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FIG. 5. F918 and F922 in the cargo-binding domain of TNPO3 are required to facilitate STVmac239 infection. (A) Specific amino acid residues
in the carboxy-terminal 18 amino acids of TNPO3 were mutated to alanine (asterisks). (B) TNPO3 knockdown cells were complemented with
wild-type, ACargo, or mutated TNPO3 expression vector and then infected with SIVmac239 reporter virus. (C) TNPO3 knockdown cells were
complemented with wild-type, ACargo, F918A, F922A, or double F918A/F922A point mutated TNPO3 expression vector and then infected with
SIVmac239 reporter virus. (D) Mutant TNPO3 proteins were visualized by immunoblot analysis.

binding domain of TNPO3, we targeted the carboxy-terminal
18 amino acids that were conserved between the human and
Drosophila proteins, changing individual residues to alanine
(Fig. 5A). Analysis of the mutated proteins in the complemen-
tation assay showed that most retained function but that the
F918A/F922A double mutant was almost completely inactive
(Fig. 5B). The single mutants, F918 and F922A, maintained
their function (Fig. 5C), indicating that both residues
needed to be changed to inactivate the protein. The stability
of the mutated proteins was confirmed by immunoblot anal-
ysis (Fig. 5D).

To further probe the function of the cargo-binding domain,
we used secondary-structure prediction software from the
PSIPRED protein structure prediction server (Bloomsbury
Centre for Bioinformatics, London, United Kingdom) and the
PredictProtein server (Techniche Universitit, Munich, Ger-
many). The analysis identified potential o-helical and loop
regions in the cargo-binding domain (Fig. 6A). We focused on
the loop regions, mutating groups of residues that were con-

served between human and drTNPO3 to alanine (Fig. 6A),
because of the likelihood that the loops might serve as protein-
protein interaction sites and were less likely to affect the sta-
bility of the protein. Analysis of the functions of these mutated
proteins showed that all were active, with the exception of
the LLRS767-70 mutant (Fig. 6B). Single-amino-acid dis-
section of these 4 residues showed that it was the LL767-8
dileucine motif that was necessary for function (Fig. 6C).
The stability of the mutated proteins was confirmed by im-
munoblot analysis (Fig. 6D).

To determine whether the TNPO3 motifs identified for
their importance in mediating SIVmac239 infection were
required by other lentiviruses, we tested the functions of the
mutated TNPO3 proteins on EIAV and HIV-1 infection in
the complementation assay. The results showed that wild-
type TNPO3 was active on SIVmac239, HIV-1, and EIAV.
The EIAV reporter virus system was not as robust as the
other viruses, yet the amount of infection was sufficient to
obtain significant results that were reproducible in multiple
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FIG. 6. A dileucine motif in the cargo-binding domain of TNPO3 is required to facilitate SIVmac239 infection. (A) Specific amino acid residues
in the cargo-binding domain were mutated to alanine (asterisks). Individual loop mutants are boxed in black. (B) TNPO3 knockdown cells were
complemented with a wild-type, ACargo, or mutated TNPO3 expression vector. (C) TNPO3 knockdown cells were complemented with a wild-type,
ACargo, and TNPO3 expression vector containing single or multiple point mutations of amino acid residues L767, L766, R769, and S770. (D) The
mutated TNPO3 proteins were visualized by immunoblot analysis.

independent repetitions of the experiment. Analysis of the fusion was functional, we tested it in the complementation
ACargo, F918A/F922A, and LL767-8 TNPO3 mutants assay with SIVmac239. The analysis showed that the wild-
showed that they were unable to rescue HIV-1 and EIAV type GFP fusion protein was active (Fig. 8A). Visualization
infection, consistent with their lack of activity on SIV- of the proteins by confocal fluorescence microscopy showed
mac239 infection (Fig. 7). that the TNPO3-GFP fusion protein localized to the nu-

TNPO3 mutants retain the ability to localize to the nucleus. cleus. The ACargo, F918A/F922A, and LLRS767-70 mu-
The lack of function of the mutated TNPO3 proteins could tants retained the ability to localize to the nucleus (Fig. 8B).
have been caused by a failure to interact with its cargo, by a We also visualized the localization of HA-tagged TNPO3
failure to traffic through the nuclear pore, or by misfolding proteins to confirm these data. The HA-tagged TNPO3 pro-
of the proteins. To distinguish between these possibilities, teins were localized to the nucleus and cytoplasm. This
we generated vectors that expressed the mutated TNPO3 localization was not disrupted by the cargo-binding domain
fused to enhanced green fluorescent protein (EGFP) and mutations (see Fig. S1 in the supplemental material). These
then determined their cellular localization in transfected results suggest that the proteins had folded properly and

HeLa cells by fluorescence microscopy. To enhance the vi- maintained their ability to interact with the nuclear import
sualization, the nuclei were stained with Hoechst dye and machinery of the cell. Thus, the likely explanation for their
the cell membrane was stained with wheat germ agglutinin failure to mediate virus infection is an inability to bind to a

(WGA). To determine whether the wild-type TNPO3-GFP cellular or virus cargo.
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FIG. 7. The cargo-binding domain is required for TNPO3-dependent infection by several lentiviruses. TNPO3 knockdown cells were comple-
mented with shRNA-resistant wild-type, ACargo, F918A/F922A, and TNPO3 LL767-8AA expression vector or with the empty vector. The cells

were then infected with SIVmac239, HIV-1, or EIAV reporter virus.

DISCUSSION

Analysis of mutated TNPO3 proteins showed that the cargo-
binding domain is required for lentivirus infection. Although
the proteins with mutated cargo-binding domains had lost their
ability to mediate lentivirus infection, they retained the ability
to localize to the nucleus. Taken together, these findings sug-
gest that the TNPO3 proteins with mutated cargo-binding do-
mains retain the ability to interact with nuclear pore compo-
nents but fail to interact with a host or virus protein that is
required for virus nuclear import. The identity of this protein
remains unknown.

The identification of the two hydrophobic motifs required
for TNPO3-dependent SIVmac infection represents the first
detailed mapping of the TNPO3 carboxy-terminal cargo-bind-
ing domain. These motifs are a likely interaction site for the
postulated cargo protein that influences virus nuclear import.
The LL767-8 residues appear to be more important than the
F918/F922 residues, since LL767-8AA mutants are inactive in
the SIVmac239 complementation assay while the F918A/
F922A mutant remained partially active. The 150 amino acids
separating these two motifs suggest that the cargo-binding
domain offers a wide surface for interaction with its cargo. This
is consistent with the crystal structures of transportin 1
(TNPOT1) in complex with cargo protein nuclear localization
signals (NLSs), which showed a wide cargo interaction surface
in the TNPO1 carboxy-terminal and core domains (18). The
large number of amino acids in TNPOI1 that interact with the
target NLSs and the fact that this interaction occurs over the
span of 10 HEAT repeats (20 a-helices) indicates that TNPO3
is likely to interact with its cargo at several sites in addition to
the hydrophobic motifs that we identified.

The putative cargo protein that interacts with TNPO3 to

mediate nuclear import of the PIC could act directly on nu-
clear import by interacting with both the PIC and TNPO3. IN,
a PIC component, was proposed to be the target of TNPO3
that mediates nuclear import. In support of this model,
TNPO3 was initially identified in a yeast two-hybrid screen for
IN-interacting cellular proteins (9). However, evidence argues
against a role for IN as the major target of TNPO3. First,
although TNPO3 was found to associate with recombinant
HIV-1 IN in an in vitro pulldown assay, the IN from MLV, a
virus that is not transported through the nuclear pore and is
independent of TNPO3, also associated with recombinant
TNPO3 (21). Second, the requirement for the carboxy-termi-
nal cargo-binding domain of TNPO3 is inconsistent with the
previous finding that IN interacts with the amino-terminal do-
main of TNPO3 (9). Third, we failed in repeated attempts to
detect the interaction of TNPO3 with IN by coimmunoprecipi-
tation from transiently transfected 293T cells that expressed
both proteins at a high level (data not shown). Taken to-
gether, these findings are inconsistent with a role for IN as
the primary target of TNPO3 that mediates virus nuclear
import, although a secondary role for IN in which it binds to
the amino-terminal domain of TNPO3 to assist in nuclear
import cannot be ruled out.

Conversely, the TNPO3 knockdown could act indirectly by
altering the normal cellular environment. In this case, the
unidentified cargo would be a cellular protein that is important
for the correct splicing of a host that is directly involved in viral
nuclear import or that gains an inhibitory activity for virus
nuclear import when it is mislocalized to the cytoplasm. CPSF6
itself is a potential candidate, as it is a member of the SR family
of RNA-processing proteins and therefore a potential TNPO3
cargo. Knockdown of TNPO3 could lead to the cytoplasmic
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FIG. 8. Nonfunctional mutated TNPO3 proteins localize to the nucleus. (A) TNPO3 knockdown cells were complemented with a wild-type
TNPO3-GFP, mutated TNPO3-GFP, or GFP expression vector. The cells were gated for GFP fluorescence, and the percentages of infected GFP~
and GFP™ cells were determined. (B) HeLa cells transfected with GFP-tagged shRNA-resistant full-length or mutant TNPO3 expression vectors
were imaged by confocal microscopy. GFP fusion proteins are shown in green. The nucleus was counterstained with Hoechst (blue) and the plasma

membrane with wheat germ agglutinin (red).

accumulation of CPSF6, which could then bind to the viral PIC
and interfere with uncoating or docking at the nuclear pore.
Lee et al. showed that the mCPSF6-358 fragment, which lacks
its carboxy-terminal RS domain, accumulates in the cytoplasm
and that the mCPSF6-358 fragment binds to wild-type CA but
not to N74D CA in core complexes (24). They speculated that
when the protein accumulates in the cytoplasm this interaction
with CA could prevent infection by interfering with interac-
tions that are important for uncoating or nuclear transport.
Moreover, single point mutations in HIV-1 or SIV CA caused
the virus to become TNPO3 independent and resistant to
mCPSF6-358, a finding that links TNPO3 and CPSF6 function-
ally. Whether CPSF6 is, in fact, a cargo of TNPO3 and accu-
mulates in the cytoplasm following TNPO3 knockdown re-
mains to be determined.

Although we found that several lentiviruses were TNPO3 de-
pendent, the viruses differed in their relative sensitivities to
TNPO3 knockdown. SIVmac239 and EIAV were the most sen-
sitive, while HIV-1 was less sensitive and FIV was only slightly
affected by TNPO3 knockdown. The sensitivity of SIVmac239 to
TNPO3 knockdown was confirmed in the infectivity assay and by

2-LTR circle quantification. These results are similar to those of
Krishnan et al. (21), except that we found EIAV and SIVmac239
to be similarly sensitive to TNPO3 knockdown. The cause of this
difference in sensitivity to TNPO3 knockdown is not clear but
could result from differences in the extent of knockdown, the cell
type, or the EIAV reporter system.

The CA protein appears to be a viral determinant that is
important in determining sensitivity to TNPO3 knockdown.
Analysis of SIVmac239/HIV-1 chimeras showed that CA
was a necessary but not a sufficient determinant of TNPO3
dependence. Replacement of SIVmac239 CA-p2 with that
of HIV-1 resulted in a virus with HIV-1-like sensitivity to
TNPO3 knockdown, while the reciprocal swap of SIV-
mac239 CA into HIV-1 did not confer an increased sensi-
tivity to TNPO3 knockdown. These findings suggest that
viral components in addition to CA play a role in determin-
ing sensitivity to TNPO3 knockdown.

How CA regulates the nuclear import of lentiviruses is un-
clear, since there is a lack of evidence for a direct interaction
of CA with TNPO3 (13, 29). It is possible that CA affects
nuclear import by controlling the trafficking of the viral particle
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to the nucleus. HIV-1 CA does appear to stay associated with
the reverse-transcribing viral particle as it is transported from
the cell periphery to the nucleus (28). A link also appears to
exist between viral entry and TNPO3 dependence, suggesting
that differences in trafficking of the viral particle to the nucleus
could influence the nuclear import of the PIC (37). It is also
possible that CA could change TNPO3 dependence by affect-
ing the timing of uncoating or the docking of the viral particle
to the nuclear pore. This appears to be possible, as scanning
electron microscopy imaging of newly infected cells shows that
uncoating occurs at the nuclear pore following the completion
of reverse transcription (2).

Our A76V mutation in STVmac239 CA matched the pheno-
type of the previously described N74D, E45A, and Q63A/
Q67A HIV-1 CA mutants, rendering the virus TNPO3 inde-
pendent and resistant to mCPSF6-358 (10, 24, 43). However,
the A76V SIVmac239 CA mutant and the N74D HIV-1 CA
mutant differ from the other two HIV-1 CA mutants in that
they are still capable of infecting nondividing cells. Therefore,
these two mutations are unlikely to cause a defect in uncoating
as the E45A and Q63A/Q67A HIV-1 CA mutants do. Altera-
tion of TNPO3 dependence also appears to affect downstream
integration steps (31). In agreement with this finding, we found
that knockdown of TNPO3 had a more pronounced effect on
the number of 2-LTR circles than on the number of infected
cells. This may indicate that viruses that are imported through
a TNPO3-independent pathway are more efficient at integra-
tion while those that are imported through a TNPO3-depen-
dent pathway frequently fail to integrate and instead form
nonproductive 2-LTR circles.

The relative sensitivities to TNPO3 knockdown may be
caused by differences in the affinities of different viral capsids
for binding to CPSF6. This mechanism predicts that the HIV-1
N74D and SIVmac239 A76V CA mutations reduce the affinity
of CA for CPSF6, and the differences in lentivirus sensitivities
to TNPO3 knockdown reflect differences in the affinities of the
lentivirus CA for CPSF6. HIV-1 and SIVmac239 were equally
sensitive to Nup153 knockdown, suggesting that the protein
plays a role in nuclear import that is different from that of
TNPO3.

The picture that has emerged for the role of TNPO3 in
lentiviral nuclear import illustrates the caution that should be
exercised in the interpretation of viral dependency factors
identified in genome-wide screens. A large number of such
cellular genes have been identified, and while some of these
clearly encode products that play a direct role in infection,
others may play a much less direct role. TNPO3, for example,
may not serve as a viral nuclear import protein itself but rather
may prevent another cellular protein from interfering with
viral nuclear import. Other dependency factors that have been
identified may also play indirect roles in infection. The TNPO3
cargo-binding domain mutants and the A76V CA SIVmac239
mutant reported here will provide useful reagents for the fur-
ther analysis of the mechanism by which TNPO3 regulates
lentiviral nuclear import. Of particular importance will be the
determination of whether CPSF6 or other cellular proteins are
affected by TNPO3 knockdown to establish the block to lenti-
virus nuclear import.
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