mediated protein degradation (26); TRIMSa has re-
cently been shown to possess E3 ubiquitin ligase activity and
can ubiquitinate itself (43). However, deletion or disruption of
the TRIMS5a RING domain only partially attenuates antiviral
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activity (14, 38, 40); moreover, TRIM5«,,, efficiently restricts
HIV-1 even at a nonpermissive temperature in cells expressing
a temperature-sensitive ubiquitin-activating (E1) enzyme or in
the presence of proteasome inhibitors (31, 39, 42). The B-box
2 domain is unique to members of the TRIM protein family;
some TRIM proteins also possess an adjacent B-box 1 domain
(34). The B-boxes play an important but poorly understood
role in the function of TRIM proteins (26, 34). It has been
shown that the B-box 2 domain of MID1 (TRIM18) adopts a
BRa RING-like tertiary fold and coordinates two zinc atoms in
a cross-brace pattern, similar to the RING and B-box 1 struc-
tures (24, 25). The tandem B-box 1 and B-box 2 domains in
MID1 pack against each other in a stable association, reminis-
cent of the RING dimer interaction (41). The B-box 2 domains
of several TRIM proteins have been implicated in protein-
protein interactions, multimerization, and subcellular localiza-
tion (2, 5, 22, 29, 49).

Some changes or deletions affecting the B-box 2 domain of
TRIMS5a eliminate its antiretroviral activity (7, 9, 14, 30, 39).
The retroviral capsid can still be recognized by these mutant
TRIMSa proteins; however, because B-box 2 changes often
decrease TRIMS5a turnover and result in high steady-state
levels of expression (7, 8) and because the input levels of
TRIMSa mutants have not always been adjusted in capsid-
binding assays, it remains possible that quantitative differences
in capsid binding result from B-box 2 disruption. Indeed, some
B-box 2 mutants exhibit conditionally defective phenotypes
linked with defects in capsid binding (20). Paired with a
B30.2(SPRY) domain that specifies efficient capsid binding
and potent restriction, these B-box 2 domain alterations are
functionally tolerated; on the other hand, when paired with a
B30.2(SPRY) domain that confers weaker capsid binding
and/or restriction, these mutants exhibit little or no detectable
antiviral activity (20). These conditionally defective TRIMSa
B-box 2 mutants bind the targeted capsid less efficiently than
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the unmodified TRIMSa protein (20). Based on these obser-
vations, a functional interplay between the TRIMSa B-box 2
and B30.2(SPRY) domains has been proposed (20). Support-
ing this interpretation is the observation that TRIMCyp, an
owl monkey restriction factor that consists of the TRIMS
RING, B-box 2, and coiled-coil domains fused to cyclophilin A
(Cyp A), is much less sensitive to B-box 2 changes (6, 15, 20,
44). Thus, replacing the B30.2(SPRY) domain with a different
HIV-1 capsid-binding moiety, Cyp A (23), significantly reduces
the requirements for an intact B-box 2 domain (20).

In the present study, we test the hypothesis that the TRIMSa
B-box 2 domain contributes to capsid binding by promoting
higher-order interactions among TRIMSa oligomers. We
utilize two TRIMS5a B-box variants, R121E and ER/RE.
TRIMS5a,,, R121E contains an alteration of an arginine residue
that is exposed on the B-box 2 surface (7); this mutant, despite
high levels of expression, is markedly attenuated for HIV-1-
restricting activity (7). A second TRIM5a,,, mutant, ER/RE,
contains an additional change of glutamic acid 120 to arginine
and exhibits a conditionally defective phenotype. The abilities
of these two prototypic TRIMS5a,,, B-box 2 mutants to oligo-
merize, achieve higher-order self-association, and bind HIV-1
capsid complexes were examined.

MATERIALS AND METHODS

Creation of cells stably expressing TRIMS proteins. Mutations specifying
the R121E and ER/RE changes in the B-box 2 domain were introduced
into the pLPCX-TRIMS5a,,, expression plasmid (38) by QuikChange (Strat-
agene). The TRIM5a,;, RBCC-L2 mutant, which lacks the B30.2(SPRY)
domain (16), has the following C-terminal sequence:... MFRELTDA. The
sequence of the TRIMSa,, AVI-HA mutant (6, 36) near the deletion is:
...POIMY*NFNYCT ..., with the asterisk marking the site of the deletion in
the V1 region of the B30.2(SPRY) domain. Recombinant viruses were produced
in 293T cells (American Type Culture Collection) by cotransfecting the pLPCX
plasmids (Clontech) expressing TRIMS proteins with the pVPack-GP and
pVPack-VSV-G packaging plasmids (Stratagene) (38). The pVPack-VSV-G
plasmid encodes the vesicular stomatitis virus G envelope glycoprotein, which
allows efficient entry into a wide range of vertebrate cells (47). The resulting virus
particles were used to transduce 2 X 10° HeLa cells or Cf2Th cells in six-well
plates. The transduced cells were then selected in 1 pg (HeLa) or 5 pg (Cf2Th)
of puromycin (Sigma)/ml.

Infection with viruses expressing GFP. Recombinant HIV-1 and N-MLV
viruses expressing green fluorescent protein (GFP) were made as previously
described (33, 38). A 20-pl portion of the preparation of HIV-1-GFP used in
these experiments corresponds to ~3,000 cpm reverse transcriptase units; a
100-pl portion of N-MLV-GFP corresponds to ~400 cpm reverse transcriptase
units. For infection, 3 X 10* cells were seeded in 24-well plates and incubated
with the viruses for 60 h. Cells were then washed with phosphate-buffered saline
(PBS), fixed with 3.7% formaldehyde, and subjected to fluorescence-activated
cell sorting (FACS) analysis with a FACScan (Becton Dickinson).

Cross-linking of TRIMS5 proteins. Cell lysates prepared in 1% NP-40-PBS-
protease inhibitor cocktail were incubated with various concentrations (final
concentrations of 0, 1, 2, 4, or 8 mM) of glutaraldehyde (Sigma) at room
temperature for 5 min, followed by adding excess glycine to quench the reaction
(16, 27). The cross-linked lysates were then subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotted with
horseradish peroxidase (HRP)-conjugated anti-HA antibody (Roche).

Half-life of TRIM5« mutants. HeLa cells expressing wild-type TRIM5a,,, or
TRIMSa,,, ER/RE were seeded in six-well plates 1 day prior to the experiment.
When the cells reached 40 to 60% confluence, cycloheximide at 100 pg/ml
(Sigma) was added to block protein synthesis. Treated cells were lysed at differ-
ent time points, and cell lysates containing equal amounts of total protein were
subjected to SDS-PAGE and Western blotting.

Subcellular localization using immunofluorescence confocal microscopy. Cells
stably expressing HA epitope-tagged TRIM5a variants were cultured on eight-
well chamber slides. After 24 h, the cells were fixed with 4% formaldehyde for 30
min; permeabilized with 0.5% (vol/vol) Triton X-100 in PBS for 5 min; and
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blocked with 10% goat serum, 1% bovine serum albumin, and 0.2% Triton
X-100. The cells were then incubated with primary rat anti-HA 3F10 antibody
(1:100; Roche) and secondary goat anti-rat immunoglobulin G conjugated with
Alexa-488 (1:200; Molecular Probes). The processed cells were analyzed by using
a Zeiss LSM510 META confocal microscope.

Coimmunoprecipitation. 293T cells in six-well plates were transiently trans-
fected with pLPCX vectors encoding HA- or FLAG-tagged TRIMS variants. The
FLAG epitope tags were placed at the N termini of the TRIMS proteins, the HA
epitope tags at the C termini. Two days later, cells were lysed in 1 ml of lysis
buffer (1% NP-40-PBS-protease inhibitor cocktail). The lysates were cleared of
insoluble materials and aggregates by centrifugation at 13,200 rpm for 1 h at 4°C.
Cleared lysates containing different TRIM variants were then mixed and incu-
bated with 20 ul (packed volume) of protein A-Sepharose beads (Pharmacia) for
3 h at 4°C to remove proteins that had bound nonspecifically to the beads. To
achieve a comparable level of input TRIMS protein, lysates of 293T cells tran-
siently transfected with the empty pLPCX vector were at times used to dilute the
lysates containing the TRIMS variants. Samples of the precleared lysate mixture
were taken at this point for analysis of the input proteins. The remaining lysates
were incubated with 20 wl of fresh beads and 1 pl (ca. 5 to 6 pg) of anti-FLAG
antibody (Sigma) overnight at 4°C on a rocker. The immunoprecipitates were
washed three times with buffer I (300 mM NaCl, 50 mM Tris-HCl, 1% NP-40) at
4°C for 10 min each on a rocker and once with buffer IT (150 mM NaCl, 10 mM
Tris-HCI) for 10 min at 4°C. The beads were then treated with 2X SDS sample
buffer (125 mM Tris-HCI, 3% SDS, 16.7% glycerol, 3% B-mercaptoethanol,
0.01% bromophenol blue) and boiled for 5 min to release the precipitated
proteins. Supernatants were analyzed by SDS-PAGE and Western blotting with
HRP-conjugated anti-HA antibody (1:500; Roche) or anti-FLAG antibody (1:
500; Sigma).

HIV-1 CA-NC recruitment assay. Purification of recombinant HIV-1 CA-NC
protein produced in Escherichia coli was carried out as previously described (12).
For a source of TRIMS proteins, 293T cells transiently transfected with pLPCX
plasmids expressing TRIMS5 variants were lysed by freeze-thawing in hypotonic
lysis buffer (10 mM Tris [pH 7.4], 1.5 mM MgCl,, 10 mM KCl, 0.5 mM dithio-
threitol) containing protease inhibitors (Roche). The lysates from different
TRIM variants were then mixed and incubated with the in vitro-assembled
HIV-1 CA-NC complexes. The binding assay was carried out as previously
described (18, 19, 21, 39).

RESULTS

Expression, oligomerization, and antiretroviral activity of
TRIM5a,,, B-box 2 mutants. The phenotypes of two TRIMSa,,
B-box 2 mutants, R121E and ER/RE, were examined in human
(HeLa) and canine (Cf2Th) cells stably expressing these pro-
teins. The steady-state levels of R121E expression were higher
than those of ER/RE, which in turn were higher than those of
wild-type TRIMS5e,,, (Fig. 1A). Both mutants assembled into
oligomers as efficiently as the wild-type TRIMSa,,, protein
(Fig. 1B). Perhaps due to the contribution of the endogenous
human TRIMS5a in HeLa cells, R121E exhibited a mild anti-
HIV-1 activity; in Cf2Th cells, no restriction of HIV-1 infection
by R121E was observed (Fig. 1C). The ER/RE mutant exhib-
ited potent anti-HIV-1 activity in HeLa cells, but the anti-
HIV-1 activity of ER/RE was slightly weaker than that of the
wild-type TRIMS5a,,, protein in Cf2Th cells. In both cell types,
the ER/RE mutant restricted HIV-1 more potently than
R121E, indicating that the E120R change in the ER/RE mu-
tant partially reverts the R121E phenotype. Neither mutant
TRIMSa,, protein inhibited N-MLYV infection; in fact, HeLa
cells expressing these mutants were slightly more susceptible to
N-MLYV infection than the control cells transduced with the
empty LPCX vector, suggesting a dominant-negative effect of
the mutants on the endogenous TRIMS«,,,, protein.

The degree of defectiveness of the TRIMSa,,, ER/RE mu-
tant varied, depending upon the retrovirus being restricted.
Such conditional phenotypes for B-box 2 mutants have been
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FIG. 1. Expression and antiretroviral activity of TRIM5a variants. (A) The expression level of wild-type (w.t.) TRIM5a,,,, R121E, and ER/RE
with C-terminal HA tags was determined by Western blotting lysates from HeLa and Cf2Th cells stably expressing these proteins. Cell lysates with
equal amount of total proteins were resolved by SDS-PAGE, and the Western blot was probed with an anti-HA antibody and an anti-B-actin
antibody to control for loading. (B) Oligomerization of TRIM5« variants was examined. Cell lysates from 293T cells transiently expressing the
indicated TRIMSa proteins were cross-linked with increasing concentrations of glutaraldehyde (0, 1, 2, 4, and 8 mM). The cross-linked products
were resolved by SDS-PAGE and visualized by Western blotting with an anti-HA antibody. (C) The effects of the TRIMSa B-box 2 variants on
retroviral infection were assessed. HeLa or Cf2Th cells stably expressing the wild-type TRIMSa,,, protein (w.t.) and mutant TRIM proteins, or
control cells transduced with the empty LPCX vector, were incubated with various amounts of HIV-1-GFP or N-MLV-GFP. Infected GFP-positive
cells were counted by FACS. The experiments were repeated with comparable results.

previously observed and were found to depend upon the affin-
ity of the TRIMS5a parent protein for the retroviral capsid
(20). Because capsid-binding affinity is determined by the
B30.2(SPRY) domain (21, 30, 40, 46), we tested the phenotype
of the ER/RE B-box 2 changes in the context of the TRIMS«
R(H286-493) protein. The R(H286-493) protein is identical to
TRIMS5a,,, except that the B30.2(SPRY) domain is derived
from human TRIMSa (40). As a result of this B30.2(SPRY)
domain substitution, the binding affinity of the R(H286-493)
protein for the HIV-1 capsid is reduced relative to that of
TRIM5a,,,(40). However, the human TRIMS5a B30.2(SPRY)
domain allows the R(H286-493) protein to restrict N-MLV
infection even more potently than the wild-type TRIMSa,,,
protein (40). As expected (40), the R(H286-493) protein par-
tially restricted HIV-1 infection but potently inhibited N-MLV

infection (Fig. 1C, bottom row). The R(H286-493) ER/RE
protein exhibited little anti-HIV-1 activity but significantly in-
hibited N-MLYV infection. Thus, ER/RE exhibits a conditional
restriction phenotype that is dependent on the restriction po-
tency of the parental TRIMSa protein, a property determined
by the B30.2(SPRY) domain.

Turnover and subcellular localization of TRIMS«,,, B-box 2
mutants. Rhesus TRIM5a is turned over rapidly by a process
that is only minimally affected by proteasome inhibitors (8).
The turnover of the TRIMS5«,,, B-box mutants was examined in
the absence or presence of the proteasome inhibitor, MG115.
Similar to R121E (7) and unlike the wild-type TRIMS5a,,, pro-
tein, the ER/RE mutant maintained high levels of protein
expression during a 5-h period of cycloheximide treatment
(Fig. 2A). Treatment of the cells with MG115 minimally
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FIG. 2. Turnover and subcellular localization of TRIMS5«,,, B-box 2
variants. (A) HeLa cells expressing wild-type TRIMS5a,, and
TRIMS5a,,, ER/RE were treated with cycloheximide to block protein
synthesis for a 5-h period in the absence or presence of the proteasome
inhibitor MG115. Cells were harvested and lysed at 1-h intervals. Cell
lysates containing equal amounts of total protein were analyzed by
Western blotting with anti-HA and anti-actin antibodies. (B) HeLa or
Cf2Th cells stably expressing the HA-tagged TRIM5a,,, variants were
stained with an anti-HA antibody, followed by an anti-rat secondary
antibody conjugated to Alexa 488. The TRIMS5a,,, proteins are shown
in green, and the nuclei are stained blue with DAPI.

changed the turnover of the wild-type and ER/RE TRIMS5a,,,
proteins. Thus, the rapid degradation of TRIMSa,, is not
required for the HIV-1-restricting ability of the ER/RE mutant
observed in HeLa cells. Observations on a panel of other B-box
2 mutants (7) led to a similar conclusion: the rapid turnover of
TRIMS5a is not a prerequisite for efficient retrovirus-restricting
ability.

TRIM proteins aggregate into nuclear or cytoplasmic bodies
(34), and alteration of the RING, B-box, and/or coiled-coil
domains of some TRIM proteins, including TRIMS, have been
shown to affect the formation of bodies and localization in the
cell (3, 9, 31). We examined the subcellular localization of
wild-type TRIM5a,,, and the B-box 2 mutants stably expressed
in HeLa and Cf2Th cells. The results were similar in the two
cell types (Fig. 2B). The wild-type TRIMSa,,, protein exhibited
distinct cytoplasmic bodies superimposed on a diffuse pattern
of cytoplasmic staining. Both B-box 2 mutants exhibited
brighter cytoplasmic staining, a finding consistent with higher
steady-state levels of expression. A reticular staining pattern in
the cytoplasm was observed for the mutants, but cytoplasmic
bodies were not evident. Thus, the B-box 2 changes affect the
steady-state levels of TRIMSa,,, expression and the tendency
to form cytoplasmic bodies.

Dependence of higher-order self-association of TRIMS« on the
B-box 2 domain. The decreased propensity of the TRIM5a,,, B-
box 2 mutants to form cytoplasmic bodies suggested that the
alteration of the B-box 2 domain may influence TRIMS5a self-
association. To address this possibility, we sought to determine
whether preformed oligomers of the wild-type or mutant
TRIMS5a,,, proteins would coprecipitate with wild-type
TRIMS5a,, oligomers. Wild-type TRIMS«,,, and B-box 2 mu-
tant proteins were expressed in separate cells, which allows the
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formation of homo-oligomers (Fig. 1B). Lysates from cells
expressing individual TRIMSa,,, variants were mixed and used
for immunoprecipitation. HA-tagged wild-type TRIMSa,,
(w.t-HA) was efficiently coprecipitated with FLAG-tagged
wild-type TRIMS«,,, (Fig. 3A, left panel), indicating that the
wild-type TRIMSa,,, oligomer is capable of efficient self-asso-
ciation. In contrast, R121E-HA did not efficiently coprecipitate
with the FLAG-tagged wild-type TRIM5a.,, protein. Similarly,
only the w.t.-HA protein, but not the ER/RE-HA protein,
coprecipitated with the FLAG-tagged wild-type TRIMSa,,
protein (Fig. 3A, right panel). These results indicate that pre-
formed wild-type TRIM5a,,, oligomers can associate and that
both of the studied changes in the B-box 2 domain disrupt this
higher-order self-association.

Although the B-box 2 mutant oligomers do not interact with
wild-type TRIMSa,,, oligomers, the reciprocal changes in the
two charged residues in the ER/RE mutant might restore in-
teraction with itself and thus gain some restriction activity. To
test this hypothesis, coimmunoprecipitation was performed
with HA-tagged and FLAG-tagged ER/RE proteins. As shown
in Fig. 3B, ER/RE did not associate with itself any better than
it associated with wild-type TRIMSa,,,. As expected, R121E
also poorly associated with itself in the coimmunoprecipitation
assay, as was observed for its hetero-association with wild-type
TRIMSa,,,.

The ability of B30.2(SPRY) domain sequences to modulate
the restriction phenotypes of some B-box 2 mutants (20) raised
the possibility that the B30.2(SPRY) domain contributes to the
B-box 2-dependent, higher-order self-association of TRIMSa.
We tested this hypothesis by using a FLAG-tagged TRIM5a,
mutant, RBCC-L2, which lacks the B30.2(SPRY) domain (16),
in the coimmunoprecipitation assay. Although the anti-FLAG
antibody precipitated the FLAG-tagged RBCC-L2 protein less
efficiently than wild-type TRIMSa,,,, a significant amount of
HA-tagged wild-type TRIMSa,, -coprecipitated with the
RBCC-L2 protein (Fig. 3C). The HA-tagged ER/RE mutant
did not coprecipitate with either the wild-type TRIMS5a,,, pro-
tein or the RBCC-L2 mutant. Thus, a TRIM5a,,, variant lack-
ing the B30.2(SPRY) domain can still associate with other
TRIMS5a,,, proteins in a B-box 2-dependent manner.

B-box 2 domain-dependent recruitment of TRIM5,,, to the
HIV-1 capsid. Higher-order self-association of TRIMS5a,,, if
compatible with binding to the HIV-1 capsid, might contribute
to avidity for the capsid. To achieve a quantitative comparison
of the capsid-binding abilities of wild-type and B-box 2 mutant
TRIMS«,,, proteins, cell lysates containing the highly ex-
pressed R121E and ER/RE mutants were diluted with lysates
from control cells transduced with the empty LPCX vector
prior to their use in the in vitro HIV-1 CA-NC binding assay
(39). At input concentrations that more closely resembled that
of wild-type TRIMS5a,,,, both R121E and ER/RE proteins ex-
hibited significantly less association with the HIV-1 CA-NC
complexes than wild-type TRIMSa,,, (Fig. 4A). Thus, as has
been observed for B-box 2 TRIMSa,,, mutants with conditional
phenotypes (20), some changes in the B-box 2 domain result in
decreased TRIMS5a binding to the retroviral capsid.

To test directly the hypothesis that the higher-order self-
association of TRIMS5a,,, can occur in the context of capsid
binding, we sought to determine whether capsid-bound
TRIMS5a,,, could recruit TRIMSa variants that bind poorly to
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FIG. 3. Contribution of the B-box 2 domain to higher-order self-association of TRIMSa,,. (A) The coprecipitation of HA-tagged TRIMSa,,
variants with FLAG-tagged TRIMSa,;, was examined. 293T cells were transfected transiently with pLPCX plasmids expressing C-terminally
HA-tagged wild-type (w.t.) TRIMS5a,,, R121E, or ER/RE or N-terminally FLAG-tagged wild-type (w.t.) TRIMS5a,,,. Cytosolic lysates containing
the TRIMSa,,, variants were prepared, and the concentration of TRIMS protein in the lysates was adjusted to account for differences in the levels
of expression, as described in Materials and Methods. The adjusted lysates were then mixed in a 1:1 ratio and used for precipitation with an
anti-FLAG antibody. The amounts of HA- and FLAG-tagged proteins in the lysates and immunoprecipitates (IPs) were analyzed by Western
blotting (WB) with HRP-conjugated anti-HA and anti-FLAG antibodies. (B) The ability of TRIM5«,;, ER/RE and R121E to associate with
themselves in the coimmunoprecipitation assay was examined. The assay was carried out as described above using N-terminally FLAG-tagged
TRIMS5a,, ER/RE and R121E in addition to the FLAG-tagged wild-type TRIM5«,, protein (FLAG-w.t.). (C) The requirement for the
B30.2(SPRY) domain for the higher-order self-association of TRIMS5«,;, was examined. An N-terminally FLAG-tagged truncation mutant of
TRIMS,,, (RBCC-L2), which lacks a B30.2(SPRY) domain (16), was used in the coimmunoprecipitation assay along with HA-tagged wild-type

TRIMSa,,, and TRIMS5a,,, ER/RE.

the HIV-1 capsid and whether this recruitment is dependent
on the integrity of the B-box 2 domain. Lysates of cells trans-
duced with the empty LPCX vector or cells expressing FLAG-
tagged wild-type TRIMS5«,,,, R121E, or ER/RE proteins were
mixed with the lysate from cells expressing an HA-tagged
TRIMS5a,,, mutant, AV1-HA. The AV1-HA mutant associates
poorly with HIV-1 CA-NC complexes due to a 13-amino-acid
deletion in the B30.2(SPRY) domain V1 region (A332-344) (6,
36). The mixture was then used in the in vitro CA-NC binding
assay (39). To achieve similar levels of TRIMSa variants bound
to the CA-NC complexes, the input amounts of the TRIMSa
B-box 2 mutants were adjusted to be significantly higher than
that of the wild-type TRIMSa,,, protein. In the presence of
FLAG-tagged wild-type TRIMSa,;,, AV1-HA associated with
the HIV-1 CA-NC complexes about fivefold better than
AV1-HA in the presence of lysates from control LPCX-trans-
duced cells (Fig. 4B, middle panel). Although, under these
conditions, both R121E and ER/RE bound the HIV-1 CA-NC
complexes efficiently, neither recruited the AV1-HA proteins
to the capsid complexes above the background level observed
for the control LPCX lysates.

Wild-type TRIMSay,, also binds the HIV-1 capsid poorly
(21, 39). HIV-1 capsid recruitment experiments were per-
formed with TRIMS5a,,, in place of AV1-HA, with a similar
outcome. Wild-type TRIMSa,,, recruited TRIMSa,,,, to the
capsid, whereas R121E and ER/RE were inefficient in this
regard (Fig. 4B, right panel). These results demonstrate that
wild-type TRIMSa,,, can promote cooperative HIV-1 capsid
binding by recruiting other TRIMS proteins to the capsid,
whereas B-box 2-defective mutants cannot. The results also

suggest that the ability to engage in B-box 2-mediated higher-
order interactions is also retained in TRIMS5aw,,,; this is not
surprising, given the single amino acid difference between the
TRIMS5a,,, and TRIMS«,,,, B-box 2 domains (38).

Although ER/RE does not apparently self-associate in co-
immunoprecipitation experiments, this mutant might recruit
itself once bound to the HIV-1 capsid. To test this possibility,
an HA-tagged TRIMSq,,, mutant that contains the AV1 and
ER/RE changes was made and used in the HIV-1 capsid re-
cruitment assay. The FLAG-tagged wild-type TRIMSa,,, re-
cruited AV1-HA more efficiently than AV1-ER/RE-HA to the
HIV-1 CA-NC complexes (Fig. 4C). This result indicates that
an intact B-box 2 function is required on the TRIMSa protein
recruited to the HIV-1 capsid complexes. However, the
FLAG-tagged ER/RE recruited AVI-ER/RE-HA no better
than AVI1-HA.

DISCUSSION

Most residues on the surface of the TRIMSa,,, B-box 2
domain can be altered without a significant impact on HIV-1-
restricting activity (7). However, changes in one B-box 2 region
predicted to be surface exposed on the assembled TRIMS
oligomer resulted in dramatic reductions in restriction (7). In
the present study, we utilized two TRIMSa,,, mutants altered
in this region. One mutant, R121E, is almost completely de-
void of HIV-1-restricting ability, whereas the other, ER/RE,
exhibits a conditional phenotype. In the context of some
TRIMS variants and particular targeted retroviruses, the ef-
fects of the ER/RE changes in the B-box 2 domain on restric-
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FIG. 4. Contribution of the B-box 2 domain to TRIMS« recruit-
ment to the capsid. (A) The binding of the wild-type TRIMSa,;, pro-
tein (w.t.) and the R121E and ER/RE TRIMS5a,, mutants to the
HIV-1 CA-NC complexes was examined. Cell lysates of 293T cells
transiently expressing the C-terminally HA-tagged TRIMSa,,, variants
were used in the HIV-1 CA-NC binding assay. To compare the binding
efficiency quantitatively, the lysates containing the highly expressed
R121E and ER/RE proteins were diluted with lysates from 293T cells
transiently transfected with the empty pLPCX plasmid to achieve input
levels comparable to that of w.t. TRIMSa,;,. The top and middle panels
show Western blots with an anti-HA antibody to detect the amount of
TRIMS5a,, proteins in the input and pellet, respectively; the bottom
panel shows the amount of HIV-1 CA-NC protein that was pelleted
through the 70% sucrose cushion. (B) The ability of wild-type (w.t.)
TRIMS5aq,,, to recruit the AV1 TRIMS5q,,, mutant and TRIMS5q,,, to
HIV-1 CA-NC complexes was examined. Cell lysates made from 293T
cells transiently transfected with the empty pLPCX plasmid were
mixed with HA-tagged wild-type TRIMS«,,,, R121E, or ER/RE in a
1:1 ratio. The mixed lysates were then used in the in vitro HIV-1
CA-NC binding assay as controls to demonstrate that they bind the
assembled capsid complexes. HA-tagged AV1 and TRIMSa,,, which
do not bind the capsid well when present alone (6, 21, 36, 39), were
mixed with lysates from cells transfected with pLPCX or cells express-
ing FLAG-tagged wild-type TRIMSa,;,, R121E, or ER/RE and sub-
jected to the binding assay. The input amounts of lysates containing
FLAG-tagged wild-type TRIMSa,,, R121E, and ER/RE were adjusted
so that the amounts of FLAG-R121E and FLAG-ER/RE bound to the
HIV-1 CA-NC complexes were at least as great as that of the FLAG-
tagged wild-type TRIMSa,, protein. Cell lysates containing HA-tagged
TRIMS5a,,, mixed with lysates from pLPCX-transfected cells were in-
cluded as a positive control in the TRIMSaq,,,, recruitment experiment.
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tion are minimal; in other contexts, the ER/RE changes elim-
inate restricting ability. We demonstrate that both the R121E
and the ER/RE mutants efficiently form homo-oligomers and
therefore negotiate the first-order self-association of TRIMS5
mediated by the coiled coil and adjacent L2 linker (16, 27, 30).
However, both mutants are deficient in establishing higher-
order associations among TRIMS5a oligomers, a process that
appears to be important for the efficient recruitment of TRIMS
proteins to the retroviral capsid. The format of our assays did
not allow us to determine whether the recruited TRIMSa
oligomers bind the capsid directly or associate only with the
bound TRIMSa oligomers. However, we did demonstrate that
the B30.2(SPRY) domain is not essential for the higher-order
self-association of TRIMSq; thus, in the higher-order TRIMSa
complex, the B30.2(SPRY) domain is apparently free to inter-
act with the capsid. If the spatial geometry of the B-box 2-me-
diated TRIMS-TRIMS association is compatible with each of
the associated TRIMS oligomers binding the capsid, significant
gains in avidity would result. Future studies will be aimed at
understanding the structural basis and geometry of the higher-
order association of TRIMS oligomers.

In light of this discovery, the heretofore puzzling conditional
nature of some TRIMS5a B-box 2 mutant phenotypes (20) can
be explained. In these B-box 2 mutants, which include the
ER/RE mutant described herein, the degree of functional at-
tenuation is related to the B30.2(SPRY) domain-determined
affinity for the retroviral capsid and the restriction potency of
the parental TRIM5a protein for the targeted retrovirus (20).
The potentiation of capsid binding that results from B-box
2-mediated self-association appears to be essential for restric-
tion when B30.2(SPRY)-mediated interactions with the retro-
viral capsid are weak. Conversely, a high-affinity B30.2(SPRY)
interaction with the capsid can compensate for the deficiency
in the avidity of capsid binding resulting from the inability of
these B-box 2 mutants to form higher-order structures. From
this perspective, B-box 2-mediated TRIMS self-association and
B30.2(SPRY)-mediated capsid binding are complementary
mechanisms by which a dense array of capsid-bound TRIMS«
proteins can be achieved. The diminished restricting ability of
TRIM5a mutants in which one or both of these mechanisms is
compromised suggests that achieving adequate density and/or

The amounts of HA-tagged and FLAG-tagged proteins present in the
input and the pellet were detected by Western blotting with an
anti-HA antibody (Roche) and an anti-FLAG antibody (Sigma), re-
spectively. To compensate for the high level of R121E expression, all
HA-tagged and FLAG-tagged R121E input and pellet samples were
loaded onto the SDS-polyacrylamide gel at half the volume of the
other protein samples, except in the pellet sample of the TRIMS5ay,,
recruitment experiment. Due to the different input levels of the
FLAG-tagged wild-type TRIM5a,,, R121E, and ER/RE, in some cases
the FLAG-w.t. protein is not visible on the Western blot at the expo-
sure shown. (C) The ability of the ER/RE mutant to recruit itself to
HIV-1 capsid complexes was examined. A C-terminally HA-tagged
mutant containing both the AV1 B30.2(SPRY) domain deletion and
the ER/RE B-box 2 changes was used in the recruitment assay, as
described above. Cell lysates containing HA-tagged wild-type
TRIM5a,,, AV1, and AVI-ER/RE were mixed with pLPCX-trans-
fected cell lysates or lysates containing FLAG-tagged wild-type
TRIMS5a,, or ER/RE in a 1:1 ratio and used in the capsid binding
assay.
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FIG. 5. HIV-1-restricting ability of TRIMS5-Cyp A fusion proteins
with changes in the B-box 2 domain. HeLa cells stably expressing
wild-type TRIMSa,, or thSRBCC-Cyp B-box 2 mutants, or cells trans-
duced with the empty LPCX vector, were exposed to increasing
amounts of HIV-1-GFP. Infected, GFP-positive cells were counted by
FACS. The results of a single experiment are shown; similar results
were obtained in a repeat experiment.

proper geometry of the bound TRIMSa proteins on the capsid
is important for restriction. Images of TRIMS5a proteins asso-
ciated with HIV-1 capsids in infected cells are consistent with
such a model (4).

Although in some circumstances, the restriction phenotypes
of the R121E and ER/RE mutants differed, these mutants
were almost indistinguishable in the coimmunoprecipitation
and capsid recruitment assays. The assays may have failed
to detect quantitative differences that exist between these
mutants; alternatively, the additional E120R change in the
ER/RE conditional revertant might contribute in a qualitative
manner to TRIMSa functions beyond capsid association. Ad-
ditional studies will be needed to address these possibilities.

The ability of owl monkey TRIMCyp to restrict HIV-1 in-
fection is only minimally affected by changes in the B-box 2
domain that significantly decrease TRIMSa capsid binding and
restriction (6, 20). Similarly, B-box 2 changes exert minimal
effects on the HIV-1-restricting ability of rhSRBCC-Cyp, a
chimeric protein consisting of the TRIMSa,;, RING, B-box 2,
and coiled-coil domains fused to CypA (20) (Fig. 5). Dimer-
ization of Cyp A has been shown to be sufficient for moderately
potent restriction of HIV-1 (15, 44); the B-box 2-mediated
higher-order self-association appears to be dispensable in this
context. Cyp A binds monomeric HIV-1 capsid protein with
low affinity (23, 48), whereas TRIMSa does not detectably
interact with capsid monomers (10). Oligomerization of Cyp A
may allow sufficient avidity for the HIV-1 capsid to achieve
restriction, whereas TRIMSa oligomers may require the rein-
forcing B-box 2-mediated interactions to achieve comparable
levels of capsid binding and restriction. Moreover, the prolyl
isomerase activity of Cyp A may promote uncoating and re-
striction (15, 44) once sufficient TRIMCyp molecules are
bound, whereas TRIMS5a may need to recruit additional fac-
tors to mediate restriction.

A property common to all TRIM proteins is the tendency to
aggregate into cytoplasmic or nuclear bodies when overex-
pressed (34). Cytoplasmic bodies, although not necessary for
TRIMS5a-mediated restriction (31, 37), may be a manifestation
of higher-order self-association in cells overexpressing TRIMS5a.
That many TRIM proteins form nuclear or cytoplasmic bodies
hints that B-box-mediated self-association may be common to
many TRIM proteins. The requirement to assemble a large
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array of TRIMSa on the incoming retroviral capsid may ex-
plain the selection of this host restriction factor from the ag-
gregation-prone TRIM family.
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