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Increasing evidence has suggested that the HIV-1 capsid enters the nucleus in a largely
assembled, intact form. However, not much is known about how the cone-shaped cap-
sid interacts with the nucleoporins (NUPs) in the nuclear pore for crossing the nuclear
pore complex. Here, we elucidate how NUP153 binds HIV-1 capsid by engaging the
assembled capsid protein (CA) lattice. A bipartite motif containing both canonical
and noncanonical interaction modules was identified at the C-terminal tail region of
NUP153. The canonical cargo-targeting phenylalanine-glycine (FG) motif engaged
the CA hexamer. By contrast, a previously unidentified triple-arginine (RRR) motif
in NUP153 targeted HIV-1 capsid at the CA tri-hexamer interface in the capsid.
HIV-1 infection studies indicated that both FG- and RRR-motifs were important
for the nuclear import of HIV-1 cores. Moreover, the presence of NUP153 stabilized
tubular CA assemblies in vitro. Our results provide molecular-level mechanistic evi-
dence that NUP153 contributes to the entry of the intact capsid into the nucleus.
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As a retrovirus, HIV-1 reverse transcribes its RNA genome for integration into host
chromatin in the nucleus (1). The HIV-1 genome is housed inside the viral capsid, which
provides an enclosed compartment necessary for reverse transcription and concomitantly
protects the genome from destruction by host immune surveillance and cellular antiviral
restriction factors (2, 3). The capsid is composed of capsomeres of approximately 250
capsid protein (CA) hexamers and 12 CA pentamers, which assemble into a fullerene cone
(4-6). To understand the life cycle of HIV-1, it is important to know whether and how
HIV-1 capsid crosses the nuclear envelope and gains access to the nuclear compartment
for the delivery of the viral genome. Previously, it was commonly thought that an intact
capsid (6) was larger than the diameter of the nuclear pore complex (NPC) central trans-
port channel (7); therefore, the capsid would need to uncoat in the cytosol prior to nuclear
entry. However, compelling recent studies suggest that HIV-1 capsid can cross the NPC
largely intact and disassembles only once inside the nucleus (8—10). However, the molec-
ular mechanisms of capsid passage through the NPC have not been elucidated.

The NPC, which is among the largest macromolecular complexes in the human cell,
is built from ~30 different nucleoporins (NUPs), each in 16 to 48 copies (11, 12). The
NPC central channel is filled with intrinsically disordered NUPs rich in repeating
phenylalanine-glycine (FG) motifs (11, 13). These FG-NUPs establish a selective barrier
dictating the passage of macromolecules through the nuclear pore (14, 15). Many
FG-NUPs have been reported to interact with the HIV-1 capsid, including NUP358,
NUP214, NUP62, and NUP153 (16-21). Among these players, NUP153 is of par-
ticular interest. NUP153 is a component of the NPC’s nuclear basket (22, 23) and
thus resides on the nuclear side of the NPC, consistent with its important role in the
late stage of capsid nuclear transport (19, 24). Therefore, understanding its interaction
with the capsid is key to unraveling the nuclear entry mechanisms of HIV-1, especially
for the penetration of the capsid into, or its passage through, the NPC (Fig. 14).
NUP153 is a 1475 amino acid (aa)-long protein that contains 24 FG-repeats in its
C-terminal domain (CTD) (Fig. 1B) (24, 25). Genetic analyses mapped a primary
NUP153 interaction determinant to the most C-terminal FG-motif (24, 26), which
through structural studies was shown to engage the interface between two adjacent CA
subunits in a hexamer, albeit at a low binding affinity (K; of ~50 to 500 pM) (21, 27).
However, there is no clear indication whether this comparatively weak binding affinity
is sufficient for the nuclear import of the capsid, and it remains unclear whether the
virus—host interaction is enhanced by multivalent interactions, e.g., between additional
NUP153 FG-motifs and higher-order capsid assemblies that extend beyond the hexamer
building block.
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Significance

Previous studies on the
interaction between nucleoporins
and HIV-1 capsid focused on the
classical FG-motif and CA
hexamer. In this study, we found
that besides the FG-motif
engaging the CA hexamer, a
triple-arginine (RRR) motif at the
C terminus of NUP153 targeted
HIV-1 capsid at the interface of
three CA hexamers. Both FG- and
RRR-motifs were important for
the nuclear import of HIV-1 cores
and the infectivity of the virus.
Moreover, NUP153 stabilized
tubular CA assemblies in vitro.
These results provide insights
into how NUP153 contributes to
both facilitating and maintaining
the assembled capsid’s passage
through the nuclear pore
complex.
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In this work, we used capsid engineering and mutagenesis tech-
niques to map the interactions between various assembled CA
interface modules and NUP153 (Fig. 14). The results revealed a
lattice pattern sensing ability of NUP153 that targets the assembled
capsid over individual CA molecules or hexamers. A bipartite cap-
sid-binding motif resides in the C-terminal 65 aa of NUP153,
which recognizes the HIV-1 capsid via the canonical
hexamer-binding FG-motif and a previously unidentified triple-
arginine (RRR) motif engaging the threefold symmetry interface
formed between three adjoining CA hexamers. HIV-1 infection
studies revealed that both FG- and RRR-motifs were important for
the nuclear import of HIV-1 cores. The presence of NUP153 can
also stabilize assembled CA tubes in vitro, pointing to the possibility
that NUP153 helps protect the capsid’s integrity as it facilitates the
core’s passage through the central channel of the NPC.

Results

The C-terminal Tail of NUP153 Is Responsible for Interaction
with CA Assemblies. Using a genetic approach based on restriction
of HIV-1 infection mediated via an artificial tripartite motif
(TRIM)-NUP153 1, fusion protein, we previously implicated
the most C-terminal FG-motif of NUP153 in mediating the
interaction with capsid (24). However, as the assembled HIV-1
capsid contains numerous FG-binding pockets that interact with
FG-motifs from NUP153 (21), cleavage and polyadenylation
specificity factor 6 (CPSF6) (28), and SEC24C (29), we here
used direct protein interaction assays to more comprehensively
assess the roles of the different NUP153 FG-repeats in HIV-1
capsid binding. We created various C-terminal truncations of
human NUP153p, (residues 896 to 1475; NUP153%°47%) o
isolate different FG-motifs into different NUP153 1, segments
(Fig. 1B). We used a solubility-enhancing maltose-binding protein
(MBP)-small ubiquitin-like modifier (SUMO) tag to produce
well-behaved NUP153, constructs, which were shown by
size exclusion chromatography (SEC) as mainly monodispersed
monomers in solution (S Appendix, Fig. S1).

100-120 nm

50-60 nm

We tested the interaction between purified NUP153 constructs
with different numbers of FG-motifs (3 pM) and capsid nanotubes
assembled from purified CA protein (100 pM) in a copelleting assay
(Fig. 1 and ST Appendix, Figs. S1 and S2). For this purpose, A14C/
E45C disulfide cross-linked CA tubes (30) and inositol hexakisphos-
phate (IP6)-stabilized wild-type (WT) CA tubes (31) were employed
because of their stability in low salt conditions. Consistent with
previous ﬁndin$s (24, 26), the C-terminal tail (residues 1411 to
1475, NUP153™""7) efficiently bound to A14C/E45C-stabilized
CA tubes. Moreover, the preceding NUP153 region (residues 896
to 1400, containing 23 FG-repeats, and 896 to 1300, with 15
FG-repeats) or a model FG-NUP, NSP1 (Saccharomyces cerevisiae
orthologue of NUP62), which has 32 FG-repeats, showed very weak
binding, respectively. These data indicated that FG-repeats in general
do not confer efficacious binding to HIV-1 capsid in the copelleting
assay and that the C terminus of NUP153 (65 aa), containing a
single specific FG-motif, primarily dictated NUP153 binding to
capsid (Fig. 1). These results were confirmed in copelleting assays
using WT CA tubes in physiological salt (150 mM NaCl) with IP6
(1 mM) (ST Appendix, Fig. S2). These observations, together with
the reported low binding affinity of the NUP153 FG-containing
peptide to CA hexamers (21, 27), highlighted that FG-motifs have
limited inherent capsid-binding activit?f. By contrast, we observed
complete copelleting of NUP153"“"17 yith CA tubes even at
comparatively low NUP concentrations (3 pM) (Fig. 1B and
SI Appendix, Fig. S1). Since the nanotubes used here present the
higher-order lattice of the assembled capsid, it suggested the existence
of an additional interaction beyond the hexamer-specific NUP153
FG-motif binding site.

NUP153 Targets CA Lattice Interfaces in the Assembled Capsid. To
provide a more detailed understanding of how NUP153 binds HIV-
1 capsid, we analyzed the interaction between NUP153'*""17% and
various CA assemblies representing different patterns on the capsid.
We used SEC to assess the migration positions of NUP153"4!171473
alone, or in the presence of individual capsomeres (CA hexamers
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Fig. 1. The C-terminal 65 aa region of NUP153 mediates binding to CA assemblies. (A) Schematic of the NPC with relative NUP153 placement (Left) and various
in vitro assembled CA structures used in this study (Right). (B) Copelleting assay of NUP153. variants and yeast NUP NSP1 control with CA nanotubes. Left:
Schematics of the constructs with FG-motifs in each protein indicated as red bars. Right: The Total (T), Soluble (S), and Pellet (P) fractions of copelleting assays
analyzed by SDS-PAGE. Independent experiments were repeated more than three times, with representative examples shown.
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or pentamers), as well as an assembly (termed tri-hexamer,,,., in
this study) that mimics the interface between three hexamers (32)
(Fig. 2A4). In this way, a shift in migration to higher molecular
weight species would provide evidence for complex formation and
hence effective binding. Consistent with the reported low binding
affinities (21, 27), neither CA hexamer nor pentamer detectably
bound NUP153'4"-14> B contrast, efficient binding of tri-
hexamer_,., to NUP153""17%7 yyag readily observed (Fig. 24).
We further used SEC-multiangle light scattering (SEC-MALS) to
measure the molecular weight distributions in each elution peak to
deduce the stoichiometric ratios of NUP153 and tri-hexamer,,, in
the complex. The results showed good agreement with a 1:1 molar
ratio of NUP153"*""%7; tri-hexamer.,, (Fig. 2B), pointing to a
model where the C-terminal tail of NUP153 engages interhexamer
interfaces on the capsid. These observations revealed that NUP153
preferentially engages the higher-order lattice within the assembled
capsid, implying that capsid interactions with the NPC require at

least a partially assembled structure.

A RRR Motif at the NUP153 C terminus Binds to the threefold
Tri-Hexamer Interface in the Capsid. The higher-order capsid lat-
tice preference of NUP153'""'%7° suggested that it may contain
another binding site beyond the CA hexamer-targeting FG-motif.
We performed a comprehensive mapping study to identify the
specific region responsible for additional binding with the capsid
(Fig. 34 and SI Appendix, Fig. S3). The results confirmed that the
deletion or truncation of the FG-motif (NUP153401-1475FTFG?
NUP153"57197 or NUP153'%197) reduced but did not abol-
ish the binding (Fig. 34 and SI Appendix, Fig. S3). Interestingly,
when the N-terminal region of the NUP153 C-terminal tail was
progressively removed, leaving just the last 11 aa of the protein
remaining without the FG-motif (NUP1 531465-1975) "3 substantial
level of CA tube binding was retained. Concomitantly, removal of
the last 11 aa region (NUP153"!""%%) significancly decreased the
binding. These results indicated that the C-terminal 11 residues
of NUP153 may contain the additional capsid-binding sequence
(Fig. 34 and SI Appendix, Fig. S3). The short 11 aa C-terminal
tail of NUP153 is enriched in positively charged amino acids,
including a RRR motif that resembles the capsid-binding motif
in the HIV-1 restriction factor MxB (20, 33-35). Since the MxB
RRR-motif targets capsid through electrostatic interactions, we
tested the effect of increasing salt concentrations on CA nano-
tube binding. NUP153 -, bound CA tubes similarly at 150 mM
NaCl and 75 mM NaCl (Fig. 34 and SI Appendix, Figs. S1 and
S2). However, when the NaCl concentration was increased to
300 mM, NUP153""'"175 Jogt its binding capacity significantly,
while NUP153"""""** containing the FG-motif but not the 11-aa

Normalized absorbance

tail showed no change in its binding (Fig. 34 and S/ Appendix,
Fig. S3). This salt sensitivity suggested that the RRR-motif en-
gaged the capsid in an MxB-like manner (36), perhaps binding at
the negatively charged tri-hexamer center. We further tested CA
tube copelleting of NUP153%*%7% in high salt (300 mM NaCl)
alongside the NUP153%%° RRR-deletion mutant (Fig. 34 and
SI Appendix, Fig. S3). The data showed that either hégh salt or loss
of the RRR-motif significantly affected NUP153%°"'*” binding
to CA tubes, further supporting the capsid-binding property of
the RRR-motif.

To identify the capsid surface that is targeted by the RRR-motif
of NUP153, we mutated key CA residues that are located in dif-
ferent regions of the capsid, including the tri-hexamer interface
(E212A, E213A, E212A/E213A, E75A), the di-hexamer interface
(E180A/E187A), the FG-pocket (N74D, Q67A, N57D), the
CypA-binding loop (P90A, G89V), and the hexamer central pore
(R18D) (21, 27, 36-38). Copelleting results showed that altera-
tions of key residues at the tri-hexamer interface (E212A, E213A,
E212A/E213A, and E75A) substantially reduced NUP1 5314111475
binding to CA nanotubes (Fig. 38 and S/ Appendix, Fig. S4).
Mutations at the FG-pocket of CA led to significant reductions
of NUP153 binding with the Q67A and N57D CA mutants,
while N74D CA did not obviously impact NUP153 binding
(Fig. 3B and SI Appendix, Fig. S4). The result with N74D is con-
sistent with the previous report that the residue was key to the
interaction with CPSF6, but had little effect on interaction with
NUP153 (24). The combination of N57D with additional
E212A/E213A mutations resulted in a nearly complete loss of
NUP153 binding (Fig. 3B and SI Appendix, Fig. S4), which reca-
pitulates the results observed for the corresponding FG and RRR
mutants. By contrast, mutations in the di-hexamer interface, the
CypA-binding loop, or the hexamer central pore did not signifi-
cantly impact binding (Fig. 3B and S/ Appendix, Fig. S4). These
data are consistent with the notion that electrostatic contact
between the positively charged RRR-motif and negatively charged
CA tri-hexamer interface provides an extra driving force for this
virus—host interaction. These data further highlight the impor-
tance of the bipartite motif of NUP153 (FG and RRR) for tar-
geting the CA lattice beyond its hexameric capsomere building
block.

To determine whether the binding of NUP153 to the tri-hex-
amer interface has biological consequences for infection, we
depleted NUP153 in HeLa cells by siRNA transfection (S Appendix,
Fig. S5) and challenged the cells with HIV-1 mutants encoding
alanine substitutions for E212 and E213. As a positive control,
we included the E45A mutant, previously shown to exhibit
reduced dependence on NUP153 (24, 39, 40). E45A is reported
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Fig.2. NUP153targets CA lattice interfaces in the assembled capsid. (A) SEC coelution assays of CA hexamer (Left), tri-hexamer ... (Middle), or pentamer (Right)
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examples shown. (B) SEC-MALS analysis of NUP153'%%"-'%7> and tri-hexamer oy Overlay of the individual SEC-MALS elution profiles of NUP153'0"-47% (green),
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along with maltose-binding protein (MBP) and yeast NUP NSP1 negative controls, bound to CA tubes in the copelleting assays under 75 mM NaCl (black bar),
150 mM NacCl (gray bar), or 300 mM NaCl (light gray bar) conditions. Data were expressed as mean + SD of three independent experiments. Differences were
determined by one-way ANOVA and Tukey's multiple comparisons test, compared with NUP153%%¢'%75, NS, not significant (P > 0.05); ****P < 0.0001. The
schematic of the two capsid-binding motifs on NUP153, is shown in the Right panel. (B) Copelleting assays of CA mutant nanotubes with NUP153"4''-1473,
Left: percentages of NUP153'"""47> hound to CA mutant tubes in the copelleting assays under 150 mM NaCl. Data were expressed as mean + SD of three
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not significant (P > 0.05), *P < 0.05, ****P < 0.0001. Right: SDS-PAGE analysis of copelleted NUP153"#""-"%7> alongside the positions of mutated CA residues on the
tri-hexamer ... model. Negative-stain TEM validation of the formation of various CA nanotubes is shown in S/ Appendix, Fig. S4. (C) Analysis of HIV-1 infection in
NUP153-depleted cells. HeLa cells were treated with two separate nontargeting control small interfering RNAs (siRNAs) or with two different NUP153-targeting
siRNAs. Cell monolayers were subsequently challenged with HIV-GFP reporter viruses at dilutions appropriate for detecting infection. The fraction of infected
cells was analyzed by flow cytometry for GFP expression. Top, relative infectivity of the virus stocks on control siRNA-transfected cells. Shown are the individual
results from infections of cells transfected with two different nontargeting siRNAs. Bottom, levels of infection in control and NUP153-depleted cells. Shown are
averages of duplicate infections with error bars designating the range of the two values obtained from the two different siRNAs. Results are representative of
two independent experiments. (D) The NUP153'411-1475/1425-1464¢ e ntide (25 aa) binds to CA tri-hexamer o, as measured by ITC. Independent experiments were
performed three times, and a representative example is shown. Curve fitting errors to a single data set are shown.
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to form a hyperstable capsid (41, 42), which may interfere with
the capsid property needed for stable NPC docking and the
nuclear transport of the HIV-1 core. All of the mutant viruses
were markedly reduced in the infection of control Hela cells
(Fig. 3C). While infection by the E212A and E213A single-mu-
tant viruses was reduced by NUP153 depletion, though perhaps
not to the extent of WT HIV-1 (Fig. 3C), infection by the E212A/
E213A mutant was affected only minimally by NUP153 deple-
tion, to an extent similar to that observed with the E45A mutant
virus. These results show that the E212A/E213A double mutation
in CA markedly reduces the dependence of HIV-1 infection on
NUP153 in target cells, consistent with our biochemical binding
results (Fig. 3B).

A 25 aa Peptide Derived from the NUP153 Bipartite Motif
Strongly Binds Capsid. To test the hypothesis that NUP153
binds the capsid in a bipartite mode using both the FG-motif
and the RRR-motif, we created a construct directly connecting
the FG-motif and the RRR-motif (NUP153!4!1-1475/1425-1464%)
The resultant 25 aa segment bound CA nanotubes as efficiently
as the intact CTD (NUP153%°'7), thus confirming that these
two regions are sufficient to recapitulate most of the capsid-
binding capacity (Fig. 34). We further used isothermal titration
calorimetry (ITC) to quantify the binding affinity of this 25 aa-
peptide to the lattice-mimicking tri-hexamer,.,. This minimal
NUP153:p peptide bound to tri-hexamer.,,., with a K of 0.87
+0.16 pM (mean and SD from three independent experiments),
which is almost two orders of magnitude tighter than the very
low binding affinity (X)) reported for FG-motif peptide—hexamer
binding (21, 27) (Fig. 3D).

Molecular Dynamics (MD) Simulations Identify the Tri-Hexamer
Interface as the Site of NUP153 RRR Motif-Capsid Interaction.
Atomic MD simulation has been widely used to study the dynamics
of HIV-1 capsid and its interactions with cellular cofactors and
drug-like molecules (36, 43—47). To investigate the NUPIS?)%;?—
CA interactions at the tri-hexamer interface, a NUP153'#714/°_
CA tri-hexamer,,,., complex was built (8] Appendix, Fig. S6A)
and simulated for 8.7 ps. In the simulation, NUP153'%'~ 75 was
found to be mostly unstructured at the CA tri-hexamer interface.
The secondar?/ structure calculation (87 Appendix, Fig. S6B) of
NUP153"'7 from the simulation indicated that it is highly
disordered. The NUP153''™* peptide folded into transient turns
and short helices, until a relatively stable secondary structure of a
short turn centering around residues 1467 to 1470 was formed at
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about 8 ps. Markov state model analysis (48—50) indicated that the
NUP153""7 peptide was hiighl;r dynamic, identifying several
metastable states of NUP153'"7%7> ¢ the tri-hexamer interface
(SI Appendix, Figs. S6Cand S7). Among these metastable states, the
state 8 was relatively stable, corresponding to the fold appearing at
around 8 s, while NUP153'91-1475 rapidly transited between other
metastable states in the rest of the simulation. The RRR mortif of
NUP153""7 inserted deeply into the tri-hexamer interface in
state 8, forming extensive interactions with the negatively charged
glutamate residues from four different CA monomers (SI Appendix,
Fig. S6D and Table S1). Because of the relative conformational
stability of NUP153'*""'* and the extensive interactions with CA,
the state 8 was considered as the binding state of the NUP153
at the CA tri-hexamer interface, although the overall interaction
appeared to be transient and not dominated by a single stable state.
The occupancies of the top NUP153 RRR-motif residues in contact
with CA tri-hexamer,,,,., were mostly in the range of 30 to 40%
throughout the entire simulation (S Appendix, Table S2), in contrast
to the 60 to 95% occupancies previously observed in the MD
simulation with the MxB RRR-motif (36). This difference reflects
the effect of the RRR flanking sequence, which is very different
between MxB and NUP153, in HIV-1 capsid interactions. The
dynamic character of the capsid-NUP153 RRR-motif interaction
plausibly evolved to facilitate the transient nature of the nuclear
import process.

Cellular NUP153 Associates with HIV-1 Capsid Assemblies.
To validate the results of the in vitro binding assays under
HIV-1 infection conditions, we employed the previously described
TRIM-NUP153 ¢, construct wherein CTD residues 896 to 1475
were fused to the RING, B-box 2, and coiled-coil domains of
rthesus TRIM5a (24). Effector functions provided by the TRIM
domains coupled with capsid binding, which was provided by the
NUP153¢p, significantly inhibited HIV-1 infection (24) (Fig. 4).
Deletion mutagenesis revealed that TRIM-NUP153 4011475
lacking the 505 N-terminal residues of 896-1475, as well as
a minimal fusion construct that harbored just the 25 residues
composed of the FG-motif (1411 to 1424) and the RRR-motif
(1465 to 1475), conferred full restriction activity (Fig. 4). These
results revealed that the minimal NUP153 bipartite motif
fragment was associated with HIV-1 capsid during virus infection.
To determine the individual roles of the FG- versus RRR-motifs
in HIV-1 core binding, we constructed TRIM-NUP153"01-197
variants with single-motif mutations (FTFG>4A or RRR>3A)
as well as the combined FTFG>4A + RRR>3A double-motif
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Fig. 4. Contributions of NUP153 FG and RRR motifs to capsid binding in cells. Restriction of HIV-1 infection by TRIM-NUP153 fusion proteins. Schematic of test
constructs (Left) and results (mean + SD of three independent experiments) of HIV-1 infection assays (Right) are shown. EV, empty vector. Statistical significance
was determined by two-tailed Student's ¢ test; NS, not significant (P > 0.05); *P < 0.05; ***P <0.05; <0.001; ****P < 0.0001. Immunoblot of protein expression is

shown in S/ Appendix, Fig. S8A. HA, hemagglutinin tag.
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mutations. The FTFG>4A mutant significantly reduced the ability
of TRIM-NUP153 to inhibit HIV-1 infection, while the RRR>3A
mutant slightly reduced the inhibitory activity. Consistent with
this observation, the addition of RRR>3A to the FTFG>4A
construct slightly improved HIV-1 infection (Fig. 4). A number
of parameters could have contributed to the apparent modest
effect of the RRR>3A mutation in the TRIM-fusion assays as
compared to its effect in biochemical binding assays (Fig. 34). The
physiological function of NUP153, as part of the NPC, in HIV-1
infection is to aid the nuclear import of the viral core. By contrast,
TRIM-mediated restriction occurs in the cell cytoplasm (24).

Both the FG-motif and the RRR-motif Are Important for
the Nuclear Import of HIV-1 Cores. To further determine the
role of the NUP153 FG- and RRR-motifs in HIV-1 nuclear
import, HeLa cell lines were generated by stable knockdown of
endogenous NUP153 with short hairpin RNA (shRNA) and
stable expression of shRNA-resistant, mRuby-tagged WT, double-
mutant (FTFG>4A + RRR>3A), or single-mutant (FTFG>4A or
RRR>3A) NUP153 (Fig. 54). Immunoblotting of cell lysates for
NUP153 indicated that endogenous NUP153 was undetectable
upon shRNA-mediated knockdown and that the expression of the
shRNA-resistant WT and mutant mRuby-NUP153 was similar to
or higher than the level of endogenous NUP153 in the parental
Hela cells (Fig. 5B). WT and mutant mRuby-NUP153 proteins
primarily localized to the nuclear envelope (S Appendix, Fig. S9A).
The growth kinetics of pools of transduced cells expressing the
mRuby-NUP153 WT or mutants were similar to the parental
Hela cells, indicating that the expression of the exogenous
NUP153 proteins restored NUP153 function with no apparent
cytotoxicity (S Appendix, Fig. S9B). To determine the role of the
NUP153 FG- and RRR-motifs in HIV-1 infectivity, the mRuby-
NUP153 expressing cells were infected with a single-cycle HIV-1
GFP reporter virus and the percentage of GFP-expressing cells was
determined ~30 h after infection. A twofold decrease in infectivity
was observed in cells expressing the double-mutant (FTFG>4A
+ RRR>3A) or single-mutant (FTFG>4A or RRR>3A) NUP153
compared to cells expressing WT NUP153 (Fig. 5C).

To determine the role of the NUP153 FG- and RRR-motifs in
nuclear import, virions labeled with GFP content marker (10)
were used to infect the different mRuby-NUP153 cell lines. The
infected cells were fixed 6 h postinfection and the nuclear DNA
was stained using DAPI. Confocal images of the infected cells
were acquired and the localization of the GFP-labeled HIV-1 cores
in the cytoplasm, at the nuclear envelope (i.e., edge of DAPI), or
inside the nucleus, was determined. The percentage of total (cyto-
plasmic + nuclear) GFP-labeled HIV-1 cores inside the nucleus
was ~twofold lower in the NUP153 mutant-expressing cell lines
compared to the NUP153 WT-expressing cell line, indicating that
both the FG- and RRR-motifs are similarly important for the
nuclear import of HIV-1 cores (Fig. 5D). The decrease in nuclear
import efficiency correlated with the decrease in infectivity, indi-
cating that the reduced infectivity was primarily due to the reduced
nuclear import. The percentage of cytoplasmic HIV-1 cores that
colocalized with the nuclear envelope was also reduced ~twofold
in cells expressing the mutant NUP153 constructs compared to
the level in cells expressing WT NUP153 (Fig. 5E), indicating
that the decrease in nuclear import was likely due to reduced stable
docking of the HIV-1 cores with the NPCs that contain the
NUP153 mutant proteins. These observations suggest that HIV-1
core interactions with NUP153 FG- and RRR-motifs are critical
for stable viral core docking with the nuclear envelope. These
results validate that NUP153 facilitates HIV-1 core docking and
nuclear entry via two binding regions: The first is the previously
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reported FG-hexamer interface; the second is the positively
charged RRR-motif targeting the CA tri-hexamer interface
(Fig. 3).

To further address the roles of the FG versus RRR motifs in
capsid binding under physiological conditions, we performed CA
tube copelleting assays with full-length cellular NUP153 or its
missense mutant forms. HEK293T cells were transfected with
WT or mutant mRuby-NUP153 expression plasmids and the
resulting cell lysates were used for copelleting with disulfide cross-
linked 14C/45C CA tubes. The results showed that full-length
endogenous NUP153 (internal control) and mRuby-NUP153
copelleted efficiently with CA tubes, while mutation of either
FTFG>4A or RRR>3A significantly reduced copelleting, and
double mutation of the FTFG- and RRR-motifs reduced binding
to background levels (Fig. 5F). These data are consistent with the
biochemical binding results using purified NUP153 constructs
(Fig. 3) and support the notion that the NUP153 bipartite FG
and RRR-motif is important for interacting with HIV-1 capsid.

NUP153 Stabilizes Tubular Capsid Assemblies through the
Bipartite Motif Interaction. How and when the capsid uncoats
during HIV-1 infection remains a longstanding question (51).
To better understand the potential effect of NUP153 in HIV-1
uncoating during nuclear import, we tested its effect on WT CA
tubes under different salt conditions. The WT CA tube was stable
in a high salt environment such as 1 M NaCl, but in the absence of
IP6, its lattice structure rapidly collapsed and disintegrated when
the salt concentration was lowered to 75 mM (Fig. 64). However,
tube disassembly at low salt concentration without IP6 was averted
in the presence of NUP1 5314“_1475, resulting in a large number of
intact tubes coated with fuzzy, irregularly shaped NUP153'4!"-147
proteins (Fig. 6A). These results suggested that the CA lattice
was stabilized bsy NUP153 binding. The stabilizing effect of
NUP153"""7 was concentration dependent (SI Appendix,
Fig. S$10). A large number of micrometer-long WT CA tubes
(6 uM CA) were observed at 50 pM NUP153, some tubes of
submicrometer in length remained at 5 pM NUP153, and a
complete loss of tube structures was observed at 1 pM NUP153
(81 Appendix, Fig. $10). These results suggest that, given its high
local concentration in the NPC, NUP153 binding to the capsid
likely does not trigger uncoating but rather helps stabilize the CA
lattice as the capsid passes through the central channel.

We next tested various NUP153 constructs to determine the
contributions of the FG- and RRR-motifs to CA lattice stabiliza-
tion. The 25 aa-peptide (NUP153!4!1-1475/1425-1964% [y 5\ py con-
taining both motifs efficiently stabilized WT CA tubes (12 uM
CA) at 150 mM NaCl (Fig. 6 B and C). We further synthesized
the FG-motif only NUP1 53142 peptide (14 aa) and the RRR-
motif only NUP153"77 peptide (11 aa). The FG-motif pep-
tide at a high concentration (100 pM) could stabilize WT CA
tubes under 150 mM salt (Fig. 6B), but could not maintain CA
tube stability when the peptide concentration was reduced to 15
uM (Fig. 6C). By contrast, the RRR-motif peptide (11 aa) failed to
stabilize WT CA tubes (Fig. 6 B and C). The results suggest that
the FG-motif provides most of the direct stabilizing ability, poten-
tially with a mechanism similar to that of the capsid-tabilizing
Gilead compound GS-6207 which also targets the FG-binding
pocket of CA, albeit the stabilization by the NUP153 FG-motif
is limited due to its weak binding to the CA hexamer (52).
However, when both FG- and RRR-motifs are present, the RRR-
motif enhances binding to the CA lattice, allowing lower concen-
trations of the bipartite peptide to efficiently stabilize CA
assemblies (Fig. 6C). These results support the notion that both
the FG- and RRR-regions in the NUP153 bipartite motif are
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Important roles for NUP153 FG- and RRR-motifs in nuclear import of HIV-1 cores. (A) Schematic of mRuby-NUP153 expression constructs. HeLa cell lines
were generated by knockdown of endogenous NUP153 with sShRNA and expression of shRNA-resistant (shR) mRuby-NUP153 containing either WT NUP153, or
NUP153 mutants FTFG>4A + RRR>3A, FTFG>4A only, or RRR>3A only. (B) Immunoblot of mRuby-NUP153 and endogenous NUP153 protein expression. Expression
levels were quantified and are shown as a percentage of mRuby-NUP153 in Hela cells. ND, not detected. a-tubulin was used as a loading control. (C) HIV-1
infection assay. Results are mean + SD of =5 independent experiments. (D and E) The percentage of total (cytoplasmic + nuclear) GFP content marker-labeled HIV-1
cores inside the nucleus (D) and the percentage of cytoplasmic GFP-labeled HIV-1 cores at the nuclear envelope (NE) (£) were determined at 6 h postinfection.
Results are mean + SD of =5 independent experiments. Statistical significance was determined by two-tailed Welch's t test; **P<0.01; ****p < 0.0001. (F) Left:
copelleting assays of CA nanotubes with full-length mRuby-NUP153 and mutants from HEK293T cell lysates. Endogenous NUP153 served as an internal control
for binding. Right: percentages of NUP153 mutants bound to CA tubes in the copelleting assays (normalize by WT). Data were expressed as mean + SD of four
independent experiments. Statistical significance was determined by two-tailed Welch's t test; NS, not significant (P > 0.05); *P < 0.05; **P < 0.01; ***P < 0.001;
**%*p < (0.0001. Relative mRuby-NUP153 and mutant expression levels are shown in S/ Appendix, Fig. S8B.
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Fig.6. NUP153 stabilizes CA assemblies. (A) Negative-stain electron micrographs of intact WT CA tubes under high salt conditions (1 M NaCl, Left), disintegrated
WT CA tubes under low salt conditions (75 mM NaCl, Middle), and WT CA tubes (6 uM CA) stabilized by NUP153"#'"-"475 (50 uM) under low salt conditions (75 mM
NaCl, Right). (Scale bars: 100 nm.) (B) WT CA tubes (12 uM CA) incubated with 100 uM bipartite peptide (25 aa), FG-motif peptide (14 aa) and RRR-motif peptide (11
aa) under 150 mM NacCl. (Scale bars: 100 nm.) (C) Same assays as in (B), but with the peptides at 15 pM with WT CA tubes. (Scale bars: 100 nm.) All experiments
were performed independently three times, with representative examples shown.

needed to efficiently stabilize the capsid, although it should be
noted that stabilization effects on CA tubes may be different from
that on the cone-shaped HIV-1 capsid, as previously reported for
other capsid-stabilizing compounds and cofactors (27, 52-57).

Discussion

HIV-1 nuclear import is one of the least understood processes of
the viral life cycle (58). It was initially thought that the capsid
immediately uncoated upon viral entry into the cell, with only
recent studies pointing to the possibility of a largely intact capsid
passing through the NPC into the nucleus (8-10). However,
mechanistic data regarding the transport of HIV-1 cores through
the NPC remain scarce. This study provided in-depth mechanistic
insights into how the HIV-1 capsid interacts with a critical NPC
component, NUP153, pointing to a likely important step of the
import mechanism. We showed that the 65 aa C-terminal tail of
NUP153, containing a single FG-motif and an RRR-motif, pro-
vides most of the capsid-binding capacity of the extended (aa 896
to 1475) CTD. The canonical FG-motif targeted the CA hexamer
building block. Beyond that, a previously unexplored RRR-motif
at the NUP153 C terminus interacted with HIV-1 capsid at the
interface of tri-hexamers. HIV-1 infection studies indicated that
the bipartite motif of NUP153 interacted with the capsid, and
both FG- and RRR-motifs were important for the infectivity and
the nuclear import of HIV-1 cores. We also created a minimal 25 aa
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peptide comprising the FG- and RRR-motifs that retained potent
capsid binding in vitro and in the context of HIV-1 infection
(Figs. 3D and 4A4). As the HIV-1 capsid is an attractive target for
therapeutic intervention (52, 57, 59, 60), this efficient capsid-tar-
geting peptide may represent a starting point for development of
a unique HIV-1 inhibitor targeting nuclear import.

Notably, the most C-terminal FG-repeat of NUP153 conferred
substantial CA binding affinity (Fig. 1B), which is consistent with
previous studies (24, 26). The preceding NUP153 region, which
contains 23 additional FG-repeats, imparted very weak interaction
with CA tubes by themselves and only moderately contributed to
binding in the presence of the NUP153 C-terminal tail (Fig. 34).
‘This observation indicates that the FG di-residue alone is not suf-
ficient for stable engagement of HIV-1 capsid, and that flanking
residues also play important roles. We performed bioinformatic
analysis to identify the determinants that enable interaction with
the capsid. However, no significant features in the immediate flank-
ing sequence of the FG-motifs could be determined. It is possible
that capsid interaction-enabling flanking residues function in
unique ways without a common mechanism, either through direct
contacts or facilitating restructuring of the FG di-residue for better
interactions. In addition, it is known that FG-NUPs form a selec-
tive diffusion barrier governing the transport of macromolecules
through the NPC (14, 15). As FG-motifs affect the intrinsic prop-
erties of NUDPs, such as the cohesiveness that impacts the state and
function of the NPC central channel (61, 62), the other FG-repeats
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on NUP153 may indirectly influence HIV-1 nuclear transport
through their NPC channel-conforming properties. A more com-
plete understanding of the mechanisms dictating the selective
interactions between HIV-1 capsid and the FG-motifs in NUP153
and other NUPs must await future studies.

The NUP153 C-terminal region recognizes a pattern at the
tri-hexamer center that only exists in the assembled capsid lattice.
This binding characteristic has profound implications on the
mode by which the capsid engages the NPC to enter the nucleus.
Although there is evidence that NUP153 may be sufficiently
unstructured to extend into the cytosol under some circum-
stances (25), it is anchored at the NPC nuclear basket and thus
positioned in the nucleoplasm. The higher-order CA lattice tar-
geting mode of NUP153 supports that nuclear penetration of
the capsid at least needs to be in a partially assembled form,
especially if a majority of the 32 copies of NPC-associated
NUP153 engage the capsid during nuclear import (Fig. 7). These
findings are most consistent with a recent model where the
capsid passes through the NPC in an intact or largely intact form
(8-10).

Our data demonstrated the functions of the bipartite NUP153
C-terminal FG- and RRR-motifs in HIV-1 capsid binding and
nuclear import. Both FG- and RRR-motifs from purified or cel-
lular NUP153 proteins exhibited robust interactions with CA
assemblies and were important for the nuclear import of HIV-1.
Interestingly, simultaneous mutations of both motifs did not reveal
an additive effect on HIV-1 nuclear import, which may hint that
both motifs are needed, potentially in a cooperative manner, and
that mutant proteins lacking either motif would “switch off” this
particular NUP153 function. We cannot rule out the possibility
that the RRR-motif works in an indirect way, but still functionally
couples with the FG-motif to influence HIV-1 nuclear import. It
should be noted that the RRR-motif displayed a weak effect in
the TRIM-fusion assay that detects capsid engagement in the
cytoplasm. This is potentially due to the many capsid-binding
factors (17, 36, 38, 63—67) in the cytoplasmic environment that
may be absent from the physiological environment of NUP153,
given its localization on the nuclear face of NPC. It is also possible
that a nonlinear relationship exists between capsid-binding and
TRIM-mediated HIV-1 restriction. Since many other factors are
simultaneously involved in HIV-1 nuclear import (58, 68-71),
and NPCs are known to be pleiomorphic and dynamic (20, 72-74),
more extensive work is needed to fully delineate the roles of the
two NUP153 motifs in the context of HIV-1 infection, especially
in relevant primary cell types.

PNAS 2023 Vol.120 No.13 2202815120

Obur results are consistent with the notion that NUP153 bind-
ing helps stabilize the capsid lattice as it passes through the central
channel of the NPC. Recent studies have indicated that the capsid
could remain at the nuclear pore for a few hours during its transit
through the NPC (8, 75). NUP153’s stabilization effect may play
a significant role in keeping the capsid intact or largely intact
throughout the transport process. More studies are needed to val-
idate and probe the extent of the stabilization of HIV-1 capsid,
as the stabilizing effect was inferred from our assays done with CA
tubular assemblies. In addition to NUPs, other proteins, such as
CPSF6 and transportin 1 (TRN-1), interact with the HIV-1 cap-
sid to facilitate its nuclear import (67, 76, 77). These proteins may
modulate capsid stability in opposite ways to achieve a fine balance
to allow its passage through the NPC. It has been reported that
CPSF6 (78, 79) and TRN-1 (67) deform or disrupt CA tubes. In
addition, it has been reported that reverse transcription completes
inside the assembled capsid after nuclear entry and the progress
of reverse transcription may have dramatic effects on the biophys-
ical properties of HIV-1 cores (80, 81). The combined effect of
these factors may enable remodeling of the capsid at the NPC
central channel such that an intact or largely intact capsid enters
into the nucleus (Fig. 7). It has been observed that the capsid
remains cone- or tube-shaped inside the nucleus, however, with
a modified CA lattice after passing through the NPC (9). Taken
together, one can picture a scenario whereby multiple copies of
NUP153 at the NPC basket bind and position the capsid (82),
protect the integrity of the CA lattice, while together with other
cellular factors help remodel the capsid to enable its nuclear import
(Fig. 7). Future experiments are needed to reveal whether CA
lattice remodeling indeed occurs, and, if so, the details of the
remodeling and how this process is regulated at the NPC.

Materials and Methods

Experimental details and methods can be found in S/ Appendix, including sources
of proteins, plasmids, procedures for protein purification, and descriptions of the
preparation of CA assemblies used in the experiments. Methods to investigate
NUP153-CA interactions, including CA tube copelleting assays, SEC coelution
assays, isothermal titration calorimetry, and SEC linked to multiangle light scat-
tering (SEC-MALS) are described in S/ Appendix. Details of MD simulations of
NUP153 RRR motif-capsid interaction are described in S Appendix, including
the procedures of the simulation, Markov state model analysis and validation.
For the virology assays, including the TRIM-NUP153-mediated restriction assays,
HIV-1 infection assays in NUP153-depleted cells, and the live-cell imaging of
virus nuclear entry experiments, all sources of cell lines, procedures for their
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maintenance, plasmid constructions, procedures of experiments, and data analy-
sisare described in S/ Appendix. The details of negative-stain electron microscopy
imaging and statistical analysis are also available in S/ Appendix.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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