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Rhesus TRIM5� (TRIM5�rh) is a cytosolic protein that potently restricts HIV-1 at an early postentry stage, prior to reverse tran-
scription. The ability of TRIM5�rh to block HIV-1 infection has been correlated with a decrease of pelletable HIV-1 capsid dur-
ing infection. To genetically dissect the ability of TRIM5� to block reverse transcription, we studied a set of TRIM5�rh RING
domain mutants that potently restrict HIV-1 but allow the occurrence of reverse transcription. These TRIM5�rh RING variants
blocked HIV-1 infection after reverse transcription but prior to integration, as suggested by the routing of nuclear viral DNA to
circularization in the form of 2-long terminal repeat (2-LTR) circles. The folding of RING domain variants was similar to that of
the wild type, as evaluated by nuclear magnetic resonance. RING domain changes that allowed the occurrence of reverse tran-
scription were impaired in their ability to decrease the amount of pelletable capsid compared with wild-type TRIM5�. Similar
effects of this particular group of mutations were observed with human TRIM5� inhibition of N-tropic murine leukemia virus
(N-MLV). Interestingly, TRIM5�rh RING domain variants also prevented the degradation of TRIM5�rh that occurs following
cell entry of HIV-1. These data correlated the block of reverse transcription with the ability of TRIM5� to accelerate uncoating.
Collectively, these results suggest that TRIM5�rh blocks HIV-1 reverse transcription by inducing premature viral uncoating in
target cells.

Several newly discovered proteins endogenously expressed in
primates show the ability to dominantly block retroviral infec-

tion and cross-species transmission by interfering with the early
phase of viral replication (27, 46, 51). Of particular interest are
members of the tripartite motif (TRIM) family of proteins (43).
The splicing variant alpha of TRIM5 from rhesus macaque
(TRIM5�rh) is an �53-kDa cytosolic protein that potently re-
stricts HIV-1 (24, 49). TRIM5�rh blocks HIV-1 and certain other
retroviruses soon after viral entry but prior to reverse transcrip-
tion (24, 51). The retroviral capsid protein (CA) is the viral deter-
minant for susceptibility to restriction by TRIM5� (38). Studies
on the fate of the HIV-1 capsid in the cytosol of infected cells have
correlated restriction with a decreased amount of cytosolic partic-
ulate capsid (10, 13, 41, 52), suggesting that TRIM5�rh acts by
inducing premature uncoating in target cells.

TRIM5�rh is composed of four distinct domains: RING, B-box
2, coiled-coil, and B30.2(SPRY) (43). The RING domain of
TRIM5�rh is an E3 ubiquitin ligase (12, 23, 26, 28, 31, 32, 57).
The E3 ligase activity of TRIM5�rh correlates with the ability of
TRIM5�rh to block HIV-1 (31). The B-box 2 domain of
TRIM5�rh and other TRIM proteins, such as TRIM63, self-associates
into dimeric complexes that are important for TRIM5� higher-order
self-association (HOSA) and capsid binding avidity; these B-box 2
domain functions are essential for full and potent restriction of
HIV-1 (11, 14, 20, 22, 34, 39). The coiled-coil domain enables
TRIM5�rh dimerization (23, 28), which is critical for interaction of
the B30.2(SPRY) domain with the HIV-1 capsid (15, 47, 52). The
B30.2(SPRY) domain provides the capsid recognition motif that dic-
tates the specificity of restriction (35, 45, 50, 53, 59).

TRIM5�rh exhibits an intrinsic intracellular turnover of 50 to
60 min that is dependent on an intact RING domain, but this
property is apparently not important for restriction (10, 12, 57).
However, TRIM5�rh degrades at a faster rate than its normal turn-
over when in the presence of HIV-1 capsid (44). Interestingly,
TRIM5�rh capsid-dependent degradation is prevented by chemi-
cal inhibition of proteasome activity. Substantial evidence has
linked the ubiquitin-proteasome system to HIV-1 restriction by
TRIM5�rh. Retroviral restriction by TRIM5� results in abortive
reverse transcription in target cells. However, inhibition of pro-
teasome activity by drugs allows the completion of reverse tran-
scription in the presence of TRIM5�rh without affecting the inhi-
bition of HIV-1 (1, 13, 40, 52, 55). These results suggest that
TRIM5� might act at multiple steps in the retroviral life cycle.

To genetically dissect the ability of TRIM5� to block reverse
transcription, we screened a large set of TRIM5�rh RING domain
mutants in order to find variants that would potently restrict
HIV-1 while still allowing the occurrence of reverse transcription.
Interestingly, we found that TRIM5�rh RING domain residue Y63
is important for the ability of the protein to block reverse tran-
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scription. Changes in position Y63 impaired the ability of
TRIM5�rh to block HIV-1 reverse transcription without affecting
retroviral restriction. Corresponding changes in the TRIM5�hu

orthologue Y62 generated variants that allowed the occurrence of
N-tropic murine leukemia virus (N-MLV) reverse transcription
but potently restricted infection. TRIM5�rh Y63 variants blocked
HIV-1 after reverse transcription but prior to integration, as cir-
cularization of nuclear viral DNA in the form of 2-long terminal
repeat (2-LTR) was observed. Next, we tested the ability of the
mutants to decrease the amount of pelletable capsid or acceler-
ate uncoating during infection. RING domain changes that
allowed the occurrence of reverse transcription were impaired
in their ability to accelerate uncoating. These results correlated
the occurrence of reverse transcription with the inability of
TRIM5� to decrease the amount of pelletable capsid (or acceler-
ation of uncoating) during infection, suggesting that reverse tran-
scription occurs prior to or during uncoating. Altogether, these
results suggested that the ability of TRIM5� to block reverse tran-
scription is linked to the acceleration of uncoating.

MATERIALS AND METHODS
Creation of cells stably expressing TRIM5� variants. Retroviral vectors
encoding wild-type (WT) or mutant rhesus monkey TRIM5�rh proteins
were created using the pLPCX vector, as previously described (31). Cf2Th
canine thymocytes were transduced with the different constructs and se-
lected in 5 �g/ml of puromycin (Sigma).

Infection with viruses expressing GFP. Recombinant HIV-1 and
N-MLV expressing green fluorescent protein (GFP) were prepared as de-
scribed previously (13). All recombinant viruses were pseudotyped with
the vesicular stomatitis virus (VSV)-G glycoprotein. For infections, 3 �
104 Cf2Th cells seeded in 24-well plates were incubated at 37°C with virus
for 24 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). HIV-1 and N-MLV viral stocks were
titrated by serial dilution on Cf2Th cells to determine the concentration of
infectious viruses.

Protein analysis. Cellular proteins were extracted with radioimmu-
noprecipitation assay (RIPA) buffer, as previously described (31). Detec-
tion of protein by Western blotting utilized monoclonal antibodies di-
rected against the hemagglutinin (HA) epitope tags (Roche), FLAG
epitope tags (Sigma), and monoclonal antibodies against �-actin (Sigma)
conjugated to Alexa Fluor 680. Bands were detected by scanning blots
with the LI-COR Odyssey imaging system using both 700 and 800 chan-
nels, and integrated intensities were determined using the LI-COR Odys-
sey band quantitation software with the median top-bottom background
subtraction method.

TRIM5� self-ubiquitylation. Proteins encoding FLAG-tagged mu-
tant and wild-type TRIM5�rh proteins were prepared as previously de-
scribed (31). Next, similar amounts of mutant and wild-type TRIM5�
proteins were treated with 5 �M ubiquitin aldehyde, a potent inhibitor of
all ubiquitin C-terminal hydrolases, ubiquitin-specific proteases, and
deubiquitylating enzymes (BostonBiochem). The inhibitor-treated frac-
tions containing mutant and wild-type TRIM5�rh were incubated in a
final reaction mixture containing 200 nM E1 (human recombinant
UBE1) (BostonBiochem), 100 nM E2 (human recombinant UbcH5b)
(BostonBiochem), 200 �M ubiquitin tagged with a myc epitope (human
recombinant ubiquitin), and ATP (energy regeneration solution contain-
ing MgCl2, ATP, and ATP-regenerating enzymes to recycle hydrolyzed
ATP) (BostonBiochem). The reaction was incubated at 37°C for 1 h, and
collected fractions were analyzed by Western blotting using horseradish
peroxidase (HRP)-conjugated antibodies against FLAG and myc. Similar
reactions were performed in the absence of recombinant E1 and E2 en-
zymes to determine the contribution of endogenous E1 and E2 enzymes to
TRIM5�rh ubiquitylation.

HOSA of TRIM5�. Human 293T cells were independently transfected
with plasmids encoding FLAG-tagged and HA-tagged mutant or wild-
type TRIM5�rh proteins. Forty-eight hours later, the cells expressing each
TRIM5�rh variant were lysed in 1 ml of whole-cell extract buffer (50 mM
Tris [pH 8.0], 280 mM NaCl, 0.5% Igepal-10% glycerol, 1 mM dithiothre-
itol [DTT], protease inhibitor cocktail [Roche]). Lysates were centrifuged
at 14,000 rpm for 1 h at 4°C. Postspin lysates were then precleared using
Protein-A-agarose (Sigma) for 1 h at 4°C; a small aliquot of each lysates
was stored as an input sample. Precleared lysates containing the differ-
ently tagged proteins were mixed in a 1/1 ratio and incubated with anti-
FLAG-agarose beads (Sigma) for 2 h at 4°C to precipitate the FLAG-
tagged proteins. Beads containing the immunoprecipitate were washed
four times in whole-cell extract buffer. Next, immune complexes were
eluted with 200 �g/ml of FLAG tripeptide in whole-cell extract buffer. The
eluted samples were separated by SDS-PAGE and analyzed by Western
blotting using anti-HA or anti-FLAG antibodies conjugated to Alexa
Fluor 680.

Binding of TRIM5�rh variants to HIV-1 capsid complexes. The
HIV-1 CA-NC protein was expressed, purified, and assembled as previ-
ously described (19, 21). HIV-1 CA-NC particles were assembled in vitro
by diluting the CA-NC protein to a concentration of 0.3 mM in 50 mM
Tris-HCl (pH 8.0), 0.5 M NaCl and 2 mg/ml DNA oligo(TG)50. The
mixture was incubated at 4°C overnight and centrifuged at 8,600 � g for 5
min. These CA-NC complexes were used for the binding assay as follows.
293T cells were transfected with plasmids expressing wild-type or mutant
TRIM5�rh proteins. Forty-eight hours after transfection, cell lysates were
prepared as follows: washed cells were resuspended in hypotonic lysis
buffer (10 mM Tris [pH 7.4], 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT).
The cell suspension was frozen and thawed and then incubated on ice for
10 min. Next, the lysate was centrifuged at full speed in a refrigerated
Eppendorf microcentrifuge (�14,000 � g) for 5 min. The supernatant
was supplemented with 1/10 volume of 10� phosphate-buffered saline
(PBS) and then used in the binding assay. In some cases, samples contain-
ing the TRIM5�rh variants were diluted with extracts prepared in parallel
from untransfected cells. To test binding, 5 �l of CA-NC complexes as-
sembled in vitro were incubated with 200 �l of cell lysate at room temper-
ature for 1 h. A fraction of this mixture was stored (input). The mixture
was spun through a 70% sucrose cushion (70% sucrose, 1� PBS, and 0.5
mM DTT) at 100,000 � g in an SW55 rotor (Beckman) for 1 h at 4°C.
After centrifugation, the supernatant was carefully removed and the pellet
was resuspended in 1� SDS-PAGE loading buffer (pellet). The level of
TRIM5�rh proteins was determined by Western blotting with an anti-HA
antibody as described above. The level of HIV-1 CA-NC protein in the
pellet was assessed by Western blotting with an anti-p24 capsid antibody.

Assays of the fate of the HIV-1 and N-MLV capsids. HIV-1 virus-like
particles (VLPs) were produced by calcium phosphate cotransfection of
plasmids containing the following genes: HIV-1 gag-pol, VSV-G enve-
lope, and rev protein at a weight ratio of 15:3:1. N-MLV VLPs were pro-
duced by calcium phosphate cotransfection of 293T cells with pCIG-N
(6), along with pVPack-VSV-G at a weight ratio of 15:4. Stably transduced
Cf2Th cells (1.5 � 106) expressing the different TRIM5� variants were
seeded in 80-cm2 flasks. The following day, the cells were incubated with
5 to 10 ml (approximately 2.5 � 105 to 5.0 � 105 reverse transcriptase
units) of HIV-1 or N-MLV VLPs at 4°C for 30 min to allow viral attach-
ment to the cells. The cells were then shifted to 37°C until they were
harvested at 4 to 12 h postinfection. Cells were washed three times using
ice-cold PBS and detached by treatment with 1.0 ml of pronase (7.0 mg/ml
in Dulbecco’s modified Eagle’s medium [DMEM]) for 5 min at 25°C. The
cells were then washed three times with PBS. The cells were resuspended
in 2.5 ml of hypotonic lysis buffer (10 mM Tris-HCl [pH 8.0], 10 mM KCl,
1 mM EDTA, and one Complete protease inhibitor tablet) and incubated
on ice for 15 min. The cells were lysed using 15 strokes in a 7.0-ml Dounce
homogenizer with pestle B. Cellular debris was cleared by centrifugation
for 3 min at 3,000 rpm. To allow assessment of the input for HIV-1 p24
and MLV p30 capsid proteins, 100 �l of the cleared lysate was collected,
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made 1� in SDS sample buffer, and analyzed by SDS-PAGE and Western
blotting. Then, 2.0 ml of the cleared lysate was layered onto a 50% sucrose
(weight:volume) cushion in 1� PBS and centrifuged at 125,000 � g for 2
h at 4°C in a Beckman SW41 rotor. Following centrifugation, 100 �l of the
topmost portion of the supernatant was collected and made 1� in SDS
sample buffer; this sample is referred to as the soluble p24 (HIV-1 CA) or
p30 (N-MLV CA) fraction. The pellet was resuspended in 50 �l 1� SDS
sample buffer and is referred to as the particulate p24 or p30 fraction. All
samples were then subjected to SDS-PAGE and Western blotting. The
HIV-1 p24 and MLV p30 proteins were detected using a mouse anti-p24
antibody (Immunodiagnostics) and a rat monoclonal antibody purified
from the R187 hybridoma cell line (American Type Culture Collection),
respectively. The HIV-1 samples were also quantified by p24 enzyme-
linked immunosorbent assay (ELISA).

Quantitative real-time PCR for the detection of HIV-1 and N-MLV
reverse transcription. Canine Cf2Th cells expressing wild-type and mu-
tant TRIM5�rh proteins were challenged with HIV-1–GFP at a multiplic-
ity of infection (MOI) of 0.2. Viruses were pretreated with DNase to pre-
vent contamination from carryover plasmid DNA. An infection using
heat-inactivated virus (60°C for 30 min) was performed as a control for
carryover plasmid DNA in the PCR. After 6 h, the cells were lysed and
DNA was extracted using a Qiagen blood tissue DNA extraction kit. PCRs
were prepared using the QuantiTect probe PCR kit. Each sample con-
tained 100 ng of total cellular DNA. PCR was carried out using two prim-
ers and a probe that amplify a 263-bp fragment of GFP: GFP-fwd, 5=-GAC
GTA AAC GGC CAC AAG-3=; GFP-rev, 5=-GGT CTT GTA GTT GCC
GTC GT-3=; and GFP-Probe, 5=-56-FAM-CCT ACG GCA AGC TGA
CCC TGA-36-TAMRA-3=. The calibration curve was prepared using an
HIV-1–GFP plasmid.

Quantitative real-time PCR for detection of HIV-1 2-LTR circles.
Canine Cf2Th cells expressing wild-type and mutant TRIM5�rh proteins
were seeded at a density of 0.2 million cells per well in 12-well plates 1 day
prior to inoculation. VSV-G-pseudotyped Env-defective HIV-1 particles
(R9 clone) were treated with DNase I (20 �g/ml with 10 �M MgCl2) for 1
h at 37°C to remove contaminating plasmid DNA. Cultures were inocu-
lated with the virus (10 ng p24 in 1 ml) in the presence of 20 �g/ml
DEAE-dextran. Twenty-four hours after inoculation, the medium was
aspirated, cell monolayers were rinsed in PBS, and the cells were subse-
quently detached with trypsin. Cells were pelleted and the total cellular
DNA was purified using DNeasy columns (Qiagen). 2-LTR circles were
quantified by the method of Dismuke and Aiken (16) using plasmid p2-
LTR as a standard (7). As a control to determine the level of contaminat-
ing HIV-1 plasmid DNA, parallel analyses were performed with cultures
inoculated in the presence of the reverse transcriptase inhibitor efavirenz
(1 �g/ml). Because the level of 2-LTR circles is affected by the efficiency
both of nuclear entry and of integration, HIV-1 2-LTR circles were ana-
lyzed in cells cultured in the presence of the integrase inhibitor raltegravir
to eliminate the consequences of any effects of the TRIM5� mutations on
the efficiency of integration.

Assays of HIV-1-induced destabilization of TRIM5�. TRIM5�rh-
expressing Cf2Th cells were precultured in medium containing cyclohex-
imide for 1 h and then inoculated with VSV-G-pseudotyped HIV-1 and
cultured for 5 h in cycloheximide-containing medium. Cells were har-
vested and lysates prepared and analyzed by immunoblotting using
monoclonal antibody specific for the HA tag on TRIM5�, as previously
described (44). Blots were reprobed with actin-specific monoclonal anti-
body for normalization, and images obtained and bands quantified using
the Odyssey imaging software. The level of TRIM5� was expressed as a
percentage of the levels in corresponding control samples that were cul-
tured in the absence of the virus.

NMR measurements of TRIM5� RING domains. The DNA frag-
ments encoding the wild-type or mutant RING domain of TRIM5�rh (1
to 79) and TRIM5�hu (1 to 78) were amplified via PCR as a fusion with an
N-terminal His tag and tobacco etch virus (TEV) protease cleavage site
(56). The 15N-labeled proteins were produced by cell-free protein synthe-

sis with optimization for zinc-binding proteins (25, 33) and were purified
by immobilized metal affinity chromatography using an automated sys-
tem (2). The eluted protein from the cell-free reaction mixture was
cleaved with TEV protease to remove the His tag and was used for nuclear
magnetic resonance (NMR) measurements. The final concentrations of
samples were 0.24 mM TRIM5�rh RING (wild-type), 0.23 mM TRIM5�rh

RING (Y63E), 0.32 mM TRIM5�hu RING (wild-type), and 0.26 mM
TRIM5�hu RING (Y62E). Proteins were eluted in 20 mM Tris-HCl buffer
at pH 7.5, 300 mM NaCl, 1 mM dithiothreitol, 34 mM nitrilotriacetic acid
(NTA)-Zn, with the addition of D2O to 10% (vol/vol). The two-
dimensional 1H-,15N-HSQC spectra were recorded at 25°C on a Bruker
Avance 600 spectrometer equipped with pulse-field gradient triple-
resonance CryoProbe.

RESULTS
Identification of TRIM5� RING domain variants that potently
restrict HIV-1 after reverse transcription. By correlating the E3
ligase activity with HIV-1 restriction, we previously demonstrated
that the E3 ubiquitin ligase activity of the RING domain is impor-
tant for potent restriction of HIV-1 by TRIM5�rh (31). Because
deletions in the RING domain of TRIM5�rh did not relieve re-
striction (data not shown) yet allowed the occurrence of reverse
transcription, we sought to identify mutations in the RING do-
main of TRIM5� that potently block HIV-1 while compromising
the ability of the protein to block reverse transcription. For this
purpose, we stably expressed a large set of TRIM5�rh RING do-
main variants in canine Cf2Th cells, as part of our previously
described screen (31), and tested them for the ability to block
infection and reverse transcription. Interestingly, we found muta-
tions in the RING domain of TRIM5�rh that potently restricted
HIV-1 after reverse transcription (Fig. 1A, B, and E and Table 1).
TRIM5�rh RING domain Y63D, Y63E, and Y63K variants po-
tently blocked HIV-1 (Fig. 1A) but completely restored the reverse
transcription process (Fig. 1B). By contrast, Y63A, Y63F, and Y62S
variants blocked HIV-1 and prevented the occurrence of reverse
transcription to a similar extent as the wild-type TRIM5�rh. In
order to corroborate these findings, we generated similar changes
on the RING domain of human TRIM5� (TRIM5�hu). In agree-
ment, TRIM5�hu RING domain Y62F, Y62D, Y62E, and Y62K
variants potently blocked N-MLV infection but allowed the oc-
currence of reverse transcription (Fig. 1C, D, and E and Table 2).
TRIM5�hu RING domain Y62A and Y62S variants blocked
N-MLV infection and prevented the occurrence of reverse tran-
scription to a lesser extent than the wild-type TRIM5�hu. These
results provide genetic evidence that TRIM5� can act at more than
one step in the HIV-1 retroviral life cycle, as it has been previously
suggested by experiments using proteasome inhibitors and
TRIMCyp fusion constructs (44, 55, 58).

TRIM5�rh RING domain variants block HIV-1 infection af-
ter reverse transcription but prior to integration. Because
TRIM5�rh RING domain variants blocked HIV-1 infection after
reverse transcription, we decided to test the ability of these vari-
ants to generate HIV-1 2-LTR circles. Formation of 2-LTR circles
would suggest the nuclear transport of the preintegration complex
and the consequent routing of nuclear viral DNA to circulariza-
tion (7). For this purpose, we challenged canine Cf2Th cells stably
expressing the different TRIM5�rh RING domain variants with
HIV-1 at an MOI of 0.4 and extracted DNA after 24 h for assess-
ment of HIV-1 2-LTR circles by real-time PCR (7). TRIM5�rh

RING domain Y63D, Y63E, and Y63K variants allowed more for-
mation of HIV-1 2-LTR circles than did wild-type TRIM5�rh (Fig.
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1F and Table 1). In agreement with these results, TRIM5�rh RING
domain changes that block HIV-1 reverse transcription (Fig. 1B)
did not lead to the formation of HIV-1 2-LTR circles (Fig. 1F).
These results indicated that TRIM5�rh RING domain Y63D,

Y63E, and Y63K variants restrict HIV-1 after reverse transcription
but prior to integration.

Folding of RING domain mutants. The NMR structure of the
RING domain revealed that tyrosine 63 of TRIM5�rh is located in

FIG 1 Restriction of HIV-1 and N-MLV infection after reverse transcription. Cf2Th cells were transduced with the LPCX vector expressing HA-tagged wild-type
and mutant TRIM5� proteins. Stable cell lines were selected with 5 �g/ml of puromycin. CF2Th cell lines expressing the indicated wild-type and TRIM5� RING
domain variants or containing the empty LPCX vector were challenged with different amounts of HIV-1–GFP (A) or N-MLV–GFP (C). Infection was
determined by measuring the number of GFP-positive cells 48 h postinfection by flow cytometry. Similar results were obtained in three independent experiments,
and the result of one experiment is shown. Similarly, CF2Th cell lines expressing the indicated wild-type and mutant TRIM5� proteins or containing the empty
LPCX vector were challenged at an MOI of 0.4 with DNase-pretreated HIV-1–GFP (B) or N-MLV–GFP (D) viruses. After 7 h, cells were lysed and total DNA was
extracted. The levels of viral DNA were measured by quantitative real-time PCR, using a probe against GFP, as described in Materials and Methods. Similar results
were obtained in three independent experiments, and the standard deviation is shown. (E) The expression level of mutant and wild-type TRIM5� proteins was
assayed by Western blotting using HRP-conjugated antibodies against HA. (F) CF2Th cell lines expressing the indicated wild-type and mutant TRIM5�rh

proteins or containing the empty LPCX vector were challenged at an MOI of 0.4 with DNase-pretreated VSV-G-pseudotyped Env-defective HIV-1 viruses (R9
clone). After 24 h, cells were lysed and total DNA was extracted. The levels of HIV-1 2-LTR circles were measured by quantitative real-time PCR, using specific
primers to detect the junction of 2-LTR circles, as described in Materials and Methods. Similar results were obtained in three independent experiments, and the
standard deviation is shown. In panels A and C, black arrows point out the viral doses of HIV-1 and N-MLV used to measure reverse transcription.
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the hydrophobic core of the domain (Fig. 2A) (31). Because
changes in the hydrophobic core of the domain might result in
protein misfolding, we tested the effect of these changes in the
folding of the RING domain. To examine the fold of RING do-
main mutants, the wild type and the Y63E variant of TRIM5�rh (1
to 79) were expressed in the presence of labeled amino acids, as
described in Materials and Methods. Two-dimensional 1H-, 15N-
HSQC spectrum analysis of the labeled proteins revealed that the
RING domain bearing the Y63E mutation was folded similarly to
the wild-type RING domain (Fig. 2B). However, there were at
least six important chemical shifts in the Y63E spectrum com-
pared to the wild type that could be responsible for the observed
phenotypes. Similar results were obtained for the RING domain of
TRIM5�hu (1 to 78) bearing the mutation Y62E (data not shown).
These results demonstrated that the RING domain of TRIM5�rh

and TRIM5�hu bearing the Y63E and Y62E mutations, respec-
tively, folded similarly to the wild-type domain.

Effects of RING changes in TRIM5� on the fate of the retro-
viral capsid in infected cells. Previous studies demonstrated that
restriction of HIV-1 and N-MLV infection by TRIM5� proteins is
accompanied by an accelerated conversion of the cytosolic retro-
viral capsid from particulate to soluble forms (5, 10, 11, 13, 37, 41,
48, 52). These results suggested that TRIM5� destabilizes the core

in order to restrict retroviral infection. Because stability of the core
is important for the occurrence of reverse transcription and pro-
ductive infection (10, 13, 18, 36), we hypothesized that TRIM5�
variants that allow the occurrence of reverse transcription do not
decrease the amount of pelletable capsid during infection. To test
this hypothesis, we examined the ability of different RING domain
variants to decrease the amount of pelletable capsid during infec-
tion using the fate of the capsid assay, as previously described (5,
10, 37, 41, 52, 53). TRIM5�rh RING domain Y63E, Y63D, and
Y63K variants were not able to decrease the amount of HIV-1
pelletable capsid compared to the wild-type protein (Fig. 3A and
Table 1). Interestingly, the same changes fully allowed the occur-
rence of reverse transcription compared to the wild-type protein
(Fig. 1B). By contrast, TRIM5�rh RING domain Y63S and Y63A
variants decreased the amount of HIV-1 pelletable capsid during
HIV-1 infection and prevented the occurrence of reverse tran-
scription (Fig. 3A). Similarly, we studied the fate of the N-MLV
capsid in canine Cf2Th cells stably expressing the various
TRIM5�hu RING domain variants. In agreement with our previous
results, TRIM5�hu RING variants that did not inhibit reverse tran-
scription, including the Y62E, Y62F, Y62K, and Y62D variants,
lost the ability to decrease the amount of pelletable capsid during
N-MLV infection (Fig. 3B and Table 2). By contrast, variants that

FIG 2 Protein folding of RING domain mutants. (A) Structure of the RING domain of TRIM5�rh illustrating the position of tyrosine 63 (red). The side chain
of tyrosine 63 is part of the hydrophobic core of the RING domain and is surrounded by the hydrophobic side chains of residues L28, I39, I61, P65, and I68. (B)
The two-dimensional 1H, 15NHSQC spectra of wild-type (black) and Y63E (red) RING domains are shown. The overlay of the spectral data (black and red)
showed that the RING domain Y63E mutation does not disrupt protein folding.
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prevented reverse transcription, such as the Y62S and Y62A vari-
ants, decreased the amount of pelletable N-MLV capsid during
infection to an extent similar to that of the wild-type TRIM5�hu

(Fig. 3B). These results showed that TRIM5� mutants that had
lost their ability to decrease the amount of pelletable capsid also
lost their capacity to prevent reverse transcription.

Assaying the E3 ubiquitin ligase activity of TRIM5�rh RING
domain variants. The RING domain of TRIM5�rh exhibits self-
ubiquitylation activity and can use UbcH5 as an E2-conjugating
enzyme (12, 23, 28, 31, 32, 57). To measure the ability of the
TRIM5�rh RING domain variants to undergo RING domain-
dependent self-ubiquitylation, we used our previously de-
scribed ubiquitylation assay (31). Purified RING domain vari-
ants and wild-type TRIM5�rh proteins from human cell
extracts were incubated with recombinant UBE-1 (E1), recom-
binant UbcH5a(E2), an energy regeneration system, and myc-
tagged ubiquitin. TRIM5�rh self-ubiquitylation is observed only
when E2 enzymes were added to the reaction (Fig. 4). The amount
of ubiquitylated TRIM5� protein was determined by subtracting
the amount of nonubiquitylated TRIM5� protein remaining in
the reaction mixture that was incubated with E2 enzymes from the
TRIM5� protein in the control reaction, which was not incubated
with E2 enzyme. The value of nonubiquitylated TRIM5� was
quantified by using a fluorescent Western blotting assay, as de-
scribed in Materials and Methods. TRIM5� self-ubiquitylation
was expressed as the percentage of the total TRIM5� variant input
protein (Tables 1 and 2). Interestingly, TRIM5�rh RING domain
Y63A, Y63D, Y63E, and Y63K variants were impaired in their
ability to undergo polyubiquitylation (Fig. 4). To the contrary,
TRIM5�rh RING domain Y63F and Y63S variants were polyubiq-
uitylated to a lesser extent than the wild-type protein (Fig. 4).
Notably, all RING domain variants in these studies accumulated
monoubiquitylated forms compared to wild-type TRIM5�rh (Fig.
4). As controls, we used TRIM5�rh R60A, a RING domain variant
that does not undergo mono- or poly ubiquitylation (31). These
results showed that mutations at residue Y63 accumulate monou-
biquitylated forms of the protein.

TRIM5�rh RING domain variants binding to HIV-1 capsid.
We analyzed the ability of the TRIM5�rh RING domain variants
to bind HIV-1 CA, since this is required for restriction of HIV-1 by
TRIM5�rh (15, 47, 52). To measure the binding of the different
TRIM5�rh RING domain variants to in vitro-assembled HIV-1
CA-NC complexes, we used our previously described quantitative
binding assay, which adjusts input levels of TRIM5� variants to
more accurately compare capsid-binding abilities (14). Most
TRIM5�rh RING domain variants retained wild-type binding to
HIV-1 capsid-nucleocapsid complexes, with the exception of the
Y63K variant, which was bound to capsid-nucleocapsid com-
plexes with lower affinity (Fig. 5 and Tables 1 and 2). These results
suggested that these mutants interact with the HIV-1 capsid in a
manner similar to the wild-type protein.

HOSA of TRIM5�rh RING domain variants. Higher-order
self-association is important for the ability of TRIM5�rh to restrict
HIV-1 (11, 14, 20, 29). The B-box 2 domain is critical in the for-
mation of higher-order complexes, which are known to increase
the avidity of TRIM5�rh for the HIV-1 capsid (14, 29); residue
R121 in the B-box 2 domain of TRIM5�rh is essential for the
ability of TRIM5�rh to form hexagonal structures on the surface of
the HIV-1 capsid (11, 14, 20). Because changes in the RING do-
main of TRIM5�rh can affect higher-order self-association (30,

FIG 3 Fate of the retroviral capsid in cells expressing TRIM5� variants. (A)
CF2Th cell lines expressing the indicated wild-type and mutant TRIM5�rh

proteins or containing the empty LPCX vector were incubated with equivalent
amounts of HIV-1–GFP at 4°C for 30 min. The cells were washed and returned
to 37°C, and infection was allowed to proceed for 12 h. Cell extracts were
fractionated on sucrose gradients as described in Materials and Methods. In-
put, soluble, and pellet fractions were analyzed by Western blotting using
antibodies against the HIV-1 p24 capsid protein. (B) CF2Th cell lines express-
ing the indicated wild-type and mutant TRIM5�hu proteins or containing the
empty LPCX vector were incubated with similar amounts of N-MLV–GFP at
4°C for 30 min. The cells were washed and returned to 37°C, and infection was
allowed to proceed for 4 h. Cell extracts were fractionated on sucrose gradients
as described in Materials and Methods. Input, soluble, and pellet fractions
were analyzed by Western blotting using antibodies against the N-MLV p30
capsid protein. The lower bar graphs represent the fluorescent quantification
of pelletable capsid shown as a percentage. Similar results were obtained in
three independent experiments and the standard deviation is shown.
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31), we tested the ability of these variants to form HOSA com-
plexes. Interestingly, most of the mutants were affected to differ-
ent degrees, with the exception of the Y63F mutant (Fig. 6 and
Tables 1 and 2). These results suggested that the RING domain is
involved in the ability of TRIM5�rh to form HOSA complexes.

RING mutations prevent the HIV-1-induced degradation of
TRIM5�rh. In a previous study, Rold and Aiken (44) reported that
cellular TRIM5�rh is destabilized upon encountering a restriction-
sensitive retroviral capsid. The virus-induced TRIM5�rh degrada-
tion was prevented by compounds that inhibit the activity of the
26S proteasome, indicating that proteasome activity is required
and suggesting that TRIM5� engagement of the capsid recruits
and/or activates proteasomal degradation of the protein. How-
ever, it is unknown whether the RING domain and its associated
ubiquitin ligase activity play a role in virus-induced TRIM5� deg-
radation. To test this, we analyzed the levels of TRIM5�rh in cells
exposed to VSV-G-pseudotyped HIV-1 particles. Cells were pre-
treated with cycloheximide to halt protein synthesis, and the in-
hibitor was present during the 5-h assay period. In addition, the
VSV-G-pseudotyped HIV-1 stock was pretitered in the experi-
ment to ensure that the dose was sufficient to induce maximal
degradation of the wild-type TRIM5�rh protein. The levels of
TRIM5�rh were determined by immunoblotting using an anti-
body specific for the C-terminal HA tag, and the blots were re-
probed with an actin-specific antibody to normalize the quantita-
tion. To quantify the basal degradation of the protein, we analyzed
samples collected from cells not exposed to VSV-G-pseudotyped
HIV-1 at the beginning of the experiment and after the 5-h culture
period.

As previously reported (44), exposure of cells to VSV-G-
pseudotyped HIV-1 particles resulted in degradation of wild-type
TRIM5�rh during the 5-h time course (Fig. 7A). The cellular levels
of the protein were reduced by an average of 77% relative to the

control cells not exposed to the virus. By contrast, all of the Y63
mutations rendered TRIM5� less sensitive to HIV-induced deg-
radation, albeit to different extents. Y63K, Y63E, and Y63D
TRIM5� RING mutants, which failed to inhibit HIV-1 reverse
transcription, were the least affected by exposure to the virus,
exhibiting no significant loss relative to the respective controls. Of
the mutants, that with Y63F was the most sensitive, exhibiting
63% degradation (Fig. 7B). The Y63S and Y63A mutants were
intermediate, exhibiting 30% and 18% degradation, respectively
(Fig. 7B). It is possible that some of the effects of the Y63S, Y63K,
Y63E, Y63D, and Y63A mutations result from the higher steady-
state cellular levels of these TRIM5� proteins, which may limit the
ability of the incoming HIV-1 particles to saturate the restriction
factor. Overall, the results suggest that mutations in the RING
domain can render TRIM5� resistant to destabilization induced
by incoming HIV-1 cores.

DISCUSSION

In this study, we identified TRIM5�rh RING domain mutants that
potently blocked retrovirus infection without inhibiting reverse
transcription. These mutants are strong genetic evidence that
TRIM5�rh can act at more than one step on the retroviral life cycle.
Our results are consistent with the observation that proteasomal
inhibitors allowed the occurrence of reverse transcription while
minimally affecting the ability of TRIM5�rh to block HIV-1 infec-
tion (52, 55). This evidence suggested that TRIM5�rh can target
the HIV-1 viral life cycle at more than one step. To further under-
stand the nature of the post-reverse transcription block, we mea-
sured the generation of HIV-1 2-LTR circles during the infection
of cells expressing different TRIM5�rh RING domain mutants.
HIV-1 infection of cells expressing these variants allowed forma-
tion of HIV-1 2-LTR circles but did so to a lesser extent than cells
containing the empty vector LPCX (Fig. 1F). After reverse tran-

FIG 4 E3 ubiquitin ligase activity of TRIM5�rh RING domain variants. Human 293T cells were transfected with plasmids encoding FLAG-tagged mutant and
wild-type TRIM5�rh proteins. Forty-eight hours later, the cells expressing each TRIM5�rh variant were lysed in whole-cell extract and immunoprecipitated using
anti-FLAG-agarose beads as described in Materials and Methods. Beads containing the immunoprecipitated TRIM5�rh variants were washed and eluted with 200
�g/ml of FLAG tripeptide in whole-cell extract buffer as described in Materials and Methods. Samples were supplemented with 5 �M ubiquitin aldehyde, a potent
inhibitor of all ubiquitin C-terminal hydrolases, ubiquitin-specific proteases, and deubiquitinating enzymes. Similar amounts of inhibitor-treated samples
containing mutant and wild-type TRIM5�rh were incubated with 200 nM enzyme E1 (human recombinant UBE1), 200 �M ubiquitin tagged with a myc epitope
(human recombinant ubiquitin), and an energy regeneration solution containing MgCl2, ATP, and ATP-regenerating enzymes to recycle hydrolyzed ATP. The
final reaction was supplemented or not with 100 nM enzyme E2 (human recombinant UbcH5a) as indicated. The reaction mixture was incubated at 37°C for 1
h, and collected fractions were analyzed by Western blotting using HRP-conjugated antibodies against FLAG to detect the levels of TRIM5�rh variants
(anti-FLAG). To detect TRIM5�rh ubiquitylated forms, membranes were blotted using HRP-conjugated antibodies against myc (anti-myc). The results of three
independent experiments were similar; the result of a single experiment is shown.
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scription, the routing of viral DNA to the formation of 2-LTR
circles is an indication that the preintegration complex has been
transported to the nucleus (54). This suggests that TRIM5�rh may
directly inhibit the integration of HIV-1 preintegration complexes
that have entered the nucleus, consistent with our recent finding
that TRIM5�rh shuttles between the nucleus and the cytoplasm
(9). A second possibility is that mutations on position Y63 result
in a TRIM5�rh protein that might damage the uncoating process,
leaving a viral DNA substrate that could be end ligated and circu-
larized but not integrated. However, further investigation is re-

quired to understand the mechanism used by mutant TRIM5�rh

proteins to block HIV-1 after reverse transcription.
To rule out the possibility that the phenotypes described in the

present work were the result of mutations that simply unfold the
RING domain, we demonstrated that the RING domain bearing
the mutations Y63E and Y62E in TRIM5�rh and TRIM5�hu, re-
spectively, are folded similarly to the wild-type protein (Fig. 2).
Proper folding implies that these mutations lost a specific function
of the RING domain, which causes the observed phenotypes.
The fact that the RING Y63E folding is slightly different from
the wild-type domain might explain why all the mutants,
with the exception of the Y63F mutant, lost higher-order self-
association capabilities while maintaining the capacity to bind
HIV-1 CA-NC complexes. The chemically shifted residues in
the RING Y63E structure might be a “hot spot” for the self-
association of TRIM5�rh. The future assignment of the chem-
ically shifted residues will help on the identification of this
potential hot spot.

We also measured the fate of the capsid for HIV-1 and N-MLV
during infection of cells expressing different RING domain vari-
ants of TRIM5�rh and TRIM5�hu, respectively. Remarkably, in
this group of mutants, the acceleration of uncoating was corre-
lated with inhibition of reverse transcription, suggesting that a
decrease of pelletable capsid or an acceleration of uncoating by
TRIM5� disrupts reverse transcription. These data add to our

TABLE 1 Phenotypes of TRIM5� RING Y63 variants

TRIM5�rh

variant
Restriction potency
against HIV-1a

HIV-1 reverse
transcriptionb

HIV-1 2-LTR
circle formationc

% TRIM5
self-ubiquitylation
(� SD)d

Particulate HIV-1
cytoplasmic
capsidse

Mean binding to
HIV-1 CA-NC
complexes (� SD)f % HOSA (� SD)g

WT � � � 100.0 � 1 100.0
Y63A � � � 50.0 (8.3)*** � 0.9 (0.2) NS 18.6 (4.3)
Y63F � � � 80.9 (11.5)* ND 0.9 (0.1) NS 79.3 (7.3)
Y63D � � � 31.0 (4.5)*** � 1.2 (0.1) NS 8.7 (5.7)
Y63E � � � 40.6 (5.6)*** � 0.8 (0) NS 19.4 (7.2)
Y63K � � � 30.6 (10.1)*** � 0.4 (0.2)*** 18.6 (5.4)
Y63S � � � 50.6 (9.7)*** � 1.0 (0.1) NS 15.7 (4.3)
a Restriction was measured by infecting cells expressing the indicated TRIM5�rh variants with HIV-1 expressing the GFP protein. After 48 h, the percentage of GFP-positive cells
(infected cells) was determined by flow cytometry. �, Restriction comparable to that of the wild-type protein. Experiments were performed at least three times.
b HIV-1 reverse transcription was measured by real-time PCR 7 h after infection, as described in Materials and Methods. �, Absence of reverse transcription. �, Occurrence of
reverse transcription at levels similar to those observed in control cells transduced with the empty LPCX vector when infected with HIV-1 (or N-MLV, as shown in Table 2).
Experiments were performed at least three times.
c Formation of HIV-1 2-LTR circles was measured by real-time PCR 24 h after infection, as described in Materials and Methods. The presence (�) or absence (�) of HIV-1 2-LTR
circles is indicated. Experiments were performed at least three times.
d To investigate the E3 ubiquitin ligase activity of TRIM5�rh RING domain variants, the ability of these variants to undergo self-ubiquitylation was assayed. Semipurified Flag-
tagged TRIM5� variants from transfected 293T cells by immunoprecipitation were incubated with E1, E2, myc-tagged ubiquitin, and ATP, for 1 h at 37°C as described in Materials
and Methods. Samples were analyzed by Western blotting using antibodies against FLAG and myc for the detection of TRIM5� and ubiquitin, respectively. The amount of TRIM5�

ubiquitylated protein was determined by subtracting the amount of nonubiquitylated TRIM5� protein remaining in the reaction mixture incubated with E1 and E2 from the
TRIM5� protein in the control reaction mixture, which was not incubated with E1 and E2. The value of nonubiquitylated TRIM5� for the reactions was quantified by using
fluorescent Western blotting. TRIM5� self-ubiquitylation was expressed as the percentage of total TRIM5� variant input protein. Experiments were performed at least three times
and standard deviations (SD) are shown. Statistical differences when compared with wild-type TRIM5� are given as follows: ***P � 0.001; *P � 0.05 (two-way analysis of variance
[ANOVA] followed by the Bonferroni posttest).
e The amount of particulate capsids for HIV-1 during infection of cells expressing the indicated TRIM5� RING domain variants was measured as described in Materials and
Methods. �, Absence of particulate capsids during infection, similar to what is observed in the presence of the wild-type TRIM5�. �, Presence of particulate capsids in an amount
similar to that observed in HIV-1 (or N-MLV, as shown in Table 2) infection of control cells that were transduced with the empty vector LPCX. Experiments were performed at
least twice. ND, not determined.
f Binding to the HIV-1 capsid complexes was determined for each TRIM5�rh RING domain variant as described in Materials and Methods. Binding is expressed as the amount of
the TRIM5�rh variant bound to HIV-1 capsid complexes divided by the amount of bound wild-type TRIM5�rh at a similar input level. Experiments were repeated at least three
times; the means and standard deviations (SD) are shown. Note that, because the binding ratios are calculated at input levels at which some binding of the mutant TRIM5�rh

protein to the HIV-1 capsid complexes can be detected, these ratios overestimate the relative CA-binding affinities of the mutant proteins. Statistical differences when compared
with wild-type TRIM5� binding are given as follows: ***P � 0.001; NS, not significant with P � 0.05; two-way ANOVA followed by the Bonferroni posttest.
g Each TRIM5�rh RING domain variant was assayed for HOSA as described in Materials and Methods. The percentage represents the fraction of the TRIM5�rh variant
coprecipitated with itself, relative to the coprecipitation of wild-type TRIM5�rh with itself. Experiments were performed at least three times.

TABLE 2 Phenotypes of TRIM5� RING Y62 variants

TRIM5�hu

variant
Restriction potency
against N-MLVa

N-MLV reverse
transcriptionb

Particulate N-MLV
cytoplasmic capsidsc

WT � � �
Y62A � �/� �/�
Y62F � � �
Y62D � � �
Y62E � � �
Y62K � � �
Y62S � � �
a Restriction was measured by infecting cells expressing the indicated TRIM5�rh

variants with N-MLV expressing the GFP protein. See Table 1 footnote a for further
details.
b N-MLV reverse transcription. See Table 1 footnote b for further details.
c Amount of particulate capsids for N-MLV. See Table 1 footnote e for further details.
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understanding of early steps on HIV-1 infection that reverse tran-
scription is dependent on proper uncoating and occurs before or
during uncoating but not afterwards. These results were in agree-
ment with several observations suggesting that stability of the viral
core is important for reverse transcription and infection. (i)There
are changes in the stability of the incoming retroviral core in the
host cell achieved by mutagenesis of the HIV-1 capsid that result
in a loss of infectivity. Mutations in the capsid protein of HIV-1
that diminish (or increase) the stability of the HIV-1 core interfere
with reverse transcription (18). (ii) HIV-1 cores isolated from
particles produced in the absence of the accessory protein Vif ex-
hibit low stability and are poorly infectious. Careful studies of
these viruses revealed a defect in reverse transcription (36). (iii)
The use of proteasome inhibitors during HIV-1 infection in-
creases the stability of the incoming cores and at the same time
augments reverse transcription (10, 13). Taken together, these
results indicate that the acceleration of uncoating by TRIM5�
precludes efficient reverse transcription in target cells. One possi-
bility is that the reverse transcription complex is tightly associated
with the core and that disruption of the core ultimately prevents
reverse transcription. HIV-1 uncoating in vitro is accompanied by
dissociation of the RT enzyme from the viral ribonucleoprotein
complex within the core, suggesting that premature uncoating
may lead to impaired reverse transcription processivity (17). Fi-
nally, these findings are consistent with the idea that reverse tran-
scription occurs before or during uncoating but not afterwards, as
has been previously suggested (3, 4).

TRIM5�rh undergoes self-ubiquitylation activity, and this abil-
ity correlates with the ability of TRIM5�rh to block HIV-1 (31). In
the present work, we measured the ability of TRIM5�rh RING
domain variants to undergo self-ubiquitylation. Interestingly, all
of the mutants formed preferentially monoubiquitylated forms.
For example, the Y63E protein had a very long half-life relative to
the wild-type protein (data not shown), suggesting that monou-
biquitylation might stabilize the protein. One possibility is that
when TRIM5�rh binds to the HIV-1 capsid by forming hexagonal
structures on the surface of the core (20), it recruits an E2 enzyme
to allow TRIM5�rh polyubiquitylation. Removal and degradation
of polyubiquitylated TRIM5�rh from the surface of the core will
trigger acceleration of uncoating (8, 44). By contrast, a TRIM5�rh

mutant protein that preferentially undergoes monoubiquitylation
will not accelerate uncoating and will allow the completion of
reverse transcription, as shown here. However, additional exper-
iments need to be done in order to understand the role of
TRIM5�rh polyubiquitylation in the acceleration of uncoating.
Because TRIM5�rh polyubiquitylation is also involved in the sig-
naling ability of TRIM5�rh (42), further investigation is also re-
quired to test whether TRIM5�rh-mediated uncoating is related to
signaling.

Analysis of the intracellular stability of the TRIM5�rh mutants
following exposure to HIV-1 particles revealed that several of
the mutations confer resistance to HIV-1-induced degradation.
Three of the most protective mutations (Y63K, Y63E, and Y63D)
also abolished the ability of TRIM5�rh to block reverse transcrip-
tion; however, the correlation between reverse transcription inhi-
bition and virus-induced TRIM5�rh degradation was not strictly
quantitative. While the degradation of the three charged mutants
may have been limited by the higher steady-state levels of these
proteins (probably reflecting enhanced stability), other TRIM5�rh

mutants (the Y63S and Y63A mutants) also exhibited higher
steady-state levels than the wild-type protein but appeared to be

FIG 6 TRIM5�rh RING domain variant higher-order self-association
(HOSA). 293T cells were transfected with plasmids expressing the indicated
wild-type or mutant TRIM5� proteins with a FLAG or HA epitope tag. Cells
expressing wild-type and mutant TRIM5�rh proteins were lysed 48 h after
transfection. The cell lysates containing similar inputs were mixed (INPUT),
and the indicated mixtures were used for immunoprecipitation by an antibody
directed against the FLAG epitope, as described in Materials and Methods.
Elution of the immunocomplexes was performed with a FLAG tripeptide and
analyzed by Western blotting using anti-HA and anti-FLAG antibodies
(higher-order self-associates). The results of three independent experiments
were similar; the result of a single experiment is shown.

FIG 5 Binding of TRIM5�rh RING domain variants to the HIV-1 CA. 293T
cells were transfected with plasmids expressing the indicated wild-type and
mutant TRIM5�rh proteins tagged with HA epitopes. Thirty-six hours after
transfection, cells were lysed. The lysates were incubated at room temperature
for 1 h with HIV-1 CA-NC complexes that had been assembled in vitro. The
mixtures were applied onto a 70% sucrose cushion and centrifuged. INPUT
represents the lysates analyzed by Western blotting before being applied to the
70% cushion. The input mixtures were Western blotted using anti-HA anti-
bodies. The pellet from the 70% cushion (BOUND) was analyzed by Western
blotting using antibodies against the HA tag and HIV-1 CA-NC protein. The
blots were quantitated as described in Materials and Methods, and values for
binding are shown in Tables 1 and 2. The results of three independent exper-
iments were similar; the result of a single experiment is shown.
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somewhat more sensitive to virus-induced degradation than the
charged amino acid substitution mutants. Based on these results,
we suggest that the E3 ligase activity of TRIM5�rh may play a role
in the virus-induced degradation of TRIM5�rh. It will be of inter-
est to identify substrates of the TRIM5�rh ubiquitin ligase activity
that may contribute to TRIM5�rh degradation.

Because potent restriction of HIV-1 by TRIM5�rh requires
capsid binding and the formation of HOSA complexes, we tested
the ability of TRIM5�rh RING domain variants in terms of these
properties. As expected, the variants retained wild-type ability to
bind capsid. However, the ability to form HOSA complexes was
affected, in agreement with previous observations suggesting that
the RING domain is involved in HOSA (30, 31). Even though the
variants lost the ability to form HOSA complexes, we did not find
a correlation between HOSA and either blockage of reverse tran-
scription or restriction in this particular set of mutants.

Overall, this work provides genetic evidence that TRIM5� can
act at more than one step of retroviral replication and that
TRIM5�-mediated acceleration of uncoating contributes to the

block in retroviral reverse transcription. Future investigations will
attempt to understand the possible block against HIV-1 imposed
by TRIM5� within the nucleus.
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