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The Gag-Pol polyprotein of human immunodeficiency virus type 1 (HIV-1) is not required for efficient viral
particle production. However, premature termination codons in pol, particularly in the integrase (IN)-coding
region, can markedly impair HIV-1 particle formation, apparently due to the premature activation of the viral
protease (PR). We now report that the IN domain of Gag-Pol is required for the incorporation of clathrin into
HIV-1 virions. Significantly, PR-dependent effects of point mutations in IN on particle production correlated
strictly with their effects on clathrin incorporation. A possible interpretation of these findings is that certain
IN mutations impair particle production in a PR-dependent manner by promoting Gag-Pol dimerization,
which also occludes a binding site for clathrin. Consistently with this model, the reverse transcriptase (RT)
inhibitor efavirenz, which is thought to promote Gag-Pol dimerization, inhibited the incorporation of clathrin
into HIV-1 virions. Clathrin-depleted cells produced normal amounts of HIV-1 virions; however, their infec-
tivity was reduced. We also observed that HIV-2 and the simian immunodeficiency virus SIVmac interact with
clathrin through one or two copies of a peptide motif in the p6 domain of Gag that resembles the clathrin box
of cellular adaptor proteins. Furthermore, the substitution of the hydrophobic residues in the single clathrin
box motif of SIVmac caused a replication defect in primary cells. Taken together, our results indicate that

primate lentiviruses from two different subgroups functionally interact with clathrin during assembly.

The formation of human immunodeficiency virus type 1
(HIV-1) virions is driven by the viral Gag protein, which as-
sembles into a lipid envelope-covered protein shell underneath
the plasma membrane. The association of Gag with the plasma
membrane and with viral surface glycoproteins is mediated by
its N-terminal matrix (MA) domain, the self association of Gag
is predominantly driven by its capsid (CA) domain, and the
recognition of viral nucleic acid occurs through its nucleocap-
sid (NC) domain (25). The Gag proteins of HIV-1 and other
primate lentiviruses additionally contain a C-terminal p6 do-
main that mediates the incorporation of Vpr or of Vpr-like
accessory proteins into assembling particles (2, 37). The p6
domain also binds to the cellular ESCRT pathway components
Tsgl01 and ALIX via so-called late domains to promote the
detachment of the lipid envelope of assembled particles from
the cell surface (5, 23).

Occasional ribosomal frameshifting near the end of the gag
gene into the overlapping pol frame leads to the translation of
Gag-Pol (26), in which the NC domain is followed by a trans-
frame region and the essential viral enzymes protease (PR),
reverse transcriptase (RT), and integrase (IN). Gag-Pol is in-
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corporated into assembling particles via interactions with Gag,
and the activation of its PR domain leads to Gag and Gag-Pol
cleavage to yield the mature structural proteins and viral en-
zymes.

Surprisingly, mutations in the RT and IN domains of Gag-
Pol can cause profound defects in HIV-1 particle production,
even though Gag-Pol is dispensable for particle assembly and
release (9, 12, 18, 19, 27). At least in some cases, particle
production was restored to wild-type (WT) levels in the ab-
sence of PR, suggesting that the defect in particle production
seen in the presence of PR was caused by its premature acti-
vation (9, 12). Since PR is an obligate dimer, in principle its
premature activation could be caused by enhanced Gag-Pol
dimerization. Consistently with this notion, premature Gag
and Gag-Pol processing and, consequently, a defect in HIV-1
particle production, can be induced by efavirenz and other
nonnucleoside RT inhibitors that promote RT homodimer for-
mation (21, 43). Notably, the inhibitory effect of efavirenz on
particle production depends on the presence of active PR, and
it can be attenuated by mutations within a tryptophan repeat
motif that is involved in RT dimerization (13, 21).

PR-dependent defects in HIV-1 particle production that are
reminiscent of those induced by efavirenz also are caused by
C-terminal truncations of Gag-Pol that remove most or all of
the IN domain (9). To explain these observations, we had
suggested that one function of the IN domain is to counteract
RT domain-driven Gag-Pol dimerization and, thus, to prevent
the premature activation of PR. Consistently with this model,
particle production in the absence of IN could be rescued not
only through the inactivation of PR but also through the short-
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ening or removal of the RT domain (9). Interestingly, signifi-
cant defects in HIV-1 particle production can be caused even
by single-amino-acid substitutions in IN. Such mutants are
unable to replicate irrespective of whether the catalytic activity
of IN is affected (18).

In the present study, we report that the IN domain of HIV-1
Gag-Pol is required for the incorporation of a 180-kDa protein
into HIV-1 particles. This protein, which is present in ample
amounts in WT HIV-1 virions, was identified as the clathrin
heavy chain. Significantly, the effects of point mutations in IN
on clathrin incorporation, as determined in a PR-negative con-
text to suppress particle production defects, correlated strictly
with their effects on particle production in the WT context. The
incorporation of clathrin into HIV-1 virions was inhibited by
efavirenz, which is consistent with a model in which Gag-Pol
dimerization reduces or prevents clathrin binding. The infec-
tivity of HIV-1 virions produced in clathrin-depleted cells was
reduced, indicating that the interaction with clathrin is func-
tionally relevant. We also observed that HIV-2 and the related
simian immunodeficiency virus SIVmac possess clathrin bind-
ing sites in p6 that closely resemble the clathrin box of adaptor
proteins, and that SIVmac with a disrupted clathrin box was
replication defective.

MATERIALS AND METHODS

Proviral constructs. The parental, replication-competent proviral constructs
used in this study were HXBH10 (24), which lacks vpr and nef, and HXBH10/R™*
(16), a vpr-positive version of HXBH10. Point mutations in the IN coding region
were generated by site-directed mutagenesis and inserted into HXBH10/R* by
standard cloning techniques. AMA/PR ™ is a version of HXBH10/R™" that har-
bors the gag gene of the previously described AMA HIV-1 proviral construct
(40), which has all of the MA coding sequence replaced by a sequence encoding
a heterologous myristylation signal. AMA/PR™ also has the codon specifying
Asp25 of PR replaced by a codon specifying Glu to prevent Gag and Gag-Pol
processing, and it harbors a disrupted env gene. AMA/AIN/PR™ was derived
from AMA/PR™ by replacing the first codon for IN with a premature termination
codon.

The parental, replication-competent SIVmac proviral construct was
pSIVmac239RQ (kindly provided by Riri Shibata), a derivative of the infectious
full-length clone pMA239 (41). In contrast to pMA239, pSIVmac239RQ has an
open nef reading frame. To introduce mutations into the p6 coding region,
site-directed mutagenesis was performed on a subviral construct, and frag-
ments harboring the desired mutations then were cloned into full-length
pSIVmac239RQ. The mutations in p6 do not alter the overlapping pol reading
frame. The LL—SQ mutant harbors the Ls,S and Ls;Q substitutions, and the
LLHL—SQHH mutant additionally harbors the LssH substitution.

Viral particle analysis. 293T cells (3.5 X 10°) were seeded into T80 flasks for
incorporation experiments, and HeLa cells (3 X 10°) were seeded into T25 flasks
to examine effects on particle production. The next day, the cells were trans-
fected with proviral DNA using a calcium phosphate precipitation technique.
Where indicated, the transfected cells were metabolically labeled with [**S]me-
thionine from 8 to 20 h posttransfection. Virions or virus-like particles (VLP)
released into the culture medium were pelleted through sucrose and analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), fol-
lowed by autoradiography or Western blotting, as described previously (3). Pro-
teins in the cell lysates were detected by Western blotting. The antibodies used
for Western blotting were a rabbit anti-HIV CA serum (Advanced Biotechnol-
ogies, Columbia, MD), 183-H12-5C (11) against HIV-1 CA, TD.1 (Sigma-Al-
drich, St. Louis, MO) and clone 23 (BD Transduction Laboratories, San Jose,
CA) against the clathrin heavy chain, CON.1 (Santa Cruz Biotechnology, Santa
Cruz, CA) against the clathrin light chains, AC-40 (Sigma-Aldrich) against actin,
HA.11 (Covance, Berkeley, CA) against the hemagglutinin (HA) epitope, and
Chessie 8 (1) against HIV-1 gp41. Western blots were quantified with ImageJ
software.

Protein identification. Bands were excised from Coomassie-stained gels and
subjected to in-gel tryptic digestion. Extracted peptides were analyzed by micro-
capillary liquid chromatography coupled with tandem mass spectrometry (LC-
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MS/MS). Tandem mass spectra were searched against a human protein database
with Sequest software.

Generation of HeLa cells stably expressing short hairpin RNAs (shRNAs).
293T cells were cotransfected with pHDMHgpm?2 encoding codon-optimized
HIV-1 Gag-Pol, LKO.1-based lentiviral vectors encoding shRNA targeting the
clathrin heavy chain (clone TRCN0000007982; Open Biosystems, Huntsville,
AL) or CD11A (clone TRCN0000029594; Open Biosystems), and vectors ex-
pressing HIV-1 Rev and the vesicular stomatitis virus G protein. Filtered super-
natants then were used to transduce HeLa cells, followed by selection with 1
pg/ml puromycin.

GST pulldown assay. A version of the bacterial expression vector pPGEX-2TK
(GE Healthcare, Piscataway, NJ) that encodes the full-length HIV-2p5p po
domain fused to glutathione S-transferase (GST) has been described (42). The
full-length p6 domain of SIVmac239 (residues 1 to 63) was amplified and in-
serted in frame into pGEX-2TK. Point mutations were introduced by site-
directed mutagenesis. GST fusion proteins were expressed in strain BL21 and
immobilized on glutathione-Sepharose beads (GE Healthcare). The beads then
were incubated for 2 to 3 h at 4°C with hypotonic 293T cell lysates or with
hypotonic lysates of 293T cells transiently expressing HA-ALIX \prp (42). The
beads then were extensively washed in phosphate-buffered saline, and bound
proteins were eluted by being boiled in SDS-PAGE sample buffer, resolved by
SDS-PAGE, and visualized with colloidal Coomassie brilliant blue G-250. Cap-
tured clathrin and HA-ALIX \prp Were detected by Western blotting.

Virus infectivity and replication assays. Filtered supernatants from HeLa or
HeLa-derived cells transfected with the nef-negative HIV-1 proviral clone
HXBH10 were normalized for p24 antigen content and used to infect TZM-bl
indicator cells (1 X 10°) in 5 ml medium at 10 ng p24/ml. Two days postinfection,
the indicator cells were lysed in 400 pl reporter lysis buffer supplied with the
B-galactosidase (B-gal) enzyme assay system (Promega), and B-gal activity in-
duced by HIV-1 Tat as a consequence of infection was measured according to the
manufacturer’s instructions.

For SIV replication studies, peripheral blood mononuclear cells (PBMC) were
isolated by Ficoll-Hypaque density gradient centrifugation from the blood of
healthy rhesus macaques (obtained from the New England Regional Primate
Research Center), stimulated for 2 days with 10 pg/ml concanavalin A (type IV;
Sigma-Aldrich), washed, and resuspended in RPMI 1640 medium containing
15% fetal calf serum and 10% human lymphocyte-conditioned medium (inter-
leukin-2; Hemagen Diagnostics, Columbia, MD) prior to infection. SIVmac
virions were produced by transfecting 293T cells with wild-type or mutant ver-
sions of pSIVmac239RQ. Virus-containing supernatants were passed through
0.45-pm syringe filters, RT activity was determined as described previously (32),
and 1 X 10° cpm of RT activity were used to infect 6 X 10° stimulated rhesus
macaque PBMC. The cells were washed the next day to remove the virus inocula,
and virus replication was monitored by measuring the RT activity in the culture
supernatants at regular intervals.

RESULTS

HIV-1 incorporates clathrin in an IN-dependent manner.
We previously reported that the MA domain of HIV-1 Gag
can be replaced by a foreign membrane-targeting sequence
without compromising particle production (40). Because the
AMA mutant used in that study had the entire MA domain
replaced by a 15-amino-acid peptide, the Gag-Pol precursor
produced by a PR-negative version was expected to migrate
noticeably faster in SDS-PAGE than WT Gag-Pol. Surpris-
ingly, SDS-PAGE analyses of [**S]methionine-labeled AMA/
PR virions reproducibly yielded two closely spaced bands of
comparable intensity in the region where the Gag-Pol precur-
sor was expected to migrate (Fig. 1A, lane 1, and data not
shown). The position of the faster-migrating species was that
predicted for the shortened Gag-Pol precursor produced by
the AMA/PR™ mutant, whereas the slower-migrating species
(provisionally designated p180) exhibited an apparent molec-
ular mass closer to that of the WT Gag-Pol precursor. These
results raised the possibility that HIV-1 virions contain signif-
icant amounts of a protein that normally is obscured by the
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FIG. 1. IN domain-dependent incorporation of clathrin into HIV-1
particles. (A) 293T cells were transfected with PR-defective HIV-1
proviral DNAs expressing Gag and Gag-Pol proteins lacking MA. The
AMA/AIN/PR™ mutant (lane 2) also contains a premature termination
codon in pol that prevents the translation of the IN domain of Gag-Pol.
The transfected cells were labeled with [**S]methionine, and proteins
incorporated into VLP were separated by SDS-PAGE, transferred to
a nitrocellulose membrane, and visualized by autoradiography. The
migration positions of molecular mass markers (in kilodaltons) are
indicated on the left. (B) Western blots demonstrating the IN-depen-
dent incorporation of the clathrin heavy chain (HC) and light chains
(LCs). The same nitrocellulose membrane as that shown in panel A
was examined to correlate [**S]methionine-labeled bands with those
detected by Western blotting. To facilitate the use of different anti-
bodies, the membrane was cut above the expected position of Gag and
subsequently reassembled for autoradiography.

comigrating Gag-Pol precursor but becomes detectable by
SDS-PAGE when the size of the Gag-Pol precursor is reduced.

To examine the relationship between the Gag-Pol precursor
and p180, we truncated the Gag-Pol precursor produced by the
AMA/PR™ mutant from the C terminus to alter its electropho-
retic mobility. In principle, truncating or removing the IN
domain of Gag-Pol can markedly reduce particle production by
otherwise intact HIV-1 proviruses, as we have shown previ-
ously (9). However, we also have observed that an active PR is
required for these effects, and that particle production can be
fully restored by inactivating PR (9). Therefore, particle pro-
duction by the AMA/PR™ mutant was not expected to be
affected by a premature termination codon directly after the
RT-coding sequence. Indeed, the resulting AMA/AIN/PR™
mutant and the parental AMA/PR™ construct produced com-
parable amounts of particles (Fig. 1A). Interestingly, the AIN
mutation not only induced the expected shift in the migration
of Gag-Pol but also led to the disappearance of p180 (Fig. 1A).
Taken together, these data suggested that p180 was not de-
rived from Gag-Pol but that its presence in viral particles
nevertheless was dependent on the integrity of the IN domain
of Gag-Pol.

To determine the identity of p180, the band was excised
from a Coomassie-stained gel. Protein microsequencing indi-
cated that p180 corresponds to the clathrin heavy chain, which
has a calculated molecular mass of 191 kDa but is known to
migrate at about 180 kDa (6). Western blotting with the mono-
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clonal anti-clathrin heavy chain antibody TD.1 confirmed the
presence of the clathrin heavy chain in particles produced by
the AMA/PR ™ mutant (Fig. 1B). In contrast, the clathrin heavy
chain was absent from AMA/AIN/PR™ particles (Fig. 1B).
Western blotting of the same particle preparations with
anti-CA yielded Gag-Pol precursors of the expected size and
confirmed that comparable amounts of Gag-Pol and Gag were
present in each sample (Fig. 1B).

During clathrin-mediated endocytosis, the clathrin heavy
chain polymerizes into lattices that coat the cytosolic side of
endocytic vesicles. Clathrin assembly is controlled by clathrin
light chains, which bind to the clathrin heavy chain and prevent
its spontaneous polymerization (33). Most human cells express
two light chains (LCa and LCb) that are encoded by different
genes and exhibit about 60% homology (7). To determine
whether HIV-1 particles contain clathrin light chains, we used
the monoclonal antibody CON.1, which binds to both LCa and
LCb (36). As shown in Fig. 1B, Western blotting of AMA/PR™
particles with CON.1 yielded a prominent band, together with
a weaker band of slightly faster electrophoretic mobility. The
more prominent of the two bands had an apparent molecular
mass of about 36 kDa (data not shown). Like the clathrin heavy
chain, both bands were absent from AMA/AIN/PR™ particles.
Since the clathrin light chains migrate in the 32- to 36-kDa
range in SDS-PAGE (29), we conclude that HIV-1 particles
incorporate the clathrin heavy chain together with associated
light chains in an IN-dependent manner.

Assembly-defective class II IN mutants do not incorporate
clathrin. Replication-defective IN mutants fall into two broad
categories: class I mutants are specifically defective at the in-
tegration step and assemble virus particles normally, whereas
class II mutants exhibit pleiotropic defects, such as those dur-
ing reverse transcription or during virus morphogenesis (18).
Because the morphogenesis defect of the AIN mutant is rem-
iniscent of the phenotype of certain class II mutants, we ex-
amined the ability of a panel of class II mutants to incorporate
clathrin.

The H,.A mutation was selected for this analysis, because
substitutions affecting His16 or any of the other zinc-coordi-
nating residues in the N-terminal domain of HIV-1 IN yield
class II mutants defective for viral DNA synthesis (30, 46). A
class II mutant with a substitution in the catalytic domain of
IN, HIV-1,¢sk, Was included because of its previously docu-
mented strong defect at the level of assembly or release (20).
Of note, the F,¢sK mutation does not affect the in vitro enzy-
matic activity of HIV-1 IN, but full-length HIV-1 carrying the
mutation is replication incompetent (27). Like the AIN mu-
tant, the F,¢sK mutant released particles at levels about 10-
fold lower than those of the WT (9, 20). In contrast, HIV-1
carrying the F,3sA mutation in IN was released normally (20).
Nevertheless, HIV-15,45, is considered a class II mutant, be-
cause F,gsA IN retains enzymatic activity even though the
mutant is replication incompetent due to a defect in viral DNA
synthesis (20, 46). Similarly, HIV-1g 40 is a class IT IN mutant
that shows no defect in virus release (34).

The ability of the point mutants to produce particles was
examined in HeLa cells, because of the previously documented
pronounced defect of certain IN mutants in that cell line (9,
20). As shown in Fig. 2A, the introduction of the H,,A muta-
tion into WT HIV-1 led to a reduction in the release of Gag
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FIG. 2. Particle production and clathrin incorporation by class II
IN mutants. (A) Particle production and Gag processing were analyzed
by transfecting HeLa cells with the parental HXBH10/R™" provirus
(WT) or with the indicated class IT IN mutants. Virion pellets and the
cell lysates were analyzed by Western blotting with anti-CA antibody to
detect the Gag precursor Pr55 and the Gag cleavage products p4l,
CA-p2, and CA. (B) The incorporation of clathrin into immature
virions was examined by transfecting PR-negative versions of the pro-
viral DNAs used for panel A into 293T cells. A full-length HIV-1
provirus with a premature termination codon and a frameshift in gag
was used as a background control (lane 1). Virion pellets were ana-
lyzed by Western blotting to detect unprocessed Gag (Pr55) and the
clathrin heavy chain as indicated.

proteins from transfected HeLa cells. An analysis of the cell
lysates revealed that the H,c,A mutation had no significant
effect on Gag expression levels. However, the mutation caused
a Gag processing defect, because the cleavage intermediate
CA-p2 accumulated in the transfected cells (Fig. 2A). We have
shown previously that the AIN mutation has a similar effect on
Gag processing (9). We conclude that the H,,A mutation
causes a defect at the level of virion morphogenesis in addition
to its previously reported effect on reverse transcription (46).
The F,4sK mutation caused an even more pronounced reduc-
tion in particle production, which was approximately 10-fold
lower than the WT level, which is consistent with previous
observations (20). Moreover, the F, 3K mutation had an effect
on Gag processing similar to that of the H,;A mutation. In
contrast, the F;¢sA and K, 4,Q class II mutants processed Gag
normally and produced close to WT levels of particles, as
expected (Fig. 2A).

To determine the effects of the mutations on clathrin incor-
poration, we generated PR-negative versions of the mutant
viruses based on our observation that the inactivation of PR
suppresses the particle production defect of IN deletion mu-
tants (9). Furthermore, we produced virus particles in 293T
cells, because we had previously found that the effect of delet-
ing IN on particle production was less pronounced in these
cells than in HeLa cells (5- versus 15-fold) (9). Importantly,
under these conditions, the H, A and F, 3K mutants produced
only about 2-fold smaller amounts of particles than the paren-
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FIG. 3. Effects of nonnucleoside RT inhibitors on the incorpora-
tion of clathrin into HIV-1 virions. 293T cells were transfected with a
PR-negative version of the full-length HXBH10/R™" provirus, and vi-
rions were produced in the presence of DMSO (no drug), efavirenz
(EFV), or nevirapine (NVP) at the indicated concentrations. Virion
pellets were analyzed by Western blotting to detect unprocessed Gag
(Pr55) and the clathrin heavy chain.

tal construct, and the F;gsA and K,gQ mutants produced
comparable amounts of particles (Fig. 2B). Interestingly, West-
ern blotting with anti-clathrin heavy-chain antibody yielded
prominent bands for the parental virus and for the F,¢sA and
K,5cQ mutants, whereas the H, A and particularly the F,¢sK
mutant yielded signals that were barely above the background
level obtained with a proviral construct unable to express Gag
(Fig. 2B). Thus, there was a strict correlation between the
effects of the mutations on Gag processing and particle pro-
duction in the PR-positive context and their effects on clathrin
incorporation in the PR-negative background.

Efavirenz inhibits the incorporation of clathrin into HIV-1
virions. The F,¢;K mutation enhances the dimerization of IN
(27, 28) and thus may impair viral particle production via the
stimulation of Gag-Pol dimerization and the resulting prema-
ture activation of PR. Furthermore, an enhancement of Gag-
Pol dimerization by the F,¢sK mutation could account for its
inhibitory effect on clathrin incorporation, provided that clath-
rin preferentially interacts with monomeric Gag-Pol.

To test the possibility that Gag-Pol dimerization interferes
with clathrin incorporation, we used the nonnucleoside RT
inhibitor efavirenz, which is known to induce both RT and Pol
dimerization (21, 43, 44). Importantly, efavirenz is also thought
to induce Gag-Pol dimerization in infected cells (21). Consis-
tent with this notion, efavirenz inhibits HIV-1 particle produc-
tion via the premature activation of PR (21). In contrast to
efavirenz, the less potent nonnucleoside RT inhibitor nevira-
pine induces RT dimerization only weakly and has no signifi-
cant effect on HIV-1 particle production (21, 44).

Because the inhibition of HIV-1 particle production by
efavirenz is dependent on the presence of active PR, we
used a PR-negative version of the full-length proviral clone
HXBHI10/R" to examine the effect of efavirenz on clathrin
incorporation. As shown in Fig. 3, efavirenz but not nevirapine
inhibited the incorporation of clathrin into HIV-1 virions in a
dose-dependent manner. We conclude that the ability of these
drugs to induce Pol dimerization correlates with their ability to
inhibit clathrin incorporation.

Clathrin knockdown reduces the infectivity of HIV-1 pro-
duced in HeLa cells. Based on the results described above, we
examined whether clathrin is critical for proper Gag processing
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FIG. 4. Clathrin knockdown in virus producer cells reduces the
infectivity of progeny virions. (A) Western blot analysis of parental
HeLa cells (lane 1) and of HeLa cells stably expressing an shRNA
targeting the clathrin heavy chain (HeLa-sh-clathrin HC; lane 2).
(B) Virus production by HeLa and HeLa-sh-clathrin HC cells tran-
siently transfected with the full-length HIV-1;xg0- Particle produc-
tion, envelope glycoprotein incorporation, and Gag processing were
compared by analyzing virion pellets and cell lysates by Western blot-
ting with anti-CA or anti-gp41, as indicated. (C) Relative infectivities
of HIV-1yxpmio Virions produced by HeLa or HeLa-sh-clathrin HC
cells determined on TZM-bl indicator cells. (D) Relative infectivities
of HIV-1yxppo virions produced by HeLa cells stably expressing a
control shRNA targeting a protein not expressed in HeLa cells
(CD11A) or by HeLa-sh-clathrin HC cells. Infectivities are the means
plus standard deviations from triplicate experiments.

and viral particle production. To this end, clathrin was knocked
down in HelLa cells. To achieve a stable knockdown, we used
a lentiviral vector (LKO.1) encoding an shRNA targeting the
clathrin heavy chain. As shown in Fig. 4A, a more than 20-fold
knockdown of clathrin heavy-chain expression at the protein
level was observed in a polyclonal HeLa cell line stably trans-
duced with this vector.

Importantly, the clathrin-depleted HeLa cell line remained
transfectable under our conditions, even though clathrin-me-
diated endocytosis is thought to be a prerequisite for efficient
transfection by some methods (49). To determine the impact
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of clathrin depletion on the assembly and release of HIV-1
particles, the parental HeLa cell line and the clathrin-depleted
cells were transiently transfected with WT HXBH10 proviral
DNA. As shown in Fig. 4B, both cell lines produced compa-
rable amounts of virus, and Gag processing in the HeLa/clath-
rin knockdown cells appeared largely normal. Furthermore,
virions produced in HeLa or HeLa/clathrin knockdown cells
contained similar amounts of the transmembrane glycoprotein
gp41 (Fig. 4B). These data suggest that clathrin is not required
for virus assembly or release or for the incorporation of the
viral envelope glycoproteins.

We also examined whether the depletion of clathrin in HeLa
cells affected the infectivity of virus produced in these cells. To
this end, virions released from HeLa or HeLa/clathrin knock-
down cells transfected with nef-negative HIV-1,;xp10 Were
normalized for p24 content, and equal amounts were used to
infect TZM-bl indicator cells. A nef-negative virus was used,
because we have shown previously that the enhancement of
HIV-1 infectivity by Nef depends on clathrin-mediated endo-
cytosis (38). As shown in Fig. 4C, the stable depletion of the
clathrin heavy chain led to an approximately 10-fold reduction
in the infectivity of progeny virus. To control for off-target
effects caused by the expression of shRNA, we stably trans-
duced HeLa cells with LKO.1 encoding an shRNA targeting
the leukocyte integrin CD11A, which is not expressed in HeLa
cells (39). As shown in Fig. 4D, HIV-1xgi10 produced in
HeLa/clathrin knockdown cells was about 8-fold less infectious
than the same virus produced in HeLa cells stably expressing
the irrelevant shRNA. Taken together, these results indicate
that clathrin can have an important role in HIV-1 infectivity
even in the absence of Nef.

Clathrin interacts with the p6 domains of HIV-2 and
SIVmac. The N-terminal domain of clathrin is a B-propeller
that binds to five-residue clathrin box motifs within adaptor
proteins that link clathrin to cargo (14, 45). Although HIV-1
Gag and Gag-Pol do not possess an obvious clathrin box, we
noticed that the p6 domain of HIV-2 Gag contains a sequence
(*®*LLHLE??) that fits the clathrin box consensus LLpL(—),
where p is a polar residue and (—) is a negatively charged
residue (29). Furthermore, HIV-2 p6 harbors a second se-
quence (°°LLHLN7°) that partially matches the clathrin box
motif.

To examine whether HIV-2 p6 binds to clathrin, a fusion
protein consisting of GST and HIV-2 p6 was used as bait in
pulldown experiments. As shown in Fig. 5A, the fusion protein
specifically pulled down a 180-kDa protein from 293T cell
lysates in quantities that were easily sufficient for detection by
Coomassie staining. The microsequencing of the 180-kDa
band yielded 22 peptides that matched the human clathrin
heavy chain (18% coverage). Furthermore, Western blotting
confirmed that clathrin was pulled down in considerable quan-
tities by GST-p6yyy.» (Fig. 5B, lane 2) but was absent when
GST was used instead (Fig. 5B, lane 1). Also, no clathrin was
pulled down by GST-p6yy.; (data not shown).

To determine the role of the **LLHLE®* sequence within
HIV-2 p6 in the interaction, we mutated each of the three
hydrophobic residues in the motif. The resulting CB1~ con-
struct, which has **LLHLE>? replaced by SQHHE, still
pulled down clathrin, albeit with reduced efficiency (Fig. 5B,
lane 3). We therefore considered the possibility that the
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FIG. 5. Clathrin binds to clathrin box motifs in HIV-2 p6. (A) Glu-
tathione-Sepharose beads decorated with bacterially expressed GST
(lane 1), WT GST-p6yyy.» (lane 2), or CB(1,2)” GST-p6yyy_, (lane 3)
were incubated with 293T cell lysates, and bound proteins were de-
tected by SDS-PAGE and Coomassie staining. (B) GST pulldowns,
performed as described for panel A, showing that both clathrin box
motifs in HIV-2 p6 (CB1 and CB2) contribute to clathrin binding. The
captured clathrin heavy chain was detected by Western blotting.

S°LLHLN7° sequence accounted for the remaining affinity
of the CB1™ construct for clathrin. To examine this possi-
bility, the °’*LLHLN"® sequence was changed to SQHHN
within the context of the CB1~ construct. The resulting
CB(1,2)" double mutant no longer bound clathrin, as deter-
mined by Coomassie staining (Fig. 5A, lane 3) and by Western
blotting (Fig. 5B, lane 4).

The first of the two clathrin-binding sequences in HIV-2 p6
(LLHLE) is not present in SIVmac, even though both viruses
belong to the same subgroup of primate lentiviruses. However,
the distal LLHLH clathrin-binding sequence of HIV-2 p6 is
conserved in SIVmac. We therefore asked whether SIVmac p6
interacts with clathrin. We found that STVmac p6 fused to GST
readily pulled down the endogenous clathrin heavy chain from
293T cell lysates (Fig. 6A, lane 1). Furthermore, the mutagen-
esis of the conserved LLHLH sequence (residues 52 through
56 of SIVmac p6) showed that this motif was required for
clathrin binding in the GST pulldown assay. Indeed, even sin-
gle-amino-acid substitutions that targeted the first two posi-
tions of the LLHLH sequence (Ls,S and L4;Q) were sufficient
to eliminate binding in this assay (Fig. 6A, lanes 2 and 3).
Taken together, these data indicate that HIV-2 p6 harbors two
functional clathrin-binding regions, whereas SIVmac p6 har-
bors only one.

The clathrin and ALIX binding sites in SIVmac p6 partially
overlap. HIV-1 p6 interacts with ALIX through an LYPx L-
type auxiliary late domain, which is not conserved in HIV-2 or
SIVmac p6 (22, 23, 31, 35, 42, 47). Instead, the equivalent
position of HIV-2 and SIVmac p6 is occupied by the clathrin-
binding >*LLHLH>® sequence. Nevertheless, our previous ob-
servations indicated that the p6 domains of HIV-1, HIV-2, and
SIVmac share the ability to bind to ALIX. Furthermore, res-
idues 52 to 63 of SIVmac p6 appeared to be required for ALIX
binding (42). Based on these considerations, we examined the
possibility that the *2LLHLH>® sequence also is involved in
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FIG. 6. Single clathrin binding motif in SIVmac p6 partially over-
laps with the ALIX binding site. (A) GST pulldowns, performed as
described for Fig. 5, showing that leucine residues in the >>LLHLH>®
clathrin box of SIVmac p6 are individually critical for clathrin binding
in vitro. (B) GST pulldowns showing that only the first of three leucine
residues in the *>LLHLH?® clathrin binding motif is required for ALIX
binding in vitro. Beads decorated with GST or GST-pbgrymac fusion
proteins were incubated with lysate from 293T cells expressing HA-
tagged ALIX \prp, and captured ALIX was detected by Western blot-
ting with anti-HA antibody.

ALIX binding. We focused on the three leucine residues of the
motif, because leucine side chains of HIV-1 p6 are known to
make critical contacts with ALIX (47). As shown in Fig. 6B, a
point mutation that changed the first position of the motif
(Ls,S) abolished the interaction of SIVmac p6 with ALIX in a
GST pulldown assay. In contrast, the Ls;Q mutation at the
second position, which also eliminated clathrin binding (Fig.
6A), had no effect on the interaction with ALIX (Fig. 6B).
Similarly, ALIX binding was unaffected by the LssH mutation
at the fourth position of the motif (Fig. 6B). We conclude that
the clathrin binding site of SIVmac p6 partially overlaps with
the ALIX binding site.

The clathrin binding region of SIVmac p6 is required for
efficient virus replication in primary cells. The presence of a
clathrin binding site in the Gag protein of SIVmac raised the
possibility that this virus incorporates significantly larger
amounts of clathrin than HIV-1, which associates with clath-
rin via Gag-pol. We therefore compared the abilities of WT
HIV-1 and SIVmac virions to incorporate clathrin. To this
end, the full-length, replication-competent HXBH10 and
pSIVmac293RQ proviral clones of HIV-1 and SIVmac were
transfected into 293T cells. As a control, a version of HXBH10
with a disrupted gag gene also was transfected. Virions re-
leased by the transfected cells were partially purified through
sucrose and analyzed by Western blotting with anti-HIV-1 CA
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FIG. 7. Clathrin incorporation into SIVmac virions. (A) Compari-
son of clathrin incorporation into WT HIV-1 and SIVmac virions.
293T cells were transfected with full-length, replication-competent
proviral clones of HIV-1 or SIVmac. As a control, an HIV-1 mutant
with a disrupted gag gene also was included. Virion pellets were
analyzed by Western blotting with anti-CA and anti-clathrin heavy-
chain antibodies. (B) Gag protein profile of virions produced by
SIVmac p6 mutants. 293T cells transfected with the WT and the
indicated mutant versions of pSIVmac239RQ were labeled with
[>*S]methionine, and virion-associated proteins were detected by
autoradiography. (C) Clathrin incorporation by SIVmac p6 mutants.
293T cells transfected with the WT and the indicated mutant versions
of pSTVmac239RQ were labeled with [**S]methionine. CA protein in
virion pellets was detected by SDS-PAGE and autoradiography, and
the clathrin heavy chain was detected by Western blotting.

antibody 183-H12-5C, which also recognizes SIVmac CA (Fig.
7A). In parallel, the virion samples were analyzed with an
antibody against the clathrin heavy chain. As expected, HIV-1
and SIVmac virions both incorporated clathrin (Fig. 7A).
However, assuming that 183-H12-5C does not recognize
SIVmac CA more efficiently than HIV-1 CA, the data shown in
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FIG. 8. Effects of mutations in the *>LLHLH>® motif of SIVmac p6
on virus replication in primary cells. (A to C) Macaque PBMC from
three donors were exposed to equivalent amounts of WT or mutant
SIVmac239 produced in 293T cells, and virus replication was moni-
tored over time by measuring RT activity in the culture supernatants.

Fig. 7A indicate that STVmac virions do not incorporate larger
amounts of clathrin than HIV-1 virions.

To determine the contribution of the **LLHLH® sequence
within SIVmac p6 to the incorporation of clathrin, mutations
that target the *?LLHLH® sequence but do not alter the
overlapping pol gene were introduced into pSIVmac239RQ.
As shown in Fig. 7B, WT SIVmac and the *>LLHLH® motif
mutants produced comparable amounts of particles. However,
the electrophoretic mobilities of the p6 protein bands varied,
confirming the presence of mutations in p6. As is evident in
Fig. 7C, the L,S and Ls;Q mutations, which abolished clathrin
binding in vitro (Fig. 6A), did not eliminate the incorporation
of clathrin into SIVmac virions. However, the clathrin content
of the mutant virions was reduced by about 3- to 5-fold (Fig.
7C). A more significant, at least 10-fold, defect in clathrin
incorporation was observed for the LLHL—-SQHH mutant,
which has all three leucine residues of the **LLHLH® se-
quence substituted without altering Gag-Pol (Fig. 7C, lane 4).
Nevertheless, clathrin incorporation was not entirely abol-
ished, since it exceeded the background level obtained with a
mock-transfected control (Fig. 7C, lanes 5 and 6).

To determine the ability of these mutants to replicate, stim-
ulated rhesus macaque PBMC were infected with viral stocks
produced in 293T cells after normalization for RT activity. To
monitor virus replication, we measured the release of RT ac-
tivity by the infected cells over time. As shown in Fig. 8A, the
Ls,S and Ls;Q mutants replicated with somewhat delayed ki-
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netics compared to those of WT SIVmac. In contrast, the
LLHL—SQHH mutant gave no consistent rise in RT activity
in this experiment. We therefore examined the ability of the
LLHL—SQHH mutant to replicate in PBMC from two addi-
tional monkeys, and we observed that the mutant replicated
significantly slower than WT SIVmac in both cases (Fig. 8B
and C).

The LLHL—SQHH mutant harbors the Ls,S mutation,
which abolished the STVmac p6-ALIX interaction in vitro (Fig.
6B). However, a predicted defect in ALIX binding caused by
the Ls,S mutation is unlikely to explain the pronounced rep-
lication defect of the LLHL—SQHH mutant, because the Ls,S
mutation alone had only a comparatively modest effect on virus
replication (Fig. 8A). We also note that the severity of the
replication defect of the mutants analyzed correlated with their
ability to incorporate clathrin. We thus infer that clathrin bind-
ing by SIVmac p6 is critical for virus replication in primary
cells.

DISCUSSION

In addition to its essential enzymatic function during the
early phase of the HIV-1 replication cycle, IN plays a poorly
understood role in virus morphogenesis. In the present study,
we found that the IN domain directs the incorporation of
clathrin heavy and light chains into HIV-1 particles. The up-
take of clathrin was specific, since none was detected in the
absence of IN. Furthermore, our results indicate that HIV-1
virions incorporate clathrin in substantial amounts. Based on
the intensities of the [**S]methionine-labeled clathrin heavy
chain and Gag-Pol bands in Fig. 1A and on the number of
methionine residues present in these molecules, we estimate
that HIV-1 virions incorporate approximately one clathrin
heavy-chain molecule for every two Gag-Pol molecules.

The best-characterized function of clathrin is in the forma-
tion of coated vesicles that retrieve membrane-anchored pro-
teins from, for instance, the cell surface (29). Clathrin-coated
vesicles also contain adaptor protein (AP) complexes that link
clathrin to vesicular cargo (29). It has been reported that
HIV-1 Gag interacts with the clathrin adaptor complexes AP1,
AP-2, and AP-3, raising the possibility that the incorporation
of clathrin observed in the present study occurs via AP com-
plexes (4, 10, 15). However, the interaction with AP-1, AP-2,
and AP-3 depends on the MA domain of HIV-1 Gag (4, 10,
15), which is, in its entirety, dispensable for clathrin incorpo-
ration (Fig. 1). Also, attempts to detect the y subunit of AP-1
in MA-less virions by Western blotting were unsuccessful (data
not shown), even though clathrin was readily detectable by the
same method.

HIV-1 mutagenesis studies have revealed that certain point
mutations in IN prevent virus replication at a step prior to
integration, and that a subset of these so-called class II
mutations also causes defects in particle production (18). In
the present study, we observed a strict correlation between
the effects of class II mutations on particle production
and the effects of these mutations on clathrin incorporation,
which was measured in a PR-negative context to restore par-
ticle production. Of the point mutants analyzed, the most dra-
matic defect in both particle production and clathrin incorpo-
ration was seen upon the replacement of phenylalanine 185 in
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the catalytic domain of IN by lysine. It has been shown that the
activity of F,4sK IN is comparable to that of the WT protein in
3’ processing, strand transfer, and disintegration reactions (17,
20). Also, the structure of the catalytic domain of F;¢sK IN is
known, because the F,3sK change was found to improve solu-
bility and thus enabled crystallization (17). The crystal struc-
ture of the catalytic domain of the F, 4K mutant is very similar
to that of the F,3sH mutant (8), which is released normally and
replicates with near-WT kinetics (20). Taken together, these
observations argue against the possibility that the effects of the
F,4sK mutation on virus morphogenesis and clathrin incorpo-
ration were due to the misfolding of the catalytic core of IN.

We note that the F,3sK mutation has been reported to
stabilize the dimerization both of the isolated core domain and
of full-length HIV-1 IN (27, 28). Thus, by promoting Gag-Pol
dimerization in a proviral context, the F,3sK mutation could
cause the premature activation of PR and, thus, assembly de-
fects due to premature Gag processing. It also is conceivable
that F,¢;K-triggered Gag-Pol dimerization occludes an inter-
face that is required for the association with clathrin. In sup-
port of the model that Gag-Pol dimerization occludes the
clathrin binding site, we find that efavirenz, which is known to
enhance RT and Pol dimerization (21), inhibits the incorpora-
tion of clathrin into HIV-1 virions. In contrast, nevirapine, a
less potent enhancer of RT dimerization (21), had no signifi-
cant effect on clathrin incorporation.

If class II IN mutations affect both the activation of PR
and the incorporation of clathrin through effects on Gag-Pol
dimerization, then reducing the association with clathrin by
knocking down its cellular levels would not necessarily be ex-
pected to impair HIV-1 morphogenesis. Indeed, HIV-1 Gag
processing and particle production appeared normal in cells
depleted of the clathrin heavy chain, indicating that clathrin is
not a release cofactor. However, we cannot exclude that even
low levels of clathrin are sufficient to control Gag-Pol
dimerization and thereby the activation of PR.

We have shown that the infectivity enhancement function of
HIV-1 Nef depends on dynamin 2, which mediates the detach-
ment of clathrin-coated vesicles (38). In that study, we also
observed that the effect of Nef on HIV-1 infectivity was re-
duced in clathrin-depleted cells (38). The results of the present
study indicate that clathrin additionally plays a Nef-indepen-
dent role in the HIV-1 life cycle, because the infectivity of a
nef-negative HIV-1 variant was significantly reduced when pro-
duced in HeLa cells stably depleted of clathrin. This contrasts
with our previous observation that the low infectivity of nef-
negative virus produced in Jurkat cells was not further reduced
by a small interfering RNA targeting clathrin (38). These dis-
crepancies may be attributable to differences between stable
and transient depletion, the efficiency of the knockdown, or to
cell type-specific differences.

Interestingly, HIV-1 is not unique among primate lentivi-
ruses in its ability to associate with clathrin during assembly.
We find that HIV-2, 5, possesses two clathrin binding motifs
in a region of p6 that is duplicated in HIV-2 group A isolates.
The duplication of the binding site likely explains why HIV-
2ron PO interacts with clathrin considerably more avidly than
SIVmac239 p6, which harbors only one clathrin binding motif
(P*LLHLH"®). The clathrin binding motifs in both viruses re-
semble the clathrin box motifs of clathrin adaptors, which bind
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directly to the N-terminal domain of the clathrin heavy chain
(45). It thus is tempting to speculate that HIV-2 and SIVmac
Gag proteins mimic clathrin adaptors, perhaps to downregu-
late a factor that interferes with virus replication.

The clathrin box of SIVmac occupies a position equivalent
to that of the ALIX binding site in HIV-1 p6. However, in full
agreement with a very recent study (48), we find that only the
first position of the SIVmac clathrin box **LLHLH>® is in-
volved in ALIX binding. Collectively, our mutagenesis data
indicate that it is primarily the role of the *LLHLH® se-
quence in clathrin binding that is critical for SIVmac replica-
tion in primary cells. Importantly, the replication defect of the
SIVmac clathrin box mutants cannot be attributed to defects
in the uptake of Vpx or Vpr into virions, because the entire
region occupied by the clathrin box is dispensable for the
incorporation of these accessory viral proteins (2).

In summary, we find that primate lentiviruses from two dif-
ferent subgroups associate with clathrin via Gag or Gag-Pol,
and we present evidence indicating that the engagement of
clathrin is functionally relevant.
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