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To better understand the binding mechanism of TRIM5� to retrovirus capsid, we had previously selected N-tropic murine leu-
kemia virus (N-MLV) mutants escaping from rhesus macaque TRIM5� (rhTRIM5�) by passaging the virus in rhTRIM5�-ex-
pressing cells and selecting for nonrestricted variants. To test the commonality of the findings from the rhTRIM5� study, we
have now employed a similar genetic approach using human TRIM5� (huTRIM5�). Consistent with the rhTRIM5� study, the
mapped huTRIM5� escape mutations were distributed across the capsid exterior, confirming the extended binding surface be-
tween virus and restriction factor. Compared to the results of the previous study, fewer escape mutations were identified, with
particular mutants being repeatedly selected. Three out four huTRIM5� escape variants showed resistance to all primate
TRIM5�s tested, but two of them sacrificed viral fitness, observations that were not made in the rhTRIM5� study. Moreover,
differences in amino acid changes associated with escape from hu- and rhTRIM5�s suggested a charge dependence of the restric-
tion by different TRIM5�s. Taken together, these results suggest that the recognition of the entire capsid surface is a general
strategy for TRIM5� to restrict MLV but that significantly different specific interactions are involved in the binding of TRIM5�
from different species to the MLV capsid core.

Capsid (CA)-binding retrovirus restriction factors have arisen
on at least five occasions in the course of evolution. Their

independent evolution is testament to the utility of such factors,
either to limit endogenous retrovirus amplification or to inhibit
infection by exogenous viruses (1–3). This group of factors in-
cludes Fv1 (4, 5), TRIM5� (6), and three independently arising
hybrid factors, TRIM5CypA1 (7, 8), TRIM5CypA2 (9–12), and
TRIM5CypA3 (13) in which a retrotransposed copy of the cellular
cyclophilin-A gene has been inserted in the 3= end of the TRIM5
gene. At a minimum, these factors contain a virus CA-binding
domain, as well as one or more multimerization domains (14–22).
Restriction factor engagement appears to occur soon after retro-
viral core release into the cell cytoplasm, resulting either in pro-
teasome-mediated CA degradation and an inhibition of reverse
transcription (6) or an apparent sequestration of the reverse-tran-
scribed preintegration complex en route to the cell nucleus (23).

One of the least-appreciated aspects of restriction by these fac-
tors is the ability to restrict multiple species of retrovirus, a prop-
erty that presumably reflects the ability of these factors to bind
several different CA molecules. For example, TRIM5� from the
cotton-top tamarin can restrict one or more members of the len-
tivirus, gammaretrovirus, betaretrovirus, and foamy virus genera
(24–26), despite extensive differences in the sequences of their CA
molecules. Nevertheless, restriction can be sensitive to a single
amino acid change, as best characterized by the single change at
CA position 110 of murine leukemia virus (MLV) that distin-
guishes between N-tropic MLV (N-MLV) and B-tropic MLV (27).

As one way to understanding the nature of the binding inter-
action between virus and restriction factor, we have taken a ge-
netic approach, by isolating escape mutants from virus grown un-
der restrictive conditions. We had previously characterized a
series of MLV variants that lack or show reduced sensitivity to
rhesus macaque TRIM5� (rhTRIM5�), revealing that changes all
over the surface of CA could affect restriction (28). We now report
analogous experiments with human TRIM5� (huTRIM5�), ask-

ing whether we see the same spectrum of escape mutations and
how the recognition by huTRIM5� and rhTRIM5� compares.

MATERIALS AND METHODS
Cells. Tail fibroblast cells from Mus dunni (MDTF), MDTF cells that
stably express restriction factors, and NIH-3T3 cells, as well as human
293T and TE671 cells, were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum and antibiot-
ics. MDTF cells expressing human and rhesus macaque TRIM5�, Fv1b,
and Fv1n (abbreviated MDHu, MDRh, MDFv1b, and MDFv1n, respec-
tively) were established by an endpoint dilution method. Stable, unse-
lected expression of TRIM5� was observed in transduced cells for at least
1 month after cloning.

DNA. The construction of chimeric human/primate TRIM5�s (hu-
man RBCC domain fused with primate B30.2 domain) has been described
previously (25, 29). Such chimeric TRIM5�s were used throughout this
study to generate, select, and test escape mutants of N-MLV, thereby
allowing a direct comparison of interactions with the human and primate
B30.2 domains. The generation of transduction vectors expressing
TRIM5� or Fv1 plus enhanced yellow fluorescent protein (eYFP) using
the Gateway system was also described previously (25, 30). Single-
nucleotide mutations were introduced into the capsid genes of Gag-
Pol vector plasmids (pCIG3N and pCIG3B) and an N-MLV provirus
plasmid (pWN41) (31) by the QuikChange mutagenesis PCR proto-
col. Random mutations were introduced at position 92 on the MLV
capsid by QuikChange mutagenesis PCR using the following primer
pair: forward, 5=-CACCCAACTGCCCAACNN(G/T)GTTGACGCT
GCTTTTC-3=, and reverse, 5=-GAAAAGCAGCGTCAAC(C/A)NNG
TTGGGCAGTTGGGTG-3=, where N indicates any nucleotide and G/T
and C/A indicate G or T and C or A, respectively. The sequences of the
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other primers used to prepare mutants are available upon request. All
introduced mutations were verified by DNA sequencing.

Viruses. Single-cycle vectors were produced by transfection of vesic-
ular stomatitis virus (VSV) G envelope (pcz-VSV-G), retroviral Gag-Pol
(pCIG3N and pCIG3B for N- and B-tropic viruses, respectively), and viral
genomic plasmids (pczCFG2fEGFPf) into 293T cells by a conventional
calcium phosphate method or using TurboFect (Fermentas) as described
previously (28, 30). To prepare virus pseudotyped with an ecotropic MLV
Env, the VSV-G Env plasmid was replaced with pHIT123, which encodes
the Env gene from Moloney MLV (32).

Stocks of replication-competent N-MLV derived in three different
ways were used (stocks A, B, and C) (Fig. 1). Unpassaged virus (A) was
recovered from pWN41 DNA transfection of HEK293T cells with pWN41
as described previously (28). Stocks A1 to -6 were derived from indepen-
dent transfections. As plasmid pWN41 encodes an ecotropic AKV strain
of MLV that cannot infect human cells, stock A viruses will not have
undergone reverse transcription. Stock B viruses are derived from stock A
viruses following various numbers of viral passage on MDTF cells; stocks
B1 to -6 were obtained in one experiment, while B7 to -11 were from one
independently developed permanent producer cell line. Stock C viruses
are viruses that were isolated following the growth of stock B in MDRh
cells and are resistant to restriction by rhTRIM5�. Virus production in
newly transfected/infected cells was monitored by protein blotting or by
measurement of reverse transcriptase (RT) activity.

Mutant virus selection. MDTFs expressing huTRIM5� were used for
selection of escape viruses using methods analogous to those previously
used for isolation of rhTRIM5� escape mutations (28).

Fluorescence-activated cell sorting (FACS). Virus spread in infected
cells was monitored by detection of an intracellular virus antigen, p12, as
previously described (28).

RT assay. Reverse transcriptase activity was measured in cell superna-
tants using a commercial RT assay kit (CavidiTec, Sweden).

Sequencing of the capsid gene. Capsid-encoding sequences from re-
covered viruses were determined as previously described (28).

Abrogation assay. Saturation of restriction factors was performed as
described previously (33), with minor modifications. Virus-like particles
(VLP) were prepared by transfection as described previously (28), with
the green fluorescent protein (GFP)-encoding virus genome plasmid re-
placed by a plasmid bearing the LacZ gene (pHIT111). The titers of VLP

and GFP-encoding N-MLV were standardized by RT activity as described
above. Human TE671 cells were preplated in a 12-well plate at a density of
1 � 104 cells per well and incubated at 37°C overnight. For saturating
huTRIM5� in TE671 cells, cells were infected by 2-fold dilutions of VLP
with wild-type (wt) N, B, or mutant N capsids at 37°C for 2 h in the
presence of 10 �g/ml Polybrene, followed by infection with 20 mU RT
activity of GFP-encoding N-MLV at 37°C for 48 h. GFP expression was
detected using a FACS LSR II.

Core stability. The stability of viral cores was examined using the
previously described fate-of-capsid assay (28) to compare extracts from
cells infected in the absence of restriction factor with mutant and wild-
type virus. MDTF cells were infected with freshly harvested virus from
transfected 293T cultures (see above), and extracts were prepared for
analysis at different times after infection.

RESULTS
Comparison of escape from huTRIM5� and rhTRIM5�. In our
previous study (28), we took a genetic approach to investigate the
interaction between rhTRIM5� and N-MLV CA protein by select-
ing and characterizing a series of escape mutants. That study re-
vealed that the entire outer surface of the CA molecule in the viral
core was involved in the binding interaction with rhTRIM5�. To
investigate the generality of this conclusion, we took a similar
approach to study the interaction of huTRIM5� with N-MLV.
Three different protocols (A, B, and C) for virus stock preparation
(see Materials and Methods) were employed that vary in the num-
ber of replication cycles following recovery from cloned DNA and
presumably carry increasing numbers of mutations. In addition,
the stock C viruses comprised several rhTRIM5� escape viruses
that did not show altered growth on huTRIM5� (28), since we
reasoned that such mutations might facilitate virus escape from
huTRIM5� even if, by themselves, they did not alter restriction by
huTRIM5�.

Since our previous study had shown efficient generation and
selection of the N-MLV escape mutant from rhTRIM5� in mixed
cell cultures (cells expressing the restriction factor cocultured with
10% nonexpressing cells to allow virus replication), we passaged
N-MLV in such mixed cell cultures in our attempts to select escape
mutants from huTRIM5�. Virus growth was monitored either by
FACS detection of p12-positive cells among the eYFP-positive
(i.e., huTRIM5�) fraction or by measuring RT activity in the cul-
ture supernatant. The results of these experiments are summa-
rized in Table 1, with kinetics illustrated in Fig. 2. Comparison of
the three types of virus preparation showed that stock C was the
best source of escape virus, whereas stock A was the least efficient.
Using stock A virus (A1 to A3), an escape mutant emerged in only
one (stock A1) of three independent experiments (Table 1); in this
single positive experiment, virus was first seen more than 50 days
after culture initiation (Fig. 2A). Five of eight experiments with
stock B gave escape virus on mixed cell cultures (Table 1, B1 to
B8), with virus appearing after around 5 weeks in each case
(Fig. 2B). Interestingly, it appears that multiple virus passages
prior to selection facilitate the isolation of escape mutants (com-
pare B1 to B3 with B4 to B7 in Table 1), presumably by allowing
some diversification to occur. This effect of diversification may
also have facilitated the escape mutant selection when stock B (B9
to B11) was passed directly in 100% huTRIM5�-expressing cells
without rescue (Table 1). An escape mutant emerged in only one
(B9) of three independent experiments under this experimental
setting, with the escape variant appearing about 40 days after in-
fection, followed by a steep decline in RT activity to an undetect-

FIG 1 Schematic view of the preparation of stock viruses. Stock As represent
the supernatants of 293T cells transfected with repermuted pWN41. Stock Bs
were obtained by further passage of stock A virus on MDTF cells. Stock Cs were
derived from stock A by selection for resistance to rhTRIM5� restriction.
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able level (Fig. 2D). This was most likely due to Env-mediated
cytopathic effects, resulting in cell death and considerably dimin-
ished virus production. In contrast, several rhTRIM5� escape
mutations (stocks C) gave rise to viruses yielding very rapid and
reproducible escape (Fig. 2C).

Comparison of the growth of stock B virus in the presence of
huTRIM5� (Fig. 2B and D) and rhTRIM5� (Fig. 2E and F) in
selection cultures conducted in parallel showed a significant delay
of the spread of the virus, by 2 to 3 weeks, in the presence of
huTRIM5�. This occurred both in the mixed cell cultures (com-
pare Fig. 2B and E) and in 100% resistant culture (Fig. 2D and F).
In addition, in the mixed cell culture, virus escape was only ob-
served in five of eight passage experiments in the presence of
huTRIM5� (Table 1), while escape mutants emerged in all
rhTRIM5� experiments (28). Taken together, these results imply
that escape of N-MLV from huTRIM5� is, in some fashion, more
difficult than from rhTRIM5� and suggest that the time required
by the virus to spread in the first culture, which reflects the diffi-
culty of escape, correlates with the strength of the restriction. In
addition, they provide further evidence for the utility of mixed cell
cultures in generating and selecting escape mutants even in the
presence of a restriction factor with a strong restriction activity.

Characterization of huTRIM5� escape mutations. To iden-
tify the sites in CA responsible for changes in restriction by
huTRIM5�, the filtered virus-containing supernatants from the
initial virus-positive cultures were passaged once more onto
MDTF cells, all of which expressed huTRIM5�. Following the

establishment of virus growth in the culture, viral genomic RNA
was extracted from cell-free culture supernatant, viral cDNA was
generated from viral RNA, and the whole capsid gene was se-
quenced. From the passage of stock C virus, in five independent
experiments starting with three different rhTRIM5� escape mu-
tations (G8D, L10W, and N82D, stocks C1 to -5), escape variants
were isolated; the identified escape variants retained the preexist-
ing mutations but additionally acquired an E100K, E92K, or
N113K mutation (Table 1). In contrast, in the one experiment
starting with virus carrying the H114D mutation (C6), no escape
mutant was recovered. The growth of stock B virus in the mixed
cell culture led to acquisition of the E100K mutant in four inde-
pendent cultures (B4, -5, -6, and �8) (Table 1). On two further
occasions, stock B virus acquired N7K/E211K or E92K changes.
The E92K mutant also emerged once following passage of stock A
virus (Table 1). As was the case with the escape mutations from
rhTRIM5�, all of the escape mutations identified in this study
resulted from single-nucleotide changes. These data suggest that
only a limited number of mutations (N7K, E92K, E100K, and
N113K) in N-MLV CA will lead to escape from huTRIM5�, with
two mutants (E92K and E100K) being repeatedly selected. This
contrasts with the selection of more than 10 different mutations
by rhTRIM5� in our previous experiments (28), with fewer cases
of the repeated selection of a particular mutant.

Whereas two independent passages of the N82D variant re-
sulted in the selection of two different mutations (N82D/N113K
and N82D/E100K), two independent passages of the L10W vari-

TABLE 1 Isolation of escape mutants from human TRIM5�a

Virus stock Passage history of stock
Preexisting
mutation

Passage schedule
(% MDHu cells)

Mutation(s)
recovered

Time of escape
(days)b

A
1 Unpassaged 90 ¡100 E92K 55
2 Unpassaged 90 ¡100 No escape
3 Unpassaged 90 ¡100 No escape
4 Unpassaged L10W 90 ¡100 L10W/E100K 25
5 Unpassaged L10W 90 ¡100 L10W/E100K 25
6 Unpassaged L10W 90 ¡100 L10W/E100K 25

B
1 Passaged in MDTF 1 time 90 ¡100 No escape
2 Passaged in MDTF 2 times 90 ¡100 No escape
3 Passaged in MDTF 3 times 90 ¡100 No escape
4 Passaged in MDTF 4 times 90 ¡100 E100K 35
5 Passaged in MDTF 5 times 90 ¡100 E100K 35
6 Passaged in MDTF 6 times 90 ¡100 E100K 35
7 Passaged in MDTF �10 times 90 ¡100 N7K/E211K 35
8 Passaged in MDTF �10 times 90 ¡100 E100K 35
9 Passaged in MDTF �10 times 100 E92K 40
10 Passaged in MDTF �10 times 100 No escape
11 Passaged in MDTF �10 times 100 No Escape

C
1 Selected by rhTRIM5� L10W 90 ¡100 L10W/E100K 15
2 Selected by rhTRIM5� L10W 90 ¡100 L10W/E100K 15
3 Selected by rhTRIM5� G8D 90 ¡100 G8D/E92K 25
4 Selected by rhTRIM5� N82D 90 ¡100 N82D/E100K 15
5 Selected by rhTRIM5� N82D 90 ¡100 N82D/N113K 15
6 Selected by rhTRIM5� H114D 90 ¡100 No escape

a Summary of data. Each line represents a different culture.
b Time until the first increase of either the percentage of virus-infected cells or RT activity in the culture supernatant was observed.

Human TRIM5� Escape Mutants of MLV

June 2013 Volume 87 Number 11 jvi.asm.org 6457

http://jvi.asm.org


ant resulted in the selection of the same changes, L10W/E100K.
This result implies a possibility of preferential acquisition of the
E100K mutation by preexisting L10W CA. To test this possibility,
the L10W mutation was introduced into pWN41 by PCR, and
replication-competent N-MLV with the L10W mutation was pre-
pared by a transient transfection of 293T cells. This virus was
passaged in the mixed cell culture as described above. Strikingly,
in three separate experiments (with independent preparations of
the starting material, A4 to -6), the same mutant virus, L10W/
E100K (Table 1), resulting from a single-nucleotide change (a
G-to-A mutation at the first nucleotide of the codon that encodes
E at amino acid 100 of CA), was isolated, with kinetics resembling
those seen with stock C. These results suggest that the E100K mu-
tation is a preferred means for N-MLV carrying the L10W change
to escape huTRIM5�. Furthermore, the L10W mutation, even
though it does not by itself give resistance to huTRIM5� (28),
appears to act as an enabling mutation allowing rapid isolation of
E100K.

Loss of fitness can accompany acquisition of escape. To in-
vestigate the effect of these newly identified changes on virus
growth and restriction, they were introduced into the N-MLV
vector virus plasmid pCIG3N for further analysis. By comparison
with wild-type N-MLV and using RT activity for normalization,
viruses with either the N7K or E92K mutation showed greatly
reduced infectivity on nonrestricting cells (Fig. 3, first column).
However, on cells expressing huTRIM5�, these viruses, unlike the

wild type, showed low but significant infectivity, indicating that
these changes are responsible for resistance and reduced titers.
Furthermore, virus derived from pWN41 by introduction of the
N7K or E92K changes replicated in the presence of huTRIM5�
(data not shown), confirming that for at least these two variants,
escape mutations in CA conferred on the virus the ability to escape
the restriction factor. The addition of the E211K change to N7K
did not relieve the growth defect in MDTF cells or change the
restriction properties (data not shown). The lower infectivity of
N7K and E92K mutants does not seem to be caused by lower levels
of Gag incorporation into virus released from the transfected cells,
since comparable amounts of p30 viral proteins were detected by
Western blot analyses of virus pellets (see Fig. 5A) and similar
(N7K virus) or slightly reduced (E92K virus) levels of RT activity
compared to that of wild-type virus were detected in the transfec-
tion culture supernatant measured (data not shown). In contrast,
the E100K mutation showed only small reductions in infectivity of
nonrestricting cells and gave substantial infection of huTRIM5�-
expressing cells (Fig. 3). Virus carrying the N113K change showed
an intermediate phenotype, with significant infection of MDTF
cells and escape from huTRIM5� to a level comparable to that
seen in virus with the E92K mutation. These data provide a good
explanation for the frequency with which E100K was isolated in
experiments with stocks A and B. However, the observation that
viruses with infectivity levels significantly lower than those of
E100K mutants (e.g., E92K mutants) were isolated implies (i) that
the mutation rate is low (otherwise E100K would always grow out)
and (ii) that escape mutations without loss of fitness are infre-
quent (otherwise E92K would not have appeared).

The potential enabling effects of rhTRIM5� escape mutations
(G8D, L10W, and N82D) upon huTRIM5� escape mutations
(N7K, E92K, E100K, and N113K) suggested by the rapid isolation
of escape mutants when starting with stock C viruses led us to test
the effects of combinations of these changes upon growth in re-
stricted and unrestricted cells in a systematic fashion. We pre-
pared a series of N-MLV mutants with the three rhTRIM5� escape
mutations plus one of the four huTRIM5� escape mutations
(Fig. 3). The infectivity of G8D mutants in MDTF (Fig. 3, second
column) was little affected by any of the huTRIM5� escape mu-
tations. However, the G8D mutation improved the ability of es-
cape resulting from the E92K and N113K mutations, whereas the
G8D/E100K mutant showed a level of escape from huTRIM5�
similar to that of the E100K mutant. In contrast, the G8D/N7K
mutant was strongly restricted by huTRIM5�, showing the same
phenotype as the G8D mutant. The L10W change (Fig. 3, third
column) had little effect on the phenotypes of the single
huTRIM5� escape mutants, with only a modest influence on re-
striction. However, the L10W/E100K mutant showed the highest
infectivity among the L10W mutants in the presence of
huTRIM5�. The N82D variants (Fig. 3, fourth column) display
two different phenotypes; the N82D/N7K and N82D/E92K mu-
tants showed low infectivity in the presence or absence of
huTRIM5�, whereas the N82D/E100K and N82D/N113K mu-
tants showed high infectivity in both MDTF and MDHu cells. The
latter two mutants showed comparable infectivity in MDHu cells
and in MDTF cells. These data confirm that rhTRIM5�-resistant
mutants can facilitate the outgrowth of some but not all
huTRIM5� escape mutants. One might predict that further escape
mutants from huTRIM5� derived from the G8D stock would
contain E100K and N113K.

FIG 2 Selection of N-MLV escape mutants from human TRIM5�. Various
cell populations were infected with three different preparations of virus and
maintained for up to 10 weeks, with passaging every 3 days and virus produc-
tion monitored by FACS or RT activity. (A) Passage of stock A1 virus in 90%
MDHu cells. (B) Passage of stock B7 virus in 90% MDHu cells. (C) Passage of
stock C1 virus in 90% MDHu cells. (D) Passage of stock B9 virus in 100%
MDHu cells. (E) Passage of stock B7 virus in 90% MDRh cells. (F) Passage of
stock B7 virus in 100% MDRh cells. Similar results were obtained from at least
three independent experiments, each of which started with a stock virus pre-
pared independently, and one representative result is shown.
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Loss of binding to the newly identified escape mutations by
huTRIM5�. To examine whether the escape mutations affect the
binding interaction between TRIM5� and capsid core, we em-
ployed an abrogation assay in which cells expressing a restriction
factor endogenously are treated with increasing amounts of virus-
like particles (VLP) containing the CA protein of interest, fol-
lowed by the infection of a fixed amount of the virus with re-
stricted CA encoding a reporter gene. If the restriction is
abrogated by the VLP treatment, it implies a direct interaction of
the VLP CA with the restriction factor. As expected, wt N-MLV
VLP abrogated TRIM5� restriction in human cells, whereas non-
restricting B-MLV VLP did not abrogate the restriction (Fig. 4).
Similar amounts (based on RT activity) of VLPs comprising CA
with E92K, N7K, N82D/N113K, and L10W/E100K mutations also
failed to abrogate the restriction of huTRIM5� (Fig. 4). If the loss
of fitness by the N7K and E92K mutations observed above is an
indication of poor core stability, loss of abrogation by these mu-
tations may simply be due to the inability of TRIM5� to recognize
a core with partially disassembled CA lattice. This may be the case
for the N7K mutant, because extracts of cells made at three differ-

FIG 3 Comparison of the ability of newly isolated mutants to grow with and without human TRIM5�. Enhanced-GFP-encoding vector viruses with or without
escape mutations and normalized by RT activity were titrated on parental MDTF cells (open diamonds) or MDHu cells (filled squares). Similar results were
obtained in two independent experiments, and the results for one are shown.

FIG 4 Abrogation assay. Human TE671 cells were treated for 2 h with increas-
ing amounts of VLPs, followed by infection with a fixed amount of GFP-
encoding N-MLV vector virus. GFP-expressing cells were enumerated by
FACS 48 h after the infection. Symbols show different CAs on the VLPs: open
diamond, wt N-MLV; open square, B-MLV; filled triangle, N7K; filled circle,
E92K; asterisk, N82D/N113K; filled diamond, L10W/E100K. Each measure-
ment was performed in triplicate, and mean values � standard deviations
from one representative experiment (of at least two) are plotted.
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ent time points (3, 6, and 10 h) after infection with similar
amounts of viruses (13.1 U RT activity for wild-type virus com-
pared with 12.6 U RT activity for the N7K virus) contained less
high-molecular-mass CA that can be pelleted through a sucrose
cushion than extracts of cells infected with wild-type virus
(Fig. 5B). The amount of pelletable N7K CA was restored by the
further introduction of the G8D mutation (Fig. 5B), most likely
explaining the observation that the G8D mutation restored the
infectivity of the N7K virus (Fig. 3). In contrast, E92K CA was
readily detected in the pellet fraction at a level similar to that of the
wild-type N-MLV CA (the input virus titers were 34.3 U RT ac-
tivity for wild-type virus and 14.2 U RT activity for the E92K virus)
at three different time points (Fig. 5C), arguing against significant
differences in core stability. Whereas the amount of pelleted wild-
type CA was dramatically reduced in the presence of human
TRIM5� at 6 and 10 h after infection, a similar level of E92K CA
was pelleted through a sucrose cushion in the presence or absence
of human TRIM5� at all of the three time points after infection

(Fig. 5C), suggesting that the E92K mutation, instead of affecting
the stability of the core, allows the virus to escape human
TRIM5�-induced core degradation. Furthermore, viruses carry-
ing the double mutations (N82D/N113K and L10W/E100K) can
be restricted by Fv1b (see below), implying that their cores are
stable enough for factor binding. Therefore, the results from the
abrogation and fate-of-capsid assays, at least for E92K, N82D/
N113K, and L10W/E100K viruses, strongly suggest that the effect
of the escape mutations is to prevent the recognition and binding
of N-MLV by huTRIM5�, whereas for the N7K virus, the capsid
instability may contribute to its inability to saturate the restriction
factor.

Effects of the huTRIM5� escape mutations on other restric-
tion factors. Given the observation that the escape mutations
from rhTRIM5� that we had isolated previously (28) had various
effects on restriction by different factors, it seemed plausible that
the impact of new escape mutations from huTRIM5� might vary
according to the restriction factors. We therefore examined the
restriction of the new mutants by rhTRIM5�, Fv1b and Fv1n (the
primary data are shown in Fig. 6 and summarized in Table 2),
yielding some surprising results. E100K and N113K mutants that
showed only partial escape from huTRIM5� restriction were sen-

FIG 5 Staging N7K and E92K mutations. (A) Virus production was not sig-
nificantly affected by N7K and E92K mutations. HEK293T cells were trans-
fected with Gag-Pol-, Env-, and vector-encoding plasmids to produce the vi-
ruses, and the virus-containing supernatant was centrifuged to pellet the virus
particles. p30CA was detected by Western blotting. (B and C) Fate-of-capsid
assay was performed for wild-type N-MLV, N7K, G8D/N7K, and E92K viruses
in the presence or absence of the restriction factor at three different time points
(3, 6, and 10 h) after infection. T5, TRIM5� I, input; S, soluble fraction; P,
pellet fraction.

FIG 6 Restriction of N-MLV vectors carrying various escape mutations.
eGFP-encoding vector viruses [wt (A); E92K (B); N7K/E211K (C); N7K (D);
E100K (E); L10W/E100K (F); N113K (G); N82D/N113K (H); N82D/E100K
(I)] were titrated on MDTF cells stably expressing restriction factors (open
diamond, TRIM5-negative; filled red square, human TRIM5�; filled triangle,
rhesus TRIM5�; filled circle, Fv1b; asterisk, Fv1n). Experiments were per-
formed in triplicate; mean values from one representative experiment of three
are plotted. These data are summarized in Table 2.
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sitive to Fv1b but differed in their response to rhTRIM5� with
E100K but not N113K, showing unchanged sensitivity to
rhTRIM5� restriction. In contrast, both N7K and E92K muta-
tions resulted in escape from Fv1b and the two TRIMs despite their
poor growth properties. In general, but with several interesting
exceptions, the addition of the rhTRIM5� escape mutations to the
initial huTRIM5� escape mutations had more-pronounced ef-
fects on growth rates, with little effect on the restriction profile.
For example, the addition of a second change to N113K had little
effect on the restriction profile but could either increase or de-
crease growth fitness. The addition of a second mutation to E92K

mutant virus also had little effect on restriction, although the
G8D/E92K mutant showed somewhat-improved growth proper-
ties. E100K is sensitive to rhTRIM5� restriction and remains so
even after the addition of the L10W or N82D changes, which in-
dividually give partial resistance. However, the L10W/E100K virus
is fully resistant to rhTRIM5�. No restriction by either
huTRIM5� or rhTRIM5� was seen with L10W/E100K or N82D/
N113K. Unexpectedly, the N82D/E100K mutant was sensitive to
rhTRIM5� but not huTRIM5� restriction, despite escape by the
N82D single mutation from rhTRIM5�. Finally, the addition of
G8D to N7K gave a virus that was no longer resistant to
huTRIM5� or Fv1b but showed a significant gain in fitness.

The observation that the N7K and E92K mutants are resistant
to the four restriction factors tested prompted us to further char-
acterize the two mutants to see if they escape other primate
TRIM5�s. To show the effects of CA mutations that are directly
attributable to the binding of the B30.2 domain, we utilized a
series of chimeric TRIM5�s that contain the RBCC domain of
human origin and the B30.2 domain derived from various pri-
mates. MDTF cells were infected with delivery vector virus encod-
ing the various TRIM5�s at a multiplicity of infection of approx-
imately one and tested for infectivity by the mutant viruses using a
two-color FACS assay. As summarized in Table 3 (Fig. 7 presents
the primary titration data), the N7K and E92K N-MLV mutants
were not restricted by any TRIM5�s tested, including three ape,
three Old World monkey and three New World monkey
TRIM5�s, indicating the very efficient escape of the N7K and
E92K mutants from both TRIM5� and Fv1 restriction. We also
examined the E100K and N113K mutants because the E100K mu-
tant was the only variant that retained the susceptibility of the
wild-type virus to restriction factors other than huTRIM5�
(Table 2). The E100K variant moderately affected restriction by
human, African green monkey, and tamarin TRIM5� but had a
much stronger effect on capuchin and marmoset TRIM5�. In
contrast, the N113K mutant was resistant to all primate TRIM5�s
tested. As the N82D mutation enhanced the ability of E100K and
N113K variants to resist human TRIM5�, the effects of these two
double mutations on restriction by other primate TRIM5�s were
also investigated. Whereas the N82D mutation potentiated the
ability of the E100K mutant to escape African green monkey and
tamarin TRIM5�s, it rendered the N113K mutant susceptible

TABLE 2 Restriction profiles of human TRIM5� escape mutants

Virus or
mutation(s)

Restriction factora Relative
infectivity
(%)bHuTRIM5� RhTRIM5� Fv1b Fv1n

wt N-MLV �� �� �� � 100
G8D �� � �� �� �80
L10W �� � �� � �80
N82D �� � �� � �80
N7K � � � � �10
G8D/N7K �� � �� � �80
L10W/N7K � � � � �10
N82D/N7K � � � � 10–20
E92K � � � � 10–20
G8D/E92K � � � � 20–50
L10W/E92K � � � � �10
N82D/E92K � � � � �10
E100K � �� �� � �80
G8D/E100K � �� �� � �80
L10W/E100K � � �� � 20–50
N82D/E100K � �� �� � �80
N113K � � � � 20–50
G8D/N113K � � �� � �80
L10W/N113K � � � � 10–20
N82D/N113K � � �� � �80
a Restriction data are summarized as follows: ��, more than 10-fold difference in titer
with and without restriction factor; �, 2- to 10-fold difference in titer with and without
restriction factor; �, less than 2-fold reduction of infectivity. For primary restriction
data from these mutants, see Figure 6 or reference 2. Similar results were obtained from
three independent experiments.
b Relative infectivity is in comparison to the infectivity of the wild-type N-MLV in
MDTF cells.

TABLE 3 Restriction of human TRIM5� escape mutants by primate TRIM5�

Origin of B30.2a

Restriction of indicated virusb

wt N-MLV N7K E92K E100K N113K N82D/E100K N82D/N113K

Human �� � � � � � �
Gorilla �� � � �� ND �� �
Orangutan �� � � �� � �� �
Rhesus �� � � �� � �� �
AGM �� � � � � � �
S. mangabey �� � � �� � �� �
Squirrel m. � � � ND ND ND ND
Capuchin �� � � � � � �
Tamarin �� � � � � � ��
Marmoset � ND ND � ND ND ND
a Rhesus, Rhesus macaque; AGM, African green monkey; S. mangabey, Sooty mangabey; Squirrel m., Squirrel monkey.
b Restriction data are summarized as follows: ��, more than 10-fold difference in titer with and without restriction factor; �, 2- to 10-fold difference in titer with and without
restriction factor; �, less than 2-fold reduction of infectivity; ND, not done. For the complete profile of titration curves, see Figure 7. Representative results from at least three
independent experiments are shown.
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only to tamarin TRIM5� and did not affect restriction by other
TRIM5�s. These results suggest that mutations at the two posi-
tions 7 and 92 affect recognition by all of the CA-recognizing
restriction factors but impart significant fitness cost, whereas po-
sition 100 is instead a species-specific site for restriction. Position
113 seems specific to TRIM5� but not Fv1.

Charge-dependent effects on restriction and infectivity from
mutation at position 92. The mutation at position 92 is particu-
larly interesting, both because it was repeatedly selected for by
passage against rhTRIM5� (28), huTRIM5� (this study), and
Fv1b (unpublished data), despite compromised infectivity, and
because it escaped all restriction factors tested. There are data (34)
suggesting that the sensitivity to CA mutation can be affected by
the nature of the Env gene used. Since the escape mutants were
isolated in the context of virus with ecotropic Env and the fitness
testing was done in single-cycle experiments with VSV-G, we

sought to investigate whether the nature of the Env gene had any
effect on the infectivity of viral vectors carrying CA N7K and
E92K. Viruses were pseudotyped with an ecotropic MLV enve-
lope, and after normalization for RT activity (150 mU), their in-
fectivity was compared with that of the viruses pseudotyped with
VSV-G envelope in N-3T3 cells. MLV-Env pseudotypes showed 2
to 3 times more infected cells than VSV-G pseudotypes but did not
rescue N7K or E92K (data not shown).

To see if there is an amino acid preference for infectivity and
escape at position 92, 16 amino acids were introduced at this po-
sition (Fig. 8 and Table 4). They can be assigned into four groups
based on infectivity and restriction data. The first group includes
the negatively charged amino acids D and E. Viruses with these
two amino acids show both full infectivity and complete restric-
tion by huTRIM5� (Table 4) and rhTRIM5� (data not shown).
This result is consistent with the fact that Rauscher and Friend

FIG 7 Titration curves of selected N-MLV escape mutants in the presence of various primate TRIM5�s. Chimeric TRIM5� constructs expressing the human
RBCC domain fused with different primate B30.2 domains (25) were used to test restriction of N7K, E92K, E100K, N113K, and N82D/N113K escape mutant
viruses. Titration curves in the presence of various ape, Old World monkey (OWM), and New World monkey (NWM) TRIM5�s are shown. One representative
result from three independent experiments is shown. These data are summarized in Table 3.
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strains of MLV have D at the corresponding position. The second
pair of amino acids are positively charged K and R. Substitution
with these amino acids gave rise to virus that was resistant to both
hu- and rhTRIM5� (Table 4 and data not shown) but poorly
infectious. The third group includes many of the amino acids in-
troduced (C, F, L, M, Q, S, T, W, and Y). Viruses with these amino
acids showed complete restriction by huTRIM5� and reduced
infectivity. The last group includes G, N, and P. Variants contain-
ing these amino acids are not infectious. These data indicate that
negatively charged amino acids are preferred for full infectivity
and positively charged amino acids are preferred for efficient es-
cape from huTRIM5�.

Opposite charge preference for escape from huTRIM5� and
rhTRIM5�. The restriction profiles of the rhTRIM5� escape mu-
tants (28) and the huTRIM5� escape mutants (Table 2) show
different tendencies regarding interaction with factors that were
not involved in the selection process; many of the rhTRIM5� es-
cape mutations do not affect restriction by other factors
(huTRIM5� and Fv1b), whereas the huTRIM5� escape mutations

affect restriction by factors that were not involved in the mutant
selection (rhTRIM5� and Fv1b). In addition, site-directed mu-
tagenesis revealed a charge-related, inverse correlation between
restriction and full infectivity for mutations at CA position 92.
These observations collectively lead us to hypothesize that a
change in the charge distribution on the capsid surface causes the
differences in susceptibility to the different restriction factors. To
examine this hypothesis, huTRIM5� escape mutations were plot-
ted on the capsid structure and the sites involved in rh- and
huTRIM5� restriction were compared (Fig. 9). This comparison
revealed that changes over the entire span of the capsid molecule
can affect restriction by both huTRIM5� and rhTRIM5�. How-
ever, opposite charge preferences for escape from rh- and
huTRIM5�-mediated restriction are observed; rhTRIM5� escape
tends to result from mutations generating negatively charged
amino acids, whereas huTRIM5� escape results from mutation to
positively charged residues. Indeed, many of the rhTRIM5� es-
cape mutations resulted in replacement of the wild-type amino
acids by aspartic acid, whereas all of the huTRIM5� escape muta-
tions were changes to lysine.

In this context, it is noteworthy that the V1 region of the hu-
man B30.2 domain contains two additional Arg residues com-
pared with that of the corresponding rhesus domain (25), at po-
sitions 332 and 335. This prompted us to further investigate the
restriction of L10W and N82D/E100K viruses by V1 region mu-
tants with mutations at these positions, since the former is re-
stricted by huTRIM5� but not by rhTRIM5� and vice versa. As
expected, wild-type N-MLV was sensitive to all of the V1 region
mutants. While the L10W virus was restricted by all of the V1
region mutations of human TRIM5�, the loss of the Arg residues
at either position in the V1 region enabled TRIM5� to restrict the
N82D/E100K virus (Fig. 10A and Table 5). Conversely, the acqui-
sition of Arg at the corresponding positions (P334R and LFTFPS
LT337RYQTFV) enabled rhTRIM5 to restrict the N82D/E100K
virus (Fig. 7B) at a level similar to the restriction by huTRIM5�,
confirming the involvement of these Arg residues in the recogni-
tion of this virus. In contrast to huTRIM5� V1 variants, Arg ac-
quisition in the V1 region conferred on rhTRIM5� the ability to
restrict L10W virus, although its effect was only modest for the
P334R variant (Fig. 10B and Table 5).

However, the Arg residues in V1 are not the sole determinants
of restriction. Amino acid comparisons reveal additional charge
differences within the V2 and V3 regions; Lys at 389 in the V2 and
Glu at 405 in the V3 regions of the human B30.2 domain, com-
pared with Gln at the corresponding sites in the rhesus B30.2
domain. These amino acid residues were exchanged by themselves
or in combination with the V1 region mutations described above.
The restriction of the wild-type virus was not altered by any of the
V2 and V3 region changes. The effect of the V2 region mutation
on restriction was relatively subtle, with partial effects seen for

FIG 8 Restriction by human TRIM5� of N-MLV carrying different amino
acids at CA position 92. A variety of amino acids were introduced at position
92 of CA by random mutagenesis. Unique isolates were tested for growth in the
presence (filled red squares) or absence (open diamonds) of human TRIM5�.
Polybrene was added to the virus stocks to increase the infectivity, except for
E92 (wt) and E92D viruses. One representative result from three independent
experiments is shown. These data are summarized in Table 4.

TABLE 4 Restriction sensitivity of CA 92 mutantsa

Amino acid at position 92 Infectivity Escape from huTRIM5�

D or E Fully infectious No escape
K or R Reduced infectivity Escape
C, F, L, M, Q, S, T, W, or Y Reduced infectivity No escape
G, N, or P Not infectious
a For primary restriction data for these mutants, see Figure 8. Similar results were
obtained from three independent experiments.
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only two constructs, huTRIM5� K389Q, which conferred partial
restriction of N82D/E100K virus, and rhTRIM5� P334R/Q393K,
which resulted in some loss in the ability to restrict L10W. In
contrast, restriction by both hu- and rhTRIM5� was influenced
significantly by the V3 region mutations. Whereas the V3 muta-
tion counteracted the restrictive effect of huTRIM5� V1 variants
on N82D/E100K virus, the corresponding V3 mutation enabled
the restriction of both L10W and N82D/E100K viruses by
rhTRIM5�. In addition, the V3 mutation exerted an additional
effect on the restriction of L10W virus by rhTRIM5� V1 variants,
while it determined the restrictive phenotype of rhTRIM5� vari-
ants to N82D/E100K virus regardless of the V1 region. These re-
sults confirm the proposed involvement of charged amino acids of
the V3 region in restriction (35). Taken together, these results
point to the importance of the four charged amino acids in the
variable regions for restriction, with the specific consequences de-
pendent on the surrounding amino acids (36).

DISCUSSION

Prompted by our interest in understanding the mechanism(s) by
which cellular factors like TRIM5� bind and restrict incoming
retroviruses and in the absence of informative structural data, we
have set out to isolate viruses that escape restriction. Sequence
changes in CA allowing escape might facilitate the identification of
CA residues participating in the interaction with TRIM5�. Such
changes might reflect direct contacts between CA and restriction
factor or, perhaps less likely, identify residues that are indirectly
important for multivalent binding (17, 37), such as those involved
in core stability. Comparison of N-MLV escape variants from rhe-

sus (28) and human TRIM5�s (this paper) reveals both similari-
ties and differences in the changes allowing virus growth.

In both cases, escape mutants with amino acid changes distrib-
uted across the CA surface were isolated, thereby suggesting mul-
tiple contacts between CA monomers in the assembled core and
the restriction factor. These would include the CA N-terminal
beta hairpin loop, a region C-terminal to helix 4, and the surface-
exposed N-terminal end of helix 6. A similar conclusion has been
reached from studies of different lentiviruses (38–42). Such an
extended interaction domain would be consistent with structural
studies of the TRIM5� PRY-SPRY region that suggest a large,
triangular surface region containing the specificity determinants
of restriction (25, 43, 44). Studies of CA determinants of Fv1 tro-
pism also suggest an extended interaction domain (45).

However, N-MLV escape from huTRIM5� restriction appears
to be more difficult than escape from rhTRIM5�, as judged by the
time taken for factor-resistant variants to emerge (Fig. 2) and the
identification of fewer mutations giving resistance to huTRIM5�
(Table 1), with three of four showing significantly reduced fitness
even in the absence of restriction factor (Fig. 3). Moreover, all the
huTRIM5� escapees were the products of nucleotide changes
resulting in the incorporation of a positively charged lysine
(Table 1), whereas many rhTRIM5� escape mutants were substi-
tutions resulting in negatively charged Asp residues (28). Further-
more, most of the huTRIM5� escapees, although showing re-
duced fitness, also became resistant to TRIM5� from multiple
species (Table 3). This was not generally true for the variants se-
lected with rhTRIM5�. Taken together, these results suggest that
the course of evolution resulted in a human TRIM5� developing a

FIG 9 Comparison of the CA molecular surfaces of rhTRIM5� and huTRIM5� escape mutants. Residues of wt N-MLV capsid (PDB 1U7K) were replaced with
corresponding escape mutations computationally, using UCSF Chimera software, and hexamers of the wt N-MLV (A), rhTRIM5� escape mutant (L4S, G8D,
L10W, N82D, A95D, E92K, H114D, V116D) (B), and huTRIM5� escape mutant (N7K, E92K, E100K, N113K) (C) capsid were visualized using CCP4 molecular
graphics software. Top views of the N-MLV CA N-terminal domain structure are displayed, and the molecular surface is represented. Positive charges are
highlighted in blue, and negative charges are highlighted in red. (D) The residues of huTRIM5� escape mutations are shown as sticks in the protein backbone of
the N-MLV CA N-terminal domain structure displayed in cartoon representation of side (left) and top (right) views. Each helix is numbered in black. Residues
involved in restriction factor specificity are shown. Lys7 is shown in red; Leu10 and Glu100 are shown in green; Lys92 is shown in orange; Asp82 and Lys113 are
shown in blue.
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tighter binding interaction with MLV than did rhTRIM5�, per-
haps involving the acquisition of two additional Arg residues in
the V1 region, probably in combination with the other variable
regions, of its B30.2 domain (25, 36). The virus(es) driving this
selection have not been and may never be identified.

To escape from the more-extensive interaction with
huTRIM5� likely requires substantial changes in CA, with conse-
quent effects on viral fitness. It has been demonstrated that Molo-

ney MLV is easily inactivated by the incorporation of alanine scan-
ning mutations into CA (46). Perhaps gammaretroviruses are
more sensitive to changes in CA than currently appreciated; pos-
sible constraints might include the need to form a hexameric lat-
tice in immature or mature cores and/or interactions with cellular
factors involved in nuclear transport. The reason(s) for the fitness
loss in N7K and E92K viruses are not fully explained. Both virus
production and maturation appear normal, but the stability of

FIG 10 Effects of the charged amino acids in variable regions of the B30.2 domain on restriction. Restriction of wt N-MLV, L10W, and N82D/E100K viruses was
tested against human (A) or rhesus (B) TRIM5�s with amino acid substitutions that add or deplete charge in V1 (R332P and RYQTFV335LFTFPSLT for
huTIRM5� and P334R or LFTFPSLT337RYQTFV for rhTRIM5�), V2 (K389Q for huTRIM5� and Q393K for rhTRIM5�), or V3 (E405Q for huTRIM5� and
Q409E for rhTRIM5�) regions of the B30.2 domain. In these experiments, intact rhesus TRIM5� (29) was used instead of the human-rhesus chimeric TRIM5�
construct. Similar results were obtained in two independent experiments; values for one example are shown.
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N7K virus appears to be compromised (Fig. 5). Reduced stability
of the N7K core might allow more-rapid transit through a
TRIM5�-sensitive state and apparent escape. However, this does
not appear to be the case for E92K.

To begin to define the scope for possible capsid change, viruses
with 16 different amino acids at CA position 92 were compared
(Table 4). Consistent with the results of our selection experiments
(Table 1), the only changes to give rise to escape variants were
introduction of the basic amino acids Lys and Arg (His was not
obtained in our mutagenesis protocol), though at considerable
cost to fitness. All other changes away from acidic amino acids
resulted in the production of either noninfectious virus or viruses
that were fully restricted by huTRIM5�. Such data reinforce the
idea that only a limited number of escape mutations are possible
and emphasize the potential effectiveness of TRIM5� restriction.
Interestingly, no viruses carrying an Arg residue were isolated in
our experiments (Table 1), despite the similar growth properties
of E92K and E92R (data not shown). We note that this would
require two nucleotide changes as opposed to the one for a Glu-
to-Lys change. Two changes would also be required for an Arg-to-
Glu change at position 110, the position that determines Fv1 tro-
pism (27) and allowed the original definition of MLV sensitivity to
TRIM5 (47). We conclude that the concurrent change of two nu-
cleotides is rare unless the first change provides an amino acid
alteration providing a selective advantage.

In this light, the observation that the presence of the
rhTRIM5� escape mutations L10W and N82D can facilitate the
development of escape from huTRIM5� by E100K or N113K
(Table 1) without individually affecting restriction by huTRIM5�
appears somewhat surprising. It is unlikely that this is due to direct

interaction between the first and second altered amino acid, as the
distance between the two affected residues is at least 15 Å
(Fig. 9D). Rather, we speculate that the two residues of the double
mutations may affect the binding surfaces independently, with the
first mutation acting to constrain the positioning of CA relative to
TRIM5 at a second, distant site.

The foregoing discussion makes the implicit assumption that
escape mutations affect only direct interaction between the N-ter-
minal domain of CA and the B30.2 of TRIM5�. All the mutations
we have isolated map to the CA N-terminal domain, but we can-
not exclude the possibility that mutations in other parts of, say, gag
might play such a role. Furthermore, it is likely that at least in some
instances, the RBCC domain may influence the interaction. The
strength of restriction may be affected by the nature of the RBCC
domain (22, 48, 49); for example, N82D/E100K virus was re-
stricted strongly by human RBCC-rhesus B30.2 chimeric
TRIM5� (Table 3), whereas the same virus was only partially re-
stricted by authentic rhesus TRIM5� (Fig. 10B). It may be that the
coiled-coil domain or linker-2 region has an effect on the spatial
arrangement of the B30.2 domain, thereby affecting the binding
interaction with retrovirus CA core to some extent (19, 50).
Whether the same region plays a role in determining the specific-
ity of potential targets remains to be determined.
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TABLE 5 Effects on restriction of the charged amino acids in variable regions

Origin of TRIM5�, motifa

Amino acid(s) at indicated positionb Restriction of indicated virusc

V1 V2 V3 wt N-MLV L10W mutant N82D/E100K mutant

Human 332 335–340 389 405
wt R RYQTFV K E � �� �
R332P P RYQTFV K E �� �� ��
RYQ R LFTFPSLT K E �� �� ��
PR double P LFTFPSLT K E �� �� ��
V2 R RYQTFV Q E �� �� �
R332P V2 P RYQTFV Q E �� �� ��
RYQ V2 R LFTFPSLT Q E �� �� ��
V3 R RYQTFV K Q �� �� �
R332P V3 P RYQTFV K Q �� �� �
RYQ V3 R LFTFPSLT K Q �� �� �

Rhesus 334 337–344 393 409
wt P LFTFPSLT Q Q �� � �
P334R R LFTFPSLT Q Q �� � �
LFT P RYQTFV Q Q �� � �
V2 P LFTFPSLT K Q �� � �
P334R V2 R LFTFPSLT K Q �� � �
LFT V2 P RYQTFV K Q �� � �
V3 P LFTFPSLT Q E �� � ��
P334R V3 R LFTFPSLT Q E �� �� ��
LFT V3 P RYQTFV Q E �� �� �

a Amino acids or regions changed in mutant TRIM5�. V1 to V3, variable regions 1 to 3.
b Boldface with underlining, positively charged amino acid; italic with underlining, negatively charged amino acid.
c Restriction data are summarized as follows: ��, more than 10-fold difference in titer with and without restriction factor; �, 2- to 10-fold difference in titer with and without
restriction factor; �, less than 2-fold reduction of infectivity. For the complete profile of titration curves, see Figure 10.
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